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Abstract

This study focused on the kinetic data measurements, such as diffusion coefficient D and exchange
current density i, of the electrochemical reactions of corrosion products (Fe, Cr and Ni ions) and
corrosive species (OH"), and corrosion studies of structural materials (SS 316H and Alloy 617),
including static corrosion and galvanic corrosion, in molten MgCl.-NaCIl-KCl and/or NaF-KF-
UF4-UF3 salts in a temperature range of 600 to 800°C. The study applied the semi-differential (SD)
analysis method and innovative fitting method for the kinetic property data measurements in the
multicomponent system of NaF-KF-UF4-UFs salts. In molten MgCl>-NaCl-KCl salts, the
measured Doy~ has the largest value followed by D2+, Dg,2+, D3+ and D2+ at the studied
temperatures, and none of the diffusion coefficients depends on the ion concentration in the studied
concentration range and all of them followed the Arrhenius law. At the same temperature, the
measured D2+ and D2+ values in molten NaF-KF-UFs-UFs salts were slightly smaller than
those obtained in molten MgCl>-NaCl-KCI salts. The non-linear curve fitting technique was
applied to determine the exchange current density i,, charge transfer coefficient a, limiting current
density i;, and standard rate constant k° values. i, and k° followed the Arrhenius law. The
obtained fundamental data can be applied to corrosion models which make the corrosion rate
prediction possible in a static system from the experimental kinetic data.

Corrosion studies of SS 316H and Alloy 617 in thermal purified molten NaF-KF-UF4-UF3 salts
were performed for 120 hours. Based on the post-test analysis, the major metal species corrosion
products were Cr, Fe and Mn in SS 316H tests, and Cr, Co, Ni in Alloy 617 tests. The measured
UF4/UF; ratio increased after corrosion tests because some of the U3 was oxidized to U*" by
corrosive impurities and corrosion products during tests. Cr depletion and salt penetration were
observed at grain boundaries (GBs) for both SS 316H and Alloy 617. For Alloy 617 specimens,
the corroded area could be divided into two parts: the first part (near the surface) where Cr was
completely depleted, and the second part (underneath the first part) where Cr was partially depleted.
For SS 316H specimens, the average attack depth was larger than that of Alloy 617. Mo
segregation was observed in the matrix of SS 316H specimens but was found to be enriched at
GBs in the second part of Alloy 617 specimens. The corrosion study of Alloy 617 with time was
also conducted for 72 hours and 32 hours, respectively. A thin layer composed of Fe, Co, Ni and
Mo was found on the surface of the specimen, which was different from the previous 120-hour
tests. In the salt, the concentration of Cr kept increasing with time, while for the other identified
corroded elements, i.e., Fe, Co, Ni and Mo, their concentrations increased first, then decreased
until becoming zero or stable.

In the galvanic corrosion study of Alloy 617/graphite in molten NaF-KF-UFs-UF; salts, the
galvanic corrosion rate of Alloy 617 at 750°C was about four times of that at 650°C in the 2-hour



tests, which indicated that temperature has a significant effect on the galvanic effect. In the 120-
hour galvanic corrosion test, the galvanic corrosion rate became slightly larger with time in the
studied system. Similar to the previous 120-hour Alloy 617 corrosion test, the corroded area of the
post-test specimen was divided into two parts. The measured attack depth in both parts were much
smaller compared with that in the 120-hour Alloy 617 test. This was because of the lower corrosive
impurity concentrations in the salt used in the test. The salt in the galvanic corrosion test has been
used in the previous corrosion test, during which the corrosive impurities were consumed, which
made the salt less corrosive.

Finally, it is necessary to point out that all the salts used in the present work were only thermally
purified, which is effective in the removal of moisture but not in the removal of oxide impurities.
Therefore, further studies are needed to understand the oxides’ impacts on the corrosion behavior,
especially on the salt penetration.
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Molten salt is a promising candidate that can be used as fuel and coolant in the molten salt reactors
(MSRs). Besides, it can also be used as thermal energy storage, heat transfer fluid in the
concentrated solar power plants, because it has high heat capacity, low vapor pressure, and high
thermal conductivity. However, materials corrosion is a key concern of molten salt applications,
and it is known that the corrosion by molten salts is mainly impurity driven. The impurities, such
as moisture in the salts, can make the salt more oxidized, thus becoming more corrosive to corrode
the structural materials. The present work focus on the kinetic property of metal specie corrosion
products and non-metal impurity in the molten fluoride and chloride salts, which were directly
related to the mass transfer and charge transfer process during the corrosion. Especially in the
measurements of fluoride salts, innovative methods were applied which were confirmed to perform
well in the multicomponent system (Fe and Cr ions coexisted). The static corrosion tests of SS
316H and Alloy 617 were conducted in molten fluoride salt at high temperatures. The main
purpose was to study their corrosion behavior and understand the corrosion mechanisms. The
corrosion rate of SS 316H was also estimated, which could be a crucial criterion in the material
selection. In addition, the corrosion of Alloy 617 with time was also investigated. The metal specie
corrosion product concentration change trends were obtained, and the corrosion behavior over the
different corrosion stages was analyzed. Different corrosion phenomenon was observed in
different corrosion test. Thus, they shed lights on the study of how the corrosion was developed
during the corrosion process. Moreover, galvanic corrosion was another major corrosion type
when two or more dissimilar materials were electrically contacted. The galvanic corrosion of Alloy
617/graphite was studied in the molten fluoride salts. The galvanic corrosion rate increased with
the rise of temperature, which verified that temperature was a key factor that affected the galvanic
corrosion. And the galvanic effect was also turned out to increase with time in the present study.
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1 Introduction

1.1 Background

1.1.1 Molten Salts Application

In general, a salt is solid at a standard temperature and pressure but becomes liquid phase (molten
salt), when the temperature is above the salt melting temperature®. There are varieties of molten
salt, such as nitrate, carbonate, chloride, and fluoride molten salt, which has been widely applied
in nuclear power plants and solar power plants. In the nuclear power energy field, the molten salt
reactor (MSR) concept is one of the advanced Gen IV reactor concepts. A MSR is a nuclear fission
reactor in which the primary coolant and/or fuel is a molten salt mixture. It is designed to operate
at a high temperature in the range of 700-800 °C. In a liquid fuel MSR, the nuclear fuel is dissolved
in a molten salt mixture. Heat generated in the core is transferred to a secondary coolant and the
lower temperature molten salt is pumped back to the reactor core to start a new power cycle. In
case of accident, the molten salt will be drained into a tank, thus the reactor shuts down. MSRs
have two excellent advantages: minimum disposal of radioactive waste and maximum usage of
raw fuel materials?.

Molten salt plays a crucial role in the development of MSRs. One of the molten fluoride salts,
NaF-KF-UF4, has been proposed as a promising candidate to be used as fuel and coolant salt in
MSRs, because it has high heat capacity (about 1kJ/kg/K), low vapor pressure (< 1bar), and high
thermal conductivity (about 0.44 w/m/K)*?”. Moreover, this salt mixture doesn’t contain enriched
’LiF for economic and technological reasons associated with tritium control and irradiation defects.
However, UF4 in a liquid fluoride mixture intrinsically oxidizes to dissolve Cr as the most
vulnerable constitution of the structural material to result in CrF, and form UFs3. This challenge
to be addressed for a UF4 fueled molten salt reactor was overcome by keeping UF4/UF3 ratio no
less than a specific value with constant monitoring of CrF. concentration. Therefore, the
quaternary salt NaF-KF-UFs-UF3 is proposed instead to be used in MSRs and UF3 serves as redox
buffer to mitigate the corrosion induced by UF..

Furthermore, molten salts also have significant applications in molten salt extraction (MSE)
process. As is known, reactor-grade plutonium metal contains isotopes, such as 2%Pu, 2%%Pu, 2*%Pu,
241py and 2*2Pu®. The decay of 2*!Pu results in its daughter product 2**Am, which is an alpha
emitter with a half-life of 13.2 years. 2*Am can further decay to its daughter product 2’Np, which
is a gamma emitter with a half-life of 458 years®. The radiation emission presents a health hazard
to personnel. Americium must be removed from plutonium, which can be conducted through a
MSE process. MSE separates americium from plutonium metal by a pyrochemical oxidation
reaction followed by molten salt solvent extraction. One of molten salts composed of MgCl>-NaCl-
KCI has been used as a solvent salt to extract americium from plutonium. In the study by Knighton
et al., it was found that approximately 90% of americium could be extracted by increasing the
MgCl2 concentration in the MgCl,-NaCI-KCl salt mixture to 30 wt. % °. Besides, molten NaCl-
KCI-MgCl; salts were also used in the reprocessing of the liquid metal fuel, which was composed
of bismuth, uranium and fission products at Brookhaven National Laboratory (BNL) in the 1950s
as part of the liquid metal reactor experiment (LMR)’.



What’s more, molten salts also play a critical role in the solar power plants, which can act as heat
transfer fluid (HTF) and thermal energy storage (TES) fluids. Among them, molten nitrate salts
NaNO3z-KNOs have been widely used as TES fluids in the solar thermal energy (STE) plants,
because of their good thermophysical properties (high heat capacity, low melting point, and high
thermal conductivity), low prices and good corrosion performance of alloys up to about 620 °C
which is the practical upper temperature limit. However, at a temperature higher than the threshold
temperature, nitrate salt will begin to decompose and become unstable, which has limited the
application of nitrate salt at higher temperatures 8. Due to this, researchers have spent lots of efforts
to find the other candidate that meet the high temperature stability requirement. As a result,
carbonate salt Li.CO3-Na,CO3-K>COs is proposed as a potential candidate for high-temperature
STE applications though it has a high melting temperature. Comparing nitrate salt, carbonate salts
have moderate melting points (>390 °C), high thermal stability temperature (>650 °C) and high
heat capacities, but high prices due to utilization of expensive Li.COs3 for lowering the melting
point °. To compromise the high-temperature thermal stability and commercial price, another salt
composed of 44.7 mol.% MgCl>-29.4 mol.% NaCl-25.8 mol.% KCI (Mgnak) has attracted more
and more of researcher’s attention. It must be emphasized that the salt composition is different
from that used in molten salt extraction due to different purposes. Alkali metal chloride salts like
KCI and NaCl have high heat capacities, low vapor pressures at high temperatures, weak
hygroscopic and low prices, but high melting temperatures (>750 °C). The melting temperatures
of single alkali metal chloride salts can be significant reduced by mixing with alkaline earth metal
chlorides, such as MgCl,. MgCI,/KCI mixture has a relatively low melting temperature around
426 °C, low vapor pressure at high temperatures and low prices about 0.35 US $/kg'°. Moreover,
the thermal physical properties of the salts can be further improved by adding inexpensive NaCl
to lower the melting temperature to about 385 °C, reduce cost, increase heat capacity and obtain
excellent thermal stability at high temperatures such as 800 °C. Thus, MgCl>-NaCl-KClI is a
promising chloride mixture as a high-temperature TES/HTF material in the next generation
concentrated solar power (CSP) plants.

1.1.2 Material Corrosion in Molten Salts

In general, the pure molten salt is non-corrosive, or the induced corrosion is low. Corrosion in
molten salts is driven by a variety of factors, such as thermodynamics of corrosion reactions,
impurities, and galvanic contact, etc.

When applied in a high-temperature environment, the corrosion resistance in material is achieved
through the formation of stable and protective oxide layer on the surface of alloys. For example,
Cr in the alloys may form a self-healing protective oxide film on the surface which acts as a
diffusion barrier to reduce further oxidation and corrosion. However, material corrosion in molten
salt is more challenging than the traditional waterpower systems due to the unstable protective
oxide layer. In molten halide (fluoride or chloride) salts, the oxide film will get dissolved by the
fluxing action of molten salts, thus through which, no reliable corrosion protection can be
provided!!. The corrosion will proceed by attacking the most reactive components exposed to the
surface once the oxide film is removed. Even in some cases that the oxide formation is
thermodynamically favored!?, the halide ions may destabilize the passive oxide layer on the
surface which leads to less protective.



The thermodynamic free energies of the formation of metal fluorides that make up the salts such
as NaF-KF-UF, LiF-NaF-KF and MgCl,-NaCI-KCI are more negative than the fluorides of the
common components of structural alloys®*, with Cr being the most prone to attack among Ni,
Co, Fe or Cr. Thus, little corrosion should occur when structural alloys are in contact with pure
molten salts without impurities. The contaminants in salts are primarily oxygen-based or moisture-
based, which depends on the nature of the salt, i.e., hygroscopic salts, such as MgCl, and UF4, can
easily attract and absorb water without bonding. The impurities introduced by ingress of OH",
moisture or oxygen will make the salt more oxidizing, thus becoming much more corrosive. It may
result in the corrosion of transition metals such as Fe, Ni, or Cr which are the typical components
of the structure materials *°. The corrosion in molten salts is, to a great extent, driven by impurities
in the salt, such as, H.O, OH", O, and H*. Especially the presence of moisture can result in the
formation of HCI or HF with its significant effects on corrosion.

Moreover, galvanic corrosion is another common corrosion type in molten salt. It’s an enhanced
corrosion that occurs when two or more dissimilar metals (or graphite) are electrically contacted,
either directly or through an external path, in the presence of conductive medium?*®. The galvanic
corrosion coupling is illustrated in Figure 1-1. In nuclear reactors or solar power plants, the
components may be manufactured using different alloys due to different specification
requirements?’181%20 And in thermal MSRs, it’s known that many components are fabricated from
Graphite, such as the moderator and reflector?'. During the operation of power plants, it’s highly
possible that different materials (metal/graphite) may have electrical contact, thereby resulting in
galvanic corrosion. The motivating force of galvanic corrosion is the potential difference which
leads to the current flow between the anodic and cathodic materials. It increases the corrosion rate
of the anodic material (with a more negative potential) and reduces the corrosion rate of cathodic
material (with a more positive potential). When coupled together, the material with a more negative
potential undergoes anodic dissolution, while on the surface of material with a more positive
potential, the excess electrons are consumed by cathodic reactions. The extent of galvanic
corrosion depends on various factors, such as effective surface area ratio of cathode/anode,
temperature, potential difference, cathodic efficiency, and polarization characteristics of the more
noble material.

The material corrosion has been a major concern in the successful fruition of the MSR and CSP
technology?>%. It is of significant importance to study and understand the corrosion mechanism
and behavior of structural materials in molten salts. In both MSRs and CSPs, structural
components, such as piping and ducting are machined and fabricated from various structural
materials. To apply a structural material in the nuclear or solar power plants, one must have
excellent stability at high temperatures, superior mechanical strength and low cost which has
potential to be widely used in industry. Among various structural material alloys, stainless steel
316H and Alloy 617 have been proposed to be good candidates, because of their excellent
performance in previous studies?42>26:27:28.29,
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Figure 1-1 Galvanic corrosion coupling

Stainless steel 316H (SS 316H) is a high carbon modification of stainless steel 316 developed for
use in elevated temperature services. It is a Fe-C-Ni-Cr alloy, where Cr is added for corrosion
resistance and Ni is added to counteract the ferritic stabilizing nature of Cr and stabilize the
austenite phase. It has high strength at elevated temperatures and is used for structural pressure
vessel applications at temperatures above 500 °C. This steel has the advantage of ASME Section
I11 Division 5 code certifiable for mechanical properties at 700°C. The higher carbon content also
delivers higher tensile and yields higher strength. It is often used in process streams containing
halides. It exhibits adequate long-term creep rupture strength at elevated temperatures and displays
good corrosion resistance in purified molten salts. SS 316H is non-magnetic in the annealed
condition. It cannot be hardened by heat treatment; however, the material will be hardened due to
cold working. The common composition specification of SS 316H is given in Table 1-1.

Besides, nickel-based alloys are among few alloys that can remain stable in molten salts for long
term. One of them is Alloy 617, which is a solid-solution strengthened nickel-based superalloy
introduced in the early 1970s. Alloy 617 is well known for its good oxidation and corrosion
resistance at temperatures up to 1093 °C and high creep-rupture strength at temperatures from 649
°C to 1093 °C 3 The common limiting chemical composition of Alloy 617 is listed in Table 1-2.
The alloy has excellent resistance to a wide range of corrosive environments, and it is readily
formed and welded by conventional techniques. The high nickel and chromium contents make the
alloy resistant to a variety of both reducing and oxidizing media. The aluminum, in conjunction
with the chromium, provides oxidation resistance at high temperatures. Solid-solution
strengthening is imparted by the cobalt and molybdenum. The combination of high strength and
oxidation resistance at temperatures over 980 °C makes Alloy 617 an attractive material for
components applied at high temperatures. It has been identified as one of the candidate materials
for Gen IV nuclear reactor system components operating in the temperature range of 760 °C to
1000 °C 3L,



Table 1-1 SS 316H composition specification

Elements Cr Ni Mo C Mn S Si Fe Others

wt.% 16-18 | 10-14 2-3 | 0.04-0.1 2 0.03 0.75 | Balance | P, N...

Table 1-2 Alloy 617 chemical composition

Elements Ni Cr Co Mo Fe Mn Al C Others

wt.% >445 | 2220 |12.50 |9.64 1.21 0.04 1.06 0.08 Ti, S...

1.1.2.1 Fundamental Kinetic Parameters

The impurity-driven corrosion on the interface of structural material and molten salt involves three
processes as given in Figure 1-2: first, the impurities reactant, such as O», OH" or HO, are
transported from the molten salt bulk solution to the interface; second, the corrosion reaction
happens at the interface resulting in the electron exchange, in which, the impurities are reduced to
O?% or H?, yet the transition metals in the structural materials, such as Fe, Ni and Cr, are oxidized
to Fe?*, Ni?*, Cr?* or Cr®*; third, the corrosion products (Fe?*, Ni?*, Cr?* or Cr3*) are transported
from the interface back to the molten salt. During the whole corrosion process, Kinetic property
data, such as diffusion coefficient, exchange current density, charge transfer coefficient, limiting
current density, and standard rate constant are vital. The first and third parts are related to material
transport which are determined by diffusion coefficient D, while the second part involves the
electron exchange which is governed by the exchange current density i,, charge transfer
coefficient a, and limiting current density i;. Therefore, the kinetic data measurements of
corrosion products (Fe?*, Ni?*, Cr?* or Cr®*) and impurities (e.g. OH") are significant to further
understand the electrochemical behavior of corrosion products and impurities, as well as
understand the corrosion mechanisms of structural material in the molten salts.

@ @

A A

mnt Mt @

LJ Fluid

T 1 Metal

ne-
ne

Figure 1-2 Impurity-driven corrosion process in molten salts



1.1.2.1.1 Diffusion Coefficient Measurement

There have been a variety of methods developed to measure diffusion coefficient. These methods,
including but not limited to, cyclic voltammetry (CV), chronopotentiometry (CP),
chronoamperometry (CA), rotating disc electrode (RDE), have been applied in the study of
electrochemistry using a typical three-electrode (working, counter, and reference electrode) system.
CV and CP are the most commonly used techniques among them.

1.1.2.1.1.1 Cyclic Voltammetry

Cyclic voltammetry is an electrochemical technique which is performed by cycling the potential
on the working electrode and measuring the resulting current in the forward and reverse directions
once or several times. The working electrode potential ramps linearly versus time. And the
obtained CV curves gives the relation between the current and applied potential. The applied
potential range varies depending on the interested redox reaction on the working electrode, and the
reference electrode applied in the experiment. The static electrode and unstirred solution make the
diffusion controlled peak possible. However, the steady-state solution may lead to a certain amount
of analyte species to remain on the electrode after reduction and oxidation. This deposition layer
may insulate the electrode surface and affect the subsequence scans. Therefore, it’s suggested to
perform electrode conditioning (or cleaning) after each scan by applying an appropriate constant
potential to remove the layer on the electrode surface.

When using the CV technique, different scan rates are applied in the experiments and the diffusion
coefficient is calculated from the relation between the peak current density and scan rate. As for
different redox reaction types, such as, soluble-soluble or soluble-insoluble, reversible, quasi-
reversible, or irreversible reaction, appropriate equations are applied as given in Table 1-3, where
I is cathodic peak current, n is electron transfer number, F is Faraday constant, A is electrode
surface area, v is scan rate, R is gas constant, C is specie concentration, and T is temperature.



Table 1-3 Diffusion coefficient calculation using CV method

Reaction Type Equation
. nFDv
Reversible | = 0.446nFAC
RT
Soluble‘ - - - 32’33’34 TLFDU
Soluble Quasi-Reversible Randles-Sevcik I = 0.436nFAC T
Irreversible I = 0.496/annFAC nI;?v
- 35 nkDv
Soluble-Insoluble Berzins-Delahay I = 0.611nFAC T

1.1.2.1.1.2 Chronopotentiometry

In chronopotentiometry, a current pulse is applied on the working electrode and the resulting
potential is recorded against the reference electrode as a function of time. Species will be reduced
or oxidized at the working electrode surface when a constant current is applied. The electrode
potential varies with time as the concentration of reactants changes at the electrode surface. After
the reactant concentration drops to zero at the interface, the reactant cannot accept the electrons
forced by current. Thereby, the potential will have a sharp change until to a plateau. Transition
time t is a crucial parameter in the measurement, which can be used in the calculation of diffusion
coefficient D. The relation of applied constant current I, transition time = and diffusion coefficient
D is given by Sand’s equation®®.
ITY/2  nAFDY2g1/2 1-1
c 2

Here, I is the applied constant current, t is the transition time, n is the charge transfer number, A
is the electrode surface area, D is the diffusion coefficient, C is the concentration of interested
specie. One of the major issues related to CP technique is the determination of transition time. One
must be extremely careful to obtain an accurate transition time to ensure accuracy of diffusion
coefficient.

1.1.2.1.2  Available Diffusion Coefficient Data

In the present work, studies were conducted in molten NaF-KF-UFs;-UFs and MgCl.-NaCl-KCl
salts. And the diffusion coefficient of corrosion products (Fe?*, Ni?*, Cr?* and Cr®*) in both molten
chloride and fluoride salts, and impurity (OH") in molten chloride salt is of interest. A variety of




studies have been conducted in the past several decades though perhaps in different salts, which
may still shed a light on the present study.

Table 1-4 summarizes the available diffusion coefficient data of Fe?*, Ni?*, Cr?*, Cr®* and OH" in
molten salts.

Table 1-4 Available diffusion coefficient data of Fe2*, Ni%*, Cr?*, Cr®* and OH"

Diffusion Coefficient Temperature
Molten Salt References
(cm?s™) (°C)
1.40x10° KCI-LiCI-NaCl 550 Khalaghi et al.*
Fe2* 1x10° LiF-NaF-KF
500 D. Manning et al.*
5 x10° LiF-BeF;
3.8 x10°
Fe¥* LiF-NaF-KF 600 H. Peng et al.%
4.38 x10°°
) 0.1-0.6 x10° LiCI-KClI 500 Horvath et al. %
Ni
5 x106 LiF-NaF-KF 470 - 540 Inoue et al.*
1.53 x10° LiCI-KClI 500 Inman et al.*°
(0.62 £ 0.37) x107° LiCI-KCI 429 Cotarta et al.**
0t (1.92-2.71) x107° KCI-CrCls 800 - 900 Elizarov et al.*?
Cr
(3.68 £ 0.09) %106 LiF-NaF-KF 700 Wu et al.®
(1.2 +0.2) x10° LiF-BeF, 600 - 650 W. Doniger et al.*6
(0.36 — 1.84) x10® LiF-NaF-KF 612 - 983 Yoko et al.*’
0.55 x107° LiCI-KClI 500 Inman et al.*°
Cr3* 1.53-2.33x10° KCI-CrCls 800 - 900 Elizarova et al.*2
(9.56 + 0.57) x107 LiF-NaF-KF 700 Wu et al 4
2.1 x10* LiCI-KClI 450 Kanzaki et al.*®
H+
0.7-2.8 x10* LiCI-KCI-ZnCl» 450 Minh et al.®°
OH" 1.7x10° LiOH-LiClO4 25 Littauer et al.>?
0% 2.1%x10® LiCI-KCI-CsCI-Li20O 500 Kado et al.>




Khalaghi et al. *® conducted an electrochemical study of Fe?* in KCI-LiCI-NaCl at 550 °C using
CV technique. The calculated diffusion coefficient of Fe?* was 1.40x10° cm? s. Peng et al.
investigated the electrochemical behavior of Fe®* in molten FLiNaK salt at 600 °C. Fe3* was
initially reduced to Fe?* followed by reduction of Fe?* to Fe and both reduction processes were
diffusion controlled. The diffusion coefficient of Fe** was 3.8 x10°® cm?s from CV measurement
and 4.38 x10°® cm? s from CP measurement. Horvath et al.®® measured the diffusion coefficient
of Ni?* in LiCI-KCl eutectic at 500 °C, with a value ranging from 0.1 - 0.6 x10 cm? ! at different
concentrations. Studies have confirmed that both Cr?* and Cr3* were stable ion states in molten
chloride salts. Inman et al.“° employed steady-state voltammetry and chronopotentiometry
techniques to study the electroreduction process of Cr3*/Cr?* and Cr?*/Cr in molten LiCI-KCI at
500 °C, in which Cr?* was introduced in situ by the anodic dissolution of Cr metal at a constant
current. The calculated averaged diffusion coefficient of Cr?* using the adsorption model in Inman
et al.’s study was 1.53 x10™ cm? s, while the value of Cr®* was 0.55 x10®° cm? sL. In the study
by Cotarta et al.,* the diffusion coefficient of Cr?* calculated based on CP scans using Sand’s law
yielded values of (0.62 = 0.37) x10° cm? s at 429 °C in molten LiCI-KCI salts. Moreover,
Elizarova*? proposed a hypothesis about the formation of polynuclear chromium complex in KCI-
CrCls melts. The measured diffusion coefficient of Cr ions was 1.53 - 2.33x10° cm? s* for Cré*
and 1.92 - 2.71x10° cm? s for Cr?* in the temperature range of 800 - 900 °C, respectively. Inoue
et al. ** measured the diffusion coefficient of Ni?* in molten LiF-NaF-KF (FLiNaK) salts using
CV technique. The electrochemical measurements were conducted at temperatures between 470
and 540 °C. In this study, it confirmed that redox reaction of Ni?*/Ni was a reversible two-electron
reaction. The measured diffusion coefficient of Ni?* was 5 x10® cm? s and the corresponding
activation energy was (5.86 + 1.67) x10™* J mol™. D. L. Manning et al.**conducted voltametric and
chronopotentiometric study of Fe?* in molten LiF-NaF-KF and LiF-BeF; salt at 500 °C. The CV
curves were obtained at the scan rates range from 50 mV/min to 10 VV/min. The calculated diffusion
coefficient was approximately 1 x 108 cm? stin LiF-NaF-KF and 5 x10® cm? s in LiF-BeF; salt,
respectively. Wu et al.*® studied the kinetic properties of Cr®* in molten FLiNaK salts at 700 °C
using CV and square wave voltammetry (SWV). It indicated that the reduction of Cr3* to Cris a
two-steps reaction, which involved a reversible single-electron exchange redox reaction of
Cr¥*/Cr?* and a quasi-reversible two-electron exchange reaction of Cr?*/Cr. In the study, the
diffusion coefficients of Cr®* and Cr?* were calculated to (9.56 + 0.57) x10" cm? s and (3.68 +
0.09) x10° cm? s, respectively. W. Doniger et al.*® investigated electrochemical behavior of Cr?*
in molten 2LiF-BeF, (FLiBe) salt at temperatures ranging from 500 °C to 700 °C using CV and
linear sweep voltammetry (LSV). The measured diffusion coefficient of Cr?* was (1.2 + 0.2) x10°
5 cm? st. By relating faradaic cathodic peak current density to Cr?* concentration at 600 °C and
650 °C, a model was developed for predicting Cr?* concentration and its diffusion coefficient.
Yoko et al.*’ studied the reduction mechanism of Cr3* in molten FLiNaK using CV and CP over a
temperature range of 612 °C - 983 °C. Cr3* was reduced to Cr?* followed by a two-electron
reduction of Cr?* to Cr and both reduction processes were quasi-reversible. The measured diffusion
coefficient of Cr3* were 1.84x10° cm? st at 983 °C, 1.19x10° cm? st at 893 °C, 0.95x10° cm? s
1 at 804 °C, 0.59x10° cm? s at 716 °C, and 0.36x10° cm? s at 612 °C.

In the diffusion coefficient measurement of OH-, Swain et al.*® investigated the redox behavior of
moisture in LiCI-KCI eutectic melts using CV technique. Complicated voltammetric features were
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observed that were attributed to the cathodic reduction of H2O to form OH", adsorption of OH™ on
the tungsten electrode, and cathodic reduction of OH" to form O?. However, no quantitative
estimation of diffusion coefficient was demonstrated. Kanzaki et al.*° observed the hydrogen
evolution reaction of OH" in LiCI-KCI eutectic. The CV scans showed that the redox reaction of
OH" /H2was a reversible one-electron transfer reaction. Unfortunately, the diffusion coefficient of
OH" was not able to be measured, because the cathodic peak of OH/H> was close to the current
rise due to the deposition of lithium metal. But the diffusion coefficient of H" at 450 °C was
calculated from cathodic peak current density, which was 2.1 x10“ cm?/s. Minh et al.*° studied
the cathodic reduction of HCI dissolved in molten LiCI-KCI-ZnCl; at 450 °C using CV and CP
techniques. The calculated diffusion coefficient ranged from 0.7 to 2.8 x10* cm?/s at different
concentrations of ZnCl,. Littauer et al.>* conducted a study on the diffusion coefficient of OH" in
aqueous LiOH-LiCIO4 electrolyte by utilizing RDE technique. The measured diffusion coefficient
was 1.7x10° cm?/s in 0.5 M LiOH solution at 25 °C. Kado et al.> investigated the diffusion
coefficient of O in LiCI-KCI-CsCI-0.5 mol% Li>O eutectic melt using boron-doped diamond
(BDD) and glassy carbon (GC) electrodes. O evolution on the BDD electrode and CO; evolution
on the GC electrode were reversible and irreversible, respectively. The estimated diffusion
coefficient of O? using CV technique was 2.1x10° cm?/s at 500 °C. Xie et al.*® investigated the
dissolution of steam in molten LiCl, and the electrochemical behavior of dissolve species at 660
°C. An obvious cathodic current was detected in the steam dissolved molten LiCl salt, which was
not observed in the blank LiCl salt. There was no corresponding anodic peak in the cyclic
voltammetry scan. It demonstrated that the redox reaction of H*/H2 was irreversible. In addition,
the electro-chemical reduction of dissolve H* was confirmed to be diffusion-controlled process.
Lithium was found to be deposited at a more positive potential in the moisturized LiCl salt, which
was attributed to the formation of LiH intermediate compound. Unfortunately, the kinetic property
data was not measured or included in the scope of the study.

1.1.2.1.3  Exchange Current Density Measurement

In general, three conventional techniques are available to measure the exchange current density i,
charge transfer coefficient @, and limiting current density i;: Tafel plot, linear polarization
resistance (LPR), and electrochemical impedance spectroscopy (EIS)®*. These techniques have
been widely used in aqueous solution. However, the electrode reaction rate is much faster in molten
salts. Thus, it can be limited by mass transfer of reactants from the bulk solution to the electrode
surface. Significant errors may be introduced by using techniques without considering the mass
transfer effect®. Therefore, a modified Butler-Volmer equation was applied as given in Eq. 1-2 or
Eqg. 1-3. It involves charge transfer process at the electrode-electrolyte interface and the mass
transfer process of the reactant and product to/away from the electrode surface®.

o { [(1 — a)nF l Copn+ [—anF ]} 1-2
[ =igyexp n|— exp n
0 RT (o RT
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i =

Where, i is the current density, n is the number of exchange electrons; F is the Faraday constant,
a is the charge transfer coefficient; overpotential n = E — E,,; E and E,, are the electrode

potential and the equilibrium potential respectively; i, is the exchange current density; C,n+ and

C,lv’,m are the concentration of M™* at the electrode surface and bulk solution respectively; i, is
limiting diffusion current density.

1.1.2.1.3.1 Tafel Plot

At larger overpotentials®®, Eq. 1-3 can be simplified as Eq. 1-4.

log|i| = logliy| + b7 1-4
Where b = 229 1 5 0:p = 22 p <0,
2.3RT 2.3RT

Tafel plot method is based on Eq. 1-4, which indicates a linear correlation of the log|i| and 7 in
the Tafel regions. Thus, i, can be determined by extrapolating the linear portions of curve to the
equilibrium potential.

1.1.2.1.3.2 Linear Polarization Resistance

At very small overpotentials®*®4, the relation of i — 7 can be simplified as Eq. 1-5. It indicates i
is linearly related to n within small overpotential range. Hence, the value of i, can be determined
from the slope of i — n curve near the equilibrium potential.

. . nF 1-5
b=igpmt

1.1.2.1.3.3 Electrochemical Impedance Spectroscopy

In an EIS scan, a small sinusoidal potential with a fixed frequency is applied to the electrode, and
the response of the current is measured. This behavior will repeat for a wide range of frequencies.
The electrochemical reaction can be described by the electrical equivalent circuit that contains a
double layer capacitor, in parallel with a faradaic impedance z;. If the mass transfer effect is
involved in the electrode kinetics, the faradaic impedance can be expressed by Eq. 1-6, where R .;
is charge transfer resistance and z,, is the mass transfer impedance. i, is estimated using Eq. 1-7
in EIS measurements®*54,

Zf = Ret2zy, 1-6
RT 1-7
R.. =
T nFi,
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1.1.2.1.3.4 Curve Fitting Technique

Potentiodynamic scans are performed to obtain the relation of i — 7. The value of iy, a, and i; are
calculated by fitting the measured current density i and overpotential n using Eq. 1-3. In the
present study, a recently developed technique — non-linear curve fitting, which was based on Guo
et al.’s study®*, was applied in the calculation. Comparing with Guo et al.’s method, it improved
the efficiency of the curve fitting with the assistance of built-in solver function in Excel. The
procedures of the non-linear curve fitting technique are summarized as: (1) assign appropriate
initial values to the unknown parameters including iy, «, and i;; (2) calculate square of deviation
between the values of measured i,, a, and i; and computed iy, «, and i;; (3) repeat Step (2) until
obtain the least squared deviation, which corresponds to optimized values of i, , and i;.

1.1.2.1.4  Available Exchange Current Density Data

A few studies have been conducted on the exchange current density measurements of Fe?*, Ni*,
Cr?*, Cr® and OH" in molten salts. The available data is given in Table 1-5.

Table 1-5 Available exchange current density data of Fe?*, Ni%*, Cr?*, Cr3* and OH"

Exchange Current Density Temperature
Molten Salt References
mA/cm? (°C)
Fe?* 1.89-6.18 FLiNaK 600 - 750 Wu et al.®®
Ni2* 0.064 - 0.196 LiF-BeF2-ZrF4 500 Jenkins®®
Cr* 0.15-0.88 FLiNaK 600 - 750 Wu et al %
H* 1026-1031 H2SO04 25 Seri®
OH" 0.10-0.11 0.1 mol/L KOH 25 Tang et al.%’
Standard Rate Constant Temperature
Molten Salt References
cm/s (°C)
Cr3* 0.02-0.08 NaCl-KCI-CrCls
700-850 Stulov et al.®!
Cr3t 0.005-0.05 NaCl-KCI-K3CrFs

Manning et al.%® investigated the voltammetry of Fe?* in molten FLiNaK over the temperature
range of 470-545 °C. The current-potential curves were recorded for relatively slow scan rates in
the range of 25 to 150 mV/min using platinum as working, counter, and reference electrodes. The
redox reactions of Fe?*/Fe and Fe®**/Fe?* were reversible in the experimental conditions. The
limiting current of cathodic wave was proportional to the concentration of iron in the molten salts.
The activation energy calculated from the limiting current of Fe?*/Fe was 12 kcal mol. Jenkins®®
conducted a kinetic property study of Ni?*/Ni in LiF-BeF.-ZrF4 at 500 °C using a voltage-step

12



method. The measurements were performed at different concentrations of Ni?*/Ni in a range of
2.43 x10° to 1.45 x10° mol/cm?®. The measured i, of Ni>*/Ni was in the range of 0.064-0.196
mA/cm?, and it didn’t show dependence on concentration in the study. The fitted values of « using
equation i, = nFk°C@~% ranged from 0.32 to 0.55, while the corresponding calculated k° was
1.6 x10* to 2.3 X103 cm/s. Lim et al.>” conducted a study on the exchange current density of
neodymium chlorides in LiCI-KCI molten salt at 500 °C using Tafel plot method. The two-step
reaction of Nd** to Nd?* and Nd?* to Nd were confirmed by potentiodynamic scan, since two peaks
were observed in the Tafel curves, which couldn’t be observed in the cyclic voltammetry scan
because of close reaction potential of Nd**/Nd?* and Nd?*/Nd couples. The measured i, of
Nd**/Nd?* and Nd?*/Nd were 1.48+ 0.24 and 18.38+0.64 mA cm. However, the i, values showed
significant differences from the data reported by Kim et al.>® and Wu®°. In another study by Lim
et al.®%, the exchange current density and transfer coefficient of uranium in molten LiCI-KCI were
measured using Tafel plot and linear polarization resistance methods. The temperature dependency
of exchange current density followed Arrhenius’ law in the temperature range from 450 to 500 °C.
The calculated averaged cathodic transfer coefficient was 0.22+0.01, which was quite different
from the value 0.5 assumed in most electrochemical modeling study. In the study by Stulov et al.5?,
cyclic voltammetry was applied to determine standard rate constants of charge transfer at a glassy
carbon electrode for the Cr3*/Cr?* redox couple in the NaCI-KCI-CrCls and NaCI-KCI-K3CrFs in
the temperature range of 700-900 °C. According to the theory of elementary charge transfer act,
the smaller complexes need more energy in the reorganization before the electron transfer process,
thus, the electrode reaction proceeds at a lower rate. As expected, the calculated standard rate
constant in NaCI-KCI-CrCls was less than that in NaCl-KCI-KsCrFs. And the standard rate
constants in both molten salts increased with temperature and followed Arrhenius Law. In the
study by Yoon et al.%? electrochemical impedance spectroscopy, linear polarization resistance,
Tafel plot and cyclic voltammetry measurement were conducted to measure exchange current
density of U*/U reaction in molten LiCI-KCI salt at different UCl; concentrations and
temperatures. In the measurements using the EIS method, a minimum overpotential from
equilibrium potential was applied and fitted to an appropriate equivalent circuit to obtain the
exchange current density. When using Tafel plot and LPR methods, linear fitting was conducted
at small and large overpotential range of the current-potential curves to determine the exchange
current density. According to Yoon et al.’s results, all calculated i, have the linear trend with
concentration and temperature. But i, calculated using EIS method was the most consistent and
accurate in comparison to those from LP, Tafel plot and CV methods.

Recently, another new method was developed as well, in which i, was obtained by fitting the
potentiodynamic scan curve using the electrode kinetic equation. Wu et al.®® estimated i, and
charge transfer coefficient a of Cr?*/Cr and Fe?*/Fe couple in the molten FLiNaK eutectic at
temperatures ranging from 600 to 750 °C using an optimized fitting method, Tafel plot, and LPR
techniques, respectively. The values obtained from the three techniques were in good agreement,
while optimized fitting methods gave smaller uncertainty. The calculated exchange current density
using optimized fitting methos is in the range of 0.15-0.88 mA cm for Cr?*/Cr, and 1.89-6.18 mA
cm for Fe?*/Fe, respectively. As for the charge transfer coefficient «, it was in the range of 0.22-
0.42 for Cr?*/Cr and 0.09-0.13 for Fe?'/Fe. Both i, of Cr?*/Cr and Fe?'/Fe increased with
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temperature. The calculated a of Cr?*/Cr decreased with temperature, while a of Fe**/Fe showed
little temperature dependence. Based on the study by Wu et al.%3, the curve fitting technique might
have been probably the best option to obtain more reliable i, and a. However, all these techniques
are developed based on the simplified Butler-Volmer equation, in which mass transfer is not taken
into consideration. In the experiments involving molten salts, the reaction on the electrode is faster,
thus the reaction rate on the electrode surface could be limited by the mass transfer rate of reactants
from the bulk solution to the electrode surface. Therefore, significant error may be introduced by
using Tafel plot, LPR and EIS methods. On that account, Guo et al.5* conducted an electrochemical
study of Gd®*/Gd in molten LiCI-KCl salts at different concentrations (1-9 wt. %) and temperatures
(450-550 °C). In the study, three conventional techniques, i.e., Tafel plot, LPR and EIS, and one
newly developed technique, i.e., optimized fitting technique using non-simplified Butler-Volmer
equation which has considered the mass transfer effect, were applied in the measurements of
exchange current density, charge transfer coefficient, limiting current density and standard rate
constant. It showed that optimized fitting method could give more reliable values of i,. Because
the values of i, calculated from the optimized methods followed the theoretical power law with
the concentration of Gd**/Gd, and the fitted values of a from the relation of exchange current
density and concentration using the optimized fitting technique keeps consistent with that fitted
using the Butler-Volmer equation. While the fitted values of « using the other three conventional
techniques are either negative or zero which was unrealistic. Moreover, the standard rate constant
k° was also calculated using optimized fitting technique, which was in the range of 4.93-9.13x10"
® cm/s at the studied temperatures.

As for the exchange current density of OH™ in molten salts, no related study has been reported to
the best of my knowledge. However, there is still study available in aqueous solution which may
shed some light to the present study. Seri® estimated the exchange current density of hydrogen
evolution on Titanium in sulfuric acid solution. The value of exchange current density was 102°-
1031 mA/cm? calculated using the Tafel extrapolation method and 10 mA/cm? using the
differential polarization method. In comparison, differential polarization method gave a more
accurate value, which can be applied to eliminate the undesired physical factor such as oxide film
and solution resistance. And the cathodic charge transfer coefficient was around 0.3. Vega et al.%®
investigated the hydrogen oxidation reaction using a polycrystalline platinum rotating disk
electrode in hydroxide and carbonate aqueous electrolytes. Exchange current density was obtained
using Tafel plot method by linear regression extrapolated to the reversible hydrogen potential. The
measured exchange current density of hydrogen oxidation was 0.14 + 0.01, 0.24 + 0.09 and 0.32
+ 0.09 mA/cm? in 1M KOH, 0.3M Na2C03-0.55M NaClO4 and 0.5M Na,C03-0.25M NaClOs4,
respectively. The exchange current density was higher in the presence of carbonate compared to
hydroxide. It attributed to a more exothermic process involving carbonate and hydrogen reaction,
compared to hydroxide and hydrogen, which made the carbonate reaction thermodynamically
favored. Moreover, mass transfer analysis was performed using Koutecky-Levich plots. It has been
confirmed that the hydrogen oxidation reaction was a two-electron reaction. And the measured
diffusion coefficient was 2.21, 2.31 and 2.08 x10° cm?/s. Tang et al.%” investigated the hydrogen
electrode reaction using a platinum rotating disk electrode in 0.1 mol/L KOH solution saturated
with hydrogen. In this study, a new equation was derived for the hydrogen electrode reactions to
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correct for both the change in effective equilibrium potential and in effective exchange current
density. The exchange current density of hydrogen reactions on a Pt rotating disk electrode was
0.10-0.11 mA/cm? with an activation energy 33.5 kJ/mol.

1.1.2.2 Static Corrosion Study

Various structural materials used in MSRs or CSPs must be tested to verify conformation to quality
standards. Such tests can provide useful information in order to make sound decisions regarding
selection of materials, processing, and treatment. Among them, static immersion test is considered
to be the most popular and simplest type of corrosion test, in which different materials that are
subjected to particular conditions are assessed. It’s a very versatile process which can be
customized to meet specific needs regardless of application.

In static immersion tests, specimens are immersed in the solution at specific experimental
conditions. At the end of tests, specimens are removed from the solution, followed by appropriate
cleaning procedures before conducting further analysis. The measured weight loss of specimens
can be used to estimate the corrosion rate, which is a crucial criterion in material selection®®°, To
understand the corrosion mechanism of materials, the surface and/or cross-section of specimens
are analyzed by scanning electron microscopy (SEM) and transmission electron microscope
(TEM), from which, attack depth and corrosion behavior can be obtained.

Static immersion test has been widely applied in material corrosion studies /0717273747576 ' Thjs
section only briefly reviewed the studies that are closely related to the present study. Dai et al.”’
studied the static corrosion of Incoloy 800H alloy with Nickel cladding in LiF-NaF-KF (FLiNaK)
at 850 °C. Results show that Cr and Fe are depleted from the alloys’ surface and grain boundaries,
where "diffusion paths” are formed. The corrosion process is mainly controlled by the redox
reaction of impurity metal ions with Fe and Cr at the alloy surface. And Cr element is hardly
depleted from X3 type grain boundaries (refers to grain boundaries between crystallites with twin
orientation relationship). Ouyang et al.”® investigated long-term corrosion behaviors of Ni-based
Hastelloy-N and Hastelloy-B3 in the moisture-containing molten FLiNaK salts at 700 °C. The
weight loss for the tested duration of 100-1000 h was caused by the aggregate dissolution of Cr
and Mo into FLiNaK salts. The alleviated corrosion rate was due to the depletion of Cr and Mo
near the surface of the alloys, and thus the long-term corrosion rate was controlled by diffusion of
Cr and Mo outward to the alloy surface. The corrosion pattern tended to be intergranular corrosion
at the early stage of corrosion test and then transferred to general corrosion for longer immersion
hours. Danon et al.”® assessed the molten salt corrosion performance of a Ni-Mo-Cr (GH3535)
alloy weldment. Corrosion testing was performed in FLiNaK molten salt at 750 °C for 500 h.
Results suggest that large MeC carbides present in the parent metal may contribute to corrosion
attack through galvanic corrosion. In the study by Patel et al ., the corrosion tests of alloys, Inconel
718, Inconel C-276, and Nimonic 80A, were performed at 680 °C in FLiNaK with an immersion
period from 8 to 48 hours. Corrosion occurred predominantly by depletion of Cr near the surface.
Cr-rich oxide layers were formed, which may retard further internal corrosion for longer
immersion hours. Ouyang’s group® conducted corrosion tests of Hastelloy-N, Hastelloy-B3, and
Haynes 263 at 600 and 700 °C in FLiNaK salt with different moisture contents. The mass loss of
the tested alloys is primarily determined by the purity of FLiNaK salts. And the mass loss varied
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linearly with original Cr content plus one-third of Mo content. Lei et al.®? conducted an in-situ X-
ray diffraction study of Inconel 617 corrosion in FLiNaK molten salts. Cr-rich M23Cs and Mo-rich
MeC were formed at the grain boundaries. These carbides at the grain boundary can form a
galvanic couple with the matrix and lead to more serious loss of other elements and intergranular
corrosion. And atoms exposed along the grain boundary were much easily diffused compared to
those buried inside the matrix. X. Ye et al. & investigated the corrosion behavior of Hastelloy N
alloy in molten FLiNaK at 850 °C. It showed that Mo and Cr were depleted, and Fe-enriched layer
was formed on the surface. The redox reaction between Fe ion and Cr controlled the corrosion
process. The concentration-gradient between M12C and alloy matrix leaded to the loss of Mo and
Cr in M12C carbide.

Hofmeister et al.3 studied the corrosion behavior of low-carbon stainless steels X2CrNi18-9 and
Ti-stabilised stainless steel X6CrNi-Til8-10 in a ternary LiCI-KCI-CsCl molten salt. It has been
concluded that the latter alloy was protected against intergranular corrosion by a Cr.O3 passive
layer up to a temperature of approximately 500 °C and short exposure times. The passive protective
layer is degraded at higher temperatures and longer exposure times. The corrosion mechanism was
suggested to be based on a “chlorination—oxidation” mechanism already observed in other steels.
Ren et al.®® investigated carburized SS316 and SS316 in ternary NaCl-KCI-MgCl; salt at 700 °C
under argon atmosphere when adding Mg metal (1 wt%). It was concluded that residual water and
oxygen in the salts greatly oxidize Fe, Cr, and Ni at the alloy surface in the initial stage of the
corrosion process. Later, Fe and Cr at the alloy surface dissolved into salts through the redox
reaction with metallic ion impurities such as Ni?*, Fe?*, and Fe3* in the salts. Cr-rich carbides were
formed and vulnerable to attack by molten chloride salts because Cr atoms in the carbides
preferentially escape from the carbides and dissolve into salts, causing the decomposition of Cr-
rich carbides and reducing the hardness of carburized SS316. In the study by Zheng et al.®®,
corrosion tests of SS 316 were performed in FLiBe at 700 °C. Chromium carbide particles were
observed protruding from the grain boundaries. These particles were formed as inwardly diffusing
carbon reacted with outwardly diffusing chromium. Doniger et al.” investigated the impurity-
driven corrosion behavior of SS 316H in molten FLiBe salt by adding CrF. and FeF». The addition
of CrF, decreased the apparent grain boundary attack depth. And in the salts with FeF added, the
specimens showed Cr deficient and Fe rich layer parallel to the exposed surface, which may occur
through the reaction of FeF, +Cr & Fe + CrF>. Moreover, voltammetry techniques applied to
determine the dilute species concentration demonstrate the ability to distinguish between common
corrosion products, such as dissolved CrF, and FeF,. Brendan et al.**” conducted corrosion studies
of ferrous-based alloys (stainless steel 316L) and nickel-based alloys (Inconel 718, Haynes 230
and Hastelloy C276) in molten KCI-MgCI2-NaCl salts (salts purified with Mg) at 800 °C for 100
hours. The corroded surface of nickel-base alloy showed pitting, and Cr depletion was observed
in the region near the surface. Similar corrosion behavior was also observed in ferrous-based alloys.
Moreover, Mg and O deposits were observed to embed in the open pits or pores in the corroded
nickel-based specimens. It indicated that the salts could continue to infiltrate into the alloy through
the porous structure and attack the material until either the oxide and chloride species reached
equilibrium in the salts, or most of the impurities in the salts have been consumed.
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Sarvghad et al.® investigated the compatibility of SS 316 with eutectic mixtures of NaCl+Na2COs3
and NaCl + Na2SO4 at 700 °C and Li2CO3 + K2CO3 + Na2COgz at 450 °C in the air for thermal
energy storage. For the SS 316 specimen submerged for 120h in the molten chloride sulfate at
700 °C, SEM analysis indicated grain boundary (GB) de-alloying of Cr, Fe, and Mn followed by
the formation of a Mo-Ni-S oxide along GBs. Deng et al.® investigated the grain boundary
oxidation of proton-irradiated 304 nuclear-grade stainless steel in primary water of pressurized

water reactor, using the atom probe tomography (APT) in conjunction with transmission electron
microscope (TEM). Chromium oxide was observed at the GBs. A lower GB oxidation rate was
observed in the 0.5-dpa irradiated specimen due to the lower Cr content in oxide, since a higher
Cr content in oxide indicated a higher protectability of the oxide, which could mitigate further
oxidation by decreasing oxygen diffusion rate through the oxide itself.

1.1.2.3 Galvanic Corrosion Study

When electrically conductive materials are ohmically coupled as given in Figure 1-1, galvanic
corrosion of the coupling is susceptible. The electrode potential difference between the reactions
at the two electrodes is the driving force for an accelerated attack on the anode. In studies of
galvanic corrosion, an electrochemical technique — zero resistance ammeter (ZRA) technique is
applied9°'91'92'93'94.

In the measuremen, ZRA controls two electrodes to be equal potential as though they were
connected with a wire. When exposed to an electrolyte, one material (more active one) is corroded
and protect the more noble one. The anode reaction is generally dissolution of metal, while on the
cathode, corrosive species, such as HF, H20 or O, are reduced. Galvanic current and potential are
measured, in which the direction of measured galvanic current flow determines which electrode is
active, and the magnitude of the current determines the level of activity®. The galvanic corrosion
rate can be calculated using Eq. 1-8, which is derived based on Faraday’s law®’.

_J1dt 1-8

CR = nFAt alloy

Where CR is galvanic corrosion rate with a unit of mg/(cm? - h), A is anode surface area with a
unit of cm?, t iis test duration time with a unit of hour, M, is mass of alloy per mol with a unit
of g/mol. In the calculation of Mg, , only the major component elements in the alloy are
considered, and the minor ones are ignored based on the standard practice described in ASTM-
G102%, The calculation of May10y 1s given in Eq. 1-9 and Eq. 1-10 using SS 316H and Alloy 617
as examples.

1 1-9
MSS316H - CFe 4 CNl' N CCr
55.85 " 58.69 * 52.00
" B 1 1-10
Alloy 617 = CCo CNi + CCr + CMo

58.93 T 58.69 T 52.00 T 95.95
Where C is the weight percent of each element in the alloy.
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A variety of studies have been conducted on the galvanic corrosion between different metal alloys,
although most of them are performed in aqueous solution, and related studies in molten salts are
scarce. Yoo et al.*® conducted galvanic corrosion tests using Korean standard D 3504 steel/SS 304
couple and Korean standard D 3504 steel/copper couple in the Ca (OH)2-NaCl solution. A galvanic
sensor system was developed to detect the corrosion damage through the relationship between the

galvanic current and the weight loss, which can be expressedby Q =1 x t = nFTW where Q is total

coulombs, w is the weight loss and M is the atomic weight. Mansfeld et al.1 performed galvanic
corrosion tests by coupling Al alloy to Cu, SS 304L, 4130, Ti-6Al-4V, Cd or Zn in air-saturated
3.5% NaCl aqueous solution. Galvanic current and weight loss data were obtained for cathode and
anode area ratio = 0.1, 1 and 10 in 24-hour tests. Moreover, since the measured galvanic current
density represented the “galvanic effect”, which is the increase of dissolution rates due to the

galvanic coupling, it confirmed that theoretical calculations based on mixed potential theory,
according to which the dissolution rate was linearly related to cathode/anode area ratio expressed

by r, = K(1 +j—c) in the case of diffusion control of the cathodic reaction. Yin et al. %
a

investigated the galvanic corrosion associated with SM 80SS steel and Ni-based alloy G3 couples
in NaCl solution. The effect of cathode/anode area ratio and temperature on galvanic corrosion
was studied. The galvanic corrosion rates increased when the temperature and cathode/anode area
ratio increased. SEM analysis was also applied to measure corrosion pits depth, which confirmed

that the pitting corrosion aggravated with cathode/anode area ratlo =¢, Okonkwo et al.1%2 studied

the galvanic corrosion between low alloy steel (LAS) A508 and 309/308L stainless steel (SS) in
pressurized water reactor (PWR) simulated primary solution, using several electrochemical
techniques, including potentiodynamic polarization scan, electrochemical impedance
spectroscopy (EIS) and zero resistance ammeter (ZRA). From ZRA measurements, the estimated
dissolution rate was slightly different from the measured ZRA galvanic corrosion rate. It signified
that some factors such as metallic resistance and solution resistance played vital roles in the
galvanic interaction of separated coupled metals. EIS analysis showed that oxide film formed on
the surface as exposure time prolonged would suppress the galvanic corrosion rate. Jeon et al.1%
studied galvanic corrosion behavior between Alloy 690 and magnetite in alkaline aqueous
solutions at 30 °C and 60 °C using the potentiodynamic polarization method and zero resistance
ammeter. The current value in the galvanic couple was positive and the corrosion potential of Alloy
690 was relatively lower, which indicated that Alloy 690 acted as the anode. Galvanic effect
between Alloy 690 and magnetite is proposed to be an additional factor accelerating the corrosion
rate of Alloy 690 steam generator tubing in PWRs. And the extent of galvanic effect increased
with the rise of the temperature. Fushimi et al.'® investigated the galvanic corrosion of carbon
steel welded with type-390 stainless steel in NaCl solutions. An innovative multi-channel electrode
technique was applied, which allowed the working electrodes to join a galvanic couple and
simultaneous measurement of current and open circuit potential as a function of immersion time.
It turned out that difference between anodic and cathodic currents was larger at the initial stage of
immersion in artificial sea water. Wang et al.'% studied the galvanic corrosion Cr and GH 3535
caused by the temperature gradient. The results showed that temperature difference caused the
different corrosion potentials between metals in the melt, which leaded to significant galvanic
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corrosion. Both Cr and GH3535 suffered from galvanic corrosion when the same samples were
electrically-contact in molten FLiNaK where temperature gradients existed. The samples at the
high temperature sections acted as the anodes. The dissolved metal ions diffused to be reduced on
the cold-section samples, resulting in the continued dissolution of the hot-end samples. The
dissolution accelerated significantly at a higher temperature gradient. Li et al.'% studied the
galvanic effect between N8O carbon steel and 13Cr stainless steel in supercritical CO2-containing
formation water under static and dynamic conditions. Different electrochemical techniques were
applied, including OCP, EIS and ZRA. In the study, it indicated that the galvanic effect accelerated
the N8O carbon steel in both static and dynamic conditions. The flow fluid promoted the galvanic
effect with higher galvanic current density. The galvanic current density decreased with the rise of
immersion time because of the decreasing of potential difference and increasing of resistance. In
static tests, the time at which the coupled potential positively shifted and then the galvanic current
density sharply decreased was later than that in dynamic tests, probably because of earlier
formation of FeCOs in dynamic tests. Gao et al.1%” performed a high-temperature corrosion
behavior study of Inconel 617 with Ni-cladding in Molten FLiNaK salt. FeNis layer was found to
cover the Inconel 617 specimen surface. When the Ni cladding on the Inconel 617 was broken, the
coupling of Ni cladding and Inconel 617 can accelerate the corrosion of Inconel 617 by galvanic
corrosion. The dissolved Co in the salts were transferred to the Ni cladding and reduced to Co
which formed Ni-Co alloy. This process was accelerated by the difference of Co activity in the
galvanic coupled alloys. Wang et al.'® investigated temperature gradient induced galvanic
corrosion of Fe and SS 316L in molten FLiNaK with temperature gradient of 650/700 °C and
600/700 °C. It’s found that the temperature difference is the cause of corrosion potential difference,
thus leading to galvanic corrosion. The galvanic effect became larger when temperature gradient
increased. Fe and SS 316L at 700 acted as the anodes and the corrosion was accelerated. Choi et
al.1% conducted corrosion tests of SS 316 in FLiNaK, and Haynes 230, SS 316L and Hastelloy C-
22 in MgCl>-NaCl-KClI at 500 °C using ZRA. The measured ZRA current of SS 316L in FLiNaK
was reduced after addition of Li metal, which indicated that corrosion has been mitigated due to
redox control. The results kept consistent with the relative post-test examination of metal surfaces
and salt samples. It has been concluded that electrochemical measurements using ZRA could be
standard protocol in rapid assessments regarding the effect of salt composition and metal alloy
characteristics on corrosion in molten salts.

As for the study of galvanic corrosion between alloy and graphite, abundant literature reports that
the presence of graphite can accelerate alloy corrosion in the molten salts*'%!11112 However, these
studies are mainly from static corrosion tests conducted to study the impact of alloys/Graphite
coupling in molten fluoride salts, and no quantitative analysis was performed. Zheng et al.'*3
performed corrosion tests of SS 316 in FLiBe at 700 °C for an exposure duration up to 3000h.
Tests were performed in both 316 stainless steel and graphite capsules. The samples tested in the
graphite capsules have more severe grain boundary attacks than those tested in SS 316, indicating
that graphite accelerated the corrosion attack of SS 316. The graphite capsule was found to liberate
carbon particles in the presence of salt even though it was cleaned and baked. Ai et al.1*
investigated the effects of graphite/alloy interaction on corrosion of Ni-Mo-Cr alloy in molten
FLiNaK salt. The corrosion attack was more severe with more weight loss and a deeper Cr
depletion layer in samples that were in electric contact with graphite than those isolated with
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graphite. Galvanic corrosion between alloy and graphite was confirmed by electrochemical
measurement. The corrosion in isolated tests was controlled by nonelectric transfer, and a thin
silver-gray Cr7Cz film was identified on the graphite. A similar corrosion phenomenon was also
reported by Qiu’s group*®. In Qiu’s study, pure metal Cr corrosion tests were performed in molten
FLiNaK salt at 700 °C for 500 h using graphite crucible and Ni crucible. Results indicate that the
container materials accelerated corrosion due to different potentials between metal Cr and the
crucibles. The Cr-rich film on the graphite crucible was identified as Cr7Cs with a small amount
of Cr23Cs, while the Cr was deposited on the Ni crucible surface and formed Ni-Cr alloy by thermal
diffusion mechanism. Seller et al.*'® investigated the corrosion of SS 316L in molten FLiNaK salt.
When graphite was present in the system, 316L coupons have nearly double the weight loss in
addition to larger void formations near the surface. This accelerated corrosion of 316L was caused
by the nonelectric transfer of Cr, Fe, and Mo from 316L to graphite surface to form Cr7Cz and
Mo>C carbides.

There are limited reports on the quantitative analysis of galvanic corrosion between the candidate
structural materials and graphite in molten salts. Qiu et al.!!" investigated the galvanic corrosion
of SS 316L/graphite in molten FLiNaK salt. The graphite, with more positive potential, acted as
the cathode and accelerates the corrosion of the steel. The galvanic current density increased with
rise of cathode/anode area ratio. The corrosion rate was calculated, which increased linearly with
the increase of cathode/anode area ratio, temperature, and moisture content in the studied system.

1.2 Research Gap and Motivation

In the present work, the material corrosion study in molten salts can be roughly divided into three
parts: (1) fundamental corrosion kinetic data, (2) static corrosion, and (3) galvanic corrosion study.
As discussed before, fundamental Kinetic property data of metal corrosion products (Fe?*, Ni%*,
Cr?*, and Cr®) and non-metal impurities (OHY), are of importance to understand their
electrochemical behavior, and structural material corrosion mechanism in molten salts, since they
determine the mass transfer and interface reaction during the corrosion process. In the
measurements of kinetic parameters, i.e., diffusion coefficient and exchange current density,
different electrochemical techniques, including CV, CP and PD, etc., have been widely applied in
a variety of fields. However, most of the available studies on the kinetic data measurements of
corrosion products were performed in the temperature range less than 600 °C, either in FLiNaK,
LiCI-KClI or NaCI-KCl salts. The kinetic data varies in different salts. The available data definitely
can’t satisfy the design need of MSRs or CSPs, since their normal operation temperature always
ranges from 600 °C to 800 °C and the salt mediums utilized are MgCl>-NaCIl-KCI or NaF-KF-
UF4-UFs in the present study. And the measured data showed large discrepancies in the different
studies, which made it very difficult for researchers to apply them in industry. For example, the
measured diffusion coefficient of Fe?* by Khalaghi et al.® was ten times large than that measured
by D. Manning et al*. Even though considering that the salts and temperatures used in the tests
were slightly different, the data discrepancy was still unacceptable. Furthermore, although it’s
believed that the diffusion coefficient values are directly related to ion radius, which means that
the larger the ion dimension is, the larger the diffusion coefficient, there hasn’t no corresponding
study which purposely compared the magnitude order of different ions.
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For measurements of exchange current density, the available data for Fe?*, Cr?*, Cr®* and Ni?*
were very scarce. And most of the available studies were conducted using three conventional
techniques (Tafel plot, linear polarization resistance and EIS), which were based on a simplified
Butler-Volmer equation and didn’t consider the mass transfer effect. However, the electrode
reaction in the molten salts was very fast comparing with aqueous solution, thus reaction rate could
be limited by the mass transfer process®*. The mass transfer effect was not negligible in molten
salts. Moreover, Guo et al.’s% study has demonstrated that significant error would be introduced
in the exchange current density calculation if mass transfer effect was not considered. Until now
there haven’t been available exchange current density data for Fe?*, Cr?*, Cr3* and Ni?* which were
obtained by considering the mass transfer in the salts that the present study addressed.

As for the kinetic data measurements of the non-metal specie OH", the situation is even worse.
Researchers have spent lots of effort to investigate its Kinetic properties in aqueous solution, but
the related study in molten salts at high temperatures is far from sufficient. The available
investigation of OH/H. redox reaction in molten salts was performed several decades ago, which
only focused on qualitive analysis, and the diffusion coefficient was not measured. When it comes
to the OH" exchange current density measurement in molten salts, to the best of my knowledge,
there have been not any studies conducted yet until now. One of the major reasons is that it’s not
easy to obtain stable CV or potentiodynamic scans during the electrochemical tests since the redox
reaction involves the production of H. gas bubbles on the electrode. Lots of fluctuation may be
present in the curves, which makes the electrochemical data analysis impossible. Appropriate
experiment parameters must be chosen and set carefully in electrochemical tests. Overall, more
electrochemical study of corrosion products and non-metal impurity species are urgent to be
performed to fill the gap in molten salts.

Besides, corrosion behavior of structural material, i.e., SS 316H and Alloy 617, is essential in the
applications of MSRs. It can be investigated in a static corrosion study using static immersion test
method, which has been widely applied in the corrosion field. However, most of available studies
on SS 316H or Alloy 617 were conducted at temperatures less than 700 °C in FLiNaK. That is to
say, the related study in NaF-KF-UF4-UF3 at high temperatures, such as 800 °C is still blank.
Additionally, no repeated tests were performed to ensure data reliability in the previous studies.
As for the post-test data analysis, most of the effort was put on the post-test specimens. And the
post-test salts were not of much interest, thus useful information in the salts may have been missed.
The observed corrosion behavior of post-test specimens was mainly Cr depletion at GBs, and there
was seldom other interesting phenomenon reported. In some cases, the metal alloy specimens were
even directly contacted with the salt container, without considering the possible galvanic effect on
the corrosion. Moreover, there has not been an available study to investigate corrosion with time
and how the corrosion product concentration changed during the corrosion test. Hence, to obtain
more accurate and reliable data, the static immersion test design must be improved. It’s crucial to
conduct more static corrosion tests of SS 316H and Alloy 617.

And last but not least, galvanic corrosion is another important issue in MSRs or CSPs, since
components are fabricated from different materials. The available studies on galvanic corrosion
mainly aimed to demonstrate that the galvanic effect may accelerate anode material corrosion and
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protect the cathode materials. The quantitative analysis, such as galvanic corrosion rate calculation,
was not thoroughly understood. And the applied methods in different studies were not consistent,
which made the calculations less convincing. Moreover, most of the studies were conducted in
aqueous solution at room temperatures or high temperatures in FLiNaK. For the galvanic study of
Alloy 617/graphite couple in NaF-KF-UF4-UF3, there hasn’t been available studies conducted yet.
Considering the fact that these three materials are essential in thermal MSRs, i.e., Alloy 617 is a
good structural material candidate, graphite is used as a moderator and NaF-KF-UF4-UFs acts as
a fuel salt, it is important to perform studies on Alloy 617/graphite galvanic couples.

More comprehensive studies on material corrosion in molten salts is urgent to satisfy the need for
the application of MSRs and CSPs. That is also the motivation of this research work. In the present
study, the Kinetic property data of metal species of corrosion products (Fe?*, Cr?*, Cr®* and Ni?*)
and the non-metal specie OH™ were measured in MgCl>-NaCl-KCI and NaF-KF-UFs-UF3 salts
with a temperature ranging from 600 °C to 800 °C. The corrosion behavior of structural materials,
i.e., SS 316H and Alloy 617 were studied at 800 °C in molten NaF-KF-UFs-UF3 salts. The galvanic
corrosion tests of Alloy 617/graphite were performed at 650 °C and 750 °C to obtain the galvanic
corrosion rate in molten NaF-KF-UF4-UF3 salts. The study will benefit the corrosion community
in further understanding the corrosion mechanism in molten salts at high temperatures. Thus,
appropriate methods may be developed to mitigate the corrosion issues in the operation of power
plants.
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2 Corrosion Kinetic Properties in Molten Salts

In the present study, the corrosion kinetic properties were investigated in molten chloride and
fluoride salts, respectively. In molten MgCl>-KCI-NaCl salts, the kinetic parameters, i.e., D, iy, i,
and k°, of metal species (Fe?*, Ni?*, Cr** and Cr®") and non-metal specie OH~ were measured.
Considering that the corrosion product ions, i.e., Fe?*, Ni?*, Cr?* and Cr®*, that accumulated in the
molten salts were always a very small amount, the fundamental data measurements were
conducted at the concentrations of corrosion products as low as possible, such as 1.53x10 mol
cm Fe?*. And a new method was developed to measure the actual concentration of OH™ in the
molten salts, which was a crucial parameter in the calculation of D. In molten NaF-KF-UF4-UF3
salts, D, iy, i, and k°, of metal species (Fe?*, Cr?* and Cr®*) were calculated accordingly. All
electrochemical tests were performed at high temperatures ranging from 600 - 800 °C, which were
the general operation temperatures of molten salts in MSRs and CSP plants. As for the
measurements of i, the present study mainly focused on a recently developed technique — non-
linear least squares curve fitting (NLS) — based on the kinetic equation with mass transfer effect,
since it can give more accurate results in molten salts. Moreover, the standard rate constants k° of
Fe?*, Ni*, Cr?* and Cr** in molten MgCl.-KCI-NaCl salt were calculated based on the relationship
with iy, a and bulk concentration C? of studied ions. By providing full integrated data of D, i,, ij,
and k°, this work will definitely help to further understand the electrochemical behavior and
fundamental corrosion mechanisms of Fe?*/Fe, Ni?*/Ni, Cr*/Cr?*, Cr?*/Cr and OH/H; in molten
salts.

2.1 Experiment

The salt preparation and electrochemical tests were conducted in a glove box filled with circulating
high-purity argon gas. During the tests, the oxygen and moisture level were strictly controlled at
02 < 5ppm and H20 <0.5ppm. In molten chloride tests, chemicals, i.e., MgCl2 (BioUltra, >98.0%),
KCI (ACS regent, >99.0%, Sigma-Aldrich), NaCl (ACS regent, >99.0%, Sigma-Aldrich) were
mixed evenly in the proportion of 44.7 mol %, 25.8mol % and 29.4 mol %, then placed in an
alumina crucible. An analytical balance (MS 105DU Mettler Toledo) with an accuracy of 10 g
was used to weight salts. A muffle furnace with a temperature accuracy + 2°C was used to heat
and keep the salts at the target temperature. Considering the strong hydrophilicity of MgCl,, the
salt mixtures were purified to remove moisture impurities, following the thermal purification
procedures as given in Table 2-1, which were developed in our lab based on the study by Vidal et
al'18. After thermal purification, a certain amount of FeCl, (>99.9%, Sigma-Aldrich), NiCl,
(>99.9%, Sigma-Aldrich), CrClz (>99.9%, Sigma-Aldrich), or NaOH (95%, Sigma-Aldrich) was
added into the purified salt melts to introduce Fe?*, Ni?*, Cr3*, Cr?* or OH", respectively. The added
FeClz, NiCl,, CrCl> and NaOH have been heated at 180 °C for 10 hours to remove possible
moisture contamination accumulated during storage. And only one single kind of ion was
introduced at one time in the salts.

In molten fluoride salt tests, a nickel crucible was used as a molten salt container. To mimic the
actual corrosion products of structural materials presented in the fuel salts of MSRs, the salt
mixture NaF-KF-UF4-UFs used in tests was the post-test salts from static corrosion tests as
discussed in Section 3, in which the corrosion products of SS 316H, i.e., Fe and Cr ions, have been
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produced after 120 hours of corrosion tests at 800 °C. Thereby, it ensured that the kinetic
parameters measured in the tests can represent the actual parameters in MSRs, and saved lots of
time which would have to be taken in salt fabrication. After salt mixtures were ready, they were
heated at the target temperature to let the system reach equilibrium before any electrochemical
tests.

Meanwhile, to determine the concentration of Fe, Ni, Cr, and OH ions in the salt melts, inductively
coupled plasma mass spectrometry (ICP-MS) analysis was applied. Salt samples were taken from
the electrolyte bath using a tungsten rod. The rod was inserted into the salt melts and then taken
out immediately. The salts which adhered on the surface of the rod were then quenched in the
glovebox in less than 5 seconds. ICP-MS samples were prepared by dissolving the salt samples
into 20 ml 1M nitric acid (HNOz3) and diluted into appropriate concentration range accordingly.
Three ICP-MS salt samples were prepared and analyzed to ensure data reliability. The measured
concentration deviation of three salt samples were required to less than 10%, otherwise the data
was invalid.

Table 2-1 Temperature profile used for thermal purification of salts

Temperature (°C) Dwell time (hours) Notes
117 20 Stir the salt after 10 hours
180 20 Stir the salt after 10 hours
240 5 Stir the salt after 5 hours
300 2 \
400 2 \
Target Temperature \ Heating ramp rate 2.5 °C/min

A three-electrode cell system as shown in Figure 2-1 was applied to perform electrochemical tests.
The working electrode was a tungsten rod (diameter 3.2/1.6mm, Midwest tungsten service), and
the counter electrode was a graphite rod (diameter 3.0mm, Sigma-Aldrich) in both chloride and
fluoride salts. A tungsten working electrode was applied in the electrochemistry tests, because
tungsten is an inert metal and wouldn’t form an alloy with Fe, Ni and Cr. Both Horvath et al.*® and
Yin et al.}® have used a tungsten working electrode to conduct electrochemical behavior study of
Ni2* in the molten chloride salts. For the reference electrode, a platinum wire (diameter 1.0mm,
Super Chemicals) was used in measurements of metal species. During measurements of the non-
metal specie OH", oxygen may be produced in the electrochemical tests and reacted with the Pt
wire on the surface, which made the Pt wire became unstable?0121122_ A thermodynamic Ni/NiCl
reference was developed as shown in Figure 2-2. An alumina tube (one end open, inner diameter
4.78mm, outer diameter 6.35mm) served as the container of bulk salt of reference electrode. The
bulk salt was composed of MgCl>-NaCl-KCI with 3 wt.% NiCl, added. The bottom of alumina
tube was polished with a thickness less than 0.41mm to ensure good ionic conductivity. A Ni wire
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(99.999%, Alfa Aesar) was immersed into the bulk salt of the reference electrode. To eliminate
the interface and background noise of reference electrode, the whole reference electrode setup was
placed into the electrochemical test salt without touching the alumina crucible bottom. Moreover,
it was found that the liquid salt level in the alumina tube must be lower than that of electrochemical
test salt in the alumina crucible, otherwise the reference electrode would fail due to severe
background noise. All the electrodes, tubes and crucibles used in the tests were bathed in deionized
water and cleaned in an ultrasonic machine for 40 min, then dried with a ceramic-stirring hotplate
before use to remove possible contamination on the surface. For alumina tubes and crucibles,
besides these general cleaning processes, they were also pre-heated at 650 °C for 12 hours outside
of the glovebox to remove easily oxidized impurities in them as much as possible.

The electrochemical tests were done at different temperatures and concentrations which are listed
in Table 2-2. A Gamry interface 1000 controlled by a Gamry Instrument Framework software were
used to conduct the measurements. Transient electrochemical techniques, i.e., CV and CP, were
performed to determine D. During all the CV scans, five cycles were conducted in each scan to
check the curve repetition. The relative standard deviation of the peak current value between
different cycles should be less than 0.1% to ensure data reliability. As for the measurements of i,
three identical potentiodynamic scans were conducted to check the data repetition. All three scan
curves shall be overlapped, otherwise, the measurement was invalid. Furthermore, a stripping
potential of 0.2V (vs. Pt) was applied for at least 1 min to clean the working electrode surface after
each measurement. This clean process was checked by CV scans with 3 cycles. The good repetition
of CV curves indicated that the working electrode has been well restored to its initial condition.

) [
2 ....................... -
3 _______________________ R
4 ____________________
Gamry |
Interface
5. .
6---B - |L_ S I O
7 ............
Computer |—

Figure 2-1 Electrochemical Test Setup: 1. Working electrode 2. Reference electrode 3. Counter
electrode 4. Quartz tube 5. Salt container 6. Liquid salt level 7. Alumina safety dish
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Figure 2-2 Ni/NiCl. thermodynamic reference electrode setup

Table 2-2 Electrochemical test profiles in molten chloride and fluoride salts

Metal and Non-metal Specie Concentration (mol cm)
Temperature
Molten Salt oC

(°C) Fe Ni Cr OH"
600, 650, 1.53x10°, | 1.50x10%, | 3.15x10°, | Discussed
MgCl.-NaCl-KCl 9.17x10°, | 4.49x10% | 9.46x10°, | in Section
700,750,800 | 153x10% | 7.48x10* | 1.58x10* | 2.2.1.2.1

NaF-KF-UF4s-UF; | 700,750,800 | 1.16x10* N/A 8.59x10° N/A

2.2 Results and Discussion

2.2.1 Kinetic Parameters in Molten MgCl.-NaCl-KClI Salts
2.2.1.1 Metal Species Fe**, Ni?*, Cr?* and Cr3" Measurements
2.2.1.1.1  Diffusion Coefficient of Fe** and Ni?*

Figure 2-3(a) showed the typical CV curves obtained from the MgCl,-KCI-NaCl melts before and
after the addition of FeCl, or NiCl2. Only one cathodic peak was observed in the blank salts, which
corresponded to the deposition of magnesium. There were no other peaks shown before -1.14V
(vs. Pt). After the addition of FeClz or NiClz, one more cathodic peak was observed at -0.6V (vs.
Pt) for FeCl, and -0.06V (vs. Pt) for NiClz, which corresponded to the one-step reduction reaction
of Fe?* to Fe and Ni?* to Ni, respectively.

Fe?* + 2e" > Fe 2-1

Ni%* + 2e" <> Ni 2-2
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Figure 2-3 (a) Cyclic voltammetry at 600 °C with scan rate of 200mV/s in MgCl>-KCI-NaCl
blank salts, working electrode surface area: 0.4562cm?; and in salts with 1.53x10* mol cm™
FeCl, addition, working electrode surface area: 0.7843cm?, and in salts with 1.50x10** mol cm™
NiCl. addition, working electrode surface area: 0.5432cm?; (b) Plot of reduction peak potential
E, versus scan rate v, E, - v in MgCl2-KCI-NaCl-1.53x10"* mol cm™ FeCl, ( and -1.50x10* mol
cm NiCly) at 600 °C.

The reversibility of the redox reaction Fe?*/Fe and Ni?*/Ni were checked using CV scans with
different scan rates in MgCl,-KCI-NaCl-1.53x10** mol cm™ FeCl, and 1.50x10* mol cm NiCl;
at 600 °C, respectively. As given in Figure 2-4 and Table 2-3, the reduction peak potential was
constant (about -0.6V vs. Pt for Fe?*/Fe and -0.06V vs. Pt for Ni?*/Ni) at scan rates up to 250mV
st. It displayed Nernstian behavior and demonstrated the characteristic of a reversible system?’.

Table 2-3 Reduction peak potential E,, of Fe?*/Fe and Ni**/Ni in MgCl-KCI-NaCl-1.53x10
mol cm™ FeCl, and MgCl2-KCI-NaCl-1.50x10* mol cm NiCl. at 600 °C

Scan rate v (V s?)

0.1 0.15 0.2 0.25

FeZ*/Fe | Ni%*/Ni | Fe**/Fe | Ni**/Ni | Fe**/Fe | Ni**/Ni | Fe?*/Fe | Ni?*/Ni

E, (V) | -0.6068 | -0.0618 | -0.6067 | -0.0618 | -0.6058 | -0.0639 | -0.6058 | -0.0648

For a reversible soluble-insoluble reaction, the diffusion coefficient D can be calculated using CV
technique based on Berzins-Delahay equation given in Eq 2-3,

nF 2-3
I, = 0.611 nFSC (ﬁvD)l/Z

Where I, is peak current (A), S is the electrode area (cm?), C is bulk concentration of studied ions
(mol cm®), v is the scan rate (V s2), n is charge transfer number in the reaction and D is diffusion
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coefficient (cm? s1). Figure 2-4(a) illustrated an example of CV scans in MgCl,-KCI-NaCl-
1.53x10* mol cm™ FeCl, at 650 °C. As shown in the inset of Figure 2-4(a), the cathodic peak
current I, was plotted versus the square root of scan rate v'/2. The correlation of I,-v'/2
demonstrated good linearity, indicating that the reaction in the chosen scan rate range was diffusion
control. The values of D can be calculated from the slope of I,-v/2. In addition, CP scans were
also conducted in the measurements of NiClo. A constant current was applied in the
electrochemical system when using CP technique. Figure 2-4(b) illustrated typical CP scan curves
in MgCl.-KCI-NaCl-1.50x10* mol cm™ NiCl, at 650 °C. Two plateaus were observed which
corresponded to the reduction of Ni?* and Mg?*. Considering that the redox reaction of Ni%*/Ni
was reversible, Sand’s equation given in Eq. 2-4 was applied in the calculation of D.

_ nFA(mD)Y?C 2-4

1/2
T
20

Where t is transition time (s) which can be determined in CP curves, i is applied constant current
(A). Plot of t1/2 — 1/i was given in the inset of Figure 2-4(b), which shown a good linear
correlation. And the values of D were estimated from the slope of t1/2 — 1/i.

Table 2-4 listed the calculated D of Fe?* and Ni?* at different concentrations and temperatures
using CV and CP techniques. The calculated D of Ni?* from CV and CP techniques matched well.
At the same temperature, the values of D had no significant difference at different concentrations.
It indicated that the diffusion coefficients of Fe?* and Ni?* were independent of concentration in
the studied systems. The relation of logD-1/T at different temperatures were given in Figure
2-4(c). Both the plots of Fe?* and Ni?* demonstrated good linearity and followed Arrhenius law
given in Eq. 2-5.

E 2-5
D = Doexp (=)

Where D, is a pre-exponential constant, E, is activation energy in the diffusion process. The
values of R-squared between the fitted regression lines and experimental points were all greater
than 0.98, which indicated a good fit to the data sets. The activation energy E, of Fe?* and Ni?*
calculated from the slope of log D-1/T were listed in Table 2-4 as well.
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Figure 2-4 Cyclic voltammetry in MgCl.-KCI-NaCl-1.53x10* mol cm™ FeCl, at 650 °C,
working electrode surface area: 0.7843cm?; (b) Chronopotentiometry in MgCl,-KCI-NaCl-
1.50%x10 mol cm™ NiCl, at 800 °C, working electrode surface area: 0.5608 cm?; (c) log D-1/ T
plots of Fe?*, Ni?*, Cr?*and Cr®* at the concentration of 1.53x10* mol cm™ FeCl,, 1.50x10** mol
cm NiCl, and 1.58x10* mol cm™ CrCl..
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Table 2-4 Calculated D2+ and D2+ from CV and CP tests at different concentrations and
temperatures

Calculated D2+ using CV technique

1.53x10® mol cm™

9.17x10° mol cm™

1.53x10™ mol cm™

(°C) D E, D E, D E,
(10°cm?s™) (kI mol) | (10°cm?s™)  (kImolt) (10°cm?s™)  (kJ mol?)
600 1.17 1.20 1.21
650 1.49 1.52 154
700 1.90 34.3 1.92 33.6 1.96 33.5
750 2.36 2.37 2.39
800 2.80 2.82 2.85
Calculated D2+ using CV and CP techniques
T 1.50x10** mol cm® 4.49x10™* mol cm™3 7.48x10* mol cm®
(°C) cVv CP cVv CP cVv CP
D E, p E | p E | D E | D E | D E
600 | 0.94 0.91 0.91 0.89 0.93 0.88
650 | 1.20 1.25 1.13 1.12 1.10 1.19
700 | 151 345 |[159 |36.1 139 |357 |148 |37.2 |1.46 |349 |1.56 | 36.6
750 | 1.88 1.86 1.82 1.88 1.83 1.88
800 | 2.28 2.37 2.28 2.28 2.21 2.27

Note: D is in the unit of 10° cm? s and E,, is in the unit of kJ mol™.
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tended to be converted to Cr®* at higher temperatures.

Diffusion Coefficients of Cré* and Cr?*

As for the fundamental data measurements of Cr ions, even though only a certain amount of CrCl>
was added into the molten salts, based on the x-ray photoelectron spectroscopy (XPS) analysis,
both Cr?* and Cr3* were identified in the melt before any electrochemical tests. It matched well
with that reported by Park®. The XPS analysis result at 600 °C was given as a demonstration in
Figure 2-5. Table 2-5 listed the averaged ratio of Cr3*/Cr?* in the molten salts at different
temperatures. The ratio became larger as temperature increased, probably because more Cr2*
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To investigate the electrochemical behavior of Cr?* and Cr3*, CV scans were conducted in the
blank salt and salt with CrCl, addition. As given in Figure 2-6(a), two pairs of redox peaks were
observed after the addition of CrCl.. Moreover, CP scans shown in Figure 2-6(b) were also
conducted. As expected, three plateaus were observed in the CP curves, of which the
corresponding potential coincided with that in the CV curves. And they represented the reduction
reactions of Cr3*, Cr?* and Mg?", respectively.

3520 —

Cr?*: 573.89 eV
Cr3*: 576.41eV
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Figure 2-5 XPS spectra of Cr 2ps/2 in MgCl,-KCI-NaCl-1.58x10** mol cm™ CrCl; at 700°C
before electrochemical tests

Table 2-5 Averaged ratio of Cr¥*/Cr?* in molten MgCl-KCI-NaCl salts measured by XPS at
different temperatures

T/°C 600 650 700 750 800
Cr3+

0.7892 1.1169 1.3987 1.7786 2.2041
Cr2t
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Figure 2-6 (a) Cyclic voltammetry in MgCl,-KCI-NaCl-1.58x10* mol cm CrCl, at 650 °C,
working electrode surface area: 0.7653cm?; (b) Chronopotentiometry in MgCl,-KCI-NaCl-
1.58x10* mol cm™ CrCl; at 650 °C, working electrode surface area: 0.5412 cm?; (c) Cyclic
voltammetry of Cr3*/Cr?* reaction in MgCl2-KCI-NaCl-1.58x10* mol cm= CrCl; at 650 °C,
working electrode surface area: 0.7843 cm?; (d) Cyclic voltammetry of Cr?*/Cr reaction in

MgCl>-KCI-NaCl-1.58x10"* mol cm™ CrCl; at 650 °C, working electrode surface area: 0.6423

cm2.

Table 2-6 Reduction peak potential E,, of Cr**/ Cr** and Cr?*/Cr in MgCl,-KCI-NaCl-1.58x10"*
mol cm™ CrCl; at 650 °C

Scan rate v (V s)

0.02 0.06 0.12 0.18
Cr¥*/Cr?* | Cr?*/Cr | Cr3*/Cr?* | Cr?*/Cr | Cr¥*/Cr?* | Cr?*/Cr | Cr¥*/Cr?* | Cr¥*/Cr
Ep (V) | -0.2379 | -0.3816 | -0.2519 | -0.3816 | -0.2639 | -0.3822 | -0.2739 | -0.3824
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CV scans within the potential range from -0.2 to 0.1V (vs. Pt) were performed at different scan
rates to study the redox reaction of Cr*/Cr?* as given in Figure 2-6(c). In the scan rate range of 10
mV/s to 40mV/s, the peak potential difference AE, (AE, = |E,, — Ep|) Was close to the value of
2.3RT /nF (or 182mV) for a one-electron reaction at 650 °C.

It was observed that the reduction peak potential shifted to more negative potentials as the applied
scan rates increased. The values of E, with scan rates up to 180mV/s are summarized in Table 2-6.
The deviation of E, for Cr3*/Cr?* was as large as 0.04V, which is the characteristic of a reaction
limited by electron transfer. Considering the relatively large reduction peak potential shift within
such small scan rates (20-180mV s™), and the different characteristics of CV scans from that of
Fe?*/Fe and Ni?*/Ni, it’s highly possible that the redox reaction of Cr3*/Cr?* is irreversible. More
study is needed to further confirm this conclusion in the future.

In general, for a reversible soluble-soluble redox reaction, if only reactant or product presented
initially, the diffusion coefficient D of studied ions can be calculated using Randles-Sevcik
equation, otherwise the equation was not applicable. When both reactant and product existed in a
reversible reaction, the theory developed by Keightley et al. can be adopted for the data analysis
of CV scans'?®, Based on the theory, Guo et al. calculated the diffusion coefficient of Eu®* and
Eu?" in FLiNaK!?*, The average values of D3+ were 1.21x10°, 1.37x10° and 1.79x10° cm? s!
at 650, 700 and 750°C, while the values at the same temperature predicted calculated by Huang et
al. using Randles-Sevcik equations were 2.59x107°, 3.37x10®° and 4.29x10° cm? s?,
respectively*?®. Comparing the results from the two studies (Ref. 124 and Ref. 125) using same
salt components at same experiment temperatures, the inappropriate application of Randles-Sevcik
equation could cause slight overestimation of diffusion coefficient, but the values were still in the
reasonable magnitude (i.e., 10°). It indicated that the Randles-Sevcik equation may be applied in
the estimation of diffusion coefficient to obtain rough values when both reactant and product
presented in the studied system, if there were no other available analysis methods.

In an irreversible soluble-soluble system, for the calculation of diffusion coefficient using CV
scans, the only available data analysis method is using Randles-Sevcik equation expressed by Eqg.
2-6, which is derived for an irreversible reaction. Before any other new analysis theory has been
proposed, the diffusion coefficient D of Cr® in the present study was calculated from Eq. 2-6.
However, it needs to be stressed that, considering that Cr3* and Cr?* coexisted in the molten salts,
which conflicted with the assumption when deriving Randles-Sevcik equation, certain deviation
would be introduced in the calculation. The diffusion coefficient of Cr3* obtained in the present
study were estimated values to fill the blank of D3+ values in molten MgCl2-KCI-NaCl salts.
The data reliability needs to be checked in a future study once a new theory is developed.

) nF 2-6
I, = 0.496(an")'/% nFSC (ﬁvD)l/Z

As shown in Eg. 2-6, n is electron transfer number in the electrochemical reaction, C is
concentration of Cr3* in the bulk solution which is determined from the ratio of Cr3*/Cr?* given in
Table 2-5, a is charge transfer coefficient, n' is the electron transfer number before the rate
determining step. For irreversible systems, a can be estimated from the equation given by,
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2-7

RT

|E, — Epjo| = 1.857 o

Where E,, is peak potential and Ep , is half-peak potential in the curve. Moreover, the values of a
can also be obtained from the potentiodynamic scans, which would be discussed in detail in Section
2.2.1.1.3. Table 2-7 listed the value of « calculated from CV and potentiodynamic scan curves.
There was no significant difference in the value of @ when using these two completely different
techniques, which further confirmed the data reliability of a. Here, an’ estimated from Eq. 2-7
was utilized in the calculations. The correlation of I - v1/2 shown in the inset of Figure 2-6(c)

demonstrated good linearity. And the slope of the I, - v1/2 plot was used to calculate the diffusion
coefficient D.

As for the diffusion coefficient D of Cr?*, CV scans were also conducted as shown in Figure 2-6(d).
The peak current Ep were constant at different scan rates as given in Table 2-6. It indicated that
the redox reaction of Cr?*/Cr was a soluble-insoluble reversible reaction. Therefore, the diffusion
coefficient D of Cr?* can be calculated using the same techniques discussed in Section 2.2.1.1.1.
However, it needs to be mentioned that the concentrations of Cr?* used for the calculation of D in
Eqg. 2-3 were estimated by the XPS analysis. The calculated D of Cr** and Cr?* at different
concentrations and temperatures are summarized in Table 2-8. The results showed that the
diffusion coefficient of Cr® and Cr?* were independent of concentration of added CrCl. but
increased with rise in temperature. The linear correlations of log D-1/T were illustrated in Figure
2-4(c), which followed Arrhenius law. The activation energy E, related to the diffusion process of
Cr3* and Cr?* were also calculated with an average value of 37.9 kJ mol and 27.5 kJ mol ™.

Table 2-7 a values of Cr3*/Cr?* calculated from CV and potentiodynamic scans

T/°C ¢
CVv Potentiodynamic
600 0.88 0.82
650 0.82 0.86
700 0.87 0.81
750 0.88 0.83
800 0.85 0.88
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Table 2-8 Calculated D3+ and D2+ using CV technique in MgCl.-KCI-NaCl at different

concentrations and temperatures

Calculated D3+ and D2+ using CV technique
T 3.15x107° mol cm™® 9.46x107° mol cm™® 1.58x10* mol cm
(°C) cr2* cr3* Cr2* Ccr3* Cr2* cr3*
p E,| b E,| D E,| D E,| D E, D E,
600 | 1.65 0.98 1.64 1.01 1.66 0.99
650 | 2.00 1.49 2.04 1.48 2.02 1.47
700 (246 | 27.1 | 186 | 385|248 |278 | 184 |373 |245 |275 |187 |380
750 | 2.84 2.25 291 2.22 2.94 2.24
800 | 3.29 2.73 3.33 2.72 3.31 2.70

Note: D is in the unit of 10° cm? s and E, is in the unit of kJ mol™.

Comparing the D values of Fe?*, Ni?*, Cr** and Cr®*, they were in the descending order of D2+ >
Dpe2+ > D3+ > Dy;2+. Both CV and CP techniques worked well in the calculations and the
results from these two techniques were reasonably close as discussed before. All the diffusion
coefficients of these four corrosion product ions (Fe?*, Ni?*, Cr¥* and Cr?*) were independent of
concentrations in the studied systems and demonstrated good linearity in terms of lg D-1/T. The
calculated activation energy E, descended in the order of £, p2+ > E, 2+ > Ey cp2+ > Ey o3+
within the values range of 27.1 - 38.5 kJ mol ™,

2.2.1.1.3 Exchange Current Density i,, Charge Transfer Coefficient a,
Limiting Current Density i; and Standard Rate Constant k® Measurements

In general, the exchange current density of a redox couple is determined using the Butler-VVolmer
equation, in which only the charge transfer process is considered. However, for a reaction on the
electrode surface in the molten salt, it always involves not only the charge transfer process at the
interface of the electrode and electrolyte, but also the transfer process between the reactants and
products on the electrode surface as mentioned before. Therefore, in the present study, a modified
Butler-Volmer equation proposed by Guo et al.®* was used to express the current density of a redox
reaction on a tungsten electrode in molten MgCl,-KCI-NaCl salts, which was given in Eq.2-8,

i {exp [M 77] — exp [_ %7]]} 2-8

1= "x”[ RT”]

Where i is current density (A cm?); i, is exchange current density (A cm™); a is charge transfer
coefficient; n is electron transfer number, F is Faraday constant, 96485 C mol™; i is overpotential

i =
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(V), which equals E — E®Y; E is applied potential and E°? is equilibrium potential; i; is limiting
current density due to diffusion. The current-potential curves obtained from potentiodynamic scans
can be fitted to Eq.2-8, through which the values of «, i, and i, were calculated.

In the potentiodynamic scans, the potential was applied from cathodic (7<0) to anodic direction
(n>0). When <0, Fe?*, Ni?*, Cr?*and Cr®" ions were reduced to Fe, Ni, Cr and Cr?* on the tungsten
electrode surface. While for n>0, the dominant reaction on the working electrode surface was the
oxidation of Fe, Ni, Cr and Cr?*, The current density became larger as the applied overpotential
increased. Typical potentiodynamic scan curves of Fe**/Fe were shown in Figure 2-7(a) as an
example, in which three identical scans were conducted. The figure indicated good test repetition.
A slight distortion was observed on the curves at the beginning of the cathodic scan as shown in
Figure 2-7(a). This phenomenon may result from the initial formation of diffusion layers. Figure
2-7(b) gave the fitting results of the potentiodynamic scans. The dash lines were the fitted i-n
curves using the non-linear least square fitting technique, while the solid lines were the experiment
data sets. The fitted curves matched well with the experimental data at these three concentrations.
In particular, Table 2-9 listed the optimized value of iy, a and i, of Fe?*, Ni?*, Cr?* and Cr®* with
1.53%10* mol cm™ FeCl; (NiCly, CrCly) addition in MgCl,-KCI-NaCl salts. The fitted a value of
each redox couple kept consistent which was independent of temperature.

As one of the major parameters related to the kinetic properties, the standard rate constant k° is
independent of concentration and only depends on temperature. k° is determined by Eq.2-9 which
IS given by,

iO = TleOCb(l_a) = me(l_a) 2-9

Where C,, is bulk concentration of studied ions (Fe*, Ni?*, Cr2*and Cr*) in the molten salts, m is
a constant which equals nFk°. The value of k° at a specific temperature can be calculated by
fitting the measured i, to the bulk concentration C, of different ions in the molten salts. As an
example, shown in Figure 2-7(d), it illustrated the fitted exponential relation of i, and C,?ez+ at
different temperatures. The fitted k° of Fe?*, Ni?*, Cr?* and Cr®" were listed in Table 2-10. The
temperature dependence of i, and k° obeyed Arrhenius law as given in Figure 2-8(a) and (b). The
calculated activation Energy E, for i, were in the range of 22.7 - 46.5 kJ mol™, which varied at
different concentrations. And the corresponding E, for k° was calculated with values of 28.9 -
40.5 kJ mol?, which agreed well with the calculated values of E, for ij.
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Figure 2-7 (a) Three identical scans in MgCl,-KCI-NaCl-9.17x10"° mol cm™ FeCl, at 650 °C
with a scan rate of 5mV/s; (b) Measured and fitted potentiodynamic polarization curves in
MgCl2-KCI-NaCl-1.53x10, 9.17x10" and 1.53x10* mol cm™ FeCl, at 650 °C with a scan rate
of 5mV/s; (c) i, measured in MgCl,-KCI-NaCl-1.53x10 FeCl; at each temperature; (d) The
exponential relation of i, and Fe?* bulk concentration C,?ez+ fitted from Eq(9).
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Table 2-9 Calculated i,, a and i, of Fe?*, Ni?*, Cr?* and Cr**in MgCl.-KCI-NaCl-1.53x10* mol
cm FeCl (1.50x10* mol cm™ NiCl; or 1.58x10** mol cm CrCly) at 600, 650, 700. 750, 800 °C

Fe?*/Fe Ni2*/Ni
T/°C
io/ (A cm?) a i/ (Acm?) io/ (A cm?) a i,/ (A cm?)
600 0.0676 0.83 -0.1416 0.0508 0.79 -0.0866
650 0.1001 0.82 -0.1514 0.0789 0.62 -0.0892
700 0.1226 0.81 -0.1631 0.1023 0.82 -0.0938
750 0.1361 0.78 -0.1655 0.1125 0.72 -0.1075
800 0.1731 0.76 -0.2176 0.1359 0.79 -0.1167
Cr?*/Cr Cr3*/ Cr?
T/°C
io/ (A cm?) a i,/ (Acm?) io/ (A cm?) a il (Acm?)
600 0.1162 0.88 -0.0617 8.13x10* 0.82 -6.65x10™
650 0.1573 0.85 -0.0647 1.04x107 0.86 -7.83x10*
700 0.1938 0.86 -0.0758 1.43%x10° 0.81 -8.52x10*
750 0.2327 0.88 -0.0855 1.64x10° 0.83 -9.36x10*
800 0.2801 0.85 -0.1037 1.88x10° 0.88 -9.94x10*
0.0 2.5
B r Ig K%C12*) = -1620.8/T - 1.51
[ R*=0.9953
051 N 30 1gk)(Fe?) = 2120.2/T - 1.22
. Fer s R* = 0.9864 et
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Figure 2-8 (a) logi, — 1/T plots measured in MgCl-KCI-NaCl-1.53x10* mol cm FeCl,
(1.50x10* mol cm3 NiCl; or 1.58x10* mol cm™ CrCl,); (b) Igk® — 1/T plots fitted at each

temperature.
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Table 2-10 Calculated k° and E, of Fe?*/Fe, Ni?*/Ni, Cr?*/Cr and Cr*/ Cr?* at different
temperatures

Calculated k° and E, using curve fitting technique

T Fe2'/Fe Ni?*/Ni Cr*'/Cr Cr¥'/ Cr**
COT kO E, k° E, k° E, k° E,
(10°cms?) | (Jmol!) | (105cms™) | (JImol!) | (10°cms?) | (Jmol!) | (105ecms?) | (kI mol)

600 2.28 5.53 4.08 1.88

650 2.91 7.43 5.31 2.93

700 3.95 40.5 8.54 28.9 6.65 31.2 3.54 39.9
750 547 9.15 7.87 4.55

800 6.08 12.61 9.06 5.66

2.2.1.2 Non-Metal Specie OH" Measurements
2.21.2.1  OH- Concentration

As mentioned before, all the salts used were thermally purified before tests. 2 wt.% NaOH was
added into ternary salt mixture MgCl>-NaCl-KCl, then heated to target temperature. Precipitates
were found on the bottom of the crucible after 12 hours at 600 °C, which was shown in Figure 2-9.
The precipitates still presented even after heated at 800 °C for 24 hours. To identify these
precipitates and further understand its production mechanism, the Gibbs energy formation of
reaction were calculated using HSC 10.0 as given in Table 2-11!%, Gibbs energy formation of
reaction A.G° at 600-800 °C was less than 0, which indicated that both of the reactions were
thermally favored and most probably happened in the molten salt system. To verify the assumption,
salts samples of precipitates on the bottom and salt melt on the top were collected at 600 °C, then
quenched in 5 seconds in the Argon-filled glovebox. The salt samples were ground into fine
powder and sealed in an air-tight sample holder for X-ray powder diffraction (XRD) analysis.
XRD analysis was conducted using a PANalytical X’pert Pro X-ray diffractometer equipped with
high power X-ray ceramic diffraction X-ray with copper anode. The analyzed XRD results were
given in Figure 2-10. As shown in Figure 2-10(a), besides the major components, such as KMgCls,
NaMgCls and NaCl, Mg (OH). were identified in the salt melt on the top. It indicated that reaction
(2) given in Table 2-11 did happen after NaOH was added. In Figure 2-10(b), four XRD curves
are given, among which one was the precipitate sample on the bottom at 600 °C, the other three
were different salt melt samples on the top at 600, 650 and 700 °C. Multiple samples at different
temperatures were collected to ensure data reliability. Peak related to MgO was identified in the
XRD curve of the precipitate sample. Although efforts have been done to eliminate the interference
of bulk salt when collecting precipitate samples, the main peaks of KMgCls, NaMgClz and NaCl
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still showed up in the curve. While in the three curves of salt melt on the top, the peaks for MgO
were not observed. Therefore, it can be concluded that the precipitates on the bottom were mainly
MgO and the reaction (2) given in Table 2-11 was confirmed as well.

r -
y ' + Precipitates after-._ a

. NaOH added

Figure 2-9 Precipitates on the bottom in MgCl>-NaCl-KCI-NaOH at 600 °C

Table 2-11 Gibbs energy formation of reaction calculation using HSC 10.0

Chemical Reactions A.G° at 600-800 °C
1) 2NaOHg) + MgClzqy = 2Mg (OH)2q) + 2NaClg) AG° <0
2 Mg (OH)2 & MgOys) + H20(g) AGY <0
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Figure 2-10 (a) XRD analysis of salt melt on the top in MgCl>-NaCIl-KCI-NaOH at 600 °C (b).
XRD analysis of precipitates and salt melt in MgCl>-NaCl-KCI-NaOH. Salt 1 on the bottom:

precipitate at 600 °C; salt 2 on the top: salt melt at 650 °C; salt 1 on the top: salt melt at 600 °C;
salt 3 on the top: salt melt at 700 °C.

Since part of OH™ has been consumed to produce MgO, which has been deposited on the bottom,
the real concentration of OH™ (C,-) in the molten salts were not the original NaOH concentration
added at the beginning. A test as given in Table 2-12 was designed to measure C,y- using ICP-
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MS technique. MgCl>-NaCl-KCI salt mixture was heated at target temperature for 2 days to let
system stable. After that, 2 wt.% NaOH was added. Salts were heated for another 7 days for tests
at 600 and 650 °C, while 5 days for tests at 700, 750 and 800 °C. With the assistance of ICP-MS
analysis, first, the produced quantity of MgO was calculated from the quantity difference of Mg?*
in MgCl>-NaCl-KCI before and after NaOH added; then the residual amount of OH" was obtained
according to reaction (2), since once 1 MgO was produced, 2 OH" would have been consumed.
The measured Mg?* wt.% change before and after the addition of NaOH in the test at 650 °C and
700 °C were given in Figure 2-11. In the first 48 hours’ heating before NaOH added, Mg?* wt.%
was stable. At 650 °C, after NaOH was added, Mg?* wt.% began to decrease and became stable
again at the 84" hour, which indicated that the concentration of Mg?* has reached equilibrium.
While for the test at 700 °C, the equilibrium was obtained at the 60" hour. Comparing these two
figures, the system reached equilibrium much faster at higher temperature, because the reaction
rate increased with the rise of temperature. The calculated C, - at the equilibrium state was given
in Table 2-13. The calculated C,y- decreased as the temperature increased since the forward
reaction of reaction (2) was endothermic. The rise of temperature prompted the reaction to move
forward, thus more MgO precipitates were produced, which meant that more OH was consumed
and there was less residual OH" in the molten salt.

Table 2-12 C, - Measurement Test Design

T Heating duration
°C Before NaOH added After NaOH added
600 2 7
650 2 7
700 2 5
750 2 5)
800 2 5

42



14%

14%
Before After NaOH added
Before After NaOH added >
700 °C
L | 650°C B |
13% | L 13% -
3 3 — —
E s e . E |
] [ | ] 11— — %
& - ] )
20
E =
12% | 12% -
11% 11%
0 29 48 2 9% 12 layg Iy 19 25 24 0 12 29 36 48 60 72 84 9 log 129 13 144 155 16g 18y
Time/hrs Time/hrs

Figure 2-11 (a) Mg?" wt.% in MgCl2-NaCl-KCI-NaOH at 650 °C before and after NaOH added
(b). Mg?* wt.% in MgCl,-NaCl-KCI-NaOH at 700 °C before and after NaOH added.

Table 2-13 Equilibrated Cyy- in MgCl2-NaCl-KCI-2wt.% at different temperature

T Con-
°C (x10® mol cm®)
600 411
650 3.73
700 3.46
750 3.19
800 2.84

2.2.1.2.2 Diffusion Coefficient D

CV technique was used to measure D,y - at different temperatures. To identify the peak position
of OH/H> redox reaction, a CV scan was conducted between -1.8 VV and -0.2 V as shown in Fig.
4(a). The peaks on the left were the redox peaks of Mg/Mg?*. A new peak was observed after
NaOH was added. To identify the peaks, the reaction potential AE (vs. CI'/Cl,) was calculated as
given in Table 2-14. The estimated reaction potential difference of redox couple Mg/Mg?* and the
redox couple to be identified was around 1V. It’s close to the calculated value 1.01V as given in
Table 2-14. Therefore, it can be concluded that the peak indicated by the arrow was the redox
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peak of OH/H2, among which the reduction peak was almost invisible due to its weak reduction
peak current. CV scans in the range from -0.42V to -0.82V were conducted at different scan rates
as given in Figure 2-12(b). In the scan rate range of 100 mV/s to 400mV/s, the peak potential
difference AE,, (AE, = |E,q — Epc|) was close to the value of 2.3RT /nF (or 183mV) for a one-
electron reaction at 650 °C. Moreover, no obvious shift was observed in the reduction peak
potential at different scan rates. Both of those characteristics indicated that the redox reaction of
OH/H2 was a one-electron reversible reaction. The same conclusion was also made in the study
by Kanzaki et al*®. Eq. 2-10 was applied in the calculation of diffusion coefficient D, -,

nFDv
RT 2-10

I, = 0.4463nFAC

where I, is peak current (A), n is electron transfer number, A is working electrode surface area
(cm?), C: OH" concentration Cyy- (mol/cm®) and v is scan rate (v/s). Dyy- was calculated by
plotting I, versus square root of v (I, vs. vv). The relation of I, and vv demonstrated good
linearity as shown in Figure 2-13(a), which characterized that the reaction was diffusion controlled
and the value of D,y- can be obtained from the slope of plot. The calculated D, - at different
temperatures were summarized in Table 2-15. The value of D,y- increased with the rise of
temperature. Comparing with diffusion coefficient of Fe?*, Ni?*, Cr?* and Cr®" in MgCl,-NaCl-
KCI at the same temperature calculated in Section 2.2.1.1, D,y- ranged from 2.46 to 4.48x10*
cm?/s, which were much larger as expected. In D was linearly related to 1/T, which indicate that
Doy~ follows Arrhenius law. And the calculated activation energy E, was 22.39 kJ/mol.
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Figure 2-12 (a) CV scan in MgCl>-NaCl-KCl at 650 °C before and after NaOH added. WE:
tungsten, CE: graphite, RE: Ni/NiCl> (b). CV scan of redox couple OH/H2 in MgCl>-NaCI-KClI
at 650 °C after NaOH added. WE: tungsten, CE: graphite, RE: Ni/NiCl..
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Table 2-14 Reaction potential AE (vs. CI/Cl,) calculation using HSC 10.0 at 600 °C

Electrochemical Reactions AE (vs. CI'/Clp)
(1) MgCl, = Mg + Cl, AE g /mg2+ = -2.61V
2) NaOH + MgCl, = H; + Cl, + Na,O + MgO AEoy-/u, = -1.60V

| AEMg/Mgz+ - AEOH_/H2| = 101V

4.5E-03 -71.6
(a) ! (b)
4.0E-03 - I
7.8
Q3.5E-03 ] g .o |
580 ¢
N1 S I
3.0E-03 1 I=0.0057v5 + 0.0005 ‘2
R? = 0.9992 N g2 ] LnD=-2693.8/T-5.2151
2.5E-03 | R?=0.9933
2.0E-03 S S T T S S S S S -8.4 I ; ;
0.3 0.4 0.5 0.6 0.7 0.0009 0.0010 0.0011
viS (V) 1/T(K)

Figure 2-13(a) Relation of I, vs. \v in MgCl,-NaCl-KCI-NaOH at 650 °C. WE: tungsten, CE:

graphite, RE: Ni/NiCl. (b) Plot of In D vs. 1/T at different temperatures in MgCl>-NaCl-KCl-
NaOH

Table 2-15 Calculated D,y- in MgCl>-NaCl-KCI-NaOH at different temperatures

T Don- E,

°C (x10“4cm?s™) (kJ mol ™)
600 2.46
650 2.99
700 3.41 22.39
750 3.71
800 4.48
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2.2.1.2.3 Exchange Current Density i,, Charge Transfer Coefficient a,
Limiting Current Density i; and Standard Rate Constant k® Measurements

As mentioned before, the calculation of exchange current density must consider both the interface
reaction and mass transfer process in the molten salt system. Therefore, the exchange current
density can be calculated using the derived modified Butler-Volmer equation as given in Eq. 2-8.
Potentiodynamic scans were conducted at different temperatures as given in Figure 2-14. Three
identical scans were conducted in each test to check the data repetition and ensure data reliability.
As shown in Figure 2-14, at the same overpotential n, current density increased with the rise of
temperature. When overpotential n < 0, OH" transported to the interface was reduced to HP,
eventually form H> gas, through the electrochemical reduction reactions as given in Table 2-16.
The production rate of H> gas became faster as the temperature increased. As a result, it’s possible
that a certain amount of H. bubble formed on the electrode surface, thus leading to the fluctuation
on the potentiodynamic curve. As observed in the curve at 800 °C, the fluctuation was the strongest
at n =0, since the accumulated H2 bubble reached maximum. When overpotential n >0, Hz bubble
was consumed through the electrochemical oxidation reaction as given in Table 2-16. The curve
became smooth and there was no obvious fluctuation. Figure 2-15 gave the fitting result of the
potentiodynamic scan at 600 and 700 °C. The dash line was the fitted i-n curve using the non-
linear least square fitting technique, while the solid line was the experiment data sets. The fitted
curves matched well with the experimental data. Table 2-17 listed the optimized value of i,, a and
i;, of OH™ in MgCl>-KCI-NaCl salts at each temperature. The fitted a value kept consistent which
was independent of temperature. The values of a were all less than 0.5, which was in the range
from 0.25 to 0.27. In general, the value of a lied between 0 and 1. If the value was extremely close
to 0 (or 1), it indicated that the transition state (or electrochemical reaction) was reactant-favored
(or product-favored). In the present study, the small values of a which were close to O
demonstrated a reactant-favored transition state.

The standard rate constant k° at each temperature was calculated by substituting the measured C,
of OH, fitted i, and a into Eq. 2-9. The calculated k° was in the range from 1.23 to 2.50x10* cm
st as given in Table 2-17. k° increased with the rise of temperature. The relation of In k° vs. 1/T
demonstrated good linearity as shown in Figure 2-16, which indicated that k° followed Arrhenius
law. The activation energy E, calculated from k° was 28.71 kJ mol™. Moreover, the diffusion
layer thickness & was estimated using Eq. 2-11. The value of § was within a reasonable range of
0.05 — 0.2mm, which further confirmed the data reliability.

. nFDC, 2-11
l, = — 6
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Figure 2-14 Potentiodynamic scans of OH- in MgCl>-NaCl-KCI at different temperatures, scan
rate: 5SmV/s. WE: tungsten, CE: graphite, RE: Ni/NiCly.
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535 —— Measured Data
[ Fitting Data
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Figure 2-15 Measured and fitted potentiodynamic polarization curves in MgCl-KCI-NaCl-
NaOH with a scan rate of 5mV/s. WE: tungsten, CE: graphite, RE: Ni/NiCl.: (a) 600 °C; (b) 700

°C.
Table 2-16 Electrochemical reactions of OH/Hz in MgCl,-NaCl-KCl
Reaction Electrochemical Reactions Overpotential n
Type
OH +e - H+0* n<0
Reduction H+H-H>
Oxidation Hy +20% - 2¢° — 20H" n>0
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Table 2-17 Fitted iy, a, i; and k° of OH" in MgCl>-KCI-NaCl at 600, 650, 700, 750, 800 °C

T io iL a kO
°C (x10° A cm?) (x102 A cm?) (x10% cm st
600 1.08 -0.94 0.25 1.23
650 1.34 -1.98 0.27 1.28
700 1.47 -2.31 0.27 1.48
750 1.66 -2.71 0.26 2.01
800 1.89 -3.27 0.26 2.50

=

-84 1
=
£
X -88 -
5 D

Ln kO =-3453.5/T - 5.1518 u)
2=0,9034
92 4 e s
0.0009 0.0010 0.0011
I/T(K)

Figure 2-16 Ln k® — 1/T plots fitted at each temperature.

2.2.2 Kinetic Parameters in Molten NaF-KF-UF4-UF3 Salts
2.2.2.1 Diffusion Coefficient

The oxidation state of Fe and Cr needed to be identified in molten NaF-KF-UF4-UF3 salts for
diffusion coefficient measurements. According to the previous studies in FLiNaK, NaF-ZrF4 and
LiF-BeF, salts'?/128129 jt’s highly possible that the predominant oxidation states of Fe and Cr
could be Fe?*, Cr?* and Cr3*. To verify this hypothesis, CV and PD scans were conducted as given
in Figure 2-17. Based on previous studies®*%!3!, the R3 and R4 peaks corresponded to the reduction
reaction of redox couples U**/U%* and U**/U. The other two reduction peaks R1 and R2 were
related to reduction reactions of Fe?*, Cr?* or Cr®. Table 2-18 lists the calculated standard
reduction potential of Fe, Cr and U ions using HSC 10.0 software!?®. The table showed that the
difference between the reduction potential of Cr?*/Cr and Fe?*/Fe at 800°C was 0.42V, which
matched well with the measured data (~0.45V) in CV scan shown in Figure 2-17. It confirmed that
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R1 and R2 peak represent the reduction reactions of Fe?*/Fe and Cr?*/Cr couple, respectively.
According to previous study*%421%2  the redox reaction current signal of Cr*/ Cr®* was always
much smaller than Cr?*/Cr in CV scans, which may make the redox peaks of Cr3*/ Cr?* invisible
in the present study. More analysis is needed to verify the presence of Cr3* in the salts.

When using CV technique to measure the diffusion coefficient in a multicomponent salt system,
the baseline for the second or succeeding reduction peak was affected by the tail from the previous
peak®3. Therefore, the second peak current in the CV scan (see Figure 2-17.) was the combination
of the second component Cr?*/Cr reduction current and the tail from the preceding reduction peak
of Fe**/Fe. The error associated with the Cr baseline determination could be significant at a high
concentration of Fe?*,

One option would be to make the measurement of the Cr peak current using the decaying current
of the first wave as the baseline in the CV scans . Since the reduction peaks of Cr3*/ Cr?* was not
identified in the electrochemical tests, the current study only considered D2+ and D,2+. CV
scans of Fe?*/Fe and Cr?*/Cr at different scan rates were performed as shown in Figure 2-18.
Assuming that the reduction peak potential of Cr?*/Cr was not affected by the reduction reaction
of Fe?*/Fe, the electron transfer number n of redox couple Fe?*/Fe and Cr?*/Cr were calculated at
different temperatures using AE, = |E,, — E,.| = 2.3RT/nF. The calculated values of n are
given in Table 2-19, which further confirmed the two-electron transferred redox reactions. D2+
and D,z+ were calculated using Eq. 2-3. The relation of Ip-vl/2 shown in the inset of Figure
2-18(a) and Figure 2-18(b) demonstrated good linearity which indicated the diffusion-controlled
redox reactions of Fe?*/Fe and Cr?*/Cr at the measured scan rates. The diffusion coefficient by CV
at different temperatures is given in Table 2-20.

An effective method for solving the problem of baseline determination for a system containing
multiple components is semi-differential (SD) analysis. It transforms a CV curve into a SD plot
by the first semi-integration of the current-potential data and then take the first derivative with
respect to potential34135136.137.138 "Eqr 3 soluble-insoluble reaction, an equation was derived to
describe the relation of SD peak current and potential as given below?!33139.140;

¢ n’F*ACVD 2-12

p 2RT

An example of a SD plot is given in Figure 2-19. A Cr peak that is independent of the Fe peak is
observed in the SD plot. It shows a better baseline resolution between the Cr and Fe peaks. The
SD method has the advantages of high sensitivity and high resolvability for the species and
provided a better baseline for Cr?*/Cr peak in the multicomponent system.

To validate the SD method, the diffusion coefficient of Fe?* was calculated using CV and SD as
listed in Table 2-20. The values obtained from using both electro-analytical methods were in good
agreement, which verified the validity of the SD method and the accuracy of the approach used in
the method. The diffusion coefficient of Cr?* was calculated using both CV and SD methods, as
shown in Table 2-20. Although the SD method could give more accurate results as previously
discussed, the calculated values of D2+ using both methods were close. Therefore, considering
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the low concentration of Fe?" in the molten NaF-KF-UF4-UFs salts, it was believed that the CV
method in which using decay current of the first peak as the baseline could be applied in the
diffusion coefficient measurement of the second component (refer to the second peak in the CV
curve ) at a low concentration of the first component (refer to the first peak in the CV curve), but
it would introduce large errors in the measurement when used at a high concentration®33,

D2+ and D2+ calculated from both methods followed the Arrhenius law as shown in Figure
2-20. The activation energy of Fe?* and Cr?* diffusivity was estimated from the slope of In D-1/T
curves, which were 39.47 kJ mol™? (Fe?*) and 30.98 kJ mol™ (Cr?*) for the CV method, and 36.72
kJ mol? (Fe?*) and 31.08 kJ mol™ (Cr?*) for the SD method, respectively.

In general, the diffusion coefficient was determined by ion dimension, solution viscosity, pressure,
density and temperature'4:142143144.145 ‘The value of D2+ was slightly larger than that of D2+
at the same temperature, which was consistent with that in MgCl-NaCl-KCI. Nevertheless, the
measured D2+ and D2+ values in molten MgCl.-NaCl-KCI tended to be larger than those in
molten NaF-KF-UF4-UF3 salts as listed in Table 2-4 and Table 2-20. The higher density of NaF-
KF-UF4-UF3 salts was believed to be one of the major causes of the difference.

0.2
0.0 -
R2

.
.
I R3
I~y

R4
-0.6
i (a)
-0-8 . . . . T . . A L T . . . L T L L L T
-1.45 -1.05 -0.65 -0.25 0.15

V (Vvs. Ref)

Figure 2-17 CV scan in molten NaF-KF-UFs-UF3 salts at 800 °C, WE: tungsten, CE: graphite,
RE: Pt.
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Table 2-18 Standard reduction potential of Fe, Cr and U ions

AE vs.F, (V)
T (°C)
Ut/ u U U3t Cr?*/Cr Fe?*/Fe
700 -4.44 -3.56 -3.38 -2.97
750 -4.40 -3.53 -3.35 -2.94
800 -4.37 -3.50 -3.32 -2.90
Table 2-19 Calacualted elenctron transfer number of Fe?*/Fe and Cr%*/Cr
Electron transfer number n
T (°C)
Fe’*/Fe Cr¥*/Cr
700 2.14 1.92
750 2.21 2.09
800 2.02 2.16
0.08 0.20 +
(b)
i 0.15 {
0.04 +
0.10
,_\0.00
NS To.05 |
-0.04 0.00 _ Fe?* /Fe
[ N
-0.08 -0.05 | N\\E\
0.12 ‘ . . ‘ 0.10 - NN
0.85 -0.75 -0.65 -0.55 0.45 -0.4 -0.2 0.0 0.2
EWvs. P E (Vvs. Pt)

Figure 2-18 CV scans of Cr?*/Cr and Fe?*/Fe at different scan rates in molten NaF-KF-UF4-UF3
salts at at 800 °C, WE: tungsten, CE: graphite, RE: Pt.
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Table 2-20 Diffusion coefficient of Fe?* and Cr?* in molten salts at different temperatures

Fe?* Cr2
Temg‘g;‘t”re cV SD cV SD
D E, D E, D E, D E,
700 1.60 1.60 2.11 2.02
750 2.02 39.47 1.90 36.72 2.59 30.98 2.48 31.09
800 2.52 2.45 3.01 2.90
Note: D is in the unit of 10° cm? s and E, is in the unit of kJ mol™.
0.00 1
-0.02
- 0.5
-0.04 |
§"
N N
~ -0.06 - ~
- 0
>
-0.08 -
-0.10 + . 0.5
-0.85 -0.45 -0.05
V (V vs. Ref)

Figure 2-19 CV and SD transformation of CV in molten NaF-KF-UF4-UF; salts at 800 °C
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Figure 2-20 Ln D-1/T relation of Fe?* and Cr?* in molten NaF-KF-UF4-UFs; salts, (a) SD
method, (b) CV method

2.2.2.2 Exchange Current Density iy, Charge Transfer Coefficient a, Limiting
Current Density i,

As shown in Figure 2-21(a), three peaks were observed in the PD curve which was in terms of 1g i
versus E, and scanned from -0.66 V to -0.05 V. In the PD scan, peaks such as P1, P2 and P3 would
show up once the measured current was zero as shown in Figure 2-21(b). In a monocomponent
system, such as FeCl. in the molten MgCl.-NaCl-KCl salt as shown in Figure 2-7(a), when
scanning from the negative to positive potential within the redox reaction potential of Fe?*/Fe, a
peak represented a shift between a reduction reaction and an oxidation reaction of Fe?*/Fe, in which
the reduction reaction with a negative current was within the negative overpotential, and the
oxidation reaction with a positive current occurred over the positive overpotential range. However,
the peaks observed in the PD curve were the combination of several reactions in the
multicomponent system. Although the Cr3*/Cr?* peak was not identified in CV scans, the three
peaks in the PD scan indicated the presence of Cr3* in the salt. The reduction potential of Fe?",
Cr?* and Cr® descended in the order of Fe?* > Cr** > Cr?*, It meant that when scanning from a
potential less than E .2+, some Fe may have been deposited on the electrode surface. In the left
half part of P1, the reaction included the reduction of Fe?* to Fe, Cr?* to Cr and Cr®" to Cr?*, and
in the right half part of P1, it included the oxidation of Cr to Cr?*, and reduction of Fe?* to Fe and
Cr¥* to Cr?*. For P2, the reactions included in the left part were the same as those in the right half
of P1, but the current of each reaction contributed was different resulting in different current values.
In the right half part of P2, the reactions were composed of the oxidation of Cr?* to Cr3*, Cr to Cr?*
and reduction of Fe?* to Fe. For P3, the left half part included the oxidation reaction of Cr?* to Cr*
and reduction of Fe?* to Fe, and right half part only included the oxidation reaction of Fe to Fe?*
and Cr?* to Cr¥*,

To measure the exchange current density of Fe?*, Cr?* and Cr®*, PD scans were conducted within
different potential range as given in Figure 2-22. Assuming the PD scan of Fe?* was not affected
by Cr®* and Cr?*, the green PD curve in Figure 2-22 only included the Fe?*/Fe redox peak.
Therefore, iy, a and i, of Fe?'/Fe was calculated by fitting the measured overpotential n and
current density i to Eq. 2-8 using non-linear curve fitting technique as shown in Figure 2-25(a).
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As for the measurement of Cr3*/Cr?*, the red PD curve that should include both Cr3*/Cr?* and
Fe?*/Fe redox peaks was applied. An innovative method was developed accordingly as follows:
(1) the green PD curve including only Fe?*/Fe was fitted; (2) the green PD curve was extrapolated
using the Butler-Volmer equation until there was a cross-point with the red PD curve. This cross-
point corresponded to the corrosion potential of Cr3*/Cr?* as given in Figure 2-23, which also
confirmed that Cr3* was present in the salts; (3) a new PD curve was obtained by using the red PD
curve to subtract the new extrapolated green PD curve as given in Figure 2-25(c), and i,, a and i;,
of Cr3* was obtained by fitting the new PD scan. In the measurement of Cr?*/Cr, the black PD
curve including Cr?*/Cr, Cr¥*/Cr?* and Fe?*/Fe was used. Following the similar procedures applied
in the measurement of Cr3*/Cr?*, a cross-point corresponding to the corrosion potential of Cr?*/Cr
was obtained as given in Figure 2-24. A new PD curve of Cr?*/Cr can be obtained by using the
black PD curve to subtract the new extrapolated red PD curve as shown in Figure 2-25(b), from
which iy, a and i, of Cr?* was obtained.

The fitting results of Fe?*/Fe, Cr¥*/Cr and Cr3*/Cr?* matched well with the experimental data as
given in Figure 2-25(a), (b) and (c). Table 2-21 lists the measured i,, a and i, values of Fe?*/Fe,
Cr?*/Cr and Cr¥*/Cr?* at 700 °C, 750 °C and 800 °C. Both i, and i, increased with a rise in
temperature. & was consistent at different temperatures, with a value ranging from 0.23 to 0.32 for
Fe* (reactant-favored reaction), 0.75-0.89 for Cr?>* and 0.74-0.91 for Cr®* (product-favored
reaction). i, of Fe?*, Cr?* and Cr* followed the Arrhenius law as shown in Figure 2-26. The
activation energy of i, was calculated from the slope of Ln io — 1/T plot, which were 56.56 kJ/mol
(Fe?"), 44.40 kJ/mol (Cr?*) and 60.00 kJ/mol (Cr®*), respectively.
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Figure 2-21 PD scans in molten NaF-KF-UF4-UF3 salts at 700 °C, (a) Igivs. V (b) i vs. V
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Figure 2-25 Measured and fitted PD curves of Fe?*/Fe in NaF-KF-UFs-UF; salts at 700 °C with a
scan rate of 5mV/s. WE: tungsten, CE: graphite, RE: Pt
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Figure 2-26 Ln io — 1/T plots of Fe?*, Cr?* and Cr3" at 700 °C, 750 °C and 800 °C in molten NaF-
KF-UFs-UF3 salts

Table 2-21 Fitted iy, a, and i;, of Fe?*, Cr?* and Cr®" in NaF-KF-UFs-UF; salts at 700 °C, 750 °C

and 800 °C
Temperature ip (X102 A cm?) i, (x102 A cm?) a
(O e [ C# [ ¥ | Re¥ [CF | CF | Fe® | CF | o
700 151 1.93 1.12 -3.21 -352 | -661 | 0.32 | 0.87 | 0.91
750 2.25 2.57 1.52 -8.82 -481 | -7.38 | 0.23 | 0.89 | 0.74
800 2.89 3.21 2.25 -13.63 | -8.02 | -947 | 031 | 0.75 | 0.80

2.2.3 Applications of Kinetic Parameters

As mentioned before, a corrosion rate can be predicted once the kinetic parameters of corrosion
products were obtained from the experiments.

Assume an electrode reaction of metal dissolution and deposition on the interface between the
metal and liquid,

ky
M —ne” =M™ 2-13
ky

The dissolution rate R is defined as,
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RdiSS = kfXM 2-14

Where, kf is dissolution reaction constant, X, is molar fraction of M in the solid, and for pure
metal X,, = 1.

The deposition rate Ry, is defined as,
Rdepo = kaIIVI 2'15

Where, k, is deposition reaction constant, X}, is molar fraction of M™  at the interface of the
metal and liquid.

Then the corrosion rate R.,,,- can be expressed with an equation given as,
Reorr = Raiss = Raepo = keXu — kpXiy 2-16
For a pure metal at the equilibrium state, the metal dissolution rate is equal to the deposition rate.
Reorr = keXy — kpXyy = kp —kpXjyo =0 2-17
kp = kpXiye 2-18
Where, X}, . is equilibrium molar fraction of M™" at the interface of the metal and liquid.
Then, the corrosion rate can be expressed as:
Reorr = kp(Xige — Xir) 2-19

The corrosion process involves mass transfer of corrosion product. Here, mass transfer rate is
defined as,

0Xym _ pDai
Rm = _PDdiffW = (;ff (X,{,, - X,bv,) = km(X,{,, — lev,) 2-20

Where, p is liquid density, Dg;¢ is diffusion coefficient of M™, & is diffusion layer thickness, X1,
is molar fraction of M™" at the interface of the metal and liquid, X2, is molar fraction of M™" in

the bulk liquid, k,, is equal to pDéﬂ.
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Figure 2-27 Metal dissolution and mass transfer process

Since the corrosion rate is equal to mass transfer rate,

R, = Reorr 2-21
Then,
e (Xis = Xi1) = ko (Xize = Xi) 2-22
L kX kpXige 923
= -
k., + kp
Therefore,
k. kp ,
Reorr = m—(XIIVI,e - Xll\;l) =k (XI{/I,e - Xllljfl) 2-24
ko, + kp
/A kmkp
Where, k' is equal to ———.
km+kp
In a static container, the relation of X}, . and X5 can be expressed as
axp
Vpd—:l = ARcorr = Ak,(XI{/I,e - Xlll)/l) 2-25
Where, V is the volume of liquid, A is the surface of the metal.
Therefore,
XE@o=xl,.11 Ak t 2-26
= _— ex —_—— -
M Me p Vp

By combining Eq. 2-24 and 2-26, the relation of corrosion rate and time in a static container is
obtaind as given in
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Ak’
Reorr = k’(XI{/I,e - XI\IZI) = k’(XI{/Ie XM(t)) =k’ XM e€Xp <_V_pt> 2-27

Or,
Ak’
Roorr = k' XMeexp —V—pt 2-28
As shown in Eq. 2-28, R, is directly related to k', which is equal to kb
kmkb
k' = ———— 2-29
ko, + kp

k., can be calculated from Dy, as shown in 2-30, which is one of the measured kinetic data in
Section 2.2.1 and 2.2.2.

D
o = ol 2-30

In addition, k,, is related to k°, which is also one of the measured kinetic data in the experiments.

For a electrode made of metal M or an inert electrode, a modified Butler-Volmer equation which
is applied in the insoluble-soluble reactions is given in Eq.2-32%4, The relation between k, and
k° can be obtained from the equations as follows,

i
Reorr = 7;;;; Z =k (XMe XIIVI) 2-31

) ~(cL anF
leorr = lo { exp [ Ecorr — Eeq)]

- exp [% (Eeorr Eeq)]}

2-32

iy = nFkocM ™

Where Z is molar mass of the metal, C% and Cl, are the concentration of M™" in the bulk
concentration and the interface, unit mol/cm?.

Or,
icgrr = P X nFkOCH™ 2-33
Where,
cl —anF (1—a)nF
P =—exp ———(Ecorr — Eeq)] — exp [— (Ecorr — Eeq)] 2-34
Cy RT
Therefore,
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) (1-a)
i PZk°Ch i
Reorr = T;;.ZZ = kb(XI{/I,e - XIIVI) = 2-35

Or,

(1-a)
PZk°Ch

. 2-36
A(XI{/I,e - XIIVI)

b

Therefore, the relation between k,;, and k° is obtained and k,, can be calculated using Eq. 2-36,
which means that the corrosion rate can be predicted used Eq. 2-28 once the kinetic data D¢y and
k, are measured from the experiments. However, Eq. 2-28 is only applied in a static system. For
a flow pipe, the corrosion rate prediction is much more complicated, as the liquid is flowing in the
pipe, which makes X2 varying along the pipe. More studies are needed to build another
comprehensive model to predict the corrosion rate in a flowing system.

2.3 Conclusions

Cyclic voltammetry, chronopotentiometry, and potentiodynamic techniques were applied to
measure the fundamental kinetic property parameters of Fe?*, Ni?*, Cr?*, Cr®* and OH" in the
molten MgCl,-KCI-NaCl and NaF-KF-UFs-UFs salt. The experiments were conducted at different
concentrations (1.53x10°® to 7.48x10* mol cm®) and temperatures (600 to 800°C) to explore the
concentration and temperature dependence of each parameter.

In both molten chloride and fluoride salts, the measured diffusion coefficient D of Fe?*, Ni?*, Cr?*,
Cr** and OH- were independent of concentration and followed the Arrhenius law. The D values
obtained using CV and CP technique were consistent. Non-linear curve fitting technique was
applied to determine the iy, a, iy, and k° values of Fe?*, Ni?*, Cr®*, Cr** and OH". i, and k°
followed the Arrhenius law. And i, varied with concentration which demonstrated positive
correlation. i, and k° of Cr?* has the largest value followed by Fe?*, Ni?*, and Cr* at the same
concentration and temperature. And the absolute values of i;, became larger as the temperature
increased.

In molten MgCl>-KCI-NaCl salts, a new method using ICP-MS analysis was developed to measure
actual OH- concentration. The C,- value decreased from 4.11 to 2.84x10° mol cm™ as the
temperature increased from 600 to 800°C. The measured D values descended in the order of Doy~ >
Diy2+ > Dpgz+ > Dyjz+ > Deys+. i of Fe?*, Ni%*, Cr?*, and Cr* were in the range from 8.13x10
(Cr¥*) to 2.80 x10 A cm2 (Cr?*) within 600-800 °C at a concentration of 1.5x10** mol cm™. The
calculated charge transfer coefficient a remained consistent at different concentrations and
temperatures, which were 0.62-0.88 for Fe?*, Ni*, Cr?*, Cr** (product-favored reaction), and 0.25-
0.27 for OH" (reactant-favored reaction). The magnitude of a represented the electrochemical
reaction type: a smaller value close to O indicated a reactant-favored reaction, and larger value
close to 1 meant a product-favored reaction. Moreover, diffusion coefficient thickness § was
estimated in the OH™ measurements, which was within a reasonable range of 0.05 — 0.1mm.
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In molten NaF-KF-UF4-UF3 salts, Fe?*, Cr?* and Cr®* were confirmed to coexist in the present
study. And the measurements were conducted in a multicomponent system. In the diffusion
coefficient measurements, only Cr?*/Cr and Fe?*/Fe peaks were identified in the curves. SD and
CV method were applied and gave close values. D..z+ was larger than D2+ at the same
temperature. The measured Dg,2+ and D2+ values in molten MgCl-NaCIl-KCI salts were
slightly larger than those obtained in molten NaF-KF-UFs-UF3 salts, because of higher density of
molten NaF-KF-UF4-UFs3 salts. For the measurements of i,, a and i, an innovative method was
used to eliminate the effect of the first reaction on the second reaction in the PD curves of Fe?*,
Cr?* and Cr3*. At the same temperature and concentration of Fe?*, Cr?* and Cr3*, i, calculated in
NaF-KF-UF4-UFs3 salts tended to be smaller than that in MgCl.-NaCl-KCl salts, which perhaps is
due to the lower electrode reaction rate in molten NaF-KF-UFs-UF3 salts. « was calculated at
different temperatures, with a value ranging from 0.23 to 0.32 for Fe?* (reactant-favored reaction),
0.75-0.89 for Cr?* and 0.74-0.91 for Cr3* (product-favored reaction).

Moreover, a corrosion model was developed in the present study. It made the corrosion rate
prediction of a static system possible by using the measured kinetic parameter data in the
experiments, which would definitely provide further insight in the corrosion study of molten salts.
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3 Corrosion Study of SS 316H and Alloy 617 in Molten Salts

Structural material corrosion has been a major concern in the application of molten salts. SS 316H
and Alloy 617 are two good structural material candidates in MSRs. Related corrosion studies of
these two materials have been conducted in molten MgCl>-NaCl-KCI salts by B. D’Souza in our
group'*’. In the present work, corrosion study of SS 316H and Alloy 617 were performed in the
thermally-purified molten NaF-KF-UF4-UF3 salt (UF4/UFs initial ratio 12~14) at 800 °C. Multiple
experiments were designed to study the corrosion mechanism, which included the SS 316H and
Alloy 617 corrosion tests for 120 hours to compare the corrosion resistance of these two materials,
and the Alloy 617 corrosion tests for 72 hours and 32 hours to investigate corrosion development
with time.

3.1 Experiment

In the corrosion study of SS 316H and Alloy 617, corrosion tests listed in Table 3-1 were conducted.
For SS 316H, the test was repeated for three times (test 1001, 1002 and 1003), and three identical
specimens were used in each test to check the data reliability. For Alloy 617, one test was
performed for 120 hours, in which three specimens were used. The other tests were performed for
72 hours and 32 hours respectively, in which one specimen was used.

Table 3-1 Overview of performed corrosion tests in molten NaF-KF-UF;-UF3 salts

Alloy Type Test ID Test Duration (hours) Specimen Qty.
1001
SS 316H 1002 120 3
1003
2001 120 3
Alloy 617 S001 72 1
S002 32 1

3.1.1 Material Preparation
3.1.1.1 SS 316H and Alloy 617

SS 316H and Alloy 617 plates were procured from Sandmeyer Steel Company and High Temp
Metals, respectively. The chemical composition provided by the suppliers is listed in Table 3-2
(SS 316H) and Table 3-3 (Alloy 617). Specimens of these two materials were machined using
Electrical Discharge Machining (EDM). All specimens used in the tests have a length (22 + 0.2)
mm x width (12 £ 0.2) mm x thickness (2 = 0.1) mm, as shown in Figure 3-1. Before corrosion
tests, each specimen was polished using different grades of SiC polishing paper ranging from grade
240 to 1200, then polished with 1 pm diamond paste. After polishing, specimens were
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ultrasonically cleaned in deionized water to remove surface debris and contamination. The cleaned
specimens were quickly transferred into a glovebox and sealed in a sample bag for future use. SEM
analysis was conducted on the surface of each specimen to ensure that the surface of the specimens
were well polished and no significant oxide layers were formed before tests. Mapping scans of one
SS 316H and one Alloy 617 specimen surface are given in Figure 3-2. The cross section of one
spare specimen for each material (SS316H and Alloy 617) was also checked using SEM, which
was used as a reference to compare with the post-test specimen results. Figure 3-3 demonstrates
mapping scans on the specimen cross-sections of SS 316H and Alloy 617.

Table 3-2 Chemical composition of SS 316H

Chemical Composition (wt. %)

C Mn P S Si Cr Ni Mo Others | Fe

Target

0.04-0.1 | <2 |<0.045| <0.03 | <0.75| 16-18 | 10-14 | 2-3 Bal.
Values

0.0463

Cu:
0.341

Co:
0.217

Measured | 648 | 1.446 | 0.033 | 0.0006 | 0.425 | 1692 | 102 | 2.009 Bal.
Values Ti:

0.003

Nb:
0.007

P+S:
0.0336
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Table 3-3 Chemical composition of Alloy 617

Chemical Composition (wt. %)

Al C Co Cr Fe Mo Si Ti | Others Ni
Target 0.05- 445
Values 0.8-15 0.15 10-15 | 20-24 | 3.0 | 810 | 1.0 | 0.6 (min)

B:

0.003

P:

0.004

Measured S:
Values 1.06 0.08 125 | 222 [1.21] 9.64 |0.13| 04 <0.002 52.61

Cu:

0.02

Mn:

0.04

4 A A

mm ro

L @3.2mm H

O #

to

Thk: 2+ 0.1 mm E

Y
< »>
22 £ 0.2 mm

Figure 3-1 Specimen dimension used in the tests
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Figure 3-2 (a) Mapping scan on the surface of SS 316H; (b) Mapping scan on the surface of SS

Alloy 617.
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(b) Alloy 617 Cross-Section, x 10000
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Figure 3-3 (a) Mapping scan on the cross-Section of SS 316H; (b) Mapping scan on the cross-
section of Alloy 617.

3.1.1.2 NaF-KF-UF4-UF3 Salt Preparation

Before NaF-KF-UF4-UF3 salt fabrication, the purity check of NaF (Sigma Aldrich, 99%), KF
(Sigma Aldrich, 99.5%), and UF4 (Cameco, 85%) salt used in the tests were performed using
Differential Scanning Calorimetry (DSC), ICP-MS, and XPS analysis, in which three salt samples
were analyzed to ensure data reliability. DSC was used to measure the melting point and liquidus
point of the salt. Before and after each sample analysis, aluminum powder (or wire, Sigma Aldrich,
99.999%) was used to verify the instrument condition, and the measured melting point of
aluminum must be within 660.3 + 5 °C. Otherwise, an instrument calibration was conducted. In
the ICP-MS analysis, metal-based specie concentrations were obtained. To prepare ICP-MS
samples, less than 10 mg salt samples were collected and dissolved into 20 ml 1M HNOs solution,
which were placed on a shaking table for at least 12 hours to ensure all solid salt samples were
dissolved. Before the analysis, the sample solution was diluted within 10 ppm. The recovery rate
of ICP-MS instrument must be within 90% - 110 % at the end of analysis, otherwise, the data was
invalidated. XPS analysis can give both metal and non-metal-based species concentration in the
samples. In this study, XPS analysis was mainly used to measure the oxygen concentration in the
samples through survey (SV) scans, and the UF4/UF3 ratio in the NaF-KF-UF;-UF3 salt through
high resolution (HR) scans. Before analyzing samples, graphite and silicon dioxide were analyzed
by SV and HR scans to ensure the instrument was in a good condition. HR scan data was fitted
using MultiPak software*®, Based on the NIST XPS database’*®, UF4, UFs, UO2 and K 2s (2s
orbital of potassium) were included as shown in Figure 3-4. The UF4/UF3 ratio was calculated
from the peak area ratio of UF4 and UF3. The fitting process were repeated three times, from which
an average ratio was calculated to ensure data reliability. Detailed purity check analysis results of
NaF, KF and UF; are given in Table 3-4.
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Figure 3-4 UF4/UFs3 ratio fitting from the HR scan using XPS

NaF, KF and UF4 were thermally purified separately before mixing together. An 80-mesh sieve
was used to removed black clumps (UO2) that may have been formed during fabrication,
transportation and/or storage in UF4. NaF, KF and UF4 were mixed in a glassy carbon crucible and
thermal purified in a glovebox following the temperature profile given in Table 2-1 to remove
residual moisture in the salts. If black UO. precipitates were produced on the bottom of the glassy
carbon crucible during the process, they were removed using a hammer after the salts cool down
in a glovebox. The composition of the residual salts was adjusted accordingly to the target ranges.
Finally, U metal, which was cleaned using diluted nitric acid solution to remove black uranium
oxide on the surface, was added into the ternary salt at 750°C to produce UFs through the reaction
of U + 3UF4 = 4UFs. The amount of U metal needed was calculated accordingly based on the
target UF4/UFs ratio, and the UF4/UF3 ratio was checked using XPS as shown in Figure 3-4. The
measured UF4/UF3 ratio matched well with the target value after U metal was added as given in
Table 3-5, which confirmed the quaternary salt fabrication method.
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Table 3-4 Purity check results from ICP-MS and XPS analysis

Purity Major Impurities
Salt ICP-MS ICP-MS
COA XPS
(Metal basis, wt. %) (Metal basis)
NaF > 99% 99.12 S LK, C
KF > 99.5% 99.11 Na, Al C, 0O, Si, Na
UF4 > 85% 99.7 Mg, Al, Ca C 0

Table 3-5 UF4/UFs Ratio check in pre-test NaF-KF-UFs-UF3 salts

UF4/UF3 Ratio
Test ID

Theoretical Value Actual Value
1001 12.34+1.23
1002 12.66 + 2.53
1003 12.98 +1.25

13.21

2001 12.68 +1.28
S001 12.73 + 2.67
S002 12.84+1.18

3.1.2 Experimental Setup

In the corrosion tests, specimens were immersed in molten NaF-KF-UFs-UF3 salts and heated at
800 °C. For the 120-hour corrosion tests (test 1001, 1002, 1003 and 2001), ICP-MS and XPS salt
samples were only collected before and after tests. The applied test setup is shown Figure 3-5. The
whole test system was heated in a muffle furnace. A glassy carbon crucible was used as a salt
container and a nickel crucible was used as a safety crucible. Ni wire was used to fixate the
specimens to a Ni lid and hang the specimens in the salt. A boron nitride tube was applied to
prevent galvanic corrosion between the specimen and Ni lid. For the two Alloy 617 tests that lasted
for 72 and 32 hours, ICP-MS salt samples were collected periodically during tests by following
the schedules shown in Table 3-6. Another test setup without a lid as shown in Figure 3-6 was
used, which was more practical when it came to the salt sample collection at 800 °C.

At the end of each test, the specimens were removed from the furnace, and naturally cooled down
to room temperature. Inductive coupled plasma mass spectroscopy analysis (ICP-MS) was applied
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to measure the concentration of corrosion products such as Fe, Cr, Ni species, which was used to
determine the weight change of specimens; thus, corrosion rate can be estimated accordingly.
Scanning electron microscope (SEM) analysis was performed to study the corrosion behavior and

attack depth. X-ray photoelectron spectroscopy (XPS) analysis was performed to check the
UF4/UF3 ratio change before and after the tests.

Figure 3-5 Static corrosion test Setup. 1: Boron nitride tube, 2: Nickel lid, 3. Nickel wire, 4:
Molten salt liquid level, 5: Glassy carbon crucible, 6: Specimen.

Figure 3-6 Alloy 617 corroison test setup: 1. Ni wire 2. Clip 3. Quartz tube 4. Furnace 5. Glassy
carbon crucible 6. Liquid salt level 7. Nickel safety crucible 8. Alloy 617
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Table 3-6 Salt samples collection schedule of test S001 and test S002

Test SO001 Test S002
0 min 0 min
25 min 25 min
50 min 50 min
75 min 75 min

100 min 100 min
3 hours 140 min
7 hours 3 hours
10 hours 5 hours
14 hours 7 hours
24 hours 8.5 hours
32 hours 10 hours
44 hours 12 hours
56 hours 14 hours
72 hours 19 hours
/ 24 hours
/ 30 hours
/ 32 hours

3.2 Results and Discussions
3.2.1 SS 316H Corrosion Study (120 hours)
3.2.1.1 Post-Test Salt Analysis

The post-test salts were broken into small pieces after cooling down in the glovebox, and their
cross-section images are shown in Figure 3-7. This figure shows that more black uranium oxide
precipitates (indicated by red arrow) were produced on the bottom of the salt in test 1001 and 1002
than in test 1003. There was no significant precipitate accumulation in test 1003. In test 1003, UF4
was filtered using 80-mesh sieve to remove the majority of UO. However, the filtering procedure
using an 80-mesh sieve was not applied in test 1001 and 1002, since we had not realized that the
clumps in the salt could be a major issue in the early stage of salt fabrication as mentioned before.
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Therefore, more oxides were introduced into the salt mixture, and precipitated onto the bottom of
the salt during test 1001 and 1002.

Metal species, i.e., Fe, Cr and Mn, in addition to the salt matrix Na, K and U were identified in the
post-test salt samples using ICP-MS. It indicates that Fe, Cr, and Mn are the major corrosion
products. The measured concentration of metal species in the salts before and after corrosion are
summarized in Table 3-7. Overall, the metal specie concentration of corrosion products descended
in the order of Cr,>Cc,->Cyy, for all the three tests. The measured concentrations of Fe, Cr and Mn
were similar in test 1001 and 1002, which were slightly higher than those for test 1003. This was
due to the higher concentration of oxides in test 1001 and 1002, as previously discussed, which
lead to salts becoming more corrosive®™,

XPS analysis was conducted to check the UF4/UF3 ratio in the post-test salt after the corrosion
tests. The measured UF4/UF3 ratio in the three tests were summarized in Table 3-8. The measured
values were consistent for all three tests. In this study, the UF4/UFs ratio increased after corrosion
tests, due to the presence of corrosive impurities, such as HF, which can oxidize UF3z in the salts.
The equilibrium reaction between UF3z and corrosion products could happen in molten salts as
well, which was expressed as CrF2 (FeF2) + UFs = Cr (Fe) + UF4, T =800 °C, AG < 0. Some UF3
was continuously consumed through the reaction with corrosion products CrF, or FeF, until
reaching equilibrium, thus, resulting in the increasing of the UF4/UF3 ratio.

Figure 3-7 Cross-section of post-test salt
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Table 3-7 Metal specie concentration in SS 316H-post-test salts measured using ICP-MS

Cr Mn Fe
Test ID
mol %
Avg. 0 0 0.012
Pre-Test
Std. Dev. 0 0 0.001
1001
Avg. 0.232 0.019 0.312
Post-Test
Std. Dev. 0.001 0 0.007
Avg. 0 0 0.002
Pre-Test
Std. Dev. 0 0 0
1002
Avg. 0.267 0.021 0.443
Post-Test
Std. Dev. 0.001 0 0.017
Avg. 0 0 0
Pre-Test
Std. Dev. 0 0 0
1003
Avg. 0.175 0.010 0.198
Post-Test
Std. Dev. 0.001 0.001 0.009

Table 3-8 Measured UF4/UF3 ratio of SS 316H-post-test salt using XPS

Post-Test-UF4/UF3 Ratio

Test ID
Avg. Std. Dev.
1001 47.16 4.04
1002 51.30 2.68
1003 46.62 411

3.2.1.2 Post-Test Specimen Analysis

At the end of the corrosion tests, specimens were removed from the molten salts. The post-test
specimens are shown in Figure 3-8. The salt on the Ni wire indicated the original molten salt level
at 800°C and there was no significant wicking phenomenon. In addition, salts were observed to
adhere to the surface of specimens, which was difficult to remove. It meant that the weight change
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of specimens between the pre-test and post-test can’t be measured directly using a digital balance.
Therefore, a new method was developed for the weight change measurement of specimens. In the
present study, weight change was calculated using ICP-MS analysis results, since the metal specie
concentration of corrosion products, such as Fe, Cr, and Mn, were measured as described in
Section 3.2.1.1. It should be noted that the weight change was obtained without considering the
possible reduction of corrosion products by UFs as discussed in Section 3.2.1.1. The corrosion rate

. . . A . . .
was estimated using equation CRy,g = A—T, where CR,,, is the estimated average corrosion rate

with a unit of mg/cm? - hour, Am is weight loss with a unit of mg and ¢ is test time with a unit
of hours. The calculated corrosion rate for SS 316H is given in Table 3-9. These values were
consistent over the three tests with the corrosion rates of test 1001 and 1002 being slightly larger
than that of test 1003. Corrosion in the molten salts is known to be mainly impurity driven. The
fabricated salts in these two tests have more oxide impurities, thus, leading to more severe
corrosion and producing more corrosion products compared with test 1003.

Figure 3-8 SS 316H-post-test-specimen overview

Table 3-9 Estimated corrosion rate of SS 316H in molten NaF-KF-UF4-UF3 salt

Test ID Corrosion Rate (mg/cm? - hour)
1001 33.66
1002 43.47
1003 22.49

SEM analyses were conducted on specimens to study corrosion behavior of SS 316H in molten
NaF-KF-UF4-UFs salt. The SEM analyses were conducted on the cross section of post-test
specimen because the surface of the specimens was covered with salts. An overview of an SS 316H
post-test specimen from Test 1003 is given in Figure 3-9. The whole specimen can be divided into
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three parts: (1) salts on the surface, where bright particles were observed; (2) corroded area, where
salts have been penetrated into the specimen through GBs, and black spots were observed along
GBs; and (3) uncorroded area. To further understand the observed phenomenon, point, line and
mapping scans were conducted accordingly in the three different areas.

Table 3-10 summarizes the point scan results of bright particles in salts on the specimen surface,
which turned out to be uranium oxide. As for the corroded area, the attack depth and maximum
attack depth of each specimen in tests were estimated using SEM. The thickness of specimens was
measured using a caliper in the pre-tests and by SEM in the post-tests. The measured values are
given in Table 3-11. The measured attack depth in the three tests was consistent. In test 1001 and
1002, the values were slightly larger than in test 1003, due to the higher impurity concentration as
previously discussed. In the corroded area, mapping scans were conducted as given in Figure 3-10.
Cr depletion was observed at GBs, due to the fact that Cr was the most easily attacked element
compared with Fe and Ni. In addition, Cr enrichment was observed in specific areas in the mapping
scan of Cr element, which matched with the study by Dai et al’’. It has confirmed that the Cr
enrichment was attributable to the low energy nature of low-X coincidence site lattice boundaries,
primarily X5 type GBs. Cr, O and Mn concentrations were enriched in the black spots observed
along GBs as shown in Figure 3-10. SEM line scan was conducted as given in Figure 3-11. In the
line scan, Cr, O and Mn counts increased in black spots, which validated that they were Cr/Mn
oxides. The oxygen may come from the oxides that existed in the pre-test salt, or the oxygen in the
glovebox, even though the oxygen level in the glovebox was maintained at less than 20 ppm during
tests. Nevertheless, as for the black spot 3 shown in Figure 3-11, the C count has increased
significantly, indicating that there are some carbides as well. Furthermore, many bright lines were
observed as indicated by the red arrows in the SEM image (Figure 3-10). Based on the mapping
scan result of the Mo element in Figure 3-10 , those bright lines were Mo-enriched phases. A line
scan was conducted as well and is shown in Figure 3-12. Only the Mo count showed a significant
increasing trend when the scan went across the bright line. Therefore, Mo enrichment occurred in
the areas where bright spots were located, indicating Mo segregation. The driving force of Mo
segregation is its lower partition coefficient compared with other elements such as Fe, Ni, and
Mn?151.152.153 - Moreover, in both the corroded and uncorroded areas, GBs became visible after
corrosion tests as shown in Figure 3-13 and Figure 3-14, respectively. In the uncorroded area,
Cr/Mn carbides were confirmed to be produced at GBs by line scans due to heat treatment, which
has been investigated in the study by Bandyopadhuay et al*®>* and Bhuyan et al**°. It’s also believed
that Cr/Mo-enriched carbides formed at the GBs was an extra driving force to Cr-depletion®-1%°,
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Figure 3-9 SEM image of 1003-post-test SS 316H specimen, Mag 200x

Table 3-10 SEM point scan on bright particles in salts, Mag 200x

Point U (at. %) O (at. %)
1 30.61 69.39
2 271.77 72.23
3 25.49 74.51
Avg (at. %) 27.96 72.04
Std. Dev. (at. %) 2.57 2.57
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Table 3-11 Specimen attack depth in test 1001, 1002, 1003

Pre-Test Post-Test
Thickness (Caliper) | Thickness (SEM) Attack Depth Max. Attack

> (mm) (mm) (um) Depth
Avg. |[Std.Dev.| Avg. |Std.Dev.| Avg. | Std. Dev. (um)

A 2.00 0.0058 | 2.0018 | 0.0053 | 264.50 31.15 405.90

1001 | B 2.01 0.0058 | 2.0084 | 0.0067 | 279.83 20.42 388.70
C 1.97 0.0058 | 1.9335 | 0.0067 | 284.70 61.33 504.10

A 2.01 0.0058 | 2.0189 | 0.0089 | 292.31 35.03 375.70

1002 | B 2.02 0.0058 | 2.0203 | 0.0094 | 296.70 58.70 367.90
C 1.95 0.0000 | 1.9338 | 0.0121 | 294.40 50.79 491.50

A 2.04 0.0058 | 2.0335 | 0.0096 | 225.50 41.30 498.80

1003 | B 2.02 0.0058 | 2.0109 | 0.0168 | 228.62 40.37 398.40
C 2.08 0.0058 | 2.0713 | 0.0108 | 235.52 29.28 385.40

Mag 2000 x Cr Kad Ni Kol

\ I

| ey voeeum |
100m " Mn Kad
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Figure 3-10 Mapping scan of corroded area of 1003-post-test SS 316H specimen, Mag 2000x
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Figure 3-12 Line scan of bright line on the 1003-post-test SS 316H specimen, Mag 2000x

80




All Elements

" CKseries
3200 _~ O Kseries
3 Mo L series
2800 CrL series
-' " Mn L series
400= Fe L series
2000__5 Fe ~ NiL series
s 2
1600
1200 Cr

400 W“«M.‘r 2EMAR AN f Mg N Vasn, mquhﬁ/ﬁv"\o"f‘{""A e
v\v\Mx W %WMJW»WMMW\NMy AN RRUAR

0 T"""""I"' S e e S E et ren
0 0.2 04 0.6 0.8 1 12 14
pm

Figure 3-13 Line scan of GB of corroded area on the 1003-post-test SS 316H specimen, Mag
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Figure 3-14 Line scan of GB of uncorroded area on the 1003-post-test SS 316H specimen, Mag
2200x

3.2.2 Alloy 617 Corrosion Study (120 hours)
3.2.2.1 Post-Test Salt Analysis

After the corrosion test, the post-test salt in test 2001 was cooled down to room temperature in the
glovebox. The outside surface and cross-section of the salt are shown as given in Figure 3-15.
Silver material was found to be deposited on the outside surface of salt (Figure 3-15 (a)), and there
was no obvious black uranium oxides precipitated on the bottom of the salt (Figure 3-15 (b)),
which was similar to that in Test 1003. SEM point scans were conducted to identify the silver
material and the results are listed in Table 3-12. It was found that the silver material was Mo-
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enriched; in other words, Mo was deposited in the salt during the corrosion test. Before discussing
the Mo formation mechanism in the salts, it was necessary to study the major corrosion products
of Alloy 617. Corrosion product metals species, i.e., Cr, Co, and Ni, were identified in the salt
samples as given in Table 3-13. The measured concentrations of Cr, Co and Ni were in the order
of Cc>Cyi>Cc,. Once CrF2 presented in the salt, the disproportionation reaction 3CrF, = 2CrF3
+ Cr may happen. After that, the chemical reactions between Cr and corrosion products of Mo in
the salt occurred, which led to the deposition of Mo7:158159.160- |t explained how the Mo-enriched
material formed at the interface between the salts and the glassy carbon crucible, where the
nucleation of Mo happened. As a result of Mo deposition, the corrosion rate of Alloy 617 was not
estimated in the test. XPS analysis was performed to determine the UF4/UFs ratio in the post test
salts. Similar to what was discussed in Section 3.2.1.1, the ratio increased from 12.68 + 1.28 to
47.57 + 3.86 after the corrosion tests since the majority of U%* has been oxidized to U*" by
corrosive impurities, such as HF and moisture, or corrosion products, such as CrF or FeF.

Figure 3-15 Outside surface and cross-section of post-test salt in test 2001

Table 3-12 Point scans of silver material in test 2001

Mo Ni Co Fe
Test Point
wt %
1 73.1 18.2 6.4 2.4
2 87.4 8.7 2.6 1.3
2001 3 63.2 24.0 9.0 3.8
Avg. 74.6 16.9 6.0 25
Std. Dev. 12.2 7.7 3.2 1.3
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Table 3-13 Metal species concentration in the post-test salt of test 2001

Cr Co Ni
Test ID
mol %
Avg. 0 0 0
Pre-Test
Std. Dev. 0 0 0
2001
Avg. 0.260 0.003 0.057
Post-Test
Std. Dev. 0.011 0.002 0.007

3.2.2.2 Post-Test Specimen Analysis

An overview of the Alloy 617 post-test specimens is given in Figure 3-16. Salts were observed on
the surface of specimens and there was no obvious wicking phenomenon during the test. Some
black material was found on the surface of the Ni lid, but the quantity of black material was
extremely small, making it impossible to do further analyses to identify its composition.
Considering the fact that no such material was observed on the Ni wire used to hang specimens, it
is believed that this black material may be formed due to long-term heating at 800°C in the tests,
since the Ni lid has been reused in four static corrosion tests.

An SEM image of the 2001-post-test specimen is shown in Figure 3-17. Similar to the 316H post-
test specimens, salts penetrated into specimens in the corroded areas, and GBs became visible in
the uncorroded areas after the corrosion test. A new phenomenon was also observed in the corroded
area, where there were two significant different parts, i.e., the 1% and 2" part, as shown in Figure
3-17. To understand the corrosion behavior of Alloy 617, the thicknesses of the pre-test and post-
test specimens were measured using a caliper and SEM analysis, respectively. The results are given
in Table 3-14, which indicates there is no significant thickness change in the pre-test and post-test
specimens. The attack depth and maximum attack depth in the 1%t and 2" part were measured using
SEM, as listed in Table 3-15. The measured attack depth and maximum attack depth of three
specimens were consistent with one another in the test. SEM-EDS mapping and line scans were
conducted to study the corrosion behavior in both the 1%t and 2™ part. As demonstrated in Figure
3-5, the mapping scan results indicated that Cr had been almost completely depleted during the
test in the 1% part. To further confirm this conclusion, four point scans were performed as well,
and the result are summarized in Table 3-16. The measured average Cr concentration was 0.1
wt. %, confirming that almost all Cr was depleted in the 1% part, which matched well with the
mapping scan result. A line scan, which started in the 2" part and ended in the 1% part was
performed as given in Figure 3-19. It’s observed that Cr concentration became close to 0 once in
the 1% part, which further confirmed the conclusion of complete Cr-depletion.

As for the 2" part, a mapping scan was conducted as shown in, and Cr was partially depleted,
similar to the SS316H specimens. In addition, Mo enrichment was observed at GBs in the mapping
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scan. The line scan, as given in Figure 3-21, further confirmed this conclusion, since the Mo wt. %
sharply increased and the Cr wt. % sharply decreased when crossing the GB. The Mo enrichment
was due to Mo’s lower partition coefficient, as discussed in Section 0. A black line-shaped material
was observed in the metal matrix of the 2" part, which was not observed in the SS 316H specimens.
The line scan result, shown in Figure 3-22, indicates that the material is Cr/Mo-carbide, which
were formed during the corrosion tests due to the heat treatment. Cr and Mo were found to be
enriched and segregated at GBs in the uncorroded area as shown in Figure 3-23. The segregated
Cr/Mo did not combine with C to form carbides at GBs in the Alloy 617 specimens, which was
different from that of the SS 316H specimens. In the SS 316H specimens, Mo/Cr carbides were
observed at GBs in the uncorroded area. The different phenomenon resulted from the different
concentrations of C, Mo, and Cr in SS 316H and Alloy 617, which made the carbides formation at
the GBs in Alloy 617 unfavorable. Thus, a lower driving force for Cr-depletion was presented in
Alloy 617, and the attack depth was much smaller compared to that of in SS 316H, as discussed
in 0. Moreover, the identified Mo/Cr carbides at GBs in the uncorroded area of the Alloy 617
specimens, have been present in the pre-test specimens before the corrosion tests, as shown in
Figure 3-24, where the bright area has more Mo-carbides, and the dark area has more Cr-
carbides®®L,

Figure 3-16 Overview of Alloy 617 post-test specimens in test 2001
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Figure 3-17 SEM image of 2001-post-test specimen cross-section
Ni Wt%

Mag 1800 x |

[

Figure 3-18 SEM mapping scan of 1% part on the 2001-post-test specimen cross-section
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Figure 3-19 SEM line scan of 1% part on the 2001-post-test specimen cross-section
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Figure 3-20 SEM mapping scan of 2" part on the 2001-post-test specimen cross-section
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Figure 3-22 SEM line scan of black line-shaped material in the 2" part on the 2001-post-test
specimen cross-section
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Figure 3-23 SEM line scan across GBs in the 3" part on the 2001-post-test specimen cross-

section

90




Mag 5000 x ' Mag 5000 x

- Cr/Mo Cr/Mo .

Carbides Carbides

Figure 3-24 Carbides present at GBs in the 3" part on the 2001-post-test specimen cross-section

Table 3-14 Thickness of Alloy 617 in the 2001-pre-test and 2001-post-test

Pre-Test Post-Test
Thickness (Caliper) Thickness (SEM)
Alloy 617
(mm) (mm)
Avg. Std. Dev. Avg. Std. Dev.
A 2.00 0.01 1.9584 0.0185
2001 B 1.94 0.01 1.9447 0.0065
C 191 0.01 1.9187 0.0089

91



Table 3-15 Attack depth and maximum attack depth of Alloy 617 in test 2001

Attack Depth (um)

Alloy 617 1% Part 2" Part
Avg. Std. Dev. Max. Avg. Std. Dev. Max.
A 50.22 5.93 66.09 189.47 43.85 320.60
2001 56.76 8.18 76.38 192.49 48.04 319.80
C 58.23 6.63 72.57 192.37 35.21 319.70

Table 3-16 Point scans of 1% part on the 2001-post-test specimen cross-section

BED-C 20.0kVv WD 9.9 mm

Std.-PC 75

0

HighVac. [81x150

BED-C 20.0kV WD 10.0 mm

Std.-PC 75.0  HighVac. [81x1,400

Cr Ni Co Mo Fe 0] C
Point
wt. %
1 0.1 62.3 16.5 5.2 3.7 0.5 11.7
2 0.1 62.6 16.3 5.7 3.7 0.5 111
3 0.1 64.0 16.1 6.4 3.7 0.4 9.3
4 0.1 63.9 15.6 6.6 3.6 0.6 9.6
Avg. 0.1 63.2 16.1 6.0 3.7 0.5 10.4
Std. Dev 0.00 0.88 0.39 0.64 0.05 0.08 1.16
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3.2.3 Alloy 617 Corrosion Study with Time (72 hours & 32 hours)
3.2.3.1 Post-Test Salt Analysis

Salt sample collected periodically during the test SO01 (72 hours) and S002 (32 hours) were
analyzed using ICP-MS. Six major metal specie corrosion products, i.e., Cr, Fe, Co, Ni, Mo, and
Al were identified. The concentration change trend of the metal species in both tests are shown in
Figure 3-25. In both tests, the measured metal specie concentration has the similar trend. Cr specie
has the largest concentration and increasing rate, because it is more easily attacked and has
relatively higher concentration compared with other elements. In the first three hours, all corrosion
products have a sharp increase which corresponds to the early stage of corrosion!®2163164 Then,
the Cr specie concentration continues to increase, as more and more Cr in the matrix is dissolved
into the salt. However, the increasing rate of Cr in this stage is much slower as the Cr near the
surface has been consumed, and it takes time for the Cr inside the matrix to diffuse outward’’.
Similarly, the concentration of Al increased slowly, then stabilizes around 0.25 at. % in the present
study. However, Al species was not identified in the 2001 post-test salt. The cause of such
difference was that the ICP-MS sample solution was diluted for ten times in the previous test,
making the Al concentration beyond detection range. Moreover, the concentration of Fe, Co, Ni
and Mo begins to go down slowly through the chemical reactions Cr + MFx << M + CrF,, T=800 °C,
AG < 0, where M is Mo, Fe, Co and/or Ni'%. During the corrosion process, the oxidation (or
corrosion) and reduction (chemical reaction between Cr and MFx) of metal species, i.e., Mo, Fe,
Co and/or Ni, happened at the same time. Over the initial corrosion stage, the oxidation reaction
was dominant, thus, the concentration of corrosion products kept increasing. Once the corrosion
products presented in the molten salts, the chemical reactions between Cr and MFx begun, thus
leading to the net corrosion rate, in other words, the MFx concentration increasing rate becoming
smaller. As the corrosion continues, the reduction reaction rate became larger than oxidation
reaction rate, leading to the MFx concentration decreasing. The Al concentration trend tended to
be stable at the end of the tests in this work, which was mainly due to its low concentration in the
metal matrix and more reactive property even than Cr.

Moreover, the Cr, Co, and Ni ion concentrations at the end of test 2001, S001 and S002 were given
in Table 3-17. Around 0.003 mol % Co was identified in test 2001 and S002, and no Co ion
presented in test SO01. Ni ion was only identified in test 2001 with a value of 0.057 mol %. Cr ion
concentration kept increasing but the concentration increase rate became smaller with the rise of
test duration. The smaller Cr ion concentration increasing rate would result in the oxidation
reaction of Co and Ni becoming dominant. Thus, Co and Ni ions presented again in test 2001.

The outside surfaces of S001 and S002 post-salt, as shown in Figure 3-26 (a) and (b), were
analyzed using SEM. Similar to what previously discussed in Section 3.2.2, Mo-enriched silver
material were identified, with an average composition of 90.6 wt.% Mo, 7.1 wt.% Ni, 1.9 wt.%
Co, and 0.3 wt.% Fe. The Mo deposition attributed to the concentration decreasing of Mo metal
specie in the molten salt as well. Moreover, it was observed that Mo quantity attached on the S002
post-test salt wall was much less than that of SO01 test. Some silver material was found on the
inner surface of glassy carbon, which was not observed in any other previous tests, and could be
easily removed using polish paper. It was believed that the silver material was Mo-enriched
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material same as that deposited in the salt but has been accumulated on the crucible temporally
due to short test duration.

The measured UF4/UFs ratio in the post-test salts is given in Table 3-18, which increased a lot
since some U** could be oxidized by impurities, such as residual moisture in the salts. The orange
UO:zF, formed on the inner surface of glassy carbon crucible further confirmed the presence of
oxide impurity even after the thermal purification®>16°,
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Figure 3-25 Metal specie corrosion products concentration change trend: (a) S001, (b) S002, (c)

S001 & S002
Table 3-17 Cr, Co and Ni concentration at the end of test 2001, S001 and S002
Cr Co Ni
Test ID
mol %
Avg. 0.260 0.003 0.057
2001
Std. Dev. 0.011 0.002 0.007
Avg. 0.216 0.000 0.000
S001 | Post-Test
Std. Dev. 0.001 0.000 0.000
Avg. 0.163 0.003 0.000
S002
Std. Dev. 0.001 0.000 0.000
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Figure 3-26 (a) Outside surface of SO01-post-test salt, (b) Outside surface of S002-post-test salt,
(c) Inner surface of glassy carbon crucible after S002 test

Table 3-18 UF4/UF3 ratio in the post-test salt of test SO01 and S002

Post-Test-UF4/UF3 Ratio
Test ID
Avg. Std. Dev.
S001 55.77 457
S002 52.14 1.97

3.2.3.2 Post-Test Specimen Analysis

Overall, the general corrosion behavior overserved in both tests (S001 and S002) were similar to
that of previous Alloy 617 Test 2001. The corroded area was divided into two significant different
parts, i.e., the 1 and 2" part as shown in Figure 3-27. Salts were penetrated into the corroded
areas of the specimen along the GBs. In the 1% part, Cr was completely depleted which was
confirmed by the SEM point scan (Table 3-19), line scan (Figure 3-28) and mapping scan (Figure
3-29). In the 2" part, Cr was depleted, and Mo was enriched at GBs as shown in Figure 3-29 (b)
and Figure 3-30. Besides, new phenomenon was observed as well. As shown in Figure 3-29 (a), a
thin Co layer was formed on the specimen surface. The line scans across the surface were
conducted as shown in Figure 3-31. It was found that the composition of the deposition layer may
vary at different positions, including Fe, Co, Ni and Mo. The thickness of deposition layer was
also even at the specimen surface, which ranged from 1.2 um to 3 um. The formation of deposition
layer was mainly due to the chemical reaction between Cr and corrosion products of Fe/Co/Ni/Mo
at the surface, for which related studies have been conducted by Manly et al*®’. and Doniger et al®’.
No such layer was observed in the previous test 2001, perhaps because the deposition layer was
formed over the early stage of the corrosion process, which might be re-dissolved into the salt
and/or re-deposited at the interface between the salt and the glassy carbon crucible over the longer
test duration. Moreover, Fe-enrichment and Mo-depletion were observed in the 1% part as shown
in Figure 3-29 (a) and (b). The enriched-Fe may be diffused from those locations where Cr was
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depleted completely and has not been corroded yet. As the salts penetrated into the specimen
through the GBs, the reaction between Mo in the metal matrix and corrosion product of Fe in the

penetrated salts, could further accelerate the depletion of Mo and the enrichment of Fe in the 1%
part168'169'17°.

Many black spots randomly distributed in both corroded and uncorroded areas. Based on the SEM
mapping scan and line scan shown in Figure 3-32 and Figure 3-33, the black spot areas were
identified to be Cr/Mo enriched, not Cr/Mo carbides. It was known that long-term heat treatment
was the major cause of carbides formation'’ 172173 72 hours or 32 hours’ test duration could lead
to the Cr/Mo segregation, but not long enough for the carbides formation. In the uncorroded area,
GBs became visible as shown in Figure 3-34, but there was no Cr/Mo enrichment at GBs due to
short-term heat treatment.

There was no significant change on the thickness of specimens before and after tests as given in
Table 3-20. The measured attacked depth in the 1% part and 2" part was given in Table 3-21. The
attack depth of the 1% part in test S001 was larger than that in test S002, which indicated a more
severe corrosion. It was consistent with the ICP-MS results, in which the final Cr concentration in
test SO01 was larger than that in test S002.

15t -

Corroded
2nd-‘

\l

Uncorroded ~]3rd7]

Figure 3-27 SEM image of S001 post-test specimen cross-section
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Table 3-19 SEM point scan in the 1% part of test SO01

Ni Co C Mo Fe Cr Al

Point

wt. %

1 57.8 19.7 13.7 5.4 33 0 0
2 58.4 19.6 13.2 5.2 33 0.3 0.2
3 57.9 19.7 13.5 5.7 3.3 0 0
4 57.4 19.7 13.8 5.6 3.2 0.3 0
5 59.9 18.0 12.6 5.8 33 0.3 0.2
6 58.4 19.2 13.1 6.1 31 0.1 0
Avg. 58.3 19.3 133 5.6 33 0.2 0.1
Std. Dev 0.9 0.7 0.4 0.3 0.1 0.2 0.1
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Figure 3-30 SEM line scan in the 2" part of test S001
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Figure 3-32 SEM mapping scan of black spots observed in test SO01
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Figure 3-34 SEM line scan across GBs in the uncorroded area of test S001

Table 3-20 Thickness of pre-test and post-test Alloy 617 specimen in test SO01 and S002

Pre-Test Post-Test
Thickness (Caliper) Thickness (SEM)
Test ID
(mm) (mm)
Avg. Std. Dev. Avg. Std. Dev.
S001 2.01 0.01 2.0157 0.0202
S002 1.96 0.01 1.9563 0.0217
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Table 3-21 Attack depth of the 1% part and 2" part in test S001 and S002

Attack Depth (um)
Test ID 1% Part 24 Part
Avg. Std. Dev. Max. Avg. Std. Dev. Max.
S001 46.74 6.88 68.74 223.91 47.23 361.00
S002 34.75 5.35 46.64 120.02 31.70 193.00

3.3 Conclusions

Corrosion studies of SS 316H and Alloy 617 were conducted in thermally-purified molten NaF-
KF-UF4-UF3 (UF4/UF3 with an initial value of 12~14) salts at 800°C.

In the 120-hour corrosion tests of SS 316H and Alloy 617:

For SS 316H, Cr, Mn, and Fe were the major corroded species. The measured metal specie
concentrations were consistent in the three tests, although the values tended to be larger in
the first two tests (1001 & 1002), due to a higher oxide impurities level in the pre-test salts.
For Alloy 617, Cr, Co, and Ni were the major corroded elements. In both the SS 316H and
Alloy 617 tests, the UF4/UF; ratio increased after the corrosion tests, since U3* was
consumed by corrosive impurities and/or corrosion products during the tests.

For both SS 316H and Alloy 617, salt penetration and Cr-depletion were observed, and
GBs became visible in the corroded and uncorroded areas after the corrosion tests. For the
SS 316H corrosion specimens, Cr/Mn oxide, and carbide as well, were formed at the GBs
in the corroded areas, while Cr/Mo carbides were formed at the visible GBs in the
uncorroded areas. For the Alloy 617 corrosion specimens, the corroded areas were divided
into two different parts: the 1% and 2" part. In the 1 part, Cr was found to be completely
depleted, and in the 2" part, Cr was partially depleted. Mo-enrichment was observed at the
GBs and Cr/Mo carbides were randomly distributed in the corroded areas. In the
uncorroded areas, Cr and Mo were enriched at the GBs, and no significant carbides were
identified, which was different from that in the SS 316H corrosion tests. Furthermore, Mo-
enriched material was deposited at the salts and glassy carbon crucible interface, which
was produced due to the disproportional reaction and chemical reactions between Cr and
the Mo corrosion product. Based on the SEM results, the attack depth of Alloy 617
specimens was less than that of SS316H specimens.

In the 72- and 32-hour corrosion tests of Alloy 617:

e For both tests, Cr was depleted completely in the 1% part and partially depleted in the
2" part. The concentration change trends of the corroded elements were similar. The
Cr concertation has the largest value among the identified metal specie corrosion
products and kept increasing during the tests. The other elements, Fe, Co, Ni and Mo

105



increased first, then decreased, due to the chemical reactions between Cr and the
corrosion products of Fe, Co, Ni and Mo.

e A thin layer of Fe, Co, Ni and Mo was found on the surface of the specimen. Fe-
enrichment and Mo-depletion were observed in the 1% part of the corroded areas.
Cr/Mo-enrichment was observed in the black spots, which were randomly distributed
in the matrix of the metal. The GBs were visible in the uncorroded areas, but there was
no component concentration change at the GBs. The Cr/Mo enriched blackspots and
visible GBs were due to the heat treatment, but not long enough for the formation of
carbides.

e There was no significant change on the specimen thickness before and after the tests.
The attack depth of the 1% part in the S001 test was larger than that of the S002, which
indicated a more severe corrosion.

Based on the results of the present study, Alloy 617 is a better candidate compared with SS
316H, which can be used in the thermally-purified NaF-KF-UF4-UF3 salt. The corrosion of
Alloy 617 becomes more severe with the rise of test duration in the studies system, which
indicates that the corrosion reaction has not reached equilibrium.
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4 Galvanic Corrosion Study of Alloy 617/Graphite in Molten NaF-
KF-UFs-UF3 Salts

Galvanic corrosion tests of Alloy 617 and graphite were conducted in molten NaF-KF-UFs-UF3
salts at different temperatures for different test durations. It includes: (1) test GUOO1, which
involves one test at 650 °C and one test at 750 °C for 2 hours, respectively, aiming at studying the
temperature effect on the galvanic corrosion; (2) test GU002, which involves one test at 650 °C
for 120 hours to study the galvanic corrosion development with time. ICP-MS analysis was
conducted to measure the corrosion product concentration. SEM analysis was performed on the
surface and cross-section of post-test specimens to study the corrosion behavior. Galvanic
corrosion rate was calculated from the galvanic current.

4.1 Experiment

To accelerate the galvanic corrosion, salts used in test GUOO1 (650 & 750 °C) were from the
corrosion test 1003, in which, some corrosion products of Cr (0.175 mol%) and Fe (0.198 mol%)
existed, and salts used in test GU0O2 at 650 °C were from test GUOO1 at 650 °C. The surface area
ratio of Alloy 617 and graphite specimens was 1, which were machined using EDM, with a
dimension of 11.95 x 7.22 x 1.98mm, and 12.35 x 7.42 x 1.69mm, respectively. All the specimens
were cleaned for 3 mins in an ultra-sonic machine to remove possible contamination and debris on
the surface, then dried using a heating plate, transferred to a glovebox and sealed in a sample bag
for future use.

A typical three-electrode electrochemical test setup was used as shown in Figure 4-1. Each
specimen was fixed to a nickel wire, which was connected to a Gamry instrument to do the
measurement. The more noble material graphite was used as a cathode, and the more active metal
Alloy 617 acted as an anode. A platinum wire (diameter 1.0mm, Super Chemicals) was used as a
reference electrode. A nickel crucible was used as a salt container, which was placed on an alumina
safety dish. The specimens and salts were heated in a muffle furnace to a target temperature.
During the electrochemical measurements in test GU001, an OCP scan was conducted for 1 hour
before each galvanic corrosion (GC) measurement to ensure the system was stable. A GC
measurement was performed for 2 hours using the ZRA technique, during which, the galvanic
current and potential was recorded accordingly. For test GUO002, the electrochemical
measurements were conducted following the measurement profile which lasted for 120 hours as
given in Table 4-1. During the galvanic corrosion tests, ICP-MS salt samples were collected before
and after each test to measure the corrosion product concentration change. At the end of each test,
specimens were removed from the salt and naturally cooled down to room temperature. SEM
analysis was conducted on the surface and cross-section of the post-test specimen to check the
galvanic corrosion effect.
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Table 4-1 Electrochemical scan profile in test GU002 at 650 °C

Step Electrochemical measurement Duration (hour)
1% OCP 24

2nd GC 24

31 OCP 24

4t GC 24

5" OCP 24

Gamry
Interface

Computer

Figure 4-1 Alloy 617 Corroison test setup: 1. Ni wire working electrode 2. Pt wire reference
electrode 3. Ni wire counter electrode 4. Quartz tube 5. Ni crucbile 6. Liquid salt level 7. Alloy
617 specimen 8. Alumina safety dish 9. Furnace power switch 10. Furnace display 11. Graphite

Specimen

4.2 Results and Discussion

4.2.1 Alloy 617/Graphite Galvanic Corrosion Study (2 hours)

Figure 4-2 shows the galvanic current density i, of Alloy 617/graphite couple in molten NaF-KF-

UF4-UFs salts at 650 and 750 °C. the positive value of galvanic current density further indicated
that Alloy 617 acted as an anode, while the graphite was a cathode in the galvanic corrosion test.
The galvanic current density significant increased with temperature. The i, at 650 °C decreased
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from 61 pA/cm? to 7.82 pA/cm? after exposure of 0.5 hours, and then stabilized at 5.63 pA/cm?.
At 750°C, the i, shifted negatively from 115 nA/ecm? to about 26.9 nA/cm? after exposure of 0.5

hours, and then stabilized at 23.5 pA/cm?. The galvanic corrosion rate of Alloy 617 can be
calculated using Eqg. 1-8 and 1-10. According to the measured galvanic corrosion current density,
the calculated galvanic corrosion rate was 0.0083 mg/cm? - hour for 650°C and 0.0320
mg/cm? - hour for 750 °C as listed in Table 4-2. The galvanic corrosion rate at 750 °C was about
four times than that of 650°C. It indicated that the effect of temperature on the galvanic corrosion
rate was significant, which were also reported by Qiu et al**’.

The SEM surface images of Alloy 617 specimens after the galvanic corrosion tests were shown in
Figure 4-3. The specimen exhibited grain boundary attack, where clear grinding scratches can be
observed. Compared to Figure 4-3 (a), the corrosion of Figure 4-3 (b) was much severe. The
specimen surface at 750°C became rough and suffered more corrosion. The SEM cross-section
images of Alloy 617 after the corrosion tests were shown in Figure 4-4, which further confirmed
more roughness on the post-test Alloy 617 specimen at 750°C. In previous studies®™:1" the
moisture in the molten fluoride salt could react with F- and produce HF gas, which might dissolve
into the molten salt and accelerate the material corrosion at higher temperatures. As discussed in
Section 2, the measured Kinetic data, such as diffusion coefficient and exchange current density,
increased with a rise of the temperature, which could increase the corrosion reaction rate on the
alloy surface. And the solubility of corrosion products was confirmed to increase at higher
temperatures in previous studies*’>1’8, which further accelerated the corrosion rate.

ICP-MS analysis was conducted to measure quantity change of corrosion product metal species in
the salts, from which the specimen weight change before and after the galvanic corrosion test was
calculated. Thus, the average corrosion rate during the galvanic corrosion test was estimated.
Based on ICP-MS results, the calculated average corrosion rate was 0.0108 mg/cm? - hour at
650 °C and 0.0505 mg/cm? - hour at 750 °C as listed in Table 4-2. The estimated average
corrosion rate tended to be larger than the galvanic corrosion rate, because the metallic resistance
from the anode surface to the cathode surface and solution resistance can influence the galvanic
current measured as long as there was an appreciable distance between the coupled electrodes?.
Moreover, before each GC measurement, an OCP scan was conducted, during which static
corrosion could happen, and resulted in larger corrosion product concentrations.
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Figure 4-2 Galvanic current density of Alloy 617/graphite couple in molten NaF-KF-UF4-UF3
salts at 650 and 750 °C for 2 hours

Figure 4-3 SEM surface images of the Alloy 617 specimen after the galvanic corrosion tests in
the molten NaF-KF-UFs-UF3 salts, (a) 650 °C , and (b) 750 °C.
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(a) Mag x 4000 . [ (b) Mag x 4000

Figure 4-4 SEM cross-section images of the Alloy 617 specimen after the galvanic corrosion
tests in the molten NaF-KF-UFs-UFssalts, (a) 650 °C , and (b) 750 °C.

Table 4-2 Calcualted galvnic corroisn rate and average corrosion rate molten NaF-KF-UF;-UF3
salts at 650 and 750 °C

Temperature Galvanic corrosion rate Average corrosion rate
°C (mg/cm? - hour) (mg/cm? - hour)
650 0.0083 0.0108
750 0.0320 0.0505

4.2.2 Alloy 617/Graphite Galvanic Corrosion Study (120 hours)

Figure 4-5 shows the galvanic current density i, and OCP change trends during the 120 hours
galvanic corrosion test in molten NaF-KF-UFs-UFs salts at 650 °C. For the measured i, of the 2nd
and 4™ day, they both had an initial decrease. In the early stage of galvanic corrosion, the Alloy
617 surface was clean, active, and uniform, therefore, the current flowing between the coupled
metals was high. As the galvanic corrosion continued, a thin layer of corrosion products would be
formed and accumulated on the surface of the Alloy 617. The accumulated corrosion products
decreased the dissolution rate of Alloy 617, thus leading to the decreasing of galvanic current
density. The measured i, of the 4" day is finally stabilized at 27.5 pA/cm?, which is larger

compared with 20.7uA/cm? measured in the 2" day. Moreover, the galvanic corrosion rate was
calculated from the measured galvanic current. The calculated galvanic corrosion rate is 0.0227
mg/cm? - hour in the 4" day and 0.0329 mg/cm? - hour in the 2" day. In the OCP curve as
shown in Figure 4-5(b), the OCP value of Alloy 617 decreases with time, because of the
consumption of oxidant impurities in the salts'’”. The lower OCP values of Alloy 617 in the 4™
day could result in a larger potential difference of the Alloy 617/graphite couple, which is an
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enhanced driving force for the galvanic corrosion, thus leading to a larger galvanic corrosion rate
of the 4™ day compared to that of the 2" day in the present study.
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Figure 4-5 (a) Galvanic current density of Alloy 617/graphite couple (b) OCP of Alloy 617 in
molten NaF-KF-UF;-UF3 salts at 650 and 750 °C over 120 hours test duration

An overview of SEM image on the cross-section of post-test specimen is shown in Figure 4-6. As
observed in the previous Alloy 617 corrosion tests in Section 3, the corroded area is divided into
two parts: the 1%t part and the 2" part as shown in Figure 4-6. In the 1% part, Cr has more severe
depletion compared with the 2" part as shown in the SEM mapping scan (Figure 4-7) and line
scan (Figure 4-8). Cr is not completely depleted yet in the 1% part, which is different from previous
Alloy 617 test. A line scan as given in Figure 4-10 was conducted in the 1% part to further study
its corrosion behavior. Cr was observed to be under depletion at GBs. Assuming the corrosion
products have not reached equilibrium in the molten salts, it indicated that more Cr would be
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depleted with time and could result in complete Cr-depletion after longer test duration. Salts were
penetrated into the specimen, in which uranium oxide was identified, and Cr was depleted along
GBs in the 2" part as shown in Figure 4-7. A very thin layer was formed on the surface of the
specimen, due to the chemical reactions between the corrosion products in the salt and Cr near the
specimen surface as previously discussed. The thin layer was composed of Fe, Mo and Ni, with a
thickness around 0.8 um as shown in the line scan (Figure 4-9). Due to the re-deposition of
corrosion products on the specimen surface, the average corrosion rate of Alloy 617 was not
calculated from ICP-MS analysis results.

The thickness of the specimen has no significant change before and after the test as given in Table
4-3. The average attack depth and maximum attack depth measured using SEM are given in Table
4-4, Compared with test 2001, the measured attack depth of the 1%t and 2" part are much smaller
in test GUOO2, although the test duration is the same in both tests, and the galvanic effect can
accelerate the corrosion of Alloy 617. This is due to the different oxide impurity level in the salts.
Salts used in test 2001 is newly thermally-purified, in which a certain amount of oxides exist.
While salts used in test GU002 have been used in the previous test 1003 at 800 °C and test GU001
at 650 °C, during which most of the oxide impurities have been consumed, thus making the salt
less corrosive. In addition, no silver-colored Mo-enriched material was founded at the interface of
the Ni crucible and the salt as shown in Figure 4-11. This was because the Ni crucible cannot
support the disproportionation reaction of CrF, = CrF, + Cr, which made the chemical reaction
between the Cr and corrosion product of Mo impossible. More studies are needed to further under
these corrosion phenomena.

15t :. TINGNEL S P A TR
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Uncorroded — 374+

¥
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Figure 4-6 SEM image on the cross-section of post-test specimen in test GU002
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Figure 4-7 SEM mapping scan of the 1% part and 2" part in test GU002
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Figure 4-8 SEM line scan from the 1% part to the 2" part in test GU002
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Table 4-3 Thickness of pre-test and post-test Alloy 617 specimen in test GU002

Pre-Test Post-Test
Thickness (Caliper) Thickness (SEM)
Test ID
(mm) (mm)
Avg. Std. Dev. Avg. Std. Dev.
GU002 2.01 0.01 2.0085 0.0092

Table 4-4 Attack depth of the 1% part and 2" part in test GU002

Attack Depth (um)
Test ID 1% Part 2" Part
Avg. Std. Dev. Max. Avg. Std. Dev. Max.
2001 55.07 4.26 76.38 191.44 42.37 320.60
GU002 13.25 3.04 22.89 93.65 33.75 164.50

Figure 4-11 Outside surface of the post-test salt in test GU002

4.3 Conclusions

This chapter investigated the effect of temperature and exposure time on the galvanic corrosion of
Alloy 617/graphite. For the 2-hour tests at 650 and 750 °C, it turns out that Alloy 617 acts as an
anode and the graphite is the cathode in the galvanic corrosion test. The galvanic corrosion rate at
750 °C is much larger than that at 650 °C, which indicates that temperature is an important factor
affecting the galvanic corrosion. The galvanic corrosion effect increases with temperature, which
is further confirmed by SEM results, since the specimen surface is rougher at 750 °C. The
measured average corrosion rate from ICP-MS is larger than that of galvanic corrosion rate, which
is believed due to the static corrosion of Alloy 617 during the test.
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For the 120-hour test at 650 °C, the measured galvanic corrosion rate of the 4" day is slightly
larger than that of the 2" day, which indicates that the galvanic corrosion increases with time in
the present study. The increasing galvanic corrosion rate with time is because of the enhanced
galvanic corrosion effect resulted from the larger potential difference between Alloy 617 and
graphite. Moreover, the post-test specimen was analyzed using SEM. Cr depletion is more severe
in the 1% part than that in the 2" part. Although Cr in the 1% part is not completely depleted yet,
more Cr is under depletion at GBs based on the SEM line scan, which make the complete Cr-
depletion possible after a longer test duration if the corrosion reaction could continually happen
and has not reached equilibrium in the studied system. A thin layer composed of Fe, Mo and Ni is
formed due to the reactions between the corrosion products in the salts and Cr on the surface of
Alloy 617 matrix. No Mo-enriched material was formed at the interface of the Ni crucible and the
salt, because that the Ni crucible cannot support the disproportionation reaction of CrF, = Cr +
CrFs. Both the attack depth of the 1% part and 2" part in the present test are smaller than that in
test 2001, although the test duration is the same. It’s due to the different oxide impurity
concentrations in the salts.
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5 Summary

In the present study, the Kinetic properties, i.e., diffusion coefficient and exchange current density
of the metal specie corrosion products (Fe, Cr and Ni ions) and non-metal species (OH), and
corrosion studies of structural materials (SS 316H and Alloy 617), including static corrosion and
galvanic corrosion, were investigated in molten MgCl,-NaCIl-KCl and/or NaF-KF-UF4-UF3 salts
at temperatures ranging from 600 to 800 °C.

For the kinetic data measurements of metal and non-metal species:

In both molten chloride and fluoride salts, the measured diffusion coefficient D of Fe?",
Ni2*, Cr?*, Cr** and OH" was independent of the ion concentration and followed the
Arrhenius law, with values that descended in the order of Doy~ > D2+ > Dggz+ > D2+ >
Dc,3+. A non-linear curve fitting technique was applied to determine the iy, «, i;, and k°
values of Fe?*, Ni?*, Cr?*, Cr¥ and OH". i, and k° followed the Arrhenius law, in which i,
and k° of Cr?* has the largest value followed by Fe?*, Ni**, and Cr*" at the same
concentration and temperature.

In molten MgCl>-NaCI-KCI, a new method using ICP-MS analysis was developed to
measure the actual OH" concentration in the salt at different temperature, which also
corresponded to the solubility of OH" in the form of Mg(OH). at each temperature. The
measured Cp- value decreased from 4.11 to 2.84x10° mol cm™ as temperature increased
from 600 to 800°C.

In molten NaF-KF-UFs-UF3 salt, a new method — SD analysis — was applied to measure
the diffusion coefficient in the multicomponent systems. It could eliminate the effect of the
first reaction of Fe?* on the second reaction of Cr?*, which gave a more accurate result. The
conventional CV method was also applied, in which the baseline of the second reaction
was determined from the decay current of the first reaction. It turned out that there was no
significant difference in the measured diffusion coefficient data, by using these two
methods, because the low concentration of Fe?* in the salts. The SD method was confirmed
to perform well in the studied system. D2+ was larger than D2+ at the same temperature.
In addition, the measured D2+ and D2+ values in molten NaF-KF-UF;-UF3 salts were
slightly smaller than those obtained in molten MgCl,-NaCI-KCI salts, because of larger
density and molten salt viscosity of the molten NaF-KF-UFs;-UF3 salts. In the
measurements of i, an innovative method was also developed, which was successfully
applied in the iy, a and i;, measurements of Fe?*, Cr?* and Cr®* in the multicomponent
system. i, calculated in NaF-KF-UFs-UF3 salts tended to be smaller than that in MgCl.-
NaCl-KCI salts, which was due to the lower electrode reaction rate in molten NaF-KF-
UFs-UF3 salts.

A corrosion model was developed, which made corrosion rate prediction in a static system
possible by using the measured kinetic parameter data in the experiments and would
definitely provide further insight in the corrosion study of molten salts once applied in the
field of corrosion.

For the corrosion study of SS 316H and Alloy 617:
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In the 120-hour corrosion tests of SS 316H and Alloy 617, the UF4/UF3 ratio increased
after the corrosion tests, since U** was consumed by corrosive impurities and/or corrosion
products during the tests. Cr, Mn, and Fe were the major corroded species for SS 316H,
and Cr, Co, and Ni were the major corroded elements for Alloy 617. Mo-enriched material
was deposited at the salts and glassy carbon crucible interface, which was produced due to
the disproportionation reaction and chemical reactions between Cr and the Mo corrosion
product in the corrosion test of Alloy 617. For both SS 316H and Alloy 617, salt penetration
and Cr-depletion were observed, and GBs became visible in the corroded and uncorroded
areas after the corrosion. For SS 316H, Cr/Mn oxide, and carbide as well, were formed at
the GBs in the corroded areas, while Cr/Mo carbides were formed at the visible GBs in the
uncorroded areas. For Alloy 617, the corroded areas were divided into two parts: the 1%
and 2" part. In the 1% part, Cr was completely depleted, and Cr was partially depleted in
the 2" part. Mo-enrichment was observed at the GBs and Cr/Mo carbides were randomly
distributed in the corroded areas. In the uncorroded areas, Cr and Mo were enriched at the
GBs, and no significant carbides were identified, which was different from that in the SS
316H corrosion tests. The attack depth of Alloy 617 specimens was less than that of
SS316H specimens.

In the 72- and 32-hour corrosion tests of Alloy 617, the concentration change trends of the
corroded elements were similar. The concentration of Cr kept increasing though at different
increasing rate during the tests. For the other identified corroded elements, i.e., Fe, Co, Ni
and Mo, their concentrations increased first, then decreased. A thin layer of Fe, Co, Ni and
Mo was found on the surface of the specimen, which was different from the previous 120-
hour tests. Cr/Mo-enrichment was observed in the black spots, and GBs became visible in
the uncorroded areas without component change when crossing the GBs, which were due
to the heat treatment, but exposure period was not long enough for the formation of carbides.
In the galvanic corrosion study of Alloy 617/graphite in NaF-KF-UF4-UFs3 salts, Alloy 617
was used as an anode and the graphite was the cathode. In the 2-hour galvanic corrosion
tests at 650 and 750 °C. The galvanic corrosion rate increased with the rise of temperature,
in which, the galvanic corrosion rate at 750°C was about four times of that at 650°C. It
indicated that temperature was an important factor affecting the galvanic corrosion. The
SEM analysis of the post-test specimens further confirmed this conclusion, since the
roughness of the post-test specimen surface at the higher temperature was larger. For the
120-hour galvanic corrosion test, the measured OCP tended to decrease with time, and the
calculated galvanic corrosion rate has a slight increase with time, which was due to the
enhanced driving force of the galvanic effect. Cr depletion and salt penetration were found
at GBs, which was same to the Alloy 617 static corrosion tests results. A thin layer
composed of Fe, Ni and Mo was formed on the post-test specimen surface due to the
chemical reactions between the corrosion products and Cr near the surface of Alloy 617
specimen. No Mo-enriched material was observed at the interface of the Ni crucible and
the salt after the galvanic corrosion test, because the Ni crucible cannot support the
disproportionation reaction of CrF2. In addition, the measured attack depth in the present
test was much smaller than that in the previous Alloy 617 static corrosion test, although
the test duration in both tests was 120 hours and the galvanic effect can accelerate the
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corrosion in the salts. This was due to the different oxide impurity levels of salts used in
the test, since the salt of 120-hour galvanic corrosion test was already used in the previous
120-hour static corrosion test and 2-hour galvanic corrosion test, during which most of the
oxide impurities may have been consumed, making the salt much less corrosive.

The measured kinetic data in the present study have filled the gap of corrosion product and non-
metal impurity’s kinetic property data in molten salts. The newly-developed diffusion coefficient
and exchange current density measurement method was successfully applied in the data
measurements of a multicomponent system. And the developed corrosion model builds a
connection between the experimental data (diffusion coefficient and exchange current density) and
the corrosion rate. The corrosion studies of SS 316H and Alloy 617 gave us more insight into the
corrosion behavior and mechanism in the molten salt at high temperatures. The corrosion of Alloy
617 with different test durations was also investigated, which shed light on the studies of how the
corrosion was developed over the different corrosion stages. Moreover, in the galvanic corrosion
studies of Alloy 617/graphite at different temperatures, it indicates that the galvanic corrosion is
more severe at a higher temperature and the galvanic corrosion rate increases slightly with time.
The galvanic effect on corrosion should be considered in the design and application of MSRs.

Nevertheless, more studies are needed in the future to further understand the material corrosion in
molten salts as follows.

e The effect of oxide impurities on the salt penetration in molten NaF-KF-UFs-UF3 salts

e A comprehensive corrosion model that can be widely applied in MSRs

e The effects of moisture and anode/cathode surface area ratio on the galvanic corrosion in
molten NaF-KF-UFs-UF3 salts

e The relation between static corrosion and galvanic corrosion in molten salts

e The galvanic corrosion of couples including three or more different materials

MSRs are the next generation advanced reactors, in which molten halide salts are applied to
improve the reactors’ efficiency and safety. As previously discussed, material corrosion is a
challenge in the application of molten salts. This study will assist in creating a database of kinetic
data for various commercial use in the corrosion field, such as corrosion rate prediction. It also
cast light on the structural material corrosion study including static corrosion and galvanic
corrosion in the molten salts. Hence, this collective information will assist in the evaluation of the
structural material and accelerate the material selection process for critical components of the
MSRs.
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