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Abstract

The anodic dissolution behaviour of Inconel 600 must be elucidated to design an efficient
decontamination process for used nuclear steam generator tubes with radioactive nuclide
depositions in their surface microcracks. We investigated the effects of NiCl, and FeCl,
additives in LiCI-KCl eutectic salts on the microstructural changes in Inconel 600 during
electrolytic decontamination. A Cr—Fe depletion layer formed on Inconel 600 via Ni
reduction at the position where alloying elements oxidised. In the FeCl,-added salt, the
selective dissolution of active alloying elements through the grain boundary produced a

cavity-cluster layer whose shape was changed using applied electrochemical methods.

Keywords: Nickel alloy (A); Molten salt (A); Anodic dissolution (C); Microparticle recovery

(B); SEM—-EDS (B)

1. Introduction

Inconel 600, a nickel-based alloy containing 14%-17% chromium, 6%-10% iron, and
trace elements such as C, Mn, S, Si, and Co, is widely used in industries employing harsh
environments, owing to its high strength and high-temperature corrosion resistance. The alloy
is used for fabricating steam generator tubes for pressurised water reactors (PWRs); however,
stress corrosion cracking (SCC) can accelerate the degradation of these tubes [1-6]. Used
PWR steam generator tubes are classified as very-low-level or low-level radioactive wastes
based on the radioactive contaminants (e.g., Co-60, Cs-137, and other fission products)

absorbed on their inner surfaces and cracks. However, because the base alloy is not exposed



to neutron-irradiation environments, the used tubes may be recycled after appropriate surface

decontamination treatment, depending on the crack and contamination characteristics [7-9].

Decontamination techniques based on physical abrasives and chemicals are commonly
employed to treat surfaces contaminated with metallic radioactive wastes [10-14]; however,
they are unsuitable for complexly shaped steam generator tubes, with diameters, thicknesses,
and lengths of 10 mm, 1 mm, and 4-8 m, respectively. Although solution-based chemical
decontamination techniques are well developed for various structural materials, even those
with complex shapes [15-18], microcracks on steam generator tubes deeper than 100 um
impede reactions between chemical detergents and radioactive contaminants [19-22].
Studsvik, a company that provides technical services to the nuclear industry, has experience
in used steam generators decontamination which was conducted through chemical
decontamination followed by polishing. The radioactive doses of the treated tubes, unlike
those of other recycled parts [23,24], were still exceedingly high for the disposal of the

treated tubes as radioactive wastes.

Electrochemical decontamination processes based on molten salt may be feasible
alternatives to those employing physical abrasives and chemicals, as they can manage the
dissolution behaviours of the contaminated tubes and improve the recovery processes. In
particular, these techniques are advantageous not only for surface decontamination but also
for volumetric decontamination [25-27]; further, they can minimise secondary waste by
adopting salt purification [28,29], unlike existing commercialised physical and chemical
decontamination technologies. Many studies have attempted to control the purities of the
products at the cathode in various salt systems [7,30-32]. The operating parameters such as

the applied current, applied potential, and the electrolyte composition can cause



microstructural changes in the target material during electrochemical dissolution [33-42];
however, the anodic dissolution behaviours of Inconel 600 in molten salt systems have not
been analysed. Therefore, to verify the feasibility and efficiency of molten-salt-based
electrochemical decontamination, the anodic dissolution behaviours of Inconel 600 must be
investigated in a molten-chloride-salt system. This would enable the design of a radioactively
contaminated steam generator tube decontamination process (Fig. S1 and Fig. S2) by
reference to other papers proposing decontamination processes for the structural materials of

molten-salt-based nuclear power plants.

In this study, we examined the anodic dissolution behaviours of Inconel 600 in LiCI-KCI-
5-wt.%-NiCl,/FeCl, at 773 K. Using scanning electron microscopy coupled with energy-
dispersive X-ray spectroscopy (SEM-EDS), we investigated the microstructural changes in
Inconel 600 arising from the application of various anodic potentials or current densities and
the microparticles that detached from it during electrochemical treatment. The contents of Cr,
Fe, and Ni in the molten salts were measured through an electrochemical experiment and
subsequent inductively coupled plasma—optical emission spectrometry (ICP—OES) to analyse
the behaviours of the electrolytes during the process. In addition, the anodic dissolution
behaviours of Inconel 600 were studied in molten LiCI-KCI eutectic salts with Ni and Fe
chloride additives, via potential and current density changes at the electrodes, and changes in

the salt contents.



2. Experimental
2.1. Electrochemical cell

Anhydrous LiCI-KCI powder of a eutectic composition (Alfa Aesar, 99.99%); anhydrous
NiCl, (Alfa Aesar, 99.99%); and anhydrous FeCl, (Alfa Aesar, 99.99%) were heated for 48 h
at 473 K in a globe box to eliminate residual moisture. The resulting mixture was melted and
solidified as a salt chunk to minimise the measurement error caused by the adhesion between
the salt and cell. The compositions of five randomly selected samples of the solidified chunk
were analysed via ICP-OES (700-ES, Agilent, USA), and the contents of NiCl, and FeCl,
were determined to be 5.0360 + 0.0241 and 5.0158 + 0.0393 wt.%, respectively. The
subsequent electrochemical experiments were conducted using 30.000 g of the salts, which

were measured using an electronic microbalance with a resolution of 107 g.

The electrochemical experiments and preparation of the reagents/specimen were conducted
in a glove box filled with Ar gas (99.996%), whose oxygen and moisture concentrations were
maintained under 0.1 ppm. The temperature was controlled between +0.5 °C, using an
electrical furnace attached to the bottom of the glove box and a proportional integral
derivative (PID) controller. As shown in Fig. 1, a Pyrex tube, with an inner diameter of
32 mm and a height of 370 mm, was used to hold the molten salt electrolytes. Specifically,
the bottom of the tube was split to prevent intermixing of the particles detached from the
anode and cathode. Their separation was confirmed by analysing the recovered particles on
each side (Fig. S3-5). Before the electrochemical experiment, a dummy cell was filled with
30.000 g of the LiCI-KClI salt, and a K-type thermocouple with a Teflon plug was installed to
determine the temperature of the furnace. To indirectly obtain reliable temperature

measurements, the Teflon plug was also used as a holder to ensure that the electrodes were



steady. Simple immersion experiments (Table 1. NI-1, 2 and FI) were conducted in the same
glove box/furnace system; however, a differently sized Pyrex tube, with an inner diameter of
13 mm, was used. Salts containing 3.000 g of LiCI-KCI-5-wt.%-NiCl,/FeCl, were used for
each experiment, and the immersed specimen was the same as the anode of the

electrochemical experiment.

Inconel 600 (Special metals, USA) which was used as the anode (Fig. 1, green part) was
machined using a laser cutter (K2CMS1, K2 laser system, Republic of Korea) with a 5 um
tolerance and polished using a 1200-grit sandpaper to remove the oxide layer and residual
effects induced by the cutting procedure on the surface and flatten it. A reacting section, with
dimensions of 10 x 15 x 1 mm? (total area: 3.48 cm?), was designed to be immersed in the
molten salt; further, a 2-millimetre-wide connecting section was used to minimise the error in
surface area caused by a change in the immersion depth (1.72 reacting section area% mm%).
The average grain size of the Inconel 600 specimen was evaluated as 15.2 um using electron
backscattering diffraction (EBSD). Three holes, each with a diameter of 1 mm, in the holder
above the connecting section were used to fasten a piece of iron wire (Alfa Aesar, 99.998%)
to the anode. A 1-millimetre-wide, 6-millimetre-long top joint was inserted in a Pyrex guide

tube with a diameter of 2 mm to ensure immobility of the anode.

Two tungsten rods (Alfa Aesar, 99.996%), each with a diameter of 4.0 mm, were used as
the cathode. The immersed depth of the cathode was set to 20 mm (5.03 cm ) to prevent the
current-limitation phenomenon, whereby an insufficient cathode surface area results in
insufficient electron transfer as well as an inadequately distorted anode potential or current
density and fewer reducing ions (Ni** and Fe?* for the NiCl, and FeCl, additives,

respectively). A Ag/AgCl electrode, composed of LiCI-KCIl-1-wt.%-AgCl (Sigma Aldrich,



99.999%) and Ag wire (Alfa Aesar, 99.999%) with a diameter of 1.0 mm, was inserted into a
Pyrex tube, whose tip thickness was less than 0.5 mm, and used as a reference electrode to
establish ionic conduction. The AgCI content in the LiCI-KCI-AgCI salt was determined to
be 1.000 £ 0.010 wt.% via ICP-OES. Thereafter, the Ag wire was polished using 800-grit
sandpaper, rinsed with 70% nitric acid for 30 s to remove any impurities, and cleaned with

distilled water to remove silver nitrate.

2.2. Detached-particle recovery system

A microparticle-recovery system was designed to retrieve microparticles detached from the
anode during anodic dissolution (Fig. 2). By applying negative pressure through this system,
which was installed inside the furnace connected with the glove box, microparticles in the
molten salt were sieved through a microfiber. After anodic dissolution, the salt that had
solidified on the anode side (Fig. S5) was placed on an iron hopper (Fig. 2 green part), and
the temperature was increased to 673 K, which is higher than the melting temperature of
eutectic LiCI-KCI (628 K). To prevent tearing of the microparticles owing to a large pressure
gradient, 1 kPa, which was the lowest pressure drop supported by the system, was applied to

separate the microparticles from the molten salt.

At a filter pore size significantly smaller than the microparticle size, the particles blocked
the micropores and restricted salt flow, resulting in insufficient removal of the remaining salt

from the particles and disruption in the collection of the microparticles to be examined.



Therefore, the appropriate pore size was determined based on the microparticle size. For the
microfilters, Grade-D and Grade-F microfibers (Sterlitech, USA) fabricated using
borosilicate glass, with pore sizes of 2.7 and 0.7 um, respectively, were selected via
preliminary parametric studies on the relation between filter pore sizes and microparticle
sizes. Grade-D and Grade-F microfibers were used to recover the microparticles from the

NiCl,- and FeCl,-additive experiments, respectively.

2.3. Experimental procedures

The immersion experiments were conducted to determine the microstructural changes in
the Inconel 600 immersed in LiCl-KCIl-5-wt.%-NiCl,/FeCl, at 773 K (i) without any
electrochemical application (Table 1: NI and FI) and (i1) with potentiostatic or galvanostatic
electrochemical application (Table 1: NP, NG, FP, and FG). Two potentiostats (VersaSTAT3F
and VersaSTAT3) and VersaStudio software (AMETEK SI, UK) were used for the
electrochemical experiments. One potentiostat was used to construct a three-electrode cell
consisting of Inconel as the working electrode (anode), W rods as the counter electrode
(cathode), and Ag/AgCl electrode as the reference electrode. The other potentiostat was used

to measure the potential of the counter electrode at the same time.

Immersion tests employing the NiCl, and FeCl, additives (NI and FI) were conducted to
determine the chemical reaction between Inconel 600 and the additive ions when the
specimen was immersed in LiCI-KCI-5-wt.%-NiCl,/FeCl, molten salts. The applied
potentials in the potentiostatic experiments were set in a manner that prevented the reduction

of the Ni?* or Fe?* additive ions on the anode. During the preliminary experiments, to
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establish the experimental conditions for the NiCl,-added salt, the reduction of Ni on the
surface of Inconel 600 was observed. However, the anodic current was observed with an
applied potential of 0.10 V (vs. Ag/l wt.% AgCI) which implies that the amount of Ni
reduced was smaller than those of Cr and Fe oxidised. However, reduced Ni at a higher
amount served as a coating, disrupting the anodic dissolution of Inconel 600. Thus, the
applied potential ranges were determined to be 0.15-0.25 and 0.05-0.15V (vs. Ag/1 wt.%
AgClI) for the NiCl, and FeCl, additive salts, respectively, to prevent the reduction of additive
ions at the anode. For an intuitive comparison between the potentiostatic and galvanostatic
experiments, the applied current densities of the galvanostatic experiments were set to 6, 16,

and 30 mA cm?, the average current densities observed during the potentiostatic experiments.

Meanwhile, the anodic dissolution behaviours of Inconel 600 in the NiCl,/FeCl, additive
salts were different, causing a significant difference in the reduced thicknesses of the anode
specimens for the charge passed in the presence of various additive salts. Therefore, the
charges passed for the NiCl, and FeCl, additive salts were set to 1,000 C (287 C cm 2) and
280 C (80 C cm ), respectively, to (i) induce a sufficient change on the anode surface, (ii)
prevent extreme damage to the anode, (iii) increase the number of particles detached from the
anode, and (iv) ensure no contact between the anode and reduced substance under the

experimental conditions.

Before all the experiments, the electrodes/specimens were heated above the molten salt for
>1 h and inserted into it to guarantee the salt stability from thermal shock and quick
stabilisation of the electrochemical cell. All electrochemical experiments were conducted
within 30 min after the electrode/specimen immersion, and the open-circuit potential change

was less than 5 mV h™’. The electrodes were quickly removed after the experiments. Salt



solidification was also confirmed quickly by removing the cell from the furnace and
collecting the samples for content determination from the central and upper sections of the

cell to minimise the influence of the substance detached from the anode and cathode.

The disjoined anode was rinsed thrice with quiescent distilled water to remove adhered
salts. The reaction section was split into two parts, which were placed on a graphite mount,
polished using 400-grit sandpaper, and finished using a 0.25-micrometre diamond
suspension. The microstructural changes in the polished sample were characterised via SEM-
EDS (EM-30AX, COXEM, Republic of Korea). Microparticles that had been sieved through
a filter were prepared and characterised together using SEM-EDS. ICP-OES was used to
analyse the salt content which was collected from the part without any metallic dust
throughout all experiments. The relative standard deviation (%RSD) varies between 0.0 and

0.6% when there is more than 0.01 wt.% of the analyte element in the salt.

3. Results

3.1. Corrosion behaviours of Inconel 600 in chloride salts containing Ni and Fe additives
(NI and FI)

The Inconel 600 specimens were immersed in the LiCI-KCI-5-wt.%-NiCl, molten salt for
3 and 168 h and subsequently removed from the cell. Their microstructures were then
investigated using SEM-EDS. As shown in Fig. 3 (a-1), (a-2), (b-1), and (b-2), a reduced Ni
layer with a thickness of ~3 mm was observed in both specimens. A coarser Ni layer was
observed on the surface of the NI specimen immersed for 3 h, whereas a finer Ni layer was
observed on the specimen immersed for 168 h. The compositions of the salts indicated that,

with increasing time, the Ni content decreased and Cr content increased, whereas the Fe
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content remained unchanged (Table 2). SEM - EDS was conducted to measure the

composition of the surface layer; results indicated that the Ni content was >99.3 wt.%. A
concentration gradient was observed for Cr over 1 um in the thickness direction of the

deposited layer, whereas the Fe content remained unchanged.

The Inconel 600 immersed in LiCI-KCI-5-wt.%-FeCl, for 168 h did not exhibit any
distinct surface change (Fig. 3 (c)). Unlike the Ni layer in the NI experiment, the Fe layer was
not reduced via exposure to the NiCl, additive. Table 2 lists the major elemental contents in

the salts before and after the NI and FI experiments.

3.2. Potentiostatic and galvanostatic anodic dissolution behaviours of Inconel 600 in
LiCI-KCI-5-wt.%-NiCl; at 773 K (NP and NG, respectively)

Figure 4 shows the changes in electrode potentials and anode current densities with time in
the NP and NG experiments for anodic dissolution. In the NP experiments, the current
densities decreased with time but stabilised at higher anode potentials. In the NG experiments,
the anode potential increased with time and was 20-60 mV higher than that observed under
similar conditions in the NP experiment. The cathode potential was also recorded to confirm
the reduction of Cr?* and Fe?* ions during the experiment. Additionally, the Cr, Fe, and Ni
contents in the reduced metal were investigated via ICP-OES. The purity of Ni was >99

wt.%, whereas the Cr and Fe contents were <0.0010 wt.% in all cases.

The microstructures of Inconel 600 after the NP and NG experiments were observed using

SEM-EDS. and Fig. 5 simultaneously represents the secondary electron images with EDS
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mapping images. After the NP and NG experiments, a Cr—Fe depletion layer, with the Cr and
Fe content lower than that of the base material, was formed on the anode surface. The
thicknesses and contents of the Cr—Fe depletion layer, summarised in Table 3, were
investigated via SEM-EDS. As presented in Table 3, with increasing applied potential and
current density, the thickness of the Cr—Fe depletion layer decreased, whereas the remaining
amounts of Cr and Fe increased. The reduced specimen thicknesses, Cr—Fe depletion layer
thicknesses, and Cr and Fe contents in the Cr—Fe depletion layers were larger in the NP

experiments than in the NG experiments.

Cracks originating from the boundary of the Cr—Fe depletion layer and directing toward
the base material were not observed in the NP-1, NP-2, NG-1, and NG-2 experiments;
however, specimen NP-3 contained several microcracks oriented toward the thickness
direction of the substrate. In the case of NG-3, there were no cracks in the base material,

however, numerous cracks vertical to the surface were observed in the Cr—Fe depletion layer.

After the anodic dissolution experiments, the salt contents were analysed via ICP—OES
(Table 4). In the NP experiment, the Ni content did not exhibit any clear variation with the
applied potential; however, an increase in the applied potential reduced the Cr content and
increased the Fe content. By contrast, in the NG experiment, the Cr and Fe contents did not
exhibit any clear variation, whereas the Ni content increased with the current density. The Cr
and Fe contents were higher and lower, respectively, in the NP experiments than in the NG

experiments.

3.3. Potentiostatic and galvanostatic anodic dissolution behaviours of Inconel 600 in

LiCI-KCI-5-wt.%-FeCl; at 773 K (FP and FG, respectively)

12



FP-1-3 and FG-1-3 experiments were conducted to investigate the anodic dissolution
behaviours of Inconel 600 in LiCI-KCI-5-wt.%-FeCl, using the potentiostatic and
galvanostatic methods, respectively. Figure 6 shows the chronoamperograms and
chronopotentiograms of the results of the experiments. The current density did not change
significantly in the FP-1 experiment; however, it decreased sharply at the beginning of the
FP-2 and FP-3 experiments and stabilised thereafter. The anode potential recorded in all FG
experiments increased rapidly within the initial 300 s and then stabilised. The anode
potentials observed during the FG experiments were higher than those observed during the
FP experiments, at least from 30 to 110 mV. After the experiment and after washing the
reduced metals with distilled water, their contents were analysed via ICP—OES. The Ni, Cr,
and Fe contents were <0.0080, <0.0010, and >90 wt.%, respectively, for all experiments, and
the balance of approximately 10 wt.% might be attributable to oxygen from the oxidation

caused by washing.

Figure 7 presents the microstructural images of Inconel 600 after the FP and FG
experiments. Cluster layers containing several cavities were generated at the surfaces of all
specimens. The contents of the cavity-cluster layers, which were investigated via SEM-EDS,
are summarised in Table 5, along with their characteristics. The Ni content decreased and the
Fe and Cr contents increased with increasing potential or current density; however, these
trends were not as significant as those observed in the NP or NG experiments. The charge
passed was 80 C cm 2, and the reduced thickness was 150250 um, which was significantly
higher than that in the NP and NG experiments, even though they employed 280 C cm 2 of

charge. At the boundary of the base material, cracks shorter than 15 um were observed.
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The cavities in the FP-1 and FP-2 specimens were <5 um, which is smaller than the grain
size of Inconel 600 (20 um). The cavity size in other experiments was difficult to measure
because of their figuration. In particular, the cavities observed in the FP-3 experiments
exhibited a rounded shape, which was similar to those observed in the FG experiments.
Furthermore, as shown in the red circle in Fig. 7 (c, e, and f), smudged edges were observed

in FP-3, FG-2, and FG-3.

The contents of the salts after the FP and FG experiments were analysed via ICP-OES, and
the results are summarised in Table 6. After the experiments, the Ni content in the molten salt
remained unchanged, whereas the Fe and Cr contents increased. For a passing charge of 280
C, an Fe content of 1.9398% corresponds to the recovery of pure iron at the cathode and
dissolution of no element at the anode. From the results, the dissolved amounts of Cr and Fe
can be estimated, using the salt contents in Table 6. A y value, representing the ratio of the

amounts of dissolved Cr and Fe, can be defined as follows.

__ dissoluted amount of Cr (mol%)

(M

" dissoluted amount of Fe (mol%)

The y value decreased with increasing applied potential or current density (Table 6).
Essentially, with increasing applied potential or current density, the amount of dissolved Fe
increased, whereas that of dissolved Cr decreased. Under similar conditions, the y values

obtained in the FP experiments were more than twice those obtained in the FG experiments.

To study the variation in the surface morphology with the anodic dissolution method in the
LiCI-KCI-FeCl, molten salt, a charge of 1 C cm 2, which is significantly smaller than the
previously established 80 C cm ™2, was passed at an applied potential of 0.05 V (vs. Ag/1 wt.%

AgCl) or an applied current density of 6 mA cm ™2 After coulometry, the microstructure of
14



the anode was scanned via SEM (Fig. 8). As shown in Fig. 8 (a), cracks with various
orientations (perpendicular or parallel to the substrate) were observed, a few of which split
from other cracks. By contrast, the cracks in FG-4, which were significantly thicker but
shorter than those in FP-4, exhibited a spread and complex shapes. The edge of FG-4 was
rough; however, it macroscopically exhibited a flat surface, whereas that of FP-4 was uneven,

as if particles had escaped from it.

3.4. Analysis of the particles detached from the Inconel 600 anode in LiCI-KCI-5-wt.%-
NiCl, and FeCl, at 773 K

After the anodic dissolution experiments, the solidified salt at the anodic side, which
contained particles that had detached from it, was inserted into the microparticle-recovery
system (as detailed in section 2.2). Microparticles detached from the anode were captured
using the microfilter and characterised via SEM-EDS (Fig. 9). Table 7 summarises the sizes

and compositions of the microparticles determined via EDS.

As shown in Fig. 9, the sheet-shaped detached particles from the anodic dissolution
experiments conducted on the LiCI-KCIl-5-wt.%-NiCl, molten salt system contained large
amounts of relatively small particles. The particle sizes and eliminated amounts of Cr/Fe
decreased with increasing applied current density. The Cr and Fe contents in the detached

particles were lower than those in the Cr—Fe depletion layer (Table 3).

Small detached particles from the FeCl, additive salt were stone-shaped. The sizes of the
particles negligibly decreased as the applied current density increased. However, the contents
of the detached particles were significantly different from those reported in Table 5. As
indicated by Table 6 and the Ni content of the reduced complex, only a small amount of Ni,

which is the least reactive element in Inconel 600, dissolved. Assuming that Ni did not
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oxidise during the anodic dissolution experiments on FeCl,-added salt, a 6 value representing

the dissolution rate can be defined as follows.

(Fe or Cr content / Ni Content)cavity cluster or detached particles

(Fe or Cr content / Ni content)nconel 600

§=1-

)

A o value close to 1 indicates that majority of the Cr or Fe had been eliminated from the
anode, whereas a value close to 0 indicates that majority of the Cr or Fe had remained in the
anode. As indicated by Table 5 and Table 7, the Sre, cavity-cluster, OFe detached particles, OCr, cavity-clusters

and Ocr detached particles Values were 8%—-21%, 7%-21%, 8%—-27%, and >96%, respectively.

4. Discussion

4.1. Effects of Ni** ion reduction during the anodic dissolution of Inconel 600

At a fixed Fe content, the Ni content in the salts decreased with increasing Cr content,
whereas the Cr content decreased sharply across the thickness direction of the Inconel 600
immersed in the LiCI-KCI-5-wt.%-NiCl, molten salts after the NI-1 and NI-2 experiments
(Table 2). This indicates that the highly reducing Cr in Inconel 600 reacted with the less-
reactive Ni** ion, whereas Fe did not, despite possessing a lower standard electrochemical
potential. The following chemical reaction occurred in the Inconel 600 immersed in the LiCl-

KCI-NiCl, molten salt.

Ni?* + Cr - Ni + Cr?* (3)

As illustrated in Fig. 3 (a-1, a-2, b-1, and b-2), the Ni-coated layers of NI-1 and NI-2 were
approximately 3 um thick; however, that of NI-2 was significantly denser than that of NI-1.
This indicates that the reaction between Ni?* and Cr in Inconel 600 was aggressive, until the
formation of a compact reduced Ni layer that disturbed the reaction. Thus, electroless plating
by the reduced Ni film coating on the surface of Inconel 600 occurred when it was immersed

in the molten LiCI-KCI-NiCl, additive, via the reaction between Ni%* and Cr.
16



The formation of the Cr—Fe depletion layer was the major characteristic of the anodic
dissolution of Inconel 600, with the LiCI-KCI-NiCl, additive as the electrolyte. The applied
potentials and current densities for the anode during the NP and NG experiments were set not
to reduce Ni®* jons in the molten salt. A sufficiently large cathode area was provided to allow
for a similar environment for the molten salt-based decontamination process and to analyse
the dissolved amount of Cr and Fe at the anode qualitatively. It was confirmed that high-
purity Ni (>99%) with Cr and Fe concentrations less than 0.0010 wt.% was recovered at the
cathode. The Cr and Fe in the Inconel 600 continuously dissolved and accumulated in the
molten salt during the anodic dissolution experiment. From the maximum contents of Cr or
Fe in the molten salt (Table 4. NG-1 and NP-1), the cathode potential for their facile
reduction was calculated using the Nernst equation. The Eq values were calculated as —0.339
and —0.113 V (vs. Ag/1 wt.% AgCI) for Cr and Fe, respectively, although the activity of each
element in the reduced metal at the cathode had been set to 0.001 to assume the very
reductive condition. These potentials were lower than the cathode potential during the
experiment (Fig. 4) which implies that the reduction of Cr and Fe did not occur during the

experiments.

The thickness of the Cr—Fe depletion layer and the remaining Ni content decreased, and the
amount of Cr and Fe remaining in the layer increased with the potential or current density.
The expected formation mechanism is illustrated in Fig. 10. Although electrochemical
dissolution weakened the structural integrity of Inconel 600 (Fig. 10 (a)), the reduced Ni
generated by the chemical reaction with Cr compensated for the damage (Fig. 10 (c)), and a
reinforced region that dissolved the remaining Cr and Fe appeared as a Cr—Fe depletion layer
(Fig. 10 (d)). Because the rates of dissolution of the Cr and Fe in the Inconel 600 increased

with the applied potential or current density and the rate of the chemical reaction
17



supplementing the structural integrity remained unchanged, structural disruption was
accelerated at a higher applied potential or current density. Essentially, low Cr and Fe
dissolution rates provided sufficient time for the chemical reaction and facilitated the
formation of a thicker Cr—Fe depletion layer. A high Cr and Fe dissolution rate reduced the
time for the reinforcing reaction, which split the Cr—Fe depletion layer, although dissolvable

Cr and Fe still remained.

The reduced thickness of the anode was significantly larger than the thickness of the Cr—Fe
depletion layer, indicating that the layer detachment produced detached particles during
anodic dissolution. The detached particles, whose compositions are listed in Table 7, also
exhibited the same behaviour. The remaining Cr and Fe contents in the detached particles
were higher under higher-current-density conditions than under lower-current-density
conditions. The sizes of the detached particles decreased with increasing current density,
indicating that early detachment occurred during Cr—Fe depletion layer growth at higher

current densities.

As shown in Fig. 4, the anodic current density decreased continuously during the NP
experiment, and the current densities for NP-1, NP-2, and NP-3 at the final stage were
reduced by 53.3%, 70.8%, and 86.9%, respectively, compared to their current densities at the
initial stage. This phenomenon was caused by the reduced Cr and Fe contents in the Cr—Fe
depletion layer and a reduced current density decrement rate caused by a thinner Cr—Fe
depletion layer and higher Cr and Fe contents therein, as reported in Table 3. After the NP
experiments, the salt compositions were found to change. The degree of increase of the Cr
content decreased with increasing applied potential. The Fe content showed the opposite

trend; however, it was hard to analyse quantitatively because of the complex relationship
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between the electrochemical dissolution of Cr, Fe, and Ni in Inconel 600 and the chemical
reaction between Ni**/Cr in the anode and the detached particles. The noise in the current
density response is expected to be occurred because the Cr—Fe depletion layer interferes with

the smooth dissolution of the alloying elements.

In the NG experiments, the anode potential increased sharply during the first 5 min and
then increased gradually, because the Cr—Fe depletion layer, with low Cr and Fe contents,
disturbed Cr and Fe dissolution. Under similar conditions, the measured anode potential of
the NG experiments was higher than the applied potential of the NP experiments, which is
can be explained by the high Fe content that has a higher redox potential than Cr, in the

molten salt (Table 4).

4.2. Growth behaviour of the cavity-cluster layer according to the applied potential and
current density

The Cr and Fe content changes were negligible in the FI-1 experiment, in which the
Inconel 600 specimen was immersed in the LiCI-KCI-5-wt.%-FeCl, molten salt for 168 h
(Table 2). The reaction between Fe?* and Cr in Inconel 600 was very slow because the redox-
potential difference between Cr and Fe is low. The anodic dissolution behaviour of Inconel
600 in the LiCI-KCI-5-wt.%-FeCl, molten salt was different from that in the NiCl, additive
salt, owing to the inactive Fe?* ion. A cavity-cluster layer, with several microcavities on its

surface, was observed after the potentiostatic or galvanostatic anodic dissolution.

In the FP and FG experiments, the applied potential or current density was set such that the
Fe?* ion was not reduced at the anode. The reduced metal at the cathode was characterised by
a Ni content of <0.0050 wt.%. Furthermore, the Ni content in the salt after the experiments

(Table 6) implied that a small amount of Ni had dissolved but most of it had been captured at
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the cathode. Thus, the effect of Ni** ion reduction on the Inconel 600 which can reinforce the
structural integrity of the specimen during the anodic dissolution could be neglected. E¢q for
Cr was —0.3756 V (vs. Ag/l wt.% AgCI) under the salt condition of Table 6 FP-2 which
takes the largest Cr content and that of activity in the deposit had been set to 0.001, which
was more negative than the measured cathode potential. The Cr content in the reduced metal

also indicated insignificant Cr reduction.

As shown in Fig. 8, which presents the microstructure of the FP-4 and FG-4 experiments,
when a small charge (1 C cm2) was passed under anodic dissolution conditions of 0.05 V (vs.
Ag/l wt.% AgCl) and 6 mA cm?, different surface dissolution behaviours were observed,
depending on the electrochemical dissolution methods. Very narrow but deep cracks were
formed on the surface after the FP-4 experiment, whereas wide and relatively shallow cracks
were formed after the FG-4 experiment. This tendency was also confirmed by an FP-1 y
value, which was significantly larger than that of FG-1 (Table 6), indicating that a higher
amount of Fe had been dissolved, along with more significant crack formation, under the
galvanostatic condition compared to the potentiostatic condition. Furthermore, as shown in
Fig. 6, the anode potential of FG-1 was 60 mV higher than the applied potential of FP-1,
indicating that a higher amount of Fe had been dissolved, which caused the microstructural

change.

In the FP experiments, the y value continuously decreased as the applied potential
increased. Sharp crevices, with definite borders, were generated at lower applied potentials or
the higher y values (FP-1 and FP-2), whereas rough crevices, which appeared to be peeled,
were formed at higher applied potentials or lower  values (FP-3). Under similar conditions,

the y value of FG was less than half that of FP, with anode potentials 60-120 mV higher than
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the applied potentials of the FP experiments. These results also explained the effect of local
Fe dissolution on Inconel 600. d¢, of the detached particles was >96%, irrespective of the
applied current density, whereas e Was 6.95% for FG-1 and 21.01% for FG-3. This
indicates that the detachment of granules started with the exhaustion of Cr and an increase in

the Fe dissolution rate with the applied current density.

Based on these discussions, the anodic dissolution behaviours of Inconel 600 in molten
LiCI-KCI-FeCl; salt are described in Fig. 11. The Inconel 600 in LiCI-KCI-FeCl, salt (Fig. 11
(a)) dissolves its alloying elements at its grain boundaries and its surface which are usually
considered as the rapid diffusion channel for alloy elements (Fig. 11 (b)). Comparing the
anode potential and salt composition change of the potentiostatic experiments and
galvanostatic experiments, the dissolution of Fe in Inconel 600 is more limited under
potentiostatic conditions. When the applied potential is fixed, Cr which is the most reactive
element dissolves through the grain boundary and a small amount of Fe which is less reactive
can dissolve into the molten salt (Fig. 11 (c)). After sufficient anodic dissolution through the
grain boundary occurs, the remaining grain leaves from the anode (Fig. 11 (d)). Meanwhile,
under the galvanostatic condition, a larger amount of Fe was dissolved into the molten salt
relative to the potentiostatic condition. This indicates that the cracks can be broadened
because of the Cr and Fe dissolution (Fig. 11 (e)). The remaining grain will be detached from
the anode when the grain boundaries that can hold the grain are dissolved (Fig. 11 (f)).

It is expected that the difference in the anodic dissolution behaviour is caused by different
factors limited by each applied electrochemical method. The potential of Inconel 600 is
strictly fixed by applying the potentiostatic condition, and it is possible to allow the Cr
dissolution, whereas Fe dissolution is limited by applying a certain level of potential.

Therefore, cracks that occurred because of potentiostatic dissolution penetrate deeply into the
21



specimen, to melt Cr, and cause a grain boundary attack. On the other hand, the anode
potential is changeable when a galvanostatic condition is applied. Thus, Fe dissolves along
the interface between the anode and molten salt rather than thoroughly dissolving the Cr
inside the specimen. For this reason, the anode potential of the galvanostatic experiments was
higher and the y value (Table 6) was lower despite the similar level of current density applied
in the potentiostatic experiments. Further, the angularity of the cavity-cluster layer decreased

as the potential increases.

5. Conclusion

The anodic dissolution behaviours of Inconel 600 in LiCI-KCI-5 wt.% NiCl,/FeCl, were
investigated at 773 K. In the system with the NiCl, additive, Cr and Fe can be eliminated
selectively from Inconel 600 via the formation of a Cr—Fe depletion layer during the anodic
dissolution process, and a significant fraction of Cr or Fe can be dissolved in molten salts by
applying a low current density. The chemical reduction reaction of the Ni** ion on the Inconel

600 could explain the Cr—Fe depletion layer generation mechanism.

The cavity-cluster layer was generated by applying the oxidative condition to Inconel 600
in a LiICI-KCI-5 wt.% FeCl, system. The dissolution of Cr and Fe in Inconel 600 occurs and
develops through its grain boundaries, and this results in the detachment of the remaining
grain from the anode. The microstructural changes with respect to applied electrochemical
conditions were analysed, and the anode potential condition is considered a major factor that

affects the degree of angularity in the cavity-cluster layer.
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Figure Captions

Fig. 1. Schematics of the electrochemical cell, reference electrode, and anode.
Fig. 2. Schematic of the microparticle-recovery system.

Fig. 3. Microstructures of the Inconel 600 specimens immersed in the LiCI-KCl-5-wt.%-
NiCl, molten salt for 3 (a-1) and 168 h (b-1) and those of Inconel 600 specimens immersed in
the LiCl-KCl-5-wt.%-FeCl, molten salt for 168 h (c). The compositions across the thickness
direction of the deposited layer (a-2 and b-2, EDS point analyses were conducted along the
dashed purple line).

Fig. 4. Chronoamperograms of the NP-1, NP-2, and NP-3 experiments (a, b, and c) and
chronopotentiograms of the NG-1, NG-2, and NG-3 (d, e, and f) experiments.

Fig. 5. Microstructures of Inconel 600 after the NP and NG experiments: NP-1, NP-2, and
NP-3 (a, b, and ¢) and NG-1, NG-2, and NG-3 (d, e, and ).

Fig. 6. Chronoamperograms of the FP-1, FP-2, and FP-3 experiments (a, b, and c¢) and
chronopotentiograms of the FG-1, FG-2, and FG-3 (d, e, and f) experiments.

Fig. 7. Microstructures of Inconel 600 after the FP and FG experiments: FP-1, FP-2, and FP-3
(a, b, and ¢) and FG-1, FG-2, and FG-3 (d, e, and ).

Fig. 8. Microstructure of Inconel 600 and its expanded image after the FP-4 (a-1 and a-2) and
FG-4 (b-1, b-2) experiments.

Fig. 9. SEM-EDS images of detached particles collected using a microparticle-recovery
system after the anodic dissolution experiments in NG-1 (a), NG-3 (b), FG-1 (¢), and FG-3

().

Fig. 10. Schematics of Cr—Fe depletion layer formation mechanism: initial stage of the
Inconel 600 and the molten salt (a), ionisation of Cr and Fe due to applied potential or current
density (b), Ni reduction due to chemical reaction between Ni** ion in molten salt and Cr in
Inconel 600 on the position where the alloying elements are dissolved (c), and Cr—Fe
depletion layer growth which ensure the dissolution of remaining elements in Inconel 600 (d).

Fig. 11. Schematics of anodic dissolution behaviours of Inconel 600 in molten LiCI-KCI-
FeCl, salt with potentiostatic method (a—d) and galvanostatic method (a, b, e, f).
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Table 1. Corrosion test and anodic dissolution via the potentiostatic and galvanostatic
methods in LiCI-KCI-5-wt.%-NiCl,/FeCl,.

Applied current

T A jmpmel e e
NI-1 - - 3h
NI-2 Immersion test - - 168 h
FI-1 - - 168 h
NP-1 +0.15
NP-2 Potentiostatic +0.20
NP-3 +0.25
_NG-1 +6 287 C cm 2 (1,000
NG-2 Galvanostatic +16 C)
NG-3 +30
FP-1 +0.05
FP-2 Potentiostatic +0.10 80 C cm 2 (280 C)
FP-3 +0.15
FP-4 +0.05 1Ccm2(3.5C)
FG-1 +6
FG-2 Galvanostatic +16 80 C cm 2 (280 C)
FG-3 +30
FG-4 +6 1Ccm?(35C)

N, NiCl, additive salt; F, FeCl, additive salt; I, immersion test; P, anodic dissolution via the
potentiostatic method; G, anodic dissolution via the galvanostatic method.

Table 2. Contents of the major elements in the molten salts before and after the NI-1, NI-2,
and FI-1 experiments, as determined via ICP-OES.

Elemental contents in the salt (wt.%)

Ni [NiCl,]

Fe [FeCl;]

Cr [CrCl;]

Before the NI experiment

2.2735 [5.0201]

0.0023 [0.0052

0.0017 [0.0040]

NI-1 (3 h)

2.2439 [4.9547]

0.0044 [0.0100

0.0233 [0.0551]

NI-2 (168 h)

2.2184 [4.8984]

0.0632 [0.1494]

Before the FI experiment

0.0011 [0.0024]

2.2213 [5.0417

0.0048 [0.0113]

FI-1 (168 h)

0.0005 [0.0011]

]
]
0.0032 [0.0073]
]
]

2.2223 [5.0439

0.0032 [0.0076]

*Values in square brackets are chloride contents calculated with the assumption that whole
ions formed the divalent chloride.
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Table 3. Characteristics of the specimens and their Cr—Fe depletion layers in the NP and NG
experiments.

Elemental contents in the Cr—
Fe depletion layer (wt.%)

Thickness Reduced
Applied of the Cr—Fe thickness of

Test ID condition depletion  the specimen Fe Cr
layer (um) (um)
Unreacted - - - 73.73 9.59 16.68
specimen
NP-1 0.15V ~40 ~130 95.20 1.72 3.08
NP-2 0.20 V ~30 ~150 93.19 2.27 4.54
NP-3 025V ~15 ~180 91.02 2.90 6.08
NG-1 6 mA cm - ~30 ~90 99.28 0.34 0.37
NG-2 16 mA cm ° ~20 ~110 97.55 1.33 1.12
NG-3 30 mA cm ° ~15 ~110 94.00 2.24 3.75

Table 4. Contents of the major elements in the molten salts before and after the NP and NG
experiments, as determined via ICP—OES.

Elemental contents in the salt (wt.%)

Test ID Applied Ni [NiCl;] Fe [FeCl;] Cr [CrCly]
condition

Before - 2.2807 [5.0356 0.0011 [0.0025] 0.0008 [0.0019]

NP-1 0.15V 1.2736 [2.8122 0.2416 [0.5484] 0.6862 [1.6220]

NP-2 0.20 V 1.2675 [2.7987 0.2645 [0.6003] 0.6724 [1.5893]

NG-1  6mAcm > 12568 [2.7751] 0.3280[0.7445]  0.6294 [1.4877]

[ ]
[ ]
[ ]
NP-3 025V 1.2785[2.8230]  0.3002 [0.6814]  0.6171 [1.4586]
[ ]
[ ]

NG-2 16 mAcm -~ 1.2678 [2.7994 0.3038 [0.6895] 0.6393 [1.5111]

NG-3 30mAcm ©  1.2932[2.8555]  0.3150[0.7150] 0.6015 [1.4218]

*Values in square brackets are chloride contents calculated with the assumption that whole

ions formed the divalent chloride.

Table 5. Characteristics of the specimens and their cavity-clusters in the FP and FG
experiments.

Elemental content in the
cavity-cluster layer (wt.%)

Th;;l:;ll:ss Reduced
Test ID App'h‘ed cavity- th1ckne§s of Ni Fe Cr
condition the specimen
cluster layer
(pm)

(um)
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Unreacted - - - 73.73 9.59 16.68

specimen
FP-1 0.05V ~50 ~180 78.32 8.42 13.26
FP-2 0.10V ~50 ~200 77.58 9.21 13.21
FP-3 0.15V ~30 ~250 75.85 9.03 15.12
FG-1 6 mA cm - ~50 ~150 78.83 8.11 13.06
FG-2 16 mA cm > ~35 ~150 76.62 8.88 14.50
FG-3 30 mA cm - ~20 ~180 75.31 9.01 15.68

Table 6. Contents of the major elements in the molten salts before and after the FP and FG
experiments, as determined via ICP—OES, and the corresponding y values.

Elemental content in the salt (wt.%)

Test ID

Condition

Ni [NiCl,] Fe [FeCly] Cr [CrCly] ¥
Before - 0.0014 [0.0031] 2.2099 [5.0158] 0.0026 [0.0061] -
FP-1 0.05V 0.0017 [0.0038] 1.9523 [4.4311] 0.2412[0.5701] 20.49
FP-2 0.10 V 0.0038 [0.0084] 1.9644 [4.4586] 0.2256[0.5332]  9.73
FP-3 0.15V 0.0022 [0.0049] 1.9819 [4.4983] 0.2111 [0.4990]  5.32
FG-1 6mAcm > 0.0018 [0.0040] 1.9722 [4.4763] 0.2144[0.5068] 7.02
FG-2 16mAcm > 0.0030[0.0066] 1.9883 [4.5128] 0.2067 [0.4886] 4.52
FG-3  30mAcm > 0.0022[0.0049] 2.0122[4.5671] 0.1749[0.4134] 2.56

Table 7. Sizes and contents of the detached particles shown in Fig. 9.

Specimen number Size of Ni (wt.%) Fe (wt.%) Cr (wt.%)
particle (um)
- 73.73 9.59 16.68
NG (6 mA cm ?) 20-25 99.46 0.25 0.29
NG (30 mA cm °) 9-12 96.16 1.66 2.18
FG (6 mA cm ) 1-3 88.66 10.73 0.61
FG (30 mA cm °) 1-2 89.93 9.24 0.83

Fig 1.
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Fig 10
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Highlights

e NiCl, introduces Cr-Fe depletion layer in Inconel 600 during anodic dissolution

e (Cr-Fe depletion layer allows continuous Cr and Fe dissolution of Inconel 600

e Inconel 600 with FeCl, salt suffers grain boundary attack during anodic
dissolution

e With FeCl,; salt, Inconel 600 can dissolve Cr selectively by potentiostatic method
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