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Abstract: 

The thermodynamic of the 𝐴𝑔/𝐴𝑔2𝑆𝑂4 electrode, serving as reference for carrying electrochemical 

experiences of corrosion in sulfates at 900°C, was investigated because of the observed limited operating 

lifetime. Its use led to the total degradation of the 1 mm Ag wire in 200 h. Half-immersion of Ag 

wires in sulfates mixes (selected for their acido-basicity) evidenced the homogeneous thinning of the 

immersed part of the wires and the precipitation of metallic Ag in the salt. The different steps governing 

the corrosion mechanism were proposed considering that the driving force was the differential aeration 

of the 𝐴𝑔 wire.  
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Main text 

Performing electrochemical measurements is an appropriate approach to investigate hot corrosion of 

metals and alloys in molten salts. Indeed, these techniques allow the in situ determination of many 

kinetic and thermodynamic parameters that are impossible to acquire otherwise. For example, it is 

possible to monitor the evolution of the open circuit potential vs time of a metallic material [1,2], to 

evaluate its passivation ability, or to acquire significant information about the nature of the electro-active 

systems [1,3-7] that are present in the electrolytic melt, this list being by far non-exhaustive.  

Many researchers developed three electrodes cells, employing refractory ceramic and metallic materials, 

capable to withstand the high temperature required for operating in refractory salts [8,9] [10] or oxides 

mixes [11]. Rapp et al. [12,13] matured this technique in the past to investigate the electrochemical 

reactions in a pure 𝑁𝑎2𝑆𝑂4 melt because of the need to understand the mechanism of hot corrosion of 

alloys in molten sulfates. Indeed, the severe degradation observed on aero-engines hardware after 

operations [14] is a long-term technological issue, while the temperature of the aeronautic turbines is 

continuously increasing in order to enhance their efficiency. The authors [12] developed electrodes 

systems to record, sometimes simultaneously, the oxide ions activity (𝑎𝑂2−), the partial pressure of 

oxygen (𝑃𝑂2
) and the open circuit potential of nickel leading, for example, to the identification of its 

corrosion mechanism [15]. 



For these measurements, a suitable reference has to be selected. Rapp et al. published [16] a series of 

electrodes that can be used in molten sulfates, and the 𝐴𝑔/𝐴𝑔2𝑆𝑂4 reference electrode is generally 

recommended due to its relative building simplicity [9,17].  

Because of a number of experimental issues met by the present authors when performing more or less 

long-term experiments (between 50 h and 200 h) in molten sulfates with this electrode, the 

thermodynamic of the 𝐴𝑔/𝐴𝑔2𝑆𝑂4 reference electrode was re-investigated, as well as the behavior of 

metallic 𝐴𝑔 in 𝑁𝑎2𝑆𝑂4 and 𝐴𝑔2𝑆𝑂4 − 𝑁𝑎2𝑆𝑂4  mixture. These results are discussed and mechanisms 

are proposed in the present short communication.  

The 𝐴𝑔/𝐴𝑔2𝑆𝑂4 reference electrode consists of a silver wire dipped into a 10 𝑚𝑜𝑙. %𝐴𝑔2𝑆𝑂4 −

𝑁𝑎2𝑆𝑂4 salt mixture confined in a mullite (3𝐴𝑙2𝑂3 − 2𝑆𝑖𝑂2) tube. The glassy phase at grain boundaries 

in mullite provides the mandatory ionic conduction, by Na+ ions in this case [9]. The half-cell 

corresponding to the  𝐴𝑔/𝐴𝑔2𝑆𝑂4  reference electrode and the corresponding Nernst Equation (Eq.1) 

can be written as follows: 

Half Cell : Ag wire, 10 𝑚𝑜𝑙. %𝐴𝑔2𝑆𝑂4 − 𝑁𝑎2𝑆𝑂4 I Mullite (Na+) I Molten salt to be studied 

𝐴𝑔2𝑆𝑂4 + 2 𝑒− = 2 𝐴𝑔 + 𝑆𝑂4
2− 𝐸𝐴𝑔2𝑆𝑂4 𝐴𝑔°⁄ = 𝐸° +

2.3𝑅𝑇

2𝐹
𝑙𝑜𝑔 (

 𝑎𝐴𝑔2𝑆𝑂4

𝑎𝐴𝑔
2 .  𝑎𝑆𝑂4

2−
 ) (𝐸𝑞. 1) 

   

The different chemical reactions that have to be considered in this system are listed below: 

𝑁𝑎2𝑆𝑂4 = 𝑁𝑎2𝑂 + 𝑆𝑂3 (𝑔)    ∆𝐺2 (900 °𝐶) = 386.9 𝑘𝐽. 𝑚𝑜𝑙−1  [18] (𝐸𝑞. 2) 

𝐴𝑔2𝑆𝑂4 = 2 𝐴𝑔 + 𝑆𝑂3 (𝑔) + 1
2⁄ 𝑂2 (𝑔) ∆𝐺3 (900 °𝐶) = 69.5 𝑘𝐽. 𝑚𝑜𝑙−1 [19] (𝐸𝑞. 3) 

𝑆𝑂3(𝑔) = 𝑆𝑂2(𝑔) + 1
2⁄ 𝑂2 (𝑔)           ∆𝐺4 (900 °𝐶) = - 10.9 𝑘𝐽. 𝑚𝑜𝑙−1 [20] (𝐸𝑞. 4) 

𝑆𝑂3 + 2 𝑒− = 𝑆𝑂2 + 𝑂2− 
𝐸𝑆𝑂3 𝑆𝑂3⁄ = 𝐸° +

2.3𝑅𝑇

2𝐹
𝑙𝑜𝑔 ( 

𝑃𝑆𝑂3

𝑃𝑆𝑂2
. 𝑎𝑂2−

 ) 

 

(𝐸𝑞. 5) 
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2
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  𝑎𝑂2−
 ) (𝐸𝑞. 6) 

 

The use of this electrode as a reference for electrochemical measurements supposes that:  

- the mullite conductivity is high enough to avoid the formation of a membrane potential,  

- the thermal stability of the constitutive salts, i.e., of 𝑁𝑎2𝑆𝑂4  and 𝐴𝑔2𝑆𝑂4  compounds, is 

ensured at the temperature of use,   

- the concentration of silver ions remains constant with time; i.e., that the mullite is impermeable 

to Ag+ ions at 900°C. 

Thermogravimetry was employed to evaluate the thermal stability of 𝑁𝑎2𝑆𝑂4 , 𝐴𝑔2𝑆𝑂4  and of the 

10 𝑚𝑜𝑙. %𝐴𝑔2𝑆𝑂4 − 𝑁𝑎2𝑆𝑂4 mixture in air. The thermal decomposition of 𝑁𝑎2𝑆𝑂4 in air (Fig.1a) was 



observed to start from 850°C and occurred with a very low reaction rate at 900°C. To confirm that the 

𝑁𝑎2𝑆𝑂4 decomposition can be neglected at 900°C, an amount of 11.48 ± 0.01 milligrams 𝑁𝑎2𝑆𝑂4 was 

exposed during 100 h at 900°C in still air. The mass loss after exposure corresponded to 5.05% of the 

initial weight. The residue was then solubilized in 0.5 ml of fresh distilled water and the pH was assessed 

using a pH indicator strip. This dilution procedure was implemented regarding the low mass variation 

after 100 h and assuming that the mass loss resulted from the decomposition of 𝑁𝑎2𝑆𝑂4 according to 

Eq.2. The calculation of the pH resulting from  𝑆𝑂3 release led to pH > 12. Such pH variation from the 

one of distilled water (around 7) should have been observed, but the color of the strip was identical to 

the one dipped in pure distilled water, confirming first that if any, the decomposition of the salt according 

to Eq.2 is very low, and second that the mass loss should rather be associated to 𝑁𝑎2𝑆𝑂4 (g) loss than 

to its decomposition.  

At the opposite, the mass loss was rapid for pure 𝐴𝑔2𝑆𝑂4 (Fig.1b) and reached 31.2% of the initial 

weight of 𝐴𝑔2𝑆𝑂4 after only 2 hours at 900°C. This value corresponds to the total decomposition of 

𝐴𝑔2𝑆𝑂4 in air according to Eq.3. In the case of the 10 𝑚𝑜𝑙. %𝐴𝑔2𝑆𝑂4 − 𝑁𝑎2𝑆𝑂4 mixture (Fig.1c), and 

if the decomposition of 𝑁𝑎2𝑆𝑂4 is neglected, 90% of 𝐴𝑔2𝑆𝑂4 has decomposed after 24 h at 900°C.  

Fig.1: Mass change vs time of 𝑎) 𝑁𝑎2𝑆𝑂4, b) 𝐴𝑔2𝑆𝑂4 and of c) the 10 𝑚𝑜𝑙. %𝐴𝑔2𝑆𝑂4 − 𝑁𝑎2𝑆𝑂4 mixture in air 

at 900°C (heating rate of 20 K.min-1 and gas flow rate of 20 ml.min-1) 

According to these results, 𝐴𝑔2𝑆𝑂4 rapidly decomposed in air despite the positive Gibbs energy related 

to Eq.3. This is due, of course, to the impossibility to reach thermodynamic equilibrium in an open 

system, 𝑆𝑂3 being promptly evacuated. Consequently, the mullite tube confining the salt mixture of the 

𝐴𝑔/𝐴𝑔2𝑆𝑂4 reference electrode has to be sealed to limit the 𝐴𝑔2𝑆𝑂4 decomposition reaction.  

If the mullite tube is now assumed to be sealed, reaching equilibrium 3 inside the mullite tube 

nevertheless requires a slight decomposition of 𝐴𝑔2𝑆𝑂4 ; the involved amount is evaluated now. 

Considering a unit activity of 𝐴𝑔2𝑆𝑂4, the 𝑆𝑂3 partial pressure at 900°C in air (0.21 atm 𝑂2) resulting 

from Eq.3 should be as high as 1.74.10-3 atm. As the 𝑆𝑂3 partial pressure in air at 900°C is related to the 

ones of 𝑆𝑂2 and 𝑂2 through Eq.4, the 𝑆𝑂2 partial pressure can be calculated. At 900°C, the value of 𝑆𝑂2 

partial pressure at equilibrium is more than thirty-fold the one of 𝑆𝑂3. Thus, the amount of 𝐴𝑔2𝑆𝑂4 that 

has to decompose to reach equilibrium in the mullite tube can be calculated. This amount, for 1 grams 

of the 10 𝑚𝑜𝑙. %𝐴𝑔2𝑆𝑂4 − 𝑁𝑎2𝑆𝑂4 mixture introduced in a 10 cm3 mullite tube, and assuming neither 

𝑆𝑂3 nor 𝑆𝑂2 condense on the colder upper part of the system, does not exceed 1% of the initial 𝐴𝑔2𝑆𝑂4. 

Taking into account an activity of 𝐴𝑔2𝑆𝑂4 in the melt equal to 0.1, i.e., considering the solution as ideal, 

the initial amount of  𝐴𝑔2𝑆𝑂4 initially consumed falls at 0.1%. These considerations suggest that the 

mullite tube constituting the 𝐴𝑔/𝐴𝑔2𝑆𝑂4 reference electrode must be efficiently sealed to limit the 

𝐴𝑔2𝑆𝑂4 decomposition, but also that the sulfate mixes should be chemically stable once the equilibrium 



in the tube is achieved. Thus the 𝐴𝑔2𝑆𝑂4 activity is fixed, and the  𝐴𝑔/𝐴𝑔2𝑆𝑂4  system can be used as 

reference potential.  

However, unpredicted observations were made after the mullite tube broke during the run of a 65 h 

experiment at 900°C. The 𝐴𝑔  wire, which was initially 1 mm in diameter, exhibite a sponge-like 

appearance (Fig.2) when immersed in the 10 𝑚𝑜𝑙. %𝐴𝑔2𝑆𝑂4 − 𝑁𝑎2𝑆𝑂4  mixture. Besides, the 

composition of the residual salt was close to the initial one.  

Fig.2: Broken 𝐴𝑔/𝐴𝑔2𝑆𝑂4 reference electrode after 195 h immersion in Na2SO4 at 900°C. The photo displays 

the Ag sponge formed in place of the initially 1 mm in diameter Ag wire. 

In order to understand this phenomenon, three 𝐴𝑔 wires ( 1 mm) were immersed in pure Na2SO4, 

10 𝑚𝑜𝑙. %𝐴𝑔2𝑆𝑂4 − 𝑁𝑎2𝑆𝑂4  and 10 𝑚𝑜𝑙. %𝐴𝑔2𝑆𝑂4 − 56 − 44 𝑚𝑜𝑙. % 𝑁𝑎2𝑆𝑂4 − 𝑀𝑔𝑆𝑂4 

respectively, this latter being under consideration to carry out electrochemistry in molten sulfates at 

700°C, the melting temperature of the eutectic composition (56 − 44 𝑚𝑜𝑙. %𝑁𝑎2𝑆𝑂4 − 𝑀𝑔𝑆𝑂4) [21,22] 

being at 670°C.  

The macroscopic views of the wires after the 96 h exposure at 900°C in air are given in Fig.3. No 

reaction was observed for the 𝐴𝑔 wire immersed in pure 𝑁𝑎2𝑆𝑂4, whereas the diameter of the wires 

immersed in the two 𝐴𝑔2𝑆𝑂4 containing melts rapidly decreased in comparison to the external part of 

the 𝐴𝑔 wire. Moreover metallic Ag particles were observed widespread in the melt after exposure and 

the salt mixes still contained 𝐴𝑔2𝑆𝑂4 after the 96 h exposure in air. These observations were initially 

considered as really amazing, with the question of what can be the driving force leading to the oxidation 

of Ag wire and then to its re-formation as dispersed Ag particles in the melt, i.e. with the same chemical 

potential. Moreover the thermogravimetric study presented hereabove evidenced the almost total 

decomposition of 𝐴𝑔2𝑆𝑂4 after 24 h at 900°C. 

Fig.3: Macroscopic views of Ag wires partly immersed in a) 𝑁𝑎2𝑆𝑂4, b) 10 𝑚𝑜𝑙. %𝐴𝑔2𝑆𝑂4 − 𝑁𝑎2𝑆𝑂4 

𝑎𝑛𝑑 𝑐) 10 − 56 − 44 𝑚𝑜𝑙. %𝐴𝑔2𝑆𝑂4 − 𝑁𝑎2𝑆𝑂4 − 𝑀𝑔𝑆𝑂4 molten salts for 96 h at 900°C in air. The black 

arrows indicate the limit between the immersed and outer parts of the Ag wire 

All the results suggest in fact the fast oxidation of the 𝐴𝑔 wire occurs by a differential aeration corrosion 

phenomenon. Differential aeration corrosion (DAC) is a type of corrosion that occurs when the oxygen 

concentration (or that of another oxidant present in the surrounding environment) varies along a metal's 

surface  [23]. The gradient of concentration of oxidants creates a difference in potential on the metal's 

surface such that electronic transport through the metallic conductor can occur, resulting in the formation 

of anodic and cathodic sites. In the present case, because 𝑂2 (𝑔) and 𝑆𝑂3 (𝑔) are the main oxidants in 

the environment and their solubilities into molten sulfates were low [24], the direct oxidation of 𝐴𝑔 by 

these solvated oxidants is in fact not expected. If the oxidants were present into the melt, their 

consumption would lead to an increase of the concentration of oxide ions 𝑂2−, i.e., of the basicity of the 



melt, according to the Eq.5 and Eq.6, and thus to the stabilization of metallic 𝐴𝑔 according to the 

Kellogg diagrams (Fig.4) of the 𝐴𝑔 system in the presence of sulfate ions.  

Fig.4: Kellogg diagram of the 𝑁𝑎 and 𝐴𝑔 systems in presence of sulfate ions, drawn at 900°C with activity of 

the ionic species Na+ and Ag+ equal to 1 and 0.1 resp. [25,26] 

The Kellogg diagram indicates the predominant species as a function of the partial pressures of both 

oxygen (𝑃𝑂2 
in ordinates) and  𝑆𝑂3 (𝑃𝑆𝑂3 

in abscissa). For systems involving oxide ions, it is convenient 

to use the 𝑝𝑂2−notation (Eq.8) that traduces the activity of 𝑁𝑎2𝑂, itself related to the partial pressure 

𝑃𝑆𝑂3 
by Eq.2. A high 𝑝𝑂2− value corresponds to an acidic environment (to high 𝑃𝑆𝑂3 

value on the 

Kellogg); a low 𝑝𝑂2−, to a basic one (to low 𝑃𝑆𝑂3 
value resp.). The activity of an ionic compound such 

as Na2O is given by the (𝑎𝑁𝑎+)2. 𝑎𝑂2− [27] product. Considering molten salts as ionic solutions and 

making the assumption of the ideal mixture, the activity of Na+is equal to unity (from [28]). Therefore 

the activity, or concentration, of O2- is equal to the activity of Na2O in the salt. 

𝑝𝑂2− = − log[𝑎𝑁𝑎2𝑂] = − log[𝑎𝑂2−]       (𝐸𝑞. 8) 

Thus the DAC mechanism, sketched in Fig.5, can be proposed:  

- The cathodic, and kinetically determining, reactions correspond to the reduction of O2, or/and 

SO3 when present, according to Eq.5 and 6 respectively. Both reactions occur on the Ag wire in 

the outer region where the salt spreads by capillary action over the Ag wire, as indicated in the 

figure 5. Oxygen from the gaseous atmosphere can easily diffuse through this thin film of 

Na2SO4 and then reacts with electrons to form O2- ions. Consecutively the concentration of oxide 

ions in the upper region of the melt increases. Considering the oxide ions concentration equal 

to the Na2O activity, equilibrium 2 suggests the decrease of 𝑃𝑆𝑂3 
in this region. 𝐴𝑔2𝑆𝑂4 in this 

low 𝑃𝑆𝑂3 
region decomposes to form SO3, O2 and 𝐴𝑔° according to the Kellogg diagram (fig. 4). 

The gaseous species (𝑆𝑂3 , 𝑂2 ) are rapidly released in the gas phase because of their low 

solubility in the molten salt [29].  

- The anodic reaction, i.e. the oxidation of the 𝐴𝑔° wire, occurs in the immersed part where the 

conditions of acidity allow the formation of 𝐴𝑔2𝑆𝑂4,  as planned from the known 

thermodynamic data of pure substances (Fig.4). The formation of 𝐴𝑔+ through this oxidation 

maintains the required acidity of the melt. 

- The difference of 𝐴𝑔+  concentration between the immersed zone and the upper region 

surrounding the silver wire involves a constant flow of 𝐴𝑔2𝑆𝑂4 (𝐽𝐴𝑔+) towards the cathodic site 

where it decomposes into small-sized particles of 𝐴𝑔 where the 𝑝𝑂2− is low enough.  

Fig.5: Sketches of a) the differential aeration corrosion settling between the anodic (A) immersed and 

cathodic (C) emerged parts of the Ag wire; b) the current-potential curves for the involves systems 



according to the acidity of the melt 1) 𝑁𝑎2𝑆𝑂4,  2) 10 𝑚𝑜𝑙. %𝐴𝑔2𝑆𝑂4 − 𝑁𝑎2𝑆𝑂4 𝑎𝑛𝑑 3) 10 − 56 −

44 𝑚𝑜𝑙. %𝐴𝑔2𝑆𝑂4 − 𝑁𝑎2𝑆𝑂4 − 𝑀𝑔𝑆𝑂4. 

According to this sketch, when 2 electrons are involved in the reduction of ½ 𝑂2 (𝑔) at the cathodic site 

forming  𝑂2−, 2 𝐴𝑔° atoms form 2 𝐴𝑔+ ions at the anodic site, and, somewhere near the cathodic site, 2 

𝐴𝑔+ ions (in 𝐴𝑔2𝑆𝑂4) precipitate with 𝑂2− to form the instable 𝐴𝑔2𝑆𝑂4 (or 𝐴𝑔2𝑂), that decomposes  

into metallic 𝐴𝑔. This electron exchange balance shows that the 𝐴𝑔2𝑆𝑂4
 concentration does not change 

with time if steady state conditions are considered. This situation is in fact verified until the 𝐴𝑔 wire is 

totally consumed.  

This mechanism similarly occurs in the sealed mullite tube. The oxygen partial pressure is maintained 

constant through Eq.3 by which oxygen is produced and Eq.6 by which it is consumed. A modification 

of the gas inside the mullite tube, by using argon instead of air for example, would have a low influence 

on the differential aeration corrosion. Indeed, this would just increase the amount of 𝐴𝑔2𝑆𝑂4 in the 

10 𝑚𝑜𝑙. %𝐴𝑔2𝑆𝑂4 − 𝑁𝑎2𝑆𝑂4  mixture that has initially to decompose into 𝑆𝑂3 (𝑔) , 𝑆𝑂2 (𝑔) , and 

𝑂2 (𝑔) to reach equilibrium. 

The results also evidence that the differential aeration corrosion did not develop in the case of pure 

𝑁𝑎2𝑆𝑂4  but did with the presence of 𝐴𝑔2𝑆𝑂4,  and even more significantly with the 𝐴𝑔2𝑆𝑂4 −

𝑁𝑎2𝑆𝑂4 − 𝑀𝑔𝑆𝑂4 mixture. In the open conditions that are employed for these tests, 𝑂2 (𝑔) is the main 

oxidant because it can be assumed that the partial pressure of 𝑆𝑂3 (𝑔) remains very low and that the gas 

can be evacuated far from the cathodic site. But no matter the involved redox couple, both similarly 

evolve with the change of the acidic conditions into the melt, as traduced by the Nernst equations 

indicated in Eq.5 and 6. In fact, the oxidative strength of both 𝑂2 (𝑔) and 𝑆𝑂3 (𝑔) increase when the 

activity of oxygen ions (𝑎𝑂2−) decreases. This allows to classify the electrolytes used in the present 

study from the less to the more acidic: pure 𝑁𝑎2𝑆𝑂4 < 10 𝑚𝑜𝑙. %𝐴𝑔2𝑆𝑂4 − 𝑁𝑎2𝑆𝑂4  <10 − 56 −

44 𝑚𝑜𝑙. %𝐴𝑔2𝑆𝑂4 − 𝑁𝑎2𝑆𝑂4 − 𝑀𝑔𝑆𝑂4 . This effect is sketched in Fig.5b showing the current vs. 

potential curves shifting on the right with the increase of acidity.  

To summarize the observations, the mullite tube has to be carefully sealed to avoid the 𝐴𝑔2𝑆𝑂4 

decomposition during the use of the 𝐴𝑔/𝐴𝑔2𝑆𝑂4  reference electrode at 900°C. The immersed part of 

the 𝐴𝑔 wire is consumed with time and its lifetime strongly depends on the acidic character of the molten 

salt. Nevertheless, the DAC, which is at the origin of this consumption maintains a constant 

concentration of 𝐴𝑔2𝑆𝑂4 in the melt, and thus the 𝐴𝑔/𝐴𝑔2𝑆𝑂4 electrode keeps a constant potential with 

time until there is no more contact between the 𝐴𝑔 wire and the electrolytic salt. A decrease of the salt 

acidity by lowering the 𝐴𝑔2𝑆𝑂4 concentration or by adding a sulfate to the melt with a more basic 

character can increase the 𝐴𝑔/𝐴𝑔2𝑆𝑂4 reference electrode lifetime.  



Finally, this study supplies wider conclusions since it contributes to evidence the significant effect of 

the surrounding gaseous atmosphere when performing electrochemical or corrosion tests involving 

partial immersion of the metallic specimen into the melt. According to the oxidative species contained 

in the environment and to the solubility of these oxidants in the molten salt, a DAC can settle such that 

very different chemical conditions can be established at the anodic and cathodic sites. The corrosion 

behavior in such conditions can be very different from the one observed when a small amount of salt is 

homogeneously sprayed to form a deposit on the specimen to be tested  [30]. Consequently, the total 

immersion of the electrode in the melt is required when carrying out electrochemistry in general and 

oxidants should be introduced directly in the melt close to the electrode rather than just flowing over the 

salt. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



References 

[1] A. Rahmel, Electrochemical aspects of molten-salt-enhanced corrosion, Mater. Sci. Eng. 87 (1987) 

345–352. https://doi.org/10.1016/0025-5416(87)90397-1. 

[2] R.A. Rapp, Chemistry and electrochemistry of hot corrosion of metals, Mater. Sci. Eng. 87 (1987) 

319–327. https://doi.org/10.1016/0025-5416(87)90394-6. 

[3] J. Di Martino, C. Rapin, P. Berthod, R. Podor, P. Steinmetz, Corrosion of metals and alloys in 

molten glasses. Part 2: nickel and cobalt high chromium superalloys behaviour and protection, 

Corros. Sci. 46 (2004) 1865–1881. https://doi.org/10.1016/j.corsci.2003.10.025. 

[4] J. Di Martino, C. Rapin, P. Berthod, R. Podor, P. Steinmetz, Corrosion of metals and alloys in 

molten glasses. Part 1: glass electrochemical properties and pure metal (Fe, Co, Ni, Cr) behaviours, 

Corros. Sci. 46 (2004) 1849–1864. https://doi.org/10.1016/j.corsci.2003.10.024. 

[5] J. Pertuiset, M. Gibilaro, O. Lemoine, P. Chamelot, G. Bourges, L. Massot, Electrochemical 

behavior of gold, palladium and platinum as inert anode materials for molten chloride electrolysis, 

Electrochimica Acta. 439 (2023) 141598. https://doi.org/10.1016/j.electacta.2022.141598. 

[6] G. Durán-Klie, D. Rodrigues, S. Delpech, Electrochemical behavior of iodide ions in molten 

fluoride salts, Electrochimica Acta. 445 (2023) 142019. 

https://doi.org/10.1016/j.electacta.2023.142019. 

[7] H. Sauzet, R. Collet, C. Héau, C. Pupier, D. Rodrigues, C. Cannes, S. Delpech, Redox properties 

of the carbonate molten salt Li2CO3Na2CO3-K2CO3, Electrochimica Acta. 405 (2022) 139765. 

https://doi.org/10.1016/j.electacta.2021.139765. 

[8] W.C. Fang, R.A. Rapp, Electrochemical Reactions in a Pure Na2SO4 Melt, J. Electrochem. Soc. 

130 (1983) 2335–2341. https://doi.org/10.1149/1.2119581. 

[9] D.A. Shores, R.C. John, A study of the Ag(s)/Ag2SO4 +Na2SO4(l) reference electrode, (n.d.) 9. 

[10] C.A.C. Sequeira, M.G. Hocking, Corrosion of nickel in sodium sulphate-sodium chloride melts. 

Part I, J. Appl. Electrochem. 8 (1978) 145–160. https://doi.org/10.1007/BF00617672. 

[11] T. Abdullah, C. Petitjean, P.-J. Panteix, S. Mathieu, C. Rapin, M. Vilasi, H. Zuhailawati, A. Rahim, 

Electrochemical characterization of chromia- and alumina-forming nickel-based superalloys in 

molten silicates, Appl. Surf. Sci. 360 (2015). https://doi.org/10.1016/j.apsusc.2015.10.176. 

[12] R.A. Rapp, K.S. Goto, The Hot Corrosion of Metals by Molten Salts, ECS Proc. Vol. 1981–10 

(1981) 159. https://doi.org/10.1149/198110.0159PV. 

[13] C.O. Park, R. Rapp, Electrochemical Reactions in Molten Na2SO4 at 900, 133 (1986). 

[14] C. Duret-Thual, R. Morbiol, P. Steinmetz, A guide to the control of high temperature corrosion 

and protection of gas turbine materials, Office for official publications of European Communities, 

Luxembourg, 1986. 

[15] N. Otsuka, R.A. Rapp, Hot Corrosion of Preoxidized Ni by a Thin Fused Na2SO4 Film at 900°C, 

J. Electrochem. Soc. 137 (1990) 46. https://doi.org/10.1149/1.2086436. 



[16] G.W. Watt, R.E. Andresen, R.A. Rapp, A Comparison of Reference Electrodes in Molten Sodium 

Sulfate, ECS Proc. Vol. 1981–10 (1981) 81. https://doi.org/10.1149/198110.0081PV. 

[17] A. Rahmel, Die stabilität von Ag/Ag2SO4 referenzelektroden für untersuchungen in 

geschmolzenen salzen, Electrochimica Acta. 15 (1970) 1267–1272. https://doi.org/10.1016/0013-

4686(70)85019-8. 

[18] O. Knacke,, O.  Kubaschewski, Thermochemical properties of inorganic substances, Spinger-

Verlag, Berlin, 1991. 

[19] I. Barin, Thermodynamique data of pure substances, VCH Verlags Gesellschaft, Weinheim, 1989. 

[20] I. Barin, Thermodynamique data of pure substances, VCH Verlags Gesellschaft, Weinheim, 1993. 

[21] E. Yazhenskikh, T. Jantzen, Y. Wang, K. Armatys, K. Hack, D. Sergeev, M. Müller, 

Thermodynamic description of the ternary systems of the core sulphate system Na2SO4–K2SO4–

MgSO4–CaSO4, Calphad. 74 (2021) 102313. https://doi.org/10.1016/j.calphad.2021.102313. 

[22] A.S. Ginsberg, Über die Verbindungen von Magnesium- und Natriumsulfat, Z. Für Anorg. Chem. 

61 (1909) 122–136. https://doi.org/10.1002/zaac.19090610112. 

[23] D. Landolt, Corrosion et Chimie de Surfaces des métaux, Traité des Matériaux, 3e édition, EPFL 

Press, 1993. 

[24] D.A. Shores, W.C. Fang, Transport of Oxidant in Molten Na2SO4 in O2‐SO2 ‐SO3 Environments, 

J. Electrochem. Soc. 128 (1981) 346. https://doi.org/10.1149/1.2127417. 

[25] Thermochemical Data of Pure Substances, Wiley Online Libr. (n.d.). 

https://doi.org/10.1002/9783527619825. 

[26] OpenLibrary.org, Thermochemical properties of inorganic substances (1991 edition), Open Libr. 

(n.d.). https://openlibrary.org/books/OL1545875M/Thermochemical_properties_of_inorganic_s 

bstances (accessed April 7, 2023). 

[27] C. Wagner, Equations for transport in solid oxides and sulfides of transition metals, Prog. Solid 

State Chem. 10 (1975) 3–16. https://doi.org/10.1016/0079-6786(75)90002-3. 

[28] M. Temkin, Mixtures of fused salts as ionic solutions, (1945) 411–420. 

[29] B.W. Burrows, G.J. Hills, Electrochemical studies of molten alkali sulphates, Electrochimica Acta. 

15 (1970) 445–458. https://doi.org/10.1016/0013-4686(70)87004-9. 

[30] R. Malacarne, S. Mathieu, L. Aranda, D. Diomande, C. Desgranges, S. Knittel, M. Vilasi, On the 

corrosion behavior of A718 and AD730TM polycrystalline nickel-based alloys and the role of SO3 

in the hot corrosion mechanism, (n.d.). 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1: Mass change vs time of 𝑎) 𝑁𝑎2𝑆𝑂4, b) 𝐴𝑔2𝑆𝑂4 and of c) the 10 𝑚𝑜𝑙. %𝐴𝑔2𝑆𝑂4 − 𝑁𝑎2𝑆𝑂4 mixture 

in air at 900°C (heating rate of 20 K.min
-1

 and gas flow rate of 20 ml.min
-1

) 

1 mm 

Fig.2: Broken 𝐴𝑔/𝐴𝑔2𝑆𝑂4 reference electrode after 195 h immersion in Na
2
SO

4
 at 900°C. The photo 

displays the Ag sponge formed in place of the initially 1 mm in diameter Ag wire. 



 

 

 

 

Fig.3: Macroscopic views of Ag wires partly immersed in a) 𝑁𝑎2𝑆𝑂4, b) 10 𝑚𝑜𝑙. %𝐴𝑔2𝑆𝑂4 −

𝑁𝑎2𝑆𝑂4 𝑎𝑛𝑑 𝑐) 10 − 56 − 44 𝑚𝑜𝑙. %𝐴𝑔2𝑆𝑂4 − 𝑁𝑎2𝑆𝑂4 − 𝑀𝑔𝑆𝑂4 molten salts for 96 h at 

900°C in air. The black arrows indicate the limit between the immersed and outer parts of the Ag 

wire 



 

 

 

 

Fig.4: Kellogg diagram of the 𝑁𝑎 and 𝐴𝑔 systems in presence of sulfate ions, drawn at 

900°C with activity of the ionic species Na
+

 and Ag
+ 

equal to 1 and 0.1 resp. [15-16] 



 

Fig.5: Sketches of a) the differential aeration corrosion settling between the anodic (A) 

immersed and cathodic (C) emerged parts of the Ag wire; b) the current-potential curves for the 

involves systems according to the acidity of the melt 1) 𝑁𝑎2𝑆𝑂4,  2) 10 𝑚𝑜𝑙. %𝐴𝑔2𝑆𝑂4 −
𝑁𝑎2𝑆𝑂4 𝑎𝑛𝑑 3) 10 − 56 − 44 𝑚𝑜𝑙. %𝐴𝑔2𝑆𝑂4 − 𝑁𝑎2𝑆𝑂4 − 𝑀𝑔𝑆𝑂4. 


