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Abstract 
 The corrosion of metal in molten chloride salt is studied and lowered using a power supply. A 

particular emphasis is on the ternary eutectic sodium chloride, potassium chloride and magnesium 

chloride (MgCl2-KCl-NaCl) salt with a melting point of 387°C, because it is the high temperature heat 

transfer fluid of choice in electrical power generators and Haynes 230 alloy (H230), because H230 is a 

ductile metal which retains its strength at high temperatures (800
o
C).   A potential negative of the open 

circuit potential of H230 metal alloy in ternary eutectic MgCl2-KCl-NaCl is applied, the cathodic 

potential generates a negative (cathodic) current for the reduction any oxidants, such as metal ions, 

oxygen and water, in the molten salt. The magnitude of the cathodic current is a signal of the level of 

oxidants present in the salt. Applying the cathodic potential also arrests ionization of metal, that is, 

corrosion of the metal. The increasing level of oxidant impurities, (particularly water) in the molten 

chloride salts causes the open circuit potential (OCP) of H230 versus a silver and silver chloride reference 

electrode  (SSE) to shift positive, which gives a warning that the molten chloride salt heat transfer fluid is 

corrosive to metal. The OCP is crudely measured by direct readings of H230 and SSE with a voltmeter 

and refined by potentiodynamic scans of current versus potential of H230 versus SSE, where the H230 

potential is scanned 30 millivolts starting negative of to positive of the OCP found with the voltmeter. A 

linear rate equation, called the Stern-Geary method is used to find corrosion potentials and estimate 

corrosion rates (CR) of H230 alloy in molten salt at various relative humidity (RH) of Argon atmospheres 

equilibrated with the molten salt. In oxidant free ternary MgCl2-KCl-NaCl eutectic molten salt, the OCP 

of H230 vs SSE is -866±24 [mV] and CR of 85±9 [micron/year]. In ternary eutectic molten salt 

equilibrated with a 40% RH Argon flow the OCP of H230 vs SSE is -363±1 [mV] and CR of 4670±780 

[micron/year]. When a negative potential, of -200mV from OCP in anaerobic salt, is applied to a H230 

working electrode in eutectic molten salt at 800
o
C and 100% RH Argon flow is flowed over salt for 20h, 

it was found that this H230 working electrode (WE) was cathodically protected, because the WE 

(cathode) lost only 0.0552g while the counter H230 electrode (CE), a “sacrificial” anode, lost 0.4513g. 

This gives a preliminary assessment a cathodic potential is effective for arresting corrosion of H230 metal 

in oxidant-contaminated salt at temperatures up to 800
o
C. 

1. Introduction 
 The ultimate source of all energy maintaining life on Earth is the radiant energy from the sun. 

More energy comes from sunlight shining on the Earth in 1 hour than all the energy used by industry in 

the whole world for 1 year [1]. Solar energy is a valuable resource that humanity has struggled to harvest, 

store and use for thousands of years. Many energy sources derived from the sun are currently in use, such 

as: petroleum, natural gas, wind, geothermal, tides, etc. While there has been developments in recent 

years to sustain these derived energy sources, nothing compares to the potential of developing better 

technology to harvest and use the ultimate source, radiated solar energy.  Radiated solar power is present 

everywhere on the globe, but its flux is not always consistent. There are substantial variations in solar 

irradiation during day and from day to day over the year. This transience in solar flux makes it 

challenging for photovoltaic (PV) devices to efficiently harvest solar power, and even more challenging 

to store solar energy. An alternative solar technology to PV is concentrating solar power (CSP). Unlike 

PV, CSP is largely unaffected by transients in solar flux, because CSP collects solar energy as heat. This 

heat is then converted to electrical power, as is done in conventional power plants driven by heat, e.g., by 

heat from the combustion of coal or natural gas or from nuclear reactions, etc. A unique advantage of CSP 
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is that it offers a natural solution to the problem of storage of solar energy. The heat derived from sunlight 

does not have to be immediately used to make electricity, but can be stored for making electricity at a 

more convenient time, like at night when the sun is not shining on the solar collectors [2]. At present, 

there are 4 different types of CSP plants, solar power towers, parabolic trough collectors, linear Fresnel 

reflectors and parabolic dish systems. All of these use mirrors to concentrate sunlight and heat a small 

area to a high temperature. The heat is collected by a heat transfer fluid, and the thermal energy is carried 

to a heat exchanger to expand a fluid, which spins a turbine and generates electricity by magnetic 

induction [3]. Presently, CSP plants use water, heavy petroleum or nitrate molten salts as the heat transfer 

fluid. One way to improve these CSP plants is the use of an improved heat transfer fluid (HTF). Using 

molten chloride salts as the HTF is a path to reducing costs and eliminating water from electrical power 

generation, because chloride salts allow increased temperatures in the thermal cycle, so a carbon dioxide 

turbine, instead of a steam turbine, can be used for electrical power generation.  

A ternary eutectic mixture of molten chloride salts (NaCl, KCl, Mg2Cl) is a new high temperature 

heat transfer fluid to replace water, oil and nitrates [4]. This molten chloride salt heat transfer fluid is 

stable at higher temperature (up to 900
o
C) leading to increased Carnot efficiency and allows the use of a 

carbon dioxide driven turbine (Brayton turbine) cycling between 550 and 700°C, instead of steam turbine 

which cycle between 100 at 120°C. Metals are desirable structural materials due to their strength, ductility 

and low cost. A key issue for implementing CSP power plants with molten chloride salts is corrosion 

control of the metal, especially when oxidizing impurities, like oxygen and water, are in the salt. 

Corrosion rates of metals limit the practical lifetime of a CSP plant using a molten chloride salt HTF at 

800
o
C.  

Application of cathodic potentials to metal to preserve metal life is cathodic protection (CP) [8]. 

The present study is focused on detecting oxidants in the heat transfer fluid in order to warn when timely 

maintenance is needed and arresting corrosion of metal containing heat transfer fluids to extend life and to 

reduce operational costs of CSP power plants. In particular, the spontaneous potential of a metal in molten 

salt as a function of oxidants in the molten salt and the reduction current of oxidants on the metal with an 

imposed cathodic potential are used for detecting oxidants in the molten salt. Application of cathodic 

potentials to metal containers in molten salt is used for removing oxidants and arresting metal corrosion.   

CP can be used to preserve the lifetime of a high strength at high temperature metal, like 

Haynes230 alloy. H230 is one of the few metals that can be used for containing molten chloride salt heat 

transfer fluid at higher temperatures, like 800
o
C. This permits H230 metal to be used for piping and 

storing molten chloride salts in CSP power plants.  

When the metal ions in the chloride salts are less noble than the metals making up the metal alloy 

pipes, then the metal ions in the salt will not oxidize the more noble metals in the metal pipes [9]. Haynes 

230 metal alloy has been seen to be stable and does not corrode when in contact with anaerobic molten 

chloride salt at 800°C, like binary eutectic MgCl2-KCl molten salt (32%-68% molar fraction) that is free 

of trace oxidants like water, O2 and other species with high reduction potentials [10]. Any corrosion of the 

metal alloy pipe containing molten chloride salt is due to oxidizing contaminants (e.g. water and oxygen 

from air)  leaking into molten salt inside the metallic pipes and vessels used in the CSP system.  

Table 1.1. lists the major metallic elements that make up Haynes 230 alloy, the elements in the 

chloride salts discussed and molecules in air along with their standard reduction potentials. Cl2, H2O, O2 
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and CO2 have higher standard reduction potentials [13] than the elements in the metal alloy pipes, so Cl2, 

H2O, O2 and CO2 are oxidizing agents that can corrode the metal pipes. CO2, O2 and H2O can come from 

air leaking into the pipes. Chloride, Cl
-
, is the fully reduced form of chlorine, Cl2, so Cl

- 
cannot take 

electrons oxidize from the metal so cannot corrode metal.  Cl2 can oxide metal [12], but can only be 

present in the molten salt, if the chloride in the salt inside the metal pipes is oxidized by an electrical 

current.  

 

Table 1.1. Standard Reduction Potentials vs S.H.E. of elements contained in Haynes 230, Salts and Air [5] [6] [7] 

Material/

Substance 
Haynes 230 Salt Air 

Element Ni2+ Cr2/3+ W3+ Co2+ Fe2/3+ Mo3+ Na+ K+ Mg1/2+ Cl2 H2O O2 CO2 

Reduction 

Potential 

vs S.H.E. 

(V) 

-0.257 

-0.913 

-0.744 

+0.1 -0.28 

-0.447 

-0.037 

-0.200 -2.71 -2.93 

-2.70 

-2.37 

+1.35 0 +1.229 -0.199 

 

 Cathodic protection (CP) is done by applying a cathodic potential to supply electrons to a metal 

surface in order to arrest ionization (corrosion) of the metal surface. The driving force for the cathodic 

protection current is the difference in electrode potential between the anode and the cathode. [11]. For 

example, a “sacrificial” zinc rod shorted to a steel water tank supplies a cathodic potential and electrons to 

the steel tank preserving the metallic state of the steel tank while sacrificing the zinc rod.  This works 

because, zinc is less noble (has a more negative reduction potential) than steel, so zinc ionizes (corrodes) 

and supplies its potential and electrons to steel to keep steel metallic. The same approach can protect 

H230 with molten salt,  by shorting a suitable sacrificial anode (typically magnesium) to the inside 

surface of a structural metal  pipe containing molten chloride salt, in the event that oxidant impurities leak 

inside the pipe. On the other hand, instead of shorting a sacrificial anode (like zinc or magnesium) to the 

metal, cathodic protection can be done by making the inside of the pipe metal a cathode (negative 

terminal) of a power supply. By using a power supply, metallic state of the pipe is preserved, and a new 

feature arises. The new feature is that the detection of the presence of oxidants in molten salt is possible 

by detecting the onset of a reduction current. The reduction current is due the reduction of oxidants (like 

water or oxygen from air) that leaked inside the molten chloride salt inside the metallic vessel. So using 

electrical power in this way will protect the pipe like the zinc rod, while at the same time give a warning 

of a rupture in the pipe and buys time to do maintenance to prevent failure of CSP system. 
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2. Experimental 

2.1. Working, counter and reference electrodes 

2.1.1. Working and counter electrodes 

 The device under test is a Haynes 230 metal alloy as a working electrode (WE) in a 3-electrode 

cell. Annealed Haynes230 alloy sheet and rods come from Haynes Intl. (https://www.haynesintl.com/). 

Haynes 230 alloy is of interest because it is one of the few metals certified to retain its structural strength 

at temperatures up to 850
o
C. The composition of the Haynes 230 alloy is given in Appendix 1. This table 

is transcribed from certificates of analysis supplied by Haynes company for the specific batches of metals 

purchased, which is very close to composition given in the Haynes alloy brochure. This data is consistent 

with elemental analyses obtained for new samples measured using energy dispersive spectroscopy (EDS). 

The EDS is done at the University of Arizona Kuiper Center. The H230 alloy sheet and rods have been 

formed into 2 types of working and counter electrodes which are shown in figure 1, namely: type a (two 

geometries of sheet welded to rod) and type b which are rods only.  

 

Figure 2.1.1.1. Haynes230 Working Electrode and Counter Electrode Structure 

  

 The Haynes230 sheet is water-jet cut using the University of Arizona Machine Shop services. 

Water-jet cutting does not shear the metal sheet, thus avoids cold working, and is done at room 

temperature, so the bulk alloy structure is uniformly annealed as supplied from Haynes. The coupon 

geometry used in most experiments is 150x8x1[mm]. A few other electrode geometries have been tried 

including a longer coupon measuring 360x6x1[mm]. After cutting, the surface of the coupons are ground 

and polished to a mirror finish using a Pace Technologies Grinder-Polisher with water cooling and 320, 

600 and 1200 grit Silicone Carbide grinding paper. The coupons are formed by spot-welding Haynes230 

sheet to Haynes230 rod. Different metals are not used for the electrode immersed in salt to avoid galvanic 

about:blank
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couples. The welded region is also kept above and out of the molten salt in the cell, to avoid any unusual 

electrochemical responses due to the weld. Haynes230 alloy forms an electrically insulating chromium 

oxide layer when exposed to air making it difficult to maintain a conductive connection from the H230 to 

the leads of a power supply (a Bio-Logic – VSP potentiostat with a 40 Amp Bio-Logic VMP3 Booster). 

To make firm electrical contact between the H230 and potentiostat, a nickel wire (1mm or 0.5mm in 

diameter from Alfa Aesar) is spot-welded to the H230 and the potentiostat lead is connected to the 

conductive nickel wire welded to the H230. This H230 to nickel weld is not in the molten salt but outside 

the electrochemical cell so no galvanic coupling between H230 and Ni wire is possible. The nickel wire 

does provide a good electrical connection between the H230 and the potentiostat during the 

electrochemical testing of H230 in the molten salt. Soldering the Ni wire to the potentiostat proves to be 

very effective for making a noise free electrical connection. The whole H230 welded to Ni electrode is 

submerged in HCl for 2-3 minutes to ensure any Cu residue from the spot welding is removed from the 

electrode. Haynes230 and Ni are highly resistant to corrosion in 2M aqueous HCl, and the electrode does 

not lose weight during this cleaning procedure. A high temperature resistant epoxy is used to seal the 

electrode in a quartz ground glass joint to make an air tight seal of the electrode to the electrochemical 

cell. Figure 2.1.1.1. shows sketches of the electrode geometries used. A simple rod electrode Figure 

2.1.1.1.b) has been used to eliminate welding the flat coupon to a rod as shown in Figure 2.1.1.1.a). The 

area of the rod electrodes type b) was still enough to expose enough metal alloy to the salt to give results 

comparable to flat coupon type electrode a). For example, in a case of 5 cm immersion inside the salt, the 

area of the flat coupon type a) electrode would be roughly 9.16cm
2
 compared to the area of the rod type 

b) electrode of 2.39cm
2
.  

2.1.2. Reference electrode 

 The reference electrode is a silver-silver chloride electrode (SSE) whose potential is 0.222 volt 

versus standard hydrogen electrode (NHE) [14].  The SSE is a quartz tube with a zirconia rod “sealed” 

into the bottom of the tube which is filled with a silver wire, silver chloride, silver metal and potassium 

chloride powders. The zirconia in quartz give a very tortuous ion path from molten salt between the WE 

and the silver wire in the quartz reference-electrode chamber. The measurement of voltage between the 

WE and silver wire of the reference electrode give the WE potential versus  SSE. The SSE  has been 

demonstrated to operate from room temperature to temperatures as high as 1000
o
C. The reference 

electrodes are made in house. The potential of each reference electrode is typically steady for weeks, but 

there is some small variance in the potential of one reference electrode versus another, most of the time 

under 100mV, which is probably due to variation of the water level in the salt in quartz housing of the 

reference electrode.  

An important part of this work is to find a way to detect oxidants in the salts during cathodic 

protection. In this case, knowing the potential with highly accuracy does not matter so much as being able 

to set the overpotential (η) of the working electrode. The overpotential is a value of H230 potential more 

negative than its open circuit potential (OCP), which is often called the corrosion potential (Ecorr). [19] 

Two things, 1) the shift in OCP (Ecorr) as a function of oxidants in the molten salt as well as 2) the 

reduction current of oxidants when the H230 has an imposed η, give 2 metrics of the level of oxidants in 

the molten salt. The Ecorr and current at η change on going from anaerobic to oxidants contaminated salt. 

There is a more positive the shift of the Ecorr and a greater the reduction current at a given η for the H230 

WE. These 2 changes, which indicate oxidant impurities are in the molten salt and corrective action is 
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needed, are only possible when a reference electrode and a power supply are sued during  cathodic 

protection. 

2.2. Electrochemical Cell 
The airtight electrochemical cell is 2 parts custom made entirely of quartz from Technical Glass 

Products Ohio [15].The first part is the cap with 5 feed-throughs with ground glass joints and the second 

part is the bottom that houses the molten salt and the electrode coupons. To control the atmosphere, an 

electrode sealed using high temperature resistant epoxy into a male ground glass joint which is inserted in 

a female ground glass joint in the cell cap for a gas-tight seal. The ground glass joints are lined with 

graphite tape (graphoil); the graphite tape seal allows the electrode to be inserted and removed from the 

electrochemical cell. The same graphite-lined ground-glass feed-through is used to admit tubing into the 

cell for controlling the atmosphere as dry Argon, Argon with water vapor or CO2. Figure 2.2.1. is a sketch 

of the electrochemical cell with the connections, as described, above. 

 

Figure 2.2.1. Quartz Electrochemical Cell Structure 

 Cleaning the quartz electrochemical cell and parts is done as follows. The salts themselves are 

soluble in water. Immersion and sonication with 2 molar nitric acid, DI water, and rinse with acetone and 

methanol gets the cells clean. When the Haynes230 alloy is introduced into the cells filled with molten 

salt for electrochemical measurements at high temperatures, roughly 20 elements and many oxides and 

compounds are introduced and many of  these compounds are usually not soluble in water so stick to the 

quartz cell, the sparger and even the reference electrode, since the outside shell is made out of quartz. The 

method most effective is cleaning with 2M nitric acid 2M hydrochloric acid and rinsing with DI water, 

acetone and methanol. The reactions necessary to remove the oxides are very slow, so to fully clean a cell 

and all the quartz peripherals associated with the experiment take about 48 hours. The quartz cell does 

lose small amounts of mass to the salt at high temperatures over prolonged use, so the thickness of the 

quartz should be more than 2mm. 
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2.3. Salt and Dry Salt 
 Chloride salts attract water from the atmosphere; this water binds to the salt in 2 ways: 1) weakly 

physi-bound water is found on the surface of the salt crystals, and 2) more strongly dipole-bound water is 

found in the lattice of the salt [16]. A number of steps are used to remove these 2 types of bound water, a 

volatile impurity, from the salt. The water content of the salt has been studied in a cell as shown in Figure 

2.3.1., below. Argon gas is bubbled into a known amount of molten salt in the quartz cell when the cell is 

isothermal inside an oven set at a desired temperature from 500 to 900˚C. The gas has sealed overhead 

inlet and outlet and gas exits from the top of the cell to a glass transfer tube  heated to 110°C to a 

similarly heated glass manifold containing sensors which monitor H2O and O2 levels (in ppm) in the 

outgas in time.  The relative humidity (RH) is measured with a VAISALA HMT 337 sensor and oxygen 

concentration is measured with a Teledyne GB-300 sensor for the Argon carrier gas in time. The molten  

 

Figure 2.3.1. Schematic diagram of experimental setup for sparging Argon carrier gas into molten salt for in-situ sensing of 
oxidants in Argon carrier outgassing from the molten salt at high temperatures to a manifold with gas sensors 

chloride salts is sparged with dry Argon carrier gas flowing at 240 sccm.. The HMT337 humidity probe is 

calibrated with the HMK15 humidity calibrator and the GB-300 oxygen probe is checked against air 

before each measurement of RH and O2 in Argon carrier gas exiting the molten salt.  

 The dehumidification of both NaCl-KCl salt and the MgCl2-KCl salts have been most effective 

when the salts were dried in 2 steps: first,  drying at a lower temperature (120-200°C, depending on the 

salt mix) to remove the physi-bound water and second, drying by sparging dry Argon into the molten salt 

at 150°C above the eutectic salt melting point so salt viscosity is low. This 2-step drying is safer, faster 

and requires less energy compared to drying the salt by melting around 150°C above its melting point and 

sparging. The absolute temperatures of the drying steps depend on the melting point of the salt mixture. 

Some salts more strongly physi-bind water, so the initial drying takes place at a slightly higher 

temperature (such as 200°C). It is preferred to keep the oven around 120°C. Higher temperatures can 

cause water to react with chlorides like MgCl2 forming non-volatile oxidant, like MgClOH [17]. Higher 

temperatures can be avoided and drying effectively done using a vacuum oven at 120
o
C and 1 millitorr.  
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Figure 2.3.2. Example of 2-step drying of 150g NaCl-KCl-Zn-Cl2 salt from 25 to 120 to 500°C with Argon sparging at 240 sccm. 
Heating ramp rate 2°C min

=1
. Figure 2.3.2.a) RH vs time of gas exiting at 120°C for physi-bound surface water and Figure 

2.3.2.b) RH vs time for the 2-steps at 120°C and removal of dipole-bound water at 500°C 

 The salt mixtures investigated include:  NaCl-KCl (50-50%mol, 44-56%mass), MgCl2-KCl ( 50-

50%mol, 56-44%mass and 32-68%mol, 37.5-62.5%mass) and NaCl-KCl-MgCl2 (29-26-45%mol, 22-24-

54%mass). The water removal from the molten salt mixtures have been tested using the Vaisala readings 

and the mass change measurements. The results are proportional but the mass change consistently give 3 

to 4 times more water removed from the salt than the integration of the RH in time data. The fresh salts 

(not exposed to atmosphere for prolonged time) appear to contain around 0.3-0.7mass% of water. These 

experiments were conducted using tank argon which has 3ppm of water in the Argon. Dry Argon (UHP 

Argon + filters, detailed later in the text) which has <10 ppb of water can be used to dry molten salt.  All 

the salt used in actual experiments is dried right before the electrochemical experiments to minimize 

exposure to atmosphere from which the molten salt could reabsorb water and oxygen from air. 

 The molten salt electrolyte is made by mixing different molar fractions of anhydrous salts. The 

present work involves salt binary mixtures of NaCl-KCl, KCl-MgCl2, and ternary NaCl-KCl-MgCl2. The 

salts were purchased from Sigma Aldrich and Alfa Aesar. Salt is stored in a dry atmosphere. Batches 

weighing 150-250grams are introduced in ovens at 120
o
C open to atmosphere for a few days. Next the 

salt was dried in a vacuum oven  at P = ~ millitorr (house vacuum) and 120
o
C alternating Argon and 

vacuum to remove physi-bound water. When an electrochemical experiment is started, the salt is 

introduced into the cell and the whole cell was purged with Dry Argon for a few hours at 120-200
o
C so  

any surface water is removed. Next, the salt is melted and Dry Argon sparged (bubbled into melted salt) 

into the molten salt to remove dipole-bound water. The electrochemical cell cap outside the oven initially 

condenses water but after a few hours, this water is evaporated by the Dry Argon flow. All chloride salts 

contain both physi- and dipole-bound water, and a 2-step procedure has been established to efficiently 

remove these bound waters. The specific temperature and times for drying using these 2 steps differ for 

different salt mixtures.  Usually drying takes 4 hours but sometimes 12 hours is needed. The (Ecorr), i.e., 

the open circuit voltage between the working electrode versus SSE, is used to verify that the salt is dry. 

The more negative the value of Ecorr  , the drier is the salt.  These steps using Dry Argon flow remove 

volatile oxidants.  

 Non-volatile oxidants, in particular, metal hydroxides, like MgClOH, NaOH, etc., are in the 

chloride salts, because heating in the presence of water hydrolyzes metal chlorides to metal hydroxides 

and HCl gas. So after all the volatile oxidants have been removed,  a  pure metallic getter of oxidants (Na 
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or Mg) is used to remove the non-volatile oxidants from the anhydrous salt. The H230 is then 

electrochemically characterized in this salt free of volatile and non-volatile oxidants at 800
o
C, then 

oxidants are re-admitted to the salt to characterize the effects of oxidants on H230 in molten salt at 800
o
C.  

2.4. Control of atmosphere over salt 

Dry Gas 

 The removal of residual water from tank gases is important for evaluating the effects of the 

atmosphere in equilibrium with molten chloride salt. Removing reactive water from Argon permits 

equilibrating the molten chloride salt with an inert atmosphere. Removing reactive water is particularly 

important when evaluating the effect of  equilibrating the salt with a potentially reactive atmosphere, like 

carbon dioxide. The effects of residual reactive water in a pressurized tank of carbon dioxide gas may 

mask the corrosive behavior of carbon dioxide gas in the tank. A more sensitive meter than the Vaisala 

meter is needed for  measuring the low levels of water in new cryogenic tanks and when in-line water 

removing filters are used. A sensitive optical method for measuring low water levels in tank gas has been 

developed by Tiger Optic which uses the  commercial Tiger Optic MTO-1000-H2O trace water in gas 

analyzer, which is schematically shown as the water-analyzing component in Figure 2.4.1., below. 

 

Figure 2.4.1. Diagram of Tiger Optics MTO-100H2O analyzer 

 The Tiger Optics MTO-1000-H2O complements the Vaisala meter for measuring water in gases,  

Both meters read in the 1 to 10 ppm range, but the Vaisala meter reads higher water levels (10’s of 

thousands of ppm water in gas) while the Tiger Optics reads down to sub ppb level of water in gas. The 

specifications of the Ultra High Purity Argon Gas Tanks from AirGas company has around 3 ppm of 

water vapor. Using the Tiger Optics MTO, nominally dry UHP Argon tank gas was found to contain 

between 2.8 to 3.5 ppm of water vapor. Beside Argon, the Tiger Optics MTO setup can be used to 

measure the concentration of water in other gases, like N2, CO2 and air.  
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Controlling water levels 

Lowing water levers 

  Water in gases are lowered using in line water-removing gas filters, and the water levels are 

measured by a Vaisala RH meter and a Tiger Optics water in gas analyzer.  Two water removing filters 

used here are Drierite dessicant and NuPure reactive getters.  

 Drierite desiccant is calcium sulfate (CaSO4) beds which remove water from gas streams at room 

temperature, so the remaining water level is 0.005 mg of water/liter (0.005 ppm or 5 ppb water in gas) 

according to the National Institute of Standards and Technology (NIST) .  Drierite is used to remove the 

majority of the water from tank gas. The Drierite tubes used here are effective removing water from flows 

of up to 300 sccm, but there are other Drierite tubes that can handle higher flow rates. The NuPure 

Eliminator CAG removes water from gas at room temperature. Different NuPure filter tubes are used to 

remove water from different gases.  

 NuPure uses catalyst/absorber/getter (CAG) water removal to remove water from gas streams 

down to <0.5ppb levels at flows as high as 300 SLPM. Drierite remove the majority of the water, and the 

NuPure filter is used after to bring water level in gas below ppb. Tank gases typically have 3 to 10 ppm of 

water vapor so using these filters can lower water levels in tank gas by a factor of ~10,000  ( ~ 5 ppm / 

0.0005 ppm). A logarithmic graph is showed below in Figure 2.4.2 and a summary table in Table 2.4.1. 

 

 
Figure 2.4.2. Log10 water level detected in Tiger Optics MTO in Argon Tank 

 Measuring low levels of water in gas is not trivial and is also slow, due to unavoidable desorption 

of water from the internal components of the instrument into the gas stream being sampled, as the gas 

approaches very low water levels. The Tiger Optics MTO instrument used here is designed to monitor the 

continuous high flow of large volumes of gas used in semiconductor manufacturing over months or years. 

The measurement of water level in the gas flow is limited by the Argon tank capacity and the water 

desorption from internal components in the Tiger Optics residual water in gas analyzer at very low water 

levels in gas. The actual water level NuPure manufacturers guarantees in the gas flow are closer to 0.5 

PPB, rather than 10PPB that was measured. This discrepancy is due to water released from internal 

components of the Tiger Optics analyzer. In fact, 10PPB was the lowest water level in gas that can be 
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measured in practical times (days). Despite this discrepancy in lower below 10ppb water in gas, the major 

goal was achieved, namely, the water level in the tank gas entering the electrochemical cell was lowered 

from 3500PPB to 10PPB or lower. This low level permits removal of volatile water to negligible levels.  

Table 2.4.1. Different Airgas types of Argon tanks in combination with filters PPB water levels 

 

 Drierite was used so the NuPure filters were not overloaded.  The second filter is the NuPure 

CAG filter, to reduce water in gas to 0.5PPB levels, which give negligible accumulation of water from 

tank gas during sparging of molten salt. If longer time for larger volumes were done so the Tiger Optics 

instrument did not need re-purging then we are confident the measured level of water in gas would 

converge on 0.5PPB as NuPure advertises. Electrochemical experiments were done based on the 

assumption that the argon flow is at most 10PPB, but could actually be lower and closer to 0.5PPB. This 

gave a baseline of water in gas that is negligible. If we wanted gas with higher levels of water this gas was 

sparged into a gas wash bottle filled with water as is discussed next.  

Raising water levels 

 Two key tasks are 1) to detect values of Ecorr (the OCV between H230 and SSE) and 2)  corrosion 

rates for H230 in molten salts equilibrated with Wet Argon atmospheres over the salt, that is, with various 

RHs in the atmospheres. Wet Argon is obtained by using UHP Tank Argon flowed through the filters, to 

yield the Dry Argon, then splitting the Dry Argon flow into 2 flows (Fig. 2.4.3.). One of the flows 

remains Dry Argon and the other flow is bubbled through D.I. Water in a gas wash bottle at room 

temperature (20-25°C) which gives 1) a flow that contains 100% Relative Humidity (RH) Argon and 2) a 

flow of Dry Argon. By mixing these 2 flows in different ratios yields flows of Argon with different RHs 

(10%, 20%, etc.) at constant total flow rate (typically 250 sccm, Fig. 2.4.3.). For example, when a flow of 

Dry Argon at 225sccm is mixed with a  flow of 100%RH Argon at 25sscm, the resulting flow will be of 

250sccm at 10%RH. The Vaisala RH meter was used to confirm the effectiveness of this procedure for 

controlling water levels in Argon atmosphere over the salt (Figure 2.4.4). Results shown in Appendix 2. 
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Figure 2.4.3. Setup for controlling water concentration in atmosphere over molten salt. 

 

Figure 2.4.4. Vaisala humidity meter reading showing water level in Argon 250sccm gas flow achieved  20%RH Argon when 
combining flows of 200sccm of Dry Argon and 50sccm of 100% RH Argon 
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Recap of methodology for electrochemical studies with controlled water levels in salt  

 The dry salt salts are mixed and then dried is under house vacuum at 120°C in a vacuum oven 

several days prior to the experiment. The Dry Argon gas lines are purged for 2 hours at 250sccm prior to 

experiment. The quartz cell, cap, sparger tube and other peripherals are completely cleaned and dry. The 

salt is removed from vacuum oven and added to the cell. The gas tight cell is introduced into the oven at 

120°C, sealed, with Dry Argon gas flowed at 250 sccm through cell as verified with exit gas bubbling 

silicon oil. After 2 hours, the temperature is turned up to 800°C, as the salt is slowly melted, while the 

flow of Dry Argon is checked for stoppage from the sparger tube clogging,  where continuous bubbling of 

the exit gas in silicone oil indicates no stoppage. The molten salt is sparged for 24 hours to ensure all the 

water and other volatile oxidants in salt are removed from the cell. In parallel, the working and counter 

electrodes are prepared by polishing, welding and sealing with epoxy in male ground glass joint, and 

cleaning by sonicating metal in 2M HCl for 10 minutes. The metal is rinsed and dried thoroughly then 

weighed. Prior to insertion of electrodes inside the molten salt, the dry argon flow is blown over the salt 

instead of sparged inside to spattering salt and wetting of the portion of the electrodes which are above the 

molten salt. Once the electrodes are inside the salt, 1 hour is necessary for the metal to reach a thermal 

equilibrium, so a stable OCV can be read. The corrosion rate of the alloy is ready to be electrochemically 

measured.  

 Additional steps can be taken at this time, like removing non-volatile oxidants from the salt with 

magnesium metal. This removal of non-volatile oxidants requires lowering the temperature of the salt to 

600°C so the magnesium strips do not melt so they can be weighed to estimate how much non-volatile 

impurity was removed by weight loss of the Mg metal strips. Besides electrochemical methods, other 

methods to study the alloy working electrode are done, such as: SEM-EDS of electrode surface and cross 

sections, ICP MS of the salt, etc. 
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3. Results 

3.1.  OCVs, corrosion rate measurements and cathodic protection 

3.1.1. Detection of oxidants in molten salt, OCVs in various atmospheres 

 After the Haynes 230 alloy WE is introduced into the cell, it takes about an hour for the H230 

electrode in the salt in the cell in the oven to thermally equilibrate. During this time, the open circuit 

voltage (OCV) is measured; The OCV is the potential of the working electrode (WE) measured versus the 

silver /silver-chloride reference electrode (SSE-RE). The WE is considered at equilibrium with the salt 

when the WE potential does not change by more than 1mV per hour. This OCV is also designated the 

corrosion potential, Ecorr, of the H230 WE in the molten salt. 

 

Figure 3.1.1.1. Open circuit voltage, EOCV, of H230 vs SSE in NaCl-KCl equilibrated with tank argon (blue line)  
and in tank air (red line) at 800°C. 

 For example, the OCV of H230 in molten chloride NaCl-KCl salt was found by first drying and 

equilibrated the molten salt with UHP Tank Argon at 800°C. Equilibration was done by bubbling the 

molten salt with Argon for an hour or more then flowing over the salt and then immersing the electrodes. 

The open circuit voltage under Argon reached steady state at -0.545V vs SSE, as shown in the blue line in 

Figure 3.1.1.1. Following the Argon OCV measurement, the WE was removed and the salt was 

equilibrated with Tank Air by bubbling air into the salt at 240 sccm for about an hour. This electrode was 

removed to prevent salt splashing on the plate-to-wire weld, which would possibly compromise the 

measurement respectively. The OCV of H230 in the molten salt equilibrated with air is -440mV vs SSE. 

The more positive OCV for the metal in salt equilibrated with air indicates there are higher levels of 

oxidants in the molten salt when it is equilibrated with air (water and oxygen) compared to when it is 

equilibrated with Argon (with 10 ppb trace water). Clearly the OCV reflects the level of oxidant in the 

salt, that is, the corrosivity of the molten salt towards metal like H230 alloy.  
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 Inspection of Table 3.1.1.1 shows the OCV of H230 versus SSE in NaCl-KCl salt equilibrated 

with unfiltered UHP Tank Argon (-0.545V vs SSE) is more positive than the OCV of H230 in molten 

Mg-K-NaCl  salt equilibrated with Dry Argon (-0.0342 to -0.786) made by filtering UHP tank Argon 

through Drierite and NuPure water removing filters. The OCV of H230 in Mg-K-Na Cl molten salt 

equilibrated with Dry Argon is even lower (-0.724 to-0.900) when the salt has an additional treatment, 

namely Mg metal foil immersed in the molten salt. This treatment with Mg metal removes non-volatile 

metal hydroxides (M-OH) which form when the chloride salt mixture is heated in the presence of water.  

 The following tables are the averaged OCV for 4 replicates for H230 in molten chloride mixtures. 

Experimental errors of the results are due to random variations in the preparation of the working and 

counter electrode and electrode type (plate versus cylinder), time required for WE and CE to equilibrate  

with salt, immersed area of the WE and CE, and the use of different SSE reference electrodes. A number 

of SSE (Ag/AgCl) were used over the course of these studies, because electrodes had to be replaced 

whenever the zirconia broke off the quartz housing. The potential of the reference electrodes vary slightly 

when compared to each other, but by no more than 100mV. This variability in potential is probably due to 

different level of water in the salt inside the quartz housing of the reference electrodes. 

 

Table 3.1.1.1. OCP vs SSE for H230 in Dry molten MgKNa-Cl salt from OCP readings at zero current in time 
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 Table  3.1.1.1. shows  OCP values of H230 alloy vs SSE in molten Mg-K-Na Cl salt equilibrated 

with Dry Argon atmosphere and also after the salt was further “purified” by introducing metal 

Magnesium into the system to remove non-volatile oxidants such as MgClOH. A shift of the OCP to 

negative values was seen after introducing the Mg metal. The OCV values were obtained 2 ways 1)  

potential reading in time and 2) from the potential at the minimum current in Stern-Geary plots (log10 

Icorr) versus corrosion potential (Ecorr). The trend to negative potentials with less oxidant in the salt was 

seen in both OCP in time readings and OCP values read from Stern-Geary analysis, seen below in Table 

3.1.1.2. 

Table 3.1.1.2. OCP vs SSE for H230 in Dry molten MgKNa-Cl salt from Stern-Geary polarization curve 

 

 Table 3.1.1.3. and 3.1.1.4. show OCP values of H230 alloy vs SSE in molten salt equilibrated 

with Dry Argon, Dry Argon+Mg and with various Wet Argon RH gathered from direct OCP readings and 

OCP calculated from the Stern-Geary graphs. As expected, after introducing Mg into the system, the OCP 

becomes more negative and after introducing different amounts of water in the system, the OCP shifts 

toward more positive values. More positive with higher  RH. More positive OCP readings go from 

negative toward 0V, since the OCP in this work are negative OCP values. 
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Table 3.1.1.3. OCP vs SSE for H230 in Wet molten MgKNa-Cl salt from OCP readings at zero current in time 

 

Table 3.1.1.4. OCP vs SSE for H230 in Wet molten MgKNa-Cl salt from Stern-Geary polarization curve 
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 The tabular data is also given in graphical form to help understand the nature of the shift in OCP 

with RH. Figure 3.1.1.2. is one such plot of OCP versus RH of atmosphere over the molten Mg-K-Na Cl 

salt at 800
o
C. 

 

Figure 3.1.1.2. Plot of OCP vs RH for H230 in Wet molten MgKNa-Cl salt from Stern-Geary polarization curve 

 Figure 3.1.1.2 gives a non-linear response of OCV with RH of the atmosphere equilibrated with 

the molten salt. This is reasonable when considering the expected response of OCP with RH of 

atmosphere equilibrated with the salt should be linearly related to the logarithm of RH, as shown in the 

derived form of the Nernst equation below: 

            (
  

  
)       [   ]  
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 The OCP of H230 in hydrated molten salt versus logarithm of RH of the atmosphere equilibrated 

with the salt is given in Table 3.1.1.5 below. 

Table 3.1.1.5. OCP vs LN(RH) for H230 in Wet molten MgKNa-Cl salt from Stern-Geary polarization curve (standard deviation) 

 

 The data for OCP of H230 in hydrated molten salt versus logarithm of RH of the atmosphere 

equilibrated with the salt that is given in Table 3.1.1.5 is also graphically presented in the plot of OCP 

versus ln of RH in Figure 3.1.1.3.   The linear response of OCP to ln of RH confirms the above equation. 

 

 

Figure 3.1.1.3. Plot of OCP vs Ln(RH) for H230 in Wet molten MgKNa-Cl salt from Stern-Geary plots (standard deviation) 
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3.1.2. Chronoamperometric detection of oxidants leaking into molten salt 

 Chronoamperometry gives the current for oxidant reduction at fixed voltage between WE and a 

reference electrode. The reduction current of air on H230 in molten salt is as shown in the Figure 7 below.  

 

Figure 3.1.2.1. Chronoamperometry (i vs t at const E) of H230 coupon in molten NaCl-KCl salt. E set at -600mV vs SSE which is 
-100 mV versus open circuit of Haynes 230 immersed in NaCl-KCl salt at 800oC. System was held under argon for 1hr 

followed by air for 2.5 hr. 

 Initially the molten NaCl-KCl salt was equilibrated with Argon at 800°C to create an inert 

atmosphere similar to the surface inside a metal pipe with no oxidants in the molten salt. The open circuit 

voltage (OCV or also abbreviated EOCV) of the H230-WE vs SSE-RE was recorded. At steady state, the 

EOCV for the metal surface in contact with anaerobic molten chloride salt was -500 mV vs SSE. The 

potential of the H230 metal WE was then set to -600 mV vs SSE , that is, an overpotential (η) of -100 mV 

vs. EOCV was applied to the H230 WE. This overpotential reduces oxidants and generates a -50 mA 

current spike, that is, a spike in reducing current as residual oxidants (water, oxygen) are depleted from 

salt solution in the diffusion layer adjacent to the H230 metal surface. When current drops from -50 mA 

to near 0 mA, indicates depletion of oxidant near the H230 surface is completed.  Next, air was then 

blown over the molten salt to simulate an air leak inside a metallic pipe. As shown in Fig. 3.1.2.1, this 

leak generates a large negative current, which levels off at -280 mA. This steady current which shows 

oxidants entered the system and there is a flux of oxidants from bulk molten salt to the electrode surface 

sustaining this steady negative current. This current can be correlated to oxidant concentration using the 

well know Cottrell equation. (reference F.G. Cottrell, Z. Phys. Chem. 42, 1903, p. 385 ). 

Chronoamperometry is a method for detecting different oxidant levels in the molten salt.  

 Above we showed when a negative overpotential, η,  is applied to the H230 WE in molten salt, 

this is a way to detect the presence of oxidants in the molten salt, because applying the negative 

overpotential gives a negative current, due to the reduction of oxidants in the molten salt, and this current 

is proportional to the concentration of oxidants in the molten salt.  

 When a larger negative overpotential is applied to the working electrode, for example η =-200mV 

from OCV, this prevents metal ionization (that is, corrosion) of the metal.  Using a power supply to apply 

a cathodic potential to the H230 WE and using a sacrificial anode (like a zinc or chromium anode) is the 
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basis for active cathodic protection of the H230 metal, which is one way to prevent corrosion of the H230 

metal on the inside of the pipes containing molten chloride salt, even with oxidants in the salt at 800
o
C.  

3.1.3. Electrochemical metal corrosion rate in molten chloride salt at 800°C 

The Stern Geary method is a non-destructive way to measure the corrosion rate of metal in 

molten salt and is the basis for ASTM method G 102 – 89. The SG method is done by first finding the 

open circuit potential (OCP), which for corroding metal is also called the corrosion potential (Ecorr) of the 

Haynes 230 alloy in the salt.  Ecorr is found by measuring the voltage between the H230 (high lead) and 

the SSE reference (low lead) until it is steady in time. Next, the H230 potential is scanned from 30 mV 

more negative than Ecorr to 30 mV more positive than Ecorr at a slow scan rate, like 0.2 mV per second to 

minimize electrode capacitance charging. Analysis of this plot gives the corrosion current density (jcorr) at 

the OCP (i.e., corrosion potential, Ecorr) in 5 minutes.  

Applying Faraday’s Law of electrolysis to this corrosion current density (jcorr) gives the corrosion 

rate (CR in microns per year) of the metal in molten salt. The CR systematically changes from low values 

when the metal is in molten salt that has no oxidative impurities to large values with increasing 

concentrations of oxidative impurities in the molten salt. Since high CR of metal in molten salt is related 

to the oxidants in the salt, this CR measurement is a way for sensing if oxidative impurities are entering 

the molten salt, and the level of oxidants, for example, as a  result of air leaking through a crack in an 

H230 pipe containing molten salt. The electrochemical data used to find the corrosion rate of metal in 

molten salt is shown in Figures 3.1.2.1 and its transform in Fig. 3.1.3.2.   

 

 

Figure 3.1.3.1. Potentiodynamic scan of H230 in NaCl-KCl molten salt equilibrated with air at 800oC. The potential was 
scanned from -30 mV to +30 mV from open circuit vs. SSE. Scan Rate= 0.1 mV s-1. The 1st positive going and the 2nd negative 

going are shown in red. The average of 2 scans shown in blue. 
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Inspection of Figure 3.1.3.1 and its transform in Figure 3.1.3.2 show that the OCV is -0.438 V vs. SSE.  

 

Figure 3.1.3.2. The potentiodynamic polarization scan of H230 in NaCl-KCl molten salt equilibrated with air at 800oC. This is 
the data in Fig. 1-11 transformed to base 10 log of the absolute value of current density,   log10| �o |.  The potential was 

scanned from -30 mV to +30 mV from open circuit -0.44V vs. SSE. The scan Rate= 0.1 mV s-1. 

 The top red scan in Figure 3.1.3.1  is the first positive-going scan and the bottom red scan is the 

second negative-going scan. The hysteresis between these two red curves is due to electrode capacitance. 

This capacitive current brings error to quantifying the corrosion current and the corrosion rate. To 

eliminate capacitive contribution to the polarization curve, the 2 red scans are averaged to give the 

capacitance-free blue curve in Figure 3.1.3.1. The blue curve is then transformed and plotted as the base 

10 log of the absolute value of average current versus H230 WE electrode potential. This transformed 

curve is shown in Figure 3.1.3.2. During a Stern-Geary measurement, the potential perturbation on the 

metal is only 30 millivolts, to generate the curves in Figure 3.1.3.1 and its transform in Figure 3.1.3.2. 

This 30 mV perturbation is so small, that the Stern Geary method gives a nondestructive way to 

repeatedly interrogate the metal in molten salt.  The blue curve in Figure 3.1.3.1 and its transform in Fig. 

3.1.3.2 give an excellent approximation to the steady state polarization curve for the metal corroding in 

air. This small signal can be analyzed using first principles to quickly and reliably find the corrosion rate 

(CR) of the H230 metal alloy in molten salt.  
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Corrosion rate of H230 from the Stern-Geary analysis 

 To do a Stern-Geary analysis for the H230 metal WE in NaCl-KCl salt melted in air, a CE and 

Ag/AgCl RE were put into the salt along with the WE, and the current between the WE and CE was 

recorded as WE potential was scanned at 0.1 mV s-1 from  -30mV relative to open circuit voltage ( Eoc = 

-0.438 V vs. SSE) to +30 mV versus the OCV. This means that the 1st positive-going scan is from -0.460 

V to final -0.417 V, and the 2nd negative-going scan goes from-0.417 V to -0.460V. Then these 2 scans 

were averaged, and the log of averaged current density (log javg) is plotted versus potential. This plot gives 

Ecorr and jcorr from the intersection of the lines tangent to the anodic and cathodic portions of the SG plot 

in Fig. 3.1.3.2. An EXCEL spreadsheet macro automatically generates the tangent lines in in Fig. 3.1.3.2, 

and the program analyzes these lines to calculate the corrosion rate for H230 in NaCl-Cl in air at 800
o
C, 

which is found to be 722 microns/year. The CR is calculated using the equation, 

 

                     

by inserting the values of jcorr and the parameters, below:  

jcorr is corrosion current density in A cm
-2

 = -0.353 A cm
-2

 

K is a unit constant = 3272 mm A-1 cm-1 yr -1  

A is area in cm2 = 7.86 cm2 

EW is equivalent weight in g eq-1 = 35 g eq-1 

ρ is density in g cm
2
 = 8.97 g cm-2 

 

 

Table 3.1.3.4. CR for H230 in Dry +Mg and Wet molten MgKNa-Cl salt from Stern-Geary polarization curve (standard 
deviation) 

 

 The corrosion rates (CR) seen are clearly a function of water concentration. The higher the RH% 

of the Wet Argon that equilibrates the molten salt, the higher the corrosion rates. The exchange current 

density at E
corr

 reflects the CR, due to the following derived equation: 

             [   ]
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In the following Figure 3.1.3.4. the linear dependence of CR by RH% can be seen along with the standard 

deviations. 

 

Figure 3.1.3.4. Plot of CR vs RH for H230 in Dry+Mg and Wet molten MgKNa-Cl salt from Stern-Geary polarization curve 
(standard deviation) 
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3.2. SEM/EDS - Scanning Electron Microscopy with Energy Dispersive 

Spectroscopy 
 Energy-dispersive X-ray spectroscopy (EDS) is an analytical technique used for the elemental 

analysis or chemical characterization of a sample [18]. EDS can also be used to study metal or alloy 

corrosion rates and alteration of composition of these alloys. When Haynes 230 is corroded, Cr is the first 

element to leave the alloy, because it has the most negative reduction potential, and EDS of cross section 

of new and corroded H230 coupons showed this assertion is correct. 

 

 

Figure 3.2.1. Haynes 230 cut coupons encased in epoxy, a) before polishing and b) after polishing with SiC grinding paper 

 

 

Figure 3.2.2. HITACHI S-4800 Field Emission Scanning Electron Microscope 
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Baseline experiment, a 3-day H230 exposure in Dry Argon vs 100%RH Argon equilibrated 

MgCl2-KCl at 800°C 

 MgCl2-KCl salt was dried with Dry Argon at 170°C for 2 hours at a flow rate of 55 sccm, then 

melted at 800
o
C with sparging of Dry Argon for 2 hours at a flow rate of 55 sccm. The low flows were 

used to try to lower the amount of salt spray. H230 WE, CE and reference electrode were inserted in 

nominally dried salt in the cell. H230 WE and CE were type long-plate coupons (45cm x 0.6cm x 0.1cm) 

with a Ni wire welded to plate for electrical connection outside of cell. Area of plate immersed in salt was 

6.6cm
2
.Two experiments were conducted in parallel over 3 days with all things equal, except that after 2 

hours, 1) one cell was exposed to WET Argon atmosphere (100%RH) flowing above the salt, while 2) the 

other was exposed only to DRY Argon atmosphere above the salt for the remaining duration of the 

experiment. Both experiments were run for 72 hours and the coupons were analyzed for differences. 

 

 

Figure 3.2.3. EDS crosssections for Cr in H230 after 72 hr exposure of metal to 170g MgCl2-KCl salt with: a) DRY Argon and b) 
WET Argon over salt, after dried with 55mL/min DRY ARGON at 170*C for 2 hours, then sparged into salt at 800C for 2 hours. 
H230 inserted in salt the balance of 72hr with under DRY or WET Argon. WET Argon is Dry Argon sparged into water at 25*C. 
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Baseline experiment, a 7-day H230 exposure in Dry Argon vs 100%RH Argon equilibrated 

MgCl2-KCl at 800°C 

 This experiment was run similar to the prior presented, except the comparison of H230 samples 

was for an exposure that lasted 7 instead of 3 days in DRY and WET MgCl2- KCl salt. The conditions 

were that the MgCl2- KCl salt was dried with DRY ARGON at 170°C for 2 hours at a flow rate of 55 

sccm, then melted at 800*C with sparging of Dry Argon for 2 hours at a flow rate of 55 sccm, and the 

H230 WE, CE and reference electrode were inserted in dried salt in cell. Haynes230 WE and CE were 

long-plate coupons (45cm x 0.6cm x 0.1cm) and Ni wire welded to plate outside of cell for electrical 

connection. Area of plate immersed in salt was 6.6cm2. Two experiments were conducted in parallel with 

all things equal, except that after 2 hours, for the duration of the 168 hour experiment, one cell was 

exposed to WET Argon atmosphere flowing above the salt, while the other was exposed only to DRY 

Argon atmosphere above the salt. Both experiments were run for 168 hours and the coupons were 

analyzed for differences. 

 

 

Figure 3.2.4. Comparison of EDS cross section of H230 after 168 hour exposure to metal in salt with a) DRY Argon 
Atmosphere and b) WET Argon Atmosphere blown over salt. H230 coupons in 170g MgCl2-KCl salt, first dried with DRY 
ARGON at 170*C for 2 hours, then Dry Argon sparged into molten salt at 800C for 2 hours at 55mL/min. Then coupon 

inserted in salt and balance of time with DRY or WET Argon over salt at 55mL/min. WET Argon is Dry Argon + Sparged Water 
at 25°C. 
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Summary H230 exposure to “DRY” and “WET” molten MgCl2-KCl with no CP 

 

 WET Argon atmosphere (100%RH Argon) OVER molten MgCl2-KCl salt, transfers water from 

WET Argon gas slowly linear diffusion. Water in WET Argon and in molten salt never come to 

equilibrium, because blowing WET Argon at 55 sccm OVER molten salt slowly transfers water from gas 

to molten salt. It is needed to sparge WET Argon into the molten salt in order to equilibrate water in WET 

Argon atmosphere over the molten salt with water in the bulk molten salt phase. By extrapolating, a 1mm 

thick samples without any protection is expected to "survive" with the WET Argon atmosphere OVER 

salt for about 14 to 16 days without breaking. (Note: type a geometry is 0.1cm thick, 0.6cm wide and 

4.6cm is immersed in molten salt) When all other factors are identical, results for samples without 

cathodic protection give one baseline for comparing to results for samples with cathodic protection. H230 

corrosion was present after exposure to dry and wet salt with no CP .  

 

 In conclusion, corrosion of H230 was greater in WET salt than in DRY salt. As expected, 

corrosion of chromium was more pronounced than other metals in H230. Chromium corrosion was 

followed by energy dispersive spectroscopy (EDS). Reduction of chromium EDS counts was greater as 

time of metal exposure to molten salt increased from 3 to 7 days.  

Cathodic protection of alloy in molten chloride salt 

 Cathodic protection is when the controlled metal in electrolyte is 200 or more mV negative of the 

corrosion potential which is the open circuit potential (OCP) [20], the potential difference between H230 

vs SSE in molten salt. For the H230 in molten salt, the cathodic protection potential is 

E
CP, H230

 ≤ -200mV+OCP 

 Applying E
CP, H230

 under the same conditions as the previous experiments without cathodic 

protection gives an “all other things being equal” baseline for comparison to understand the effects of 

cathodic protection versus no cathodic protection for H230 in “WET” molten salt (100%RH Argon 

equilibrated OVER molten salt). 

 Cathodic Protection (CP) potential, ECP, was controlled with Bio-Logic VSP Potentiostat with a 

Bio-Logic 20 amp VMP Booster for H230 metal in molten 1mol MgCl2-1mol KCl salt (95g MgCl2, 75g 

KCl,). Note: melting point is 430°C.for the eutectic salt of 32 mol%MgCl2–68 mol%KCl. The 170g of 

1mole MgCl2 -1 mole KCl salt was dried with DRY ARGON at 170°C for 2 hours then melted at 800°C 

and sparged with Dry Argon for 2 hours. The Argon flow rate was always 55 sccm. The H230 WE, CE 

and Ag/AgCl (SSE) RE were then inserted in the molten salt in the cell. The WE and CE were type-d rod 

geometries. length = 45cm length; radius = 0.075cm, total area = 21.24 cm
2
 ; weight = 9.1757g. Area 

immersed in salt = 2.2cm
2
 . The OCV of WE was -300mV vs SSE after 5 minutes in molten 1 MgCl2-1 

KCl chloride salt. Then 5 minutes after setting ECP to -500mV, the atmosphere over MgCl2-KCl salt was 

switched from DRY to WET ARGON. WET ARGON is DRY ARGON sparged at flow of 55sccm into 

water in gas wash bottle at 25C. The cathodic protection potential, ECP, was -500mV while the metal was 

exposed to WET salt for 20 hours. 
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Figure 3.2.5. Chronoamperometry (CP experiment 1) of Haynes 230 in molten 1 MgCl2-1 KCl salt for 20 hours at ECP = -
500mV (200mV more negative OCV= -300 mV vs SSE) 

Table 3.2.1. Composition of the samples by EDS for fresh and WE, CE after salt exposure 

 

 

 

Figure 3.2.6. Chromium EDS image for a fresh H230 rod, working electrode held at EWE= -500mV (200mV more negative than 
OCV= -300 vs SSE)and counter electrode of H230 after WE and CE exposure in 170g MgCl2-KCl salt with WET ARGON over 

molten salt solution for 20hours. 

 

Table 3.2.2. Weight of electrode before and after exposure 
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 From the EDS data in Table 3.2.1. and weight loss data in Table 3.2.2 , the working H230 

electrode was stabilized by cathodic protection since it retained most of its mass and metal composition 

on its surface, however, the counter electrode was destabilized evidenced by mass loss and decrease in 

surface metal concentrations compared to the fresh rod (Table 3.2.1.). The CE is a sacrificial electrode so 

destabilization is expected and needed to preserve the WE (which is modelling the salt container).  

 

 However the graphical representation of the composition of the samples by EDS for fresh and 

WE, CE after salt exposure in Figure 3.2.7. shows the WE was losing about 5 % of its chromium(see 

below). 

 
Figure 3.2.7. Graphical representation of the composition of the samples by EDS for fresh and WE, CE after salt exposure 

 This is not too surprising considering the salt was not well dehumidified at 55 sccm for 2 hours, 

as discussed earlier. Either the salt has to be better dehumidified or/and E
CP

 will have to be set even more 

negative than -500mV to stabilize the chromium on the WE surface. This is visually noticeable in digital 

pictures of a fresh H230 rod and the WE and CE H230 rods exposed to salt during the CP experiment as 

shown in Figure 3.2.8. below. 

 

 

 
Figure 3.2.8. SEM of Cr and Ni EDS images of H230 rod WE and CE rods after exposure to wet moltenMgCl2-KCl salt at 800C 

for 20hours with -500 mV vs SSE of cathodic protection( Top - WE small Cr loss )( Bottom - CE Note thinning(uniform 
corrosion) 
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4. Discussion and Conclusions 
 Using a power supply and reference electrode permits the detection of oxidants and arresting of 

metal corrosion when H230 alloy is in molten chloride salt. Haynes 230 in molten chloride salts 

equilibrated with no and various different levels of oxidants has been studied electrochemically, 

gravimetrically and using EDS of cross sections. Open circuit potentials, corrosion rates, thickness of 

corrosion layers and mass loss of H230 metal alloy in molten chloride salt were correlated to the presence 

or absence of oxidants in the molten chloride salt that is in contact with the H230 metal alloy leading to 

the presence or lack of metal corrosion. 

 As is expected from first principles, the open circuit potential has been found to be related to the 

logarithm of the oxidant concentration in the atmosphere equilibrated with the molten salt. The corrosion 

current has been found to be related to the first power of the oxidant concentration in the atmosphere 

equilibrated with the molten salt. The corrosion layer was a layer mainly depleted of chromium, which is 

expected since chromium is the least noble metal in H230 alloy. Lastly, the mass loss of H230 was related 

to the level of oxidants in the molten salt. 

Monitoring the open circuit potential of the H230 surface in contact with molten chloride salt is a 

means to detect oxidants in the salt. So monitoring the potential of a metal surface inside a pipe filled with 

molten chloride salt gives a means to detect leaking of oxidants, e.g., from air, leaking into the molten salt 

inside the pipe. The H230 open circuit potential shifts more positive as more oxidants leak inside the pipe. 

The shift is linear with the logarithm of the oxidant level in the atmosphere leaking into the molten salt in 

the pipe. 

Monitoring the corrosion rate (CR)of the H230 in contact with molten chloride salt is also a 

means to detect oxidants in the salt. So monitoring the corrosion rate of a metal coupon inside a pipe 

filled with molten chloride salt gives a means to detect leaking of oxidants, e.g., from air, leaking into the 

molten salt inside the pipe. The H230 corrosion rate will increase as more oxidants leak inside the pipe. 

The increase in CR is directly proportional to the oxidant level in the atmosphere leaking into the molten 

salt in the pipe.  

Applying a cathodic overpotential to metal surface in contact with molten chloride salt is a means 

to arrest ionization (corrosion) of metal in the presence of oxidants in the molten salt, as demonstrated for 

H230 in ternary sodium chloride, potassium chloride and magnesium chloride (MgCl2-KCl-NaCl) at 

800oC. To practically apply cathodic protection of a metal in molten salt containing oxidants with a power 

supply requires a judicious choice of anode to prevent oxidation of chloride to chlorine at the anode. 

Anode selection is the subject of ongoing work. 

4.1. Error sources 
 Electrochemistry - Noise is one source of  error when performing electrochemical experiments. 

Noise can come from bad connections (that can be fixed by polishing away surface oxides, soldering or 

using mechanical force to connect metal parts). Other sources of inconsistencies in the data are fluctuation 

in temperature due to oven heater coming on and off, cracks in reference electrodes, bad welds in the 

electrodes and clogging in the gas lines. More error sources include weighing of electrodes because the 

rod part above the salt also corrodes, but it’s not exposed to the salt, so in some scenarios it is unclear 

how much of the mass loss is due to alloy corrosion inside the salt versus the part above the salt.  
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5. Appendices 
 
Appendix 1. 

 

Appendix 2. 
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