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Abstract: 

 The electrolytic reduction of oxide nuclear fuel in a molten lithium chloride 

electrolyte containing 1-2wt% lithium oxide is a fuel cycle process that has been 

established on an engineering scale. The electrochemical window of lithium oxide must 

be exceeded in order to conduct this process at an appreciable rate, as a result of which 

Li+ ions are reduced to elemental lithium during the process. The generation of elemental 

lithium (Li) during the reduction of actinide oxides leads to the formation of a ternary 

molten solution consisting of lithium chloride, 1-2wt% lithium oxide, and elemental 

lithium. The resulting ternary melt of LiCl-Li2O-Li is a complex fluid that exhibits an 

array of peculiar physical properties. This dissertation attempts to investigate the molten 

ternary LiCl-Li2O-Li system, both in terms of its physical chemistry and the manner in 

which it interacts with materials.  

The first part of this dissertation research focused on development of an 

experimental system specifically for the ternary LiCl-Li2O-Li system. The development 

of analytical methodologies for characterizing material interactions with molten LiCl-

Li2O-Li required extensive high temperature engineering and the development of first-of- 

a-kind in situ techniques. Experimental methods were developed that facilitated the 

characterization of unperturbed surface films formed in the molten environment. 

 The physical chemistry of molten solutions of LiCl and Li in the presence as well 

as the absence of Li2O was investigated using in situ Raman spectroscopy. The observed 

Raman spectrum is the first reported evidence that a salt soluble, molecular, Li-rich phase 

exists in molten solutions of LiCl and Li. The Raman spectra obtained from these 

solutions provides the first evidence for the presence of the lithium cluster Li8 in a fluid 

phase. This observation is indicative of a nanofluid-type colloidal suspension of Li8 in a 

molten LiCl salt matrix. The presence of Li clusters in molten solutions of LiCl-Li has 

significant implications in that a well-defined solubility limit may not exist due to the 

dispersion mechanism of colloidal suspension in addition to physical dissolution. This 

discovery may explain numerous previously unattributed physical properties exhibited by 

these molten solutions.  
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The corrosion behavior of three categories of alloys (Fe-Cr-Ni, Ni-Cr-Fe, and Ni-

Cr-Mo) in molten LiCl-Li2O-Li was studied and forms the crux of this dissertation. It was 

observed that while the presence of a low concentration of Li (<0.6wt%) promotes the 

formation of protective Cr surface films, Cr and Mo are preferentially leached by melts 

containing high concentrations of Li (>0.6wt%). The effect of the presence of trace 

quantities of moisture on the corrosion of materials in molten LiCl-Li2O-Li was 

investigated, and the efficacy of methods used to dry the salt such that these effects do 

not occur was demonstrated. It was determined that material interactions with melts 

containing low Li concentrations are governed by electrochemical oxidation phenomena 

in accordance with the basicity (pO2-) of the melt. However, molten solutions containing 

an excess of Li leads to corrosion of materials in a manner more typical of liquid metal 

environments. While these regimes appear separate with regard to corrosion, evidence is 

presented that both Li and Li2O behave independently over a broader range of melt 

compositions. 

The electroless deposition of Ti compounds on materials exposed to molten LiCl-

Li2O-Li was observed during the course of characterizing material interactions with these 

molten solutions. Characterization of these effects yielded important information 

demonstrating the ternary nature of the LiCl-Li2O-Li system. It was found that the 

activity (based on concentration) of O2- affects the electrochemistry of material 

interactions with molten LiCl-Li2O-Li in a manner that is in agreement with the Lux-

Flood model of molten salt basicity. Furthermore, corrosion products were observed to 

form in melts containing physically dissolved Li that suggest that chemical reactions 

previously observed in liquid metal environments may occur in molten LiCl-Li2O-Li. 

Thus, LiCl-Li2O-Li exhibits both molten salt and liquid metal effects.  

In conclusion, the research conducted for this dissertation has led to several novel 

findings that are summarized in Table below. Importantly, this study has also identified 

knowledge gaps in our existing understanding of molten LiCl-Li2O-Li system and 

interactions with materials, especially with respect to the combined electrochemical and 

liquid metal type behavior of the system.   
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Study Observations Conclusions 

In situ Raman 

spectroscopy 

• Molten LiCl-Li2O-Li contains 

dispersed Li8 nanoclusters 

• A limit to the quantity of Li that 

can be dispersed in molten LiCl-

Li2O-Li may not exist 

 

• Some unattributed phenomena can 

be explained by the presence of Li8 

in molten LiCl-Li 

Elemental leaching 

• Cr and Mo are leached by melts 

containing trace H2O and high 

concentrations of Li 

• Melt purity is of a high degree of 

importance to corrosion 

suppression 

 

• Material leaching in anhydrous 

molten LiCl-Li2O-Li was not 

detectable 

 

• Molten LiCl-Li2O-Li degrades 

materials in a manner that is not 

analogous to either molten salt or 

liquid metal environments 

Corrosion of SS316L in 

molten LiCl-Li2O-Li 

• LiCrO2 forms protective surface 

films in molten LiCl-                

(1-2wt%)Li2O-(<0.6wt%)Li 

• Corrosion in molten LiCl-            

(1-2wt%)Li2O-(<0.6wt%)Li is 

governed by electrochemical 

(molten salt) effects 

 

• Detectable surface films are not 

formed on SS316L in molten 

LiCl-(1-2wt%)Li2O-(>0.6wt%)Li 

 

 

• Corrosion in molten LiCl-            

(1-2wt%)Li2O-(>0.6wt%)Li is 

governed by liquid metal effects 

Characterization of Ti 

compounds formed in 

molten LiCl-Li2O-Li 

 

• The oxidation state of titanium 

compounds formed in molten 

LiCl-Li2O-Li is affected by the 

concentration of Li2O 

• The activity of O2- affects the 

electrochemistry of molten LiCl-

Li2O-Li in accordance with the 

Lux-Flood model of molten salt 

basicity 

• TiN is formed in molten        

LiCl-Li2O-Li 

 

• Physically dissolved Li facilitates 

liquid metal type chemical 

reactions 
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Chapter 1 Metallic Lithium and the Reduction of Actinide Oxides 

1.1 Introduction: 

 The reduction of uranium, plutonium and minor actinide oxides to a metallic form 

is an important nuclear fuel cycle process [2-8]. The ability of metallic lithium to reduce 

various uranium oxides, importantly UO2 and U3O8, has been known for many years [9]. 

A molten salt metalothermic reduction process employing metallic lithium (Li) as a 

reductant dissolved in molten LiCl was first developed by Argonne National Laboratory 

(ANL) to consolidate a variety of forms of actinide oxides for integration into a single 

electrometallurgical reprocessing system [10-12]. An electrolytic process, often referred 

to as electro-deoxidation, was subsequently developed as a more controllable method of 

reducing metal oxides [13-16]. It was demonstrated that metal oxides could be reduced 

electrochemically in molten salts as long as the reduction potential of the metal oxide in 

question was more noble than the cation of the electrolyte [17]. This methodology was 

later adapted by Fray, Farthing and Chen (FFC) to a variety of metal production 

industries and has been the subject of several literature reviews [18-21]. While these 

reviews address the processes associated with the reduction of nuclear fuel in LiCl, they 

focused on the electro-deoxidation phenomena and the CaCl2-CaO system. Additionally, 

the process engineering of the electrolytic reduction of nuclear fuel, and experience in 

incorporating oxide fuel into pyroprocessing, has been the focus of a recent review [22]. 

The current review will focus on the role metallic lithium plays in the electrolytic 

reduction of actinide oxides in LiCl-Li2O.  
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 The primary difference between the direct lithium reduction process and the 

electrolytic reduction process is that the molten salt used in the former begins as LiCl 

saturated with Li. During the reduction process, the oxide concentration in the salt 

increases up to its solubility limit of 11.6mol% at 650°C as reaction (1) progresses [23-

25].   

4Li + MO2 → M + 2Li2O                                         Reaction (1) 

 Alternatively, in the electrolytic process, Li2O is added as an oxide ion transport 

species intentionally, and its concentration remains constant throughout the process. In 

this process the reduction of the metal oxide, MOx, occurs via reaction (2a) and oxygen 

gas is evolved at the anode via reaction (2b).  

MOx + 2ne- → MOx-n + nO2-       Reaction (2a) 

                 nO2- → 
𝑛

2
O2(g) +2ne-                Reaction (2b) 

 The electrolytic process is a noted improvement compared to the direct lithium 

reduction method [12, 14, 16, 26-28]. The reaction between dissolved Li and the metal 

oxide is difficult to control under Li saturated conditions, especially at the surface of the 

melt due to the lower density of Li compared to LiCl. Corrosion of the container 

materials used to hold the electrolyte in the direct reduction process proved to be difficult 

due to the presence of reducing Li, and oxidizing LiCl. Additionally, the concentration of 

Li2O in the melt cannot be controlled in the direct reduction process other than by 

controlling the oxide/salt ratio. In both processes, the concentration of Li2O in the salt 

must be maintained below certain levels due to the decrease in the Gibbs free energy of 
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reducing actinide oxides with increasing oxygen ion activity. Lithium reduction of PuO2 

and AmO2 was demonstrated by Usami et al., however only at less than 3 and 1.8wt% 

Li2O in the melt, respectively [25, 29]. The electrolytic reduction process is highly 

advantageous in this respect, as the concentration of Li2O, in theory, remains at a 

controlled level throughout the reduction process. The adaptation of the 

electrochemically driven reduction process has been highly successful, resulting in 

reduction yields exceeding 99% [30]. 

 Electrolytic reduction in LiCl-Li2O has been successfully used to reduce MOX, as 

well as simulated high burnup SIMFUEL [31, 32]. In a non-nuclear context, electrolytic 

reduction in LiCl-Li2O has been adapted to TiO2 [33], SiO2 [34], Ta2O5 [35] and Nb2O5 

[36]. The electrolytic reduction of actinide oxides in LiCl-Li2O is unique compared to 

transition metal oxides in that the reduction potential of the primary components of 

interest, namely UO2 and PuO2, are so close to the reduction potential of Li2O that the 

mechanisms of reduction are significantly more complex.  

 Due to the roughly 70mV difference in reduction potential between UO2 and 

Li2O, electrolytic methodologies can theoretically be employed in the reduction of 

nuclear fuel [37-39]. Experience with the process has shown however, that in practice 

significant overpotential is required to achieve high process throughputs, and as a result a 

cell potential exceeding the Li2O electrochemical window is required [26, 40-44]. 

Principle investigators at the Korean Atomic Energy Research Institute (KAERI) [44], 

Central Research Institute of Electric Power Industry (CRIEPI) [45], and the Idaho 

National Laboratory (INL) [43] have independently reported that the electrolytic 
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reduction cell is operated with the cathode at a more cathodic potential than the lithium 

reduction potential, and that the reduction takes place via both the direct, and the 

electrochemical reduction mechanisms shown as reactions (1) and (2), respectively.  

 It will be shown in the following review that significant quantities of metallic 

lithium form on the cathode during the reduction of actinide oxides. Despite its presence 

in the system, and the important role it plays in the reduction, the nature and chemical 

form of metallic lithium in this process is not well understood. This review attempts to 

discuss the role of metallic lithium in this process; both, how it is formed and how it 

interacts with the system, in an attempt to emphasize its critical importance in 

understanding the oxide reduction process. 

1.2 Experience with the Reduction Process:  

 Extensive fundamental research and engineering scale experience with the 

reduction of actinide oxides has yielded critical information regarding the mechanics of 

the process [26, 40]. The process fundamentals, adopted by virtually all researchers, are 

as follows: polarization between an inert anode material, usually platinum, and a stainless 

steel cathode basket containing the metal oxide to be reduced is conducted at a cell 

voltage of approximately 3V in a molten bath of LiCl containing 0.5-3wt%Li2O at 

650°C. Studies have demonstrated that optimal process conditions include a Li2O 

concentration of approximately 2wt%, and a cathode to anode surface area ratio of 2.6 [7, 

46]. Research into the anodic behavior of platinum under these conditions has 

demonstrated that platinum can operate as a nearly inert anode if the concentration of 

Li2O is maintained above 0.5wt% and the anode potential is less than +2.6V vs LiPb 
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[47]. If the activity of the O2- ion decreases significantly the dissolution of platinum 

occurs via reaction (4). However, the anode corrodes via the formation of Li2PtO3, as 

shown in reaction (5), if the anode potential is too high [46, 47]. Alternative anode 

materials have been proposed, however none have been widely adopted [44, 48-50].  

Pt → Pt2+ + 2e-     Reaction (4) 

2Li+ + Pt + 3O2- → Li2PtO3 + 4e-    Reaction (5) 

 Sakamura et al. compared the electrolytic reduction of UO2 in LiCl and CaCl2 and 

found that experiments conducted in LiCl exhibited significantly superior current 

efficiencies and higher yields compared to those conducted in CaCl2 [51]. Metallic Ca 

was formed on the cathode during the polarization in CaCl2, but it did not penetrate the 

exterior U metal that was reduced initially. It was observed that a dense metal surface 

formed on the exterior of the UO2 which prevented the discharge of O2- from the 

remaining oxide, inhibiting the continuation of the reduction process. As a result, UO2 in 

the center of the fuel pellets was found to be not reduced. This effect has driven research 

in the electrolytic reduction of UO2 to be conducted almost exclusively in LiCl-Li2O.  

 Voloxidation of used nuclear fuels is considered as a head-end process prior to 

oxide reduction to separate the fuel from the cladding, remove volatile fission products, 

and to reduce the particle size of the fuel [52-55]. Voloxidation is achieved by reacting 

nuclear fuel with an oxidizer, typically O2 gas, at high temperature to promote the 

oxidation of UO2 to U3O8. The removal of volatile and salt soluble fission products from 

the fuel by this process is desirable as it reduces the activity of the pyroprocessing 
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electrolyte salts [56]. Reducing the particle size of the oxide fuel through voloxidation 

has been shown to increase the kinetics of the oxide reduction process [57]. However, 

research into the reduction behavior of U3O8 has shown that it reduces to intermediate 

lithium uranates, and UO2 prior to reducing to metallic uranium [40, 58, 59]. 

Furthermore, it has also been demonstrated the reduction of U3O8 to UO2 occurs 

spontaneously upon exposure to molten LiCl-Li2O [40, 60]. Therefore, because the 

reduction of U3O8 progresses via the reduction of UO2, the reduction of the latter remains 

the primary energy barrier to the electrochemical process. The current review will focus 

on the reduction of UO2 specifically, as the aspects that are demonstrated to occur during 

its reduction will inevitably occur during the reduction of U3O8. 

 Despite being capable of high reduction yields, the electrolytic reduction process 

is known to exhibit low current efficiencies and, in some instances, consume Li2O. Table 

1.1 shows reported process parameters associated with the reduction of UO2 conducted 

by various organizations. For previously stated reasons, the reduction yields and current 

efficiencies reported for the reduction of U3O8 cannot be compared to those of UO2, and 

are therefore emitted from the following discussion.  
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Table 1.1 Reported process parameters of the electrolytic reduction process 

Institution 
Initial 

wt% Li2O 

Final 

wt%Li2O 

Charge 

Transfer (%) 

Reduction 

Yield 

Mass 

(g) 
Reference Comments 

CRIEPI - - 150 Complete** 18 [5]  

CRIEPI 1 - 160 Complete** 103.5 [61] Observed anode potential increase 

before adding 0.3wt%Li2O 

CRIEPI - - 135 99.2** 100 [62]  

KAERI 1 - 150 100 18 [57]  

KAERI 1.01 .97 150 >95 20 [41]  

KAERI* 1 0.89 200 100 5 [63]  

KAERI 1 0.98 150 98.9 20 [64]  

KAERI 1.37 - 177 98 17,000 [7] Lost ~0.47wt%Li2O in 12 hours 

before adding ~0.8wt%Li2O 

KAERI 1 - 150 88 4.1 [32]  

KAERI 1 - 170 99 29.7 [65]  

INL 1 - 220 99.7 50 [66] Ended with anode potential increase 

(~0.5wt%Li2O) 

INL 1 0.8 150 67 50 [43]  

INL 1 - 263 98 50 [38] Ended with anode potential increase 

(~0.5wt%Li2O) 

INL 1 - 220 99.7 45 [67] Ended with anode potential increase 

(~0.5wt%Li2O) 
* Denotes the use of a LiCl-KCl-Li2O electrolyte. **Denotes reduction yield quantification based strictly on visual 

observation. Note that at least ~150% of the theoretical charge transfer is required to surpass a quantitative reduction 

yield of 95%. 

 Table 1.1 demonstrates that no research to date has quantitatively demonstrated a 

current efficiency of greater than 66%. Additionally, it has to be demonstrated that the 

process kinetics and efficiency are deteriorated as the process proceeds due to the 

accumulation of soluble fission products in the electrolyte [4]. These deleterious effects, 

associated primarily with the accumulation of KCl and CsCl in the LiCl-Li2O, were 

attributed to a decrease in the solubility limit of Li2O in the melt. Decreasing the transport 

of O2- in the electrolyte suppresses the reaction kinetics by limiting Reaction 2b. 

Additionally, the data in Table 1.1 demonstrates the loss of measurable quantities of Li2O 
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during the process. Quantification of the consumption of Li2O during the process is 

complicated due to the presence of Li in the electrolyte, for reasons that will be discussed 

subsequently. Furthermore, it has been demonstrated that oxides of salt soluble fission 

products, primarily Cs, Ba, Rb, and Sr, will react LiCl to form their respective chlorides 

and Li2O [4, 26]. By producing Li2O, these reactions would result in an apparent rate of 

Li2O consumption that is considerably lower than the true value. While the consumption 

of minor quantities of Li2O may appear insignificant on a bench scale, the loss of large 

quantities during industrial scale operations is seen as a major process impediment [68].  

1.3 The Formation of Li During the Electrolytic Reduction of UO2: 

 Preliminary attempts to avoid the reduction of Li+ during the reduction of actinide 

oxides employed modest currents to avoid the cathode from reaching the Li|Li+ reduction 

potential. Figure 1.1 shows the cathode potential recorded as a function of current passed 

through the salt during the reduction of (U-40Pu-5Np)O2 fuel in LiCl-0.51%Li2O [69]. 

This investigation had intended to maintain a cell current of 70mA, but was forced to 

reduce the current after exceeding the Li|Li+ potential of -0.75V vs Bi-Li. The cell had to 

be interrupted after 108% of the theoretical charge required to reduce the specified 

quantity of material was passed, a quantity recognized to be insufficient to result in 

significant reduction yields. After the initial interruption, each successive polarization 

approached the Li|Li+ potential more rapidly, indicating that the Li|Li+ potential had to be 

exceeded in order to achieve sufficient reduction yields.  
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Figure 1.1: The cathode potential measured during galvanostatic polarization of (U-40Pu-5Np)O2. 

The electrolysis was periodically interruped after the cathode achieved the Li|Li+ potential at -0.75V 

vs Bi-Li. Dispite these attempts the Li|Li+ potential was rapidly re-established in each successive 

polarization [69]. 

 Galvanostatic polarization of U3O8 at minimal current densities, as low as 26.5 

mA/cm2, resulted in a cathode potential more cathodic than the Li|Li+ reduction potential 

of -1.75V vs Pt after approximately 30% of the theoretical charge was passed through the 

cell [39, 58]. The authors further noted that following the reduction experiments, the 

cathode basket vigorously produced gas bubbles when rinsed in water; an observation 

they attributed to the presence of metallic lithium in and on the cathode. These two 

examples demonstrate that avoiding the Li|Li+ potential during the reduction process is 

impractical if the process is to be conducted at an industrially viable rate.  

 It should be noted that Li forms in the oxide reduction process at potentials more 

noble than the Li|Li+ standard potential. Li is soluble in LiCl at 650°C, and as a result it 

has an activity as solvated Li that is less than unity until the melt is saturated [1, 70-74]. 

Therefore, according to the Nernst equation, Li+ can be reduced at potentials more noble 
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than the Li|Li+ standard potential as long as the activity of Li in the melt is not unity. This 

is important to note considering the proximity of the U|U4+ and Li|Li+ potentials. Li will 

form at the U|U4+ standard potential, however at an activity that is in accordance with the 

Nernst equation. Recent approaches to the reduction process have employed 

potentiostatic polarization to maintain the cathode potential below the Li|Li+ potential, as 

opposed to the galvanostatic polarization previously discussed in which the cathode 

potential is not controlled. Figure 1.2 (c&e) shows electrical responses recorded during 

the reduction of SIMFUEL and of UO2, reported by KAERI and INL, respectively [32, 

67, 75]. Cathodic cyclic voltammograms (CVs) conducted by the respective researchers 
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are also included in Figure in 1.2 (a&d) for comparison.  

 

Figure 1.2: Electrical responses recorded during the reduction of SIMFUEL and UO2 published by 

KAERI (left) and INL (right). (a) CV of SIMFUEL polarized vs a LiPb reference. (b) and (c) Cell 

current and cathode potentials recorded during the reduction of SIMFUEL. (d) CVs of a stainless 

steel wire and UO2 polarized against a Pt refericne (e) Cell current and and electrode potential 

responses recorded during the reduction of UO2. It is apparent in both studies that the the OCP of 

the cathode is that of Li|Li+ when the polarization is ceased [32, 67, 75].  

 

 The electrical circuit was periodically interrupted during the electrolytic reduction 

studies shown in Figure 1.2 (c&e) specifically to avoid the deposition of excessive 

quantities of Li. During these periods of cell interruption it is important to note that the 

cathode open circuit potential (OCP) is observed to be the Li|Li+ potential demonstrated 

  

(d) 

(e) 
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by the respective CV’s shown in Figures 1.2 (a&d). This effect has been noted by 

numerous studies, and is attributed to the measurement of the OCP of metallic lithium 

existing on the cathode at unit activity [5, 32, 38, 41, 48, 62-64, 66, 76, 77]. Due to the 

presence of Li on the cathode it can be concluded that the process proceeded via both 

reactions (1) and (2). It is important to note that metallic lithium must be in physical 

contact with the cathode and the molten LiCl-Li2O electrolyte in order for the 

electrochemical potential of the cathode to be measured at the Li|Li+ potential.  

 Interpretations of electrode potentials made while passing current though the cell 

can lead to false conclusions due to omic potential drop effects. In the oxide reduction 

process, the cathode is in physical contact with electrically insolating oxide matierals, 

such as UO2, and as a result current flowing through the cathode can exhibit a potential 

drop equivelnt to the product of the cell current and the electrical resistance of the 

insolator (iR). However, OCP measurements, such as those shown in Figures 1.2 C&E, 

are not subjected to such effects. As a result, it is noted that OCP measurements provide 

more acurate information than electrode potentials made during cell operation.  

 Reduction of actinide oxides has also been achieved in molten LiCl-KCl-Li2O 

[44, 63]. The electrical response of a reduction experiment conducted in LiCl-KCl-Li2O 

is shown in Figure 1.3. It is observed that two separate cathode OCPs were recorded 

when the cell was interrupted, a fact that Hur et al. attributed to the measurement of the 

Li|Li+ and the K|K+ potentials at -1.27V and -1.42V vs Li-Pb, respectively [63]. It is 

noted that the solubility of Li2O in LiCl-KCl has been reported to be 4mol% at 520°C 
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[24], less than half of the solubility in LiCl at 650°C [23-25]. Therefore the use of a LiCl-

KCl electrolyte is expected to lower process kinetics by limiting Reaction 2b.  

 

Figure 1.3: Cell voltage, current and cathode potentials measured during the reduction of UO2 in 

LiCl-KCl-Li2O at 520°C using a LiPb referince electrode. The recording of both the K|K+ and the 

Li|Li+ potentials when the cell was interupted demonstrates the presence of metallic K and Li on the 

cathode [63]. 

 In research conducted by Choi et al. the electrical circuit was held open during the 

periods of cell interruptions as long as the cathode remained at the Li|Li+ potential [32]. 

The departure from the Li|Li+ potential is demonstrated by the gradual increase in 

cathode potential at the end of each cell interruption in Figure 1.3 (c). The length of time 

that the basket remains at the Li|Li+ potential increases with polarization time; indicating 

that the time required for the activity of metallic lithium at the molten salt / cathode 

interface to dissipate increases as the process proceeds. (Note that as reduction proceeds 



14 

 

the reduced uranium metal shell on the feed material is in electrical contact with the 

cathode, effectively extending the cathode area across the fuel bed, albeit with a voltage 

drop across the bed due to iR.) There are two plausible ways for the metallic lithium 

phase to dissipate: by reacting with UO2 through reaction (1), or via dissolution into the 

salt.  

 The kinetics of the oxide reduction process are known to be diffusion limited; as 

the reduction rate decreases asymptotically as the process progresses to completion [42, 

43, 57, 77]. Recent modeling of the process employed a diffusion model using the 

production of Li at the cathode as the source term according to Faraday’s law of 

electrolysis [42]. Interestingly, this model successfully fit numerous data sets by 

employing the direct reduction mechanism as the sole reduction pathway, neglecting the 

electro-deoxidation mechanism. It was reported that during the initial stages of reduction, 

the kinetics were limited by the production of Li due to the cell current; however, as the 

process proceeded towards completion, the diffusion through the exterior shell of metallic 

uranium limited the reaction kinetics. 

 The reduction process initiates with the rapid reduction of the exterior shell of 

each oxide pellet, forming a porous metallic layer surrounding the oxide center. The 

process kinetics is then limited by two potential mechanisms; the diffusion of Li to the 

UO2, and the diffusion of the O2- to the bulk electrolyte. Diffusion through the exterior 

metallic shell has been shown to be the rate limiting step in the process, due to the 

relatively rapid diffusion of the O2- in the fluid salt phase [43, 57]. However, significant 

disagreement exists in the literature as to whether the process is limited by the diffusion 
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of Li into, or O2- out of, the pellet [4, 32, 42]. The diffusion of Li+ through the porous 

metallic phase is unlikely to occur without the prior reduction of Li+ because the metallic 

phase is held below the Li|Li+ potential. As a result of the oxide being incased in a 

metallic phase that is in electrical contact with the cathode held below the Li|Li+ 

potential, the reduction of Li+ is expected to occur at the metallic surface of the pellets. 

Once formed on the exterior of the metallic phase, Li0 can undergo oxidization and lead 

to the reduction of U4+. This process can occur nearly spontaneously because both phases 

are in physical contact with electrically conducting U metal. However, in order to 

conserve charge neutrality, this process is kinetically limited by the recombination of O2- 

with the oxidized Li+. This results in the process reduction kinetics being limited by 

diffusion O2- out of the pellet. Many authors have attributed observations of increased 

reduction kinetics to altering process variables that would result in increased O2- transport 

out of the cathode assembly such as; decreasing the UO2 pellet size, increasing the UO2 

porosity, rotating the cathode assembly, and changing the material of the cathode 

assembly [5, 6, 15, 21, 22, 40, 43, 57, 78]. These observations strongly suggest that the 

diffusion of O2- out of the oxide pellet, through the metal phase, is the rate limiting step 

of the electrolytic reduction process.     

1.4 Physical Chemistry of Molten LiCl-Li2O-Li:  

 Due to the previously discussed formation of metallic lithium during the reduction 

of actinide oxides, and the known solubility of Li in LiCl at 650ºC, it can be concluded 

that metallic lithium dissolves in-to the electrolyte during the oxide reduction process [1, 

70-74]. Considering the presence of Li in the molten LiCl-Li2O electrolyte, it is necessary 
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to review aspects of fluid mixtures of metals and conjugate salts containing the same 

cation. Bredig et al. were highly successful in classifying these mixtures into two 

categories, although it is important to emphasize that the two models are not mutually 

exclusive, and aspects of both have been observed simultaneously under non-ideal 

conditions [79-82]. The first model applies most directly to mixtures of alkali metals and 

alkali-halide salts, such as Na in NaCl [70, 83]. These solutions are known to exhibit true, 

microscopically homogenous, solution behavior in the salt rich region of the phase 

diagram, and rapidly change their physical properties with the inclusion of a minor 

quantity of metal [84, 85]. Such phases have been successfully described using an 

adapted version of the F- model of ionic crystals. In this model, the metallic atoms are 

treated as anion vacancies, replaced by an excess electron. A key indication of mixtures 

of this type is a sharp rise in electron mobility, with the inclusion of a small percentage of 

metal in the solution, demonstrating a transition from a nonmetallic to a metallic state. 

The second classification of metal-salt mixtures applies to more complicated systems, for 

example Bi in BiI [79, 86]. In these mixtures, chemical interactions between the metal 

atoms and the salt anions results in the formation of abnormally reduced complexes 

referred to as subhalides. In such situations, the change in physical properties that 

accompanies the nonmetal-metal transition does not occur until much higher 

concentrations of metal are present in the mixture. The larger amount of metal required to 

induce this change is due to the consumption of excess electrons in the formation of the 

subhalides. The properties of the LiCl-Li2O-Li electrolyte will be discussed in the context 

of fitting into these two models.  
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 Despite numerous investigations, the solubility limit of Li in molten LiCl is still 

widely debated [1, 70-72, 87]. Initial investigations by Dworkin et al. at Oak Ridge 

National Laboratory (ORNL) measured the solubility limit using thermal analysis to be 

0.5±0.2mol% at 640°C [70]. Researchers at ORNL were highly successful in developing 

phase diagrams of numerous metal-salt solutions, yet they noted exceptional difficulty in 

characterizing the LiCl-Li system [70, 79, 83, 88-90]. Attempts to characterize the 

electrical conductivity of LiCl-Li solutions, data that were used to support alternative 

metal-salt phase diagrams, were unsuccessful due to chemical reactions between Li and 

the crucibles. Park et al. reported the solubility limit of Li in LiCl to be 0.22mol% at 

650°C, however no reference to the experimental data supporting this conclusion could 

be found [26].  

 Nakajima et al. reported significantly different observations regarding the 

quantity of Li that could be dispersed in LiCl [1, 73, 74, 91]. In a series of experiments, 

metallic lithium was added in excess to one side of a U shaped crucible full of LiCl, 

while the salt on the opposite side was sampled. The quantity of lithium that was found to 

be dispersed in LiCl in these experiments was observed to be much higher in comparison 

to previous reports. Figure 1.4 shows the quantity of lithium observed in LiCl as a 

function of equilibration time, agitation time, as well as concentrations of Li2O and Li3N 

in the salt.  

 The concentrations of lithium observed to be dispersed in molten LiCl shown in 

Figure 1.4 depart from a general understanding of the electrolyte used in the oxide 

reduction process. It was hypothesized that the quantity of lithium per unit volume of 
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molten LiCl was the sum of two different forms; true solution and colloidal suspension. 

The true (physical) solubility limit was reported as 

0.66mol%, a value within the margin of error 

reported by separate investigators [70, 74]. It is 

noted that the additional quantity of Li suspended 

in the molten salt in the form of a colloid would 

not be detectable in thermal analysis because the 

metallic lithium would not undergo a phase change 

during dispersion. The metal rich portion of the 

LiCl-Li system, if present, is not expected to 

contain large quantities of LiCl or O, as their 

solubility limits in liquid lithium are reported to be 

approximately 0.005mol% and 2mol%, 

respectively [92, 93]. Alternatively, the solubility 

limit of Li2O is relatively high in LiCl at 

11.6mol% at 650°C [23-25].  

 Liu et al. investigated the seemingly 

anomalous behavior of the LiCl-Li system, and the 

reasons it behaved significantly differently 

compared to other alkali metal-alkali halide 

solutions [71, 72]. In these studies, the solubility of 

Li in LiCl was measured using potentiometry via 

(c) Effect of agitation time on the 
lithium concentration at 650°C. 
Agitation: 1000 rpm with 
1.14mol%Li2O added. 

(b) Effects of lithium oxide and 
nitride on the lithium concentration 
at 650°C, agitation:1000rpm. ○=Li2O 

●=Li3N 

(a) Concentration of lithium vs time 
in the absence of agitation. 

 

Figure 1.4: Measured concentrations of 

dispersed Li in molten LiCl as a function 

of (a) time in the absence of agitation (b) 

Li2O and Li3N concentration and (c) 

agitation time [1]. 
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observation of the electrochemical potential of a lithium deposit as it dispersed into 

solution. The solubility limit recorded using this technique was 1.8mol% at 650°C. It 

should be noted that the salt used in this experiment was dried at 500°C prior to melting, 

and that no agitation was employed during the solubility measurements. These 

experimental parameters are important for characterizing unperturbed molten LiCl-Li as 

opposed to melts that contain impurities or exist under forced convection. The solubility 

limit of 1.8mol% is in agreement with data reported by Nakajima et al. in Figure 1.4 (a), 

and due to the nature of the experiment, appears to be representative of the total quantity 

of Li that disperses in LiCl in the absence of agitation. Two important facts were stated 

by Liu et al.: the observation that the thermodynamic activity of metallic Li is not unity 

when in contact with molten LiCl, and that an intermediate and momentarily stable 

electrochemical potential was observed between that of the lithium deposit and that of the 

bare electrode OCP [72]. The first observation has significant implications regarding the 

Li|Li+ reduction potential and will be discussed later. The observation of an intermediate 

OCP, between the potentials of metallic lithium and the working electrode, was suggested 

as evidence of the formation of a lithium rich compound that was soluble in molten LiCl. 

This hypothesis proposes the formation of a LixCl compound with a value of X greater 

than one, in contrast to the accepted miscibility gap phase diagram behavior of alkali 

metal-alkali halide solutions proposed by Bredig [79]. The formation of an additional, 

subhalide, compound may be in agreement with the observation of the two seemingly 

different dissolution mechanisms previously discussed. Nakajima et al. attributed the 

dissolution of excessive quantities of lithium to the formation of suspended Li colloids, 

emulsified by impurity level quantities of Li2O and Li3N; however, it can be observed in 
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Figure 1.4 (b) that the amount of Li dispersed in LiCl was not highly dependent upon the 

concentration of either [1]. It is therefore reasonable to suggest that the quantity of 

dispersed lithium observed in these studies, up to 2-3mol%, was present in the form of an 

unidentified complex or subhalide in addition to the quantity physically dissolved in the 

solution.  

 Hébant et al. reached the conclusion that Li2Cl is formed at the interface of 

molten lithium and eutectic LiCl-KCl salt [87, 94]. This research employed density 

functional theory to determine the most thermodynamically stable subhalide possible in 

the molten LiCl-KCl-Li2O-Li-K system, and subsequently used electrochemical 

techniques for experimental validation of this hypothesis. These reports noted that the 

formation of Li2Cl was independent of the presence of KCl, and was detectable at the 

LiCl-Li interface, although experimental data was not provided. The presence of Li2Cl as 

a subhalide in molten LiCl-Li2O-Li suggests that the solution may be readily described 

by the second of Bredig’s models [70, 87, 94].  

 In addition to being termed a subhalide, Li2Cl can be classified as a hyperlithiated 

compound. Hyperlithiated compounds have been experimentally observed by several 

researchers and are of significant academic interest due to their apparent departure from 

the octet rule of quantum mechanics [95-97]. Additionally, experimental observation of 

hyperlithiated oxygen, in the form of Li3O and Li4O has been reported, a fact that is 

potentially important to the LiCl-Li2O-Li electrolyte in question [97-100]. The role of 

Li2O in the LiCl-Li2O-Li system is largely unknown. It has been demonstrated that Li2O 
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dissociates nearly completely in LiCl, however how the O2- ion interacts with Li is not 

yet understood [101].  

 The electrical conductivity of the LiCl-Li system is exceedingly small compared 

to other metal-salt solutions, specifically the other alkali-alkali halides [71, 82-84, 102]. 

This behavior has been attributed to the formation of a high population of bound F- 

centers in the LiCl-Li system, as opposed to the loosely bound electrons that are more 

probable in alternative systems; for example Na-NaI. The low electrical conductivity of 

the LiCl-Li system is further evidence that the system is more adequately described by 

the more complicated model of metal-salt solutions where chemical interactions between 

the metal and salt result in the consumption of what would be free electrons, thereby 

suppressing electrical conductivity under metal saturated conditions. This conclusion was 

recently stated in a review of molten salt electrolytic processes by Masset et al. [103]. 

Similar conclusions were reached during the studying “metal fog” formed during the 

electrolysis of lithium from LiCl-KCl where authors stated: “The metal fog generated in 

the Li electrolysis with larger cathodic current is hardly explained by simple dissolution” 

[104]. This report further hypothesized that the phenomena observed could be explained 

by the formation of a salt soluble compound other than that of metallic lithium.  

 Recent research conducted in our laboratory has reported evidence that molten 

LiCl-Li, in the presence or absence of Li2O, exhibits the Raman spectroscopic 

characteristics of the lithium nanoclusters Li8 [105]. Should Li clusters be miscible with 

molten LiCl, a well-defined solubility limit of Li in LiCl may not exist due to the 

dispersion mechanism of colloidal suspension in addition to physical dissolution. In this 
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case, the quantity of Li that may be suspended or dispersed under a given set of 

conditions would be highly dependent upon experimental factors such as thermally 

induced mixing of the melt or mechanical agitation. Furthermore, the presence of a 

second Li phase, in addition to bulk metallically bonded Li, would complicate the 

thermodynamics of the LiCl-Li system as each phase would possess separate activities. It 

is suggested that such effects are the cause of the previously unattributed physical 

properties of molten LiCl-Li. 

 In summary, it is suggested that the nature of the LiCl-Li2O-Li electrolyte is likely 

a superposition of multiple dispersion phenomena, and does not fit exclusively into either 

of Bredig’s models. While the true dissolution of ~0.5mol% Li in LiCl may be 

successfully described by the F- center model, in accordance with alternative alkali–alkali 

halide solutions, the formation of subhalides and or dispersion of Li nanoclusters 

suggests that the second model is more adequate. Therefore, it is suggested that the LiCl-

Li2O-Li electrolyte is a complex solution consisting of at least two phases; Li dissolved in 

LiCl-Li2O, and a dispersed Li rich phase.  

1.5 LiCl-Li2O-Li and the Reduction of Actinide Oxides: 

 Evidence of the formation of LiCl-Li2O-Li during the electrolytic reduction 

process includes the coloring of the molten salt from the formation of “metal fog”: dark 

purple ribbons in the relatively transparent LiCl-Li2O solution, and the bubbling of salt 

samples upon contact with water [104, 106-108]. These observations, along with the low 

current efficiencies reported throughout the electrolytic reduction literature, are indicative 

of the presence of metal-salt solutions, and similar to the observations that led their study 
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in the first half of the 20th century [79, 80, 82, 84]. As will be shown in the following 

examples, the generation of a complex LiCl-Li2O-Li electrolyte during the reduction of 

actinide oxides has significant implications regarding the oxide reduction process. 

 A method of electrochemically recycling metallic Li throughout successive UO2 

reduction runs has been developed specifically to control the excess Li that accumulates 

in the cathode assembly [68]. This investigation noted that the accumulation of excess Li 

in the cathode assembly could be detrimental to post reduction processes such as salt 

vaporization and electrorefining. In these experiments a typical reduction run of UO2 was 

completed by passing 190% of the theoretical charge through the electrolytic reduction 

cell for the given quantity of UO2. The reduced U cathode assembly that contained excess 

Li was then polarized as the anode against a stainless steel rod at +0.3V; to oxidize the Li 

from the metallic U deposit and reduce Li+ at the stainless steel rod. The deposited Li was 

then used as a reducing agent in the reduction of a new batch of UO2, where it reacted 

chemically with the UO2 to regenerate the Li2O lost in the initial UO2 reduction run. This 

study successfully demonstrated all of these steps in succession, and proved that excess 

Li could be recycled in subsequent electrolytic reductions of UO2. It is important to note 

however, that Park et al. stated numerous times that the electrolyte was saturated with Li 

and that losses of charge transfer, along with Li and Li2O, occurred during the separate 

stages of the recycling process.  

 Alternatively, Herrmann et al. have employed a secondary circuit to oxidize Li 

prior to its dissolution in an attempt to suppress Li attack of the Pt anode [38, 66, 67, 

109]. A power supply was connected between the cathode lead, a stainless steel rod at the 
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center of the cathode, and the exterior of the stainless steel basket of the cathode 

assembly. This power supply was energized in a galvanostatic mode when the cathode 

lead approached the Li|Li+ potential. The current passed through this secondary power 

supply, I-sec, the potential of the basket wall, V-BW, and the potential of the cathode 

lead, V-CL, are shown in Figure 1.2 (e). Although the basket wall is maintained at a 

positive potential with respect to the cathode lead, it is observed that the OCP of both 

exhibit the Li|Li+ potential during the cell interruption at approximately 1.5 A-hr. No 

quantitative information regarding the success of this configuration in the containment of 

Li could be found in the published literature, however it was noted that the 1 mm 

diameter Pt wire anode was used in six successive reduction runs without exhibiting 

extensive corrosion [67].  

 The generation of excess Li during the reduction process could result in decreased 

current efficiencies by several mechanisms: reduction of Li+ consuming an electron and 

dissolving into solution without reacting with an actinide oxide, dissolved Li reacting 

with O2(g) prior to complete evolution resulting in the regeneration of Li2O, oxidation of 

dissolved Li at the anode, side reactions of Li with alternative materials exposed to the 

melt, as well facilitating electrical conductivity in the melt. Two technical difficulties 

exist in the published literature regarding the parasitic reactions of Li that could be used 

to characterize the low current efficiency of the process. First, the concentration of Li2O 

in samples of the electrolyte is commonly quantified by titrating a sample of the salt; 

assuming that Li2O in the salt reacts with water to produce basic LiOH. However, if Li is 

present in the salt sample as well, it will react with water to form H2(g) and LiOH. As a 
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result, careful analysis of the quantity of H2(g) that results from contacting a sample of the 

electrolyte with water must be taken into account, and the quantity of LiOH that results 

from the presence of Li must then be subtracted from the titration measurement. 

Unfortunately, numerous researchers have employed such a titration methodology 

without explicitly stating that H2(g) evolution was accounted for [4-6, 39, 68]. As a result, 

it is difficult to quantify to what degree these measurements are accurate. The technical 

difficulties associated with quantifying the production of H2(g) and discerning the correct 

concentration of Li2O have been previously emphasized [110]. Furthermore, the validity 

of salt sampling techniques based on freezing salt on a dipstick is questionable due to the 

highly temperature dependent phase stability of LiCl-Li solutions [70, 72]. 

 The second difficulty in quantifying the degree to which Li is present in the LiCl-

Li2O electrolyte is that Li is known to react with nearly all molecular compounds, many 

of which are frequently in contact with the electrolyte during the reduction process. 

Dworkin et al. first noted that LiCl-Li was observed to react with, and physically degrade 

both synthetic sapphire and single crystal MgO [70]. Commercial grade MgO is widely 

employed as a crucible material and as an electrode shroud in the oxide reduction process 

[41, 76]. Li dispersed in LiCl-Li2O has additionally been reported to degrade Y2O3 

stabilized ZrO2 [111]. Furthermore, if present as a colloid in the electrolyte, metallic 

lithium is known to react spontaneously with nearly all commercial ceramics [112]. All 

of these potential reactions would result in the consumption of Li and a loss in current 

efficiency. Significantly, recent research by Choi et al. into the development of anode 

shrouds noted degradation of MgO during the reduction of UO2 [41]. Figure 1.5 shows 
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two anode shrouds fabricated of MgO and MgO (3wt%)-ZrO2 before and after being used 

to reduce UO2 in LiCl-Li2O. Considering the physical separation of the anode shroud and 

the cathode assembly, the degradation of the materials was attributed to reactions with Li 

dissolved in the electrolyte.   

 

Figure 1.5: MgO and MgO (3wt%)-ZrO2 anode shrouds before and after being employed for 

reducing UO2 in LiCl-Li2O at 650°C. The visable degradation was atributed to chemcial attack by 

disolved Li in the electrolte [41].  

 MgO-ZrO2 coated stainless steel mesh (STS) was investigated as an alternative 

anode shroud material [41]. As shown in Figure 1.6, MgO-ZrO2 coated STS was shown 

to be stable when exposed to molten LiCl-Li2O at 650°C over the course of 21 days; 

however, it was found to be degraded when employed as the anode shroud during the 

electrolytic reduction of 20g of UO2 over the course of 1.5 hours. The degradation that 

occurred when the material was employed as an anode shroud, and not during the 

extended period of exposure, was attributed to the accumulation of Li in the electrolyte 

during the reduction of UO2. Similar degradation was reported when MgO-ZrO2 coated 

STS was exposed to LiCl-Li2O containing 0.3wt%(~2mol%)Li. Interestingly, the authors 

noted explicitly that the degradation resulting from exposure to the LiCl-Li2O-0.3wt%Li 

Before reduction After reduction 
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solution was similar to the damage experienced during the reduction run, however the 

data was not provided.  

 

Figure 1.6: SEM micrographs of MgO-ZrO2 coated STS meshes (a) origional, and exposed to LiCl-

Li2O at 650°C for (b) 7 days, (c) 14 days, (d) 21 days, and (e) after bening employed as an anode 

shroud during the electrolytic reduction of 20 g of UO2 over the cource of 1.5 hours. The damage to 

the ceramic coatings of the steel shown in (e), and not as a result of extended period sof exposure, was 

atributed to the presince of Li in the molten salt acumulated during the operation of the reduction 

cell [41].  

 These observations suggest that Li disperses into the electrolyte during the 

reduction process up to the limit of physical solubility. The rate at which LiCl-Li2O-Li 

reacts with MgO is currently unknown, and as a result it is impossible to suggest to what 

degree Li is consumed by MgO throughout the electrolytic reduction process. The 

reaction of dissolved Li and MgO is suggested to be a significant loss of current 

efficiency and a source of experimental error in numerous reports; specifically those 

employing MgO crucibles.   

 Lithium has been recovered from molten LiCl-Li2O by reducing Li+ at a cathode 

inside a porous MgO shroud [27]. After accumulating Li in the cathode container, the 
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container was lifted out of the melt and the Li was extracted using a vacuum syphon. It 

was suggested that the fluid salt drained from the porous ceramic while the Li was 

contained inside the MgO. It was reported that greater than 95% of the reduced Li was 

recovered using this method; however, this study falls victim to the previously mentioned 

experimental uncertainties associated with quantification of the concentration of Li and 

Li2O in molten LiCl. Furthermore, the containment of reasonably pure Li in MgO is 

questionable due to the chemical reactivity of liquid Li. 

 Sakamura et al. noted that the oxide reduction process’s current efficiency 

decreased, and the Li2O loss rates increased, when a cathode assembly was rotated during 

reduction [5]. This observation was attributed to the agitation of the electrolyte causing 

accelerated dissolution of Li from the cathode. Similar phenomena were reported by INL 

where consistent Li2O concentrations were recorded for a number of reduction runs that 

employed stationary electrodes, but became less repeatable, and with greater losses of 

Li2O, when the cathode basket was rotated [43]. Further investigations into these effects 

are suggested to suppress losses of current efficiency and Li2O consumption.  

 Simpson et al. were successful in modeling literature data on the kinetics of the 

lithium reduction process, not electrochemically driven, using a shrinking core model of 

the UO2 pellets by employing literature data of the Li solubility limit as 1.7x10-4 mol/cm3 

(~0.5mol%) [77, 113]. This report explicitly stated that the diffusivity of the melt in the 

porous uranium metal was found to be exceedingly high at 9.7x10-4 cm2/s, and suggested 

that the concentration of lithium in the salt might have been significantly greater than the 

solubility limit implied. Subsequent modeling of the electrolytic reduction process, also 
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conducted by INL, reported an effective diffusion coefficient considerably closer to 

analogous systems by employing a higher concentration of lithium in the salt, citing the 

solubility limit as 0.0058 g/cm3 (~2.3mol%) [42]. This value is in agreement with the 

higher concentrations of dispersed lithium previously discussed, however the origin of 

this solubility limit could not be found in the cited reference by Park et al. [39]. While the 

adaptation of diffusion limited kinetic models has been shown to be effective in 

predicting process kinetics, the inconsistency in the values of lithium concentration 

employed should be further investigated. 

 The accumulation of excess Li has been stated to coincide with a loss of Li2O as a 

result of the continued electrolysis of Li2O after the intended reduction of the actinide 

oxides, due to the inability of the operator to know when the reduction of the actinide 

oxide is complete [68]. This conclusion is conspicuous however, as the depletion of Li2O 

has been observed to be continuous throughout the reduction process [43, 60]. The 

reported rates of Li2O consumption during the reduction process vary widely between 

references; an inconsistency that is attributed to the previously mentioned difficulties in 

quantifying the concentration of Li and Li2O in the salt, the quantity of Li that is lost to 

side reactions, and the quantity of Li and Li2O that remain in the cathode basket [6, 38, 

63, 75, 114]. Furthermore, the concentration of Li2O in the electrolyte can be diminished 

if the rate of O2- oxidation at the anode exceeds the transport of O2- from the UO2 out of 

the cathode assembly. Continued oxidation of O2- at a greater rate than the electrolyte can 

be replenished from the reduction of UO2 would result in the direct electrolysis of Li2O 

without inducing the reduction of further UO2.  
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 The final aspect of the role of lithium in the electrolytic reduction of actinide 

oxides to be discussed is the underpotential deposition (UPD) of Li+. UPD is the 

formation of single monolayers of atoms on a foreign substrate at a potential more noble 

than is required to reduce successive bulk metal onto the initial monolayer [115-118]. 

The UPD of Li+ from molten LiCl has been reported to occur on the surface of U3O8 as 

well as numerous other substrates [19, 119-121]. Application of modern theory of UPD is 

beyond the scope of this review; however it is illuminating to note the following basic 

effects. UPD occurs when the binding energy between a deposited species and a substrate 

is greater than the binding energy of the pure metallic species. As a result, there is an 

energetic benefit to the deposition of a monolayer of metal onto the foreign material 

compared to the subsequent reduction of the species onto like atoms. This effect 

manifests itself in a thermodynamic activity of the reduced metal being less than unity as 

long as the foreign substrate is exposed. As predicted by the Nernst equation, this results 

in the first monolayer being deposited at a more noble electrochemical potential.  

 While the UDP of Li+ from LiCl-Li2O has been shown to occur on U3O8, it was 

explicitly not observed on a Ni wire in the same study [121]. Numerous alternative CV’s 

of metal electrodes in LiCl-Li2O have also not detected any UPD current [59, 66, 122]. It 

has been demonstrated that the activity of Li in LiCl is significantly less than unity, even 

under Li saturated conditions [72]. This observation is highly supportive of the feasibility 

of Li+ UPD, as it would raise the Li|Li+ reduction potential. Similar low activity behavior 

of Li in LiCl was reported when investigating the deposition and intercalation of Li from 

LiCl into graphite [120]. This work is of specific interest as the authors noted that both 
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the kinetics of Li deposition, and the reduction potential itself, were highly dependent 

upon the porosity of the graphite substrate. This effect could play an analogous role in the 

UPD of Li+ on porous uranium oxides.  

 Despite these observations, the UPD of Li+ on U3O8 is interesting because 

metallic Li reacts spontaneously with U3O8 [39]. In order for UPD of Li+ to occur on the 

surface of U3O8, an electron would be required to transport through the U3O8 to the 

electrolyte interface, and reduce the Li+ ion. This is exceedingly unlikely as the reduction 

potential of U3O8 is more noble than that of Li+. If this process were to occur, the recently 

formed Li would then immediately react with the U3O8. Significant theoretical difficulties 

exist in this respect due to the non-unit activity of Li in LiCl and the complex valance 

structure of U3O8 and intermediately reduced lithium uranates. Further investigations, 

both theoretical and experimental, are required before an understanding of these effects 

can be presented. Therefore it is probably not accurate to discuss reduction of Li+ at U3O8 

in terms of UPD. 

1.6 Summary:  

 Metallic lithium is inevitably formed during the electrolytic reduction of actinide 

oxides in LiCl-Li2O. Polarization of the cathode below the reduction potential of Li+ is 

required to facilitate efficient and high yield reductions. As a result, metallic lithium is 

deposited on the cathode basket throughout the reduction process. Li has been observed 

to be in physical contact with the cathode and the molten LiCl-Li2O electrolyte. The 

solubility of Li in molten LiCl-Li2O is well documented, and yet the amount of Li that 

disperses into the electrolyte during the reduction process has not been quantified. 
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Dispersion of Li in molten LiCl is reported to occur via multiple possible mechanisms: 

true physical dissolution, the formation of subhalide complexes, and colloidal suspension 

as nanoclusters. The true dissolution of Li in LiCl appears to have a solubility limit of 

~0.5mol%, while the limit of dispersion may not be well defined.  

 The effect of the generation of a LiCl-Li2O-Li electrolyte on the operation of the 

electrolytic reduction process is not known due to the experimental difficulties associated 

with isolation of potential variables. It is suggested that dispersed Li is a likely cause for 

the reported low current efficiencies of the process due to recombination of Li with 

oxygen to form Li2O. Additionally, the loss of Li dissolved into the electrolyte and via 

reactions with unintended materials represents a possible consumption mechanism of 

Li2O and electric charge. The degradation of ceramic materials exposed to the electrolyte, 

notably MgO, have been reported to occur due to the presence of dispersed Li, however 

the reaction rates associated with the consumption of Li are yet unknown. Further 

research regarding these effects is essential to understand the role of lithium in the 

electrolytic reduction of actinide oxides.  

1.7 Corrosion in Molten Salts and Liquid Metals: 

 Previous research and literature reviews have demonstrated that material 

degradation proceeds through separate mechanisms in molten salts [123, 124], molten 

salts containing dissolved oxides [125, 126] and liquid metals [127]. As the mechanisms 

of material interactions with the LiCl-Li2O-Li system are widely unknown, but are likely 

to contain aspects observed in each of these three systems, the following section 

discusses the general corrosion phenomena associated with these systems independently.  
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The term corrosion is used throughout this dissertation to refer the degradation of 

a material that results from interactions with a given environment. This definition is 

therefore applied to chemical, electrochemical, and physical alterations to materials that 

results from being exposed to a given set of conditions.  

1.7.1 Corrosion in Molten Alkali-Halide Salts: 

 Corrosion of metals or alloys in pure alkali-halide molten salts, for example LiCl, 

is governed nearly exclusively by the presence of impurities [124]. These strongly 

ionically bound salts are typically lower in free energy of formation than transition metal 

halides [125]. Therefore, in the absence of impurities no significant corrosion reaction 

will occur between an engineering alloy and a molten alkali-halide salt. However, 

impurities are always present in practical systems and as a result completely dictate 

corrosion in molten alkali-halide salts. H2O is by far the most important contaminant 

regarding corrosion in molten salts containing LiCl due to the highly hygroscopic nature 

of LiCl. The effects of the presence of H2O on the electrochemistry of molten LiCl-Li2O 

as it applies to the electrolytic reduction of actinide oxides has been the subject of recent 

research for this reason [106, 128]. Molten LiCl reacts with H2O to form hydrochloric 

acid and lithium hydroxide as governed by the reaction 6. 

LiCl(molten) + H2O → LiOH + HCl                                 Reaction (6) 

 As a result of Reaction 6, when H2O is present in molten LiCl, the oxidation of an 

alloying element M can result in the formation of a salt soluble chloride via reaction 7. 

M + nHCl → Mn+Cln + 
𝑛

2
 H2(g)                                    Reaction (7) 
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  Obtaining molten LiCl in the complete absence of H2O is not practical for 

industrial scale processes [106, 125, 129-131]. As a result, it can be expected that 

corrosion of materials as a result of reactions 6 and 7 will occur to some degree in all 

melts containing LiCl. Methods employed in the current study to dry LiCl, adopted from 

findings by Gese et al. [106, 128], are discussed in Chapter 2. Additionally, examples of 

the effect of the presence of residual H2O on the corrosion of materials exposed to molten 

LiCl-Li2O-Li are demonstrated in Chapter 3. 

 It has been demonstrated by previous authors as well in the current study that the 

standard reduction potential of Li+ is more cathodic than LiOH and HCl in molten LiCl at 

650°C [106, 132]. As a result, the formation of a molten solution of LiCl-Li2O containing 

dissolved Li will not occur until reactions 8 and 9 have progressed to completion. 

Li + LiOH → Li2O + ½H2                                  Reaction (8) 

Li + HCl → LiCl +½H2                                       Reaction (9) 

 Therefore, the addition of metallic Li will result in the purification of molten 

LiCl-Li2O via the progression of reactions 8 and 9. These reactions will suppress the 

driving forces for the previously discussed corrosion mechanism (reactions 6 and 7) by 

removing the oxidizing and reducing agents from the melt. A similar effect was 

employed extensively to inhibit corrosion during the molten salt reactor (MSR) program 

at Oak Ridge National Laboratory (ORNL) [133]. Metallic Be was added to molten 

fluoride salts in the MSR where it functioned as a dissolved sacrificial anode to scrub 

impurities from the system. This approach, termed “redox control”, was observed to be 
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highly effective at mitigating corrosion in the MSR program as well as in alternative 

molten fluoride salts [134, 135].  

 It has been reported that LiH is stable in molten salts containing LiCl at 

temperatures of both 500 and 650°C [106, 132, 136]. Evidence suggesting the presence 

of dissolved Li in molten LiCl prior to the complete reduction of LiOH has also been 

reported [128]. Therefore, the possibility exists that reaction 10 will occur in molten LiCl 

in the presence of H2O and excess Li. 

2Li + LiOH  → Li2O + LiH                            Reaction (10) 

 The effect of the presence of LiH on the corrosion of materials exposed to molten 

salts is currently unknown. It is hypothesized that the presence of LiH in impure melts of 

LiCl-Li2O-Li is the mechanism behind certain results presented in Chapter 3 of this 

study. 

1.7.2 Corrosion in Molten Salts Containing Oxides: 

 Corrosion processes in molten salts containing dissolved oxides, or in the 

presence of O2, are different than in pure alkali-halide melts in that materials exposed to 

these melts will oxidize to some degree in the absence of impurities [125]. As a result, 

corrosion in these systems is governed by the degree to which alloys form stable surface 

oxides that protect against continued oxidation of the underlying alloy. Prior to exposure 

to molten salts, the surface of engineering alloys is typically comprised of transition 

metal oxides that suppress corrosion [137]. Stainless steel possessing a surface film of 

chromium oxides (Cr2O3 will be used as representative chromium oxide) will be used as a 
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prototypical example in this discussion due to its relevance to the current work. Under 

typical operating conditions, for example exposure of stainless steel to a dilute aqueous 

solution of H2SO4, the corrosion of bulk material will not occur before the Cr2O3 surface 

film is compromised. Prior to the destruction of the Cr2O3 film, the corrosion of the 

underlying alloy is kinetically limited by diffusion through the surface oxide. As a result, 

corrosion suppression in oxidizing environments is typically achieved through the 

formation of stable and protective surface films.  

The solubility of transition metal oxides in molten salts containing dissolved 

oxides is non-zero. As a result, there is a thermodynamic driving force for the dissolution 

of protective surface films from engineering alloys. The rate at which dissolution occurs 

is governed by the chemistry of the melt / material interface. The principle goal of 

corrosion protection in these environments is therefore the identification of alloys that 

form protective surface films with minimal solubility under a certain set of conditions.  

The corrosion of stainless steel by molten salts containing oxides proceeds though 

the destruction and dissolution of Cr2O3 by either acidic or basic dissolution, shown as 

Reactions 11 and 12, respectively.  

 Acidic dissolution:      Cr2O3 → 2Cr3+ + 3O2-                            Reaction (11) 

 Basic dissolution:       Cr2O3 + 2O2- + 3/2O2 → 2CrO4
2-           Reaction (12) 

 The most successful model used to describe corrosion in molten salts containing 

oxides, governed by the stability of surface films, is derived from the Lux-Flood theory 

of basicity. In this model, the basicity (pO2-) is defined as the negative log of the activity 

of the O2- ion in the melt [126, 138-140]. Molten salt constituents can be classified as O2- 
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acceptors or donors in an analogous manner to acids and bases in aqueous 

electrochemistry. Acidic molten salts containing little to no O2- corrode materials through 

the oxidation and subsequent dissolution of metal cations in a manner similar to Reaction 

11. Alternatively, in basic salts containing excessive quantities of O2- the primary mode 

of material degradation is the basic dissolution of anion complexes, shown as Reaction 

12. An optimal basicity exists between these two corrosion mechanisms such that 

material dissolution is minimized. Optimal basicity is a colloquial phrase for the salt 

chemistry that results in the minimum solubility of corrosion products in the melt, and 

therefore minimizes the thermodynamic force for dissolution of surface films.  

Corrosion in molten sulfate salts has been researched extensively due to its 

relevance to the coal power industry, and is commonly used as an example of molten salt 

corrosion chemistry [125, 126, 139, 141] . The basicity in molten sulfate systems is 

typically discussed based on the equilibrium of Reaction 13.  

                                     SO4
2- ↔ SO3 + O2-                                              Reaction (13) 

           With a basicity of:  pO2- = -log 𝑎𝑂2− = -log 
𝐾

𝑃𝑆𝑂3

  

 Where K is a temperature dependent equilibrium constant of Reaction 13. In this 

example, SO3 is an acid or O2- acceptor, while SO4
2- is a base or an O2- donor. The 

corrosion rate of stainless steel exposed to molten Na2SO4 is then discussed based on the 

basicity of the melt and how it governs the balance between the acidic and basic 

dissolution mechanisms. This methodology has resulted in the use of plots similar to the 

one shown as Figure 1.7 for predicting corrosion rates in melts of varying basicity.  
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Figure 1.7: Solubility of Cr2O3 in fused Na2SO4 at 1200K and 1.01x105 Pa oxygen [139]. 

 As shown in Figure 1.7, the solubility of Cr2O3 in molten Na2SO4 is not zero at 

any basicity. Therefore, some quantity of the Cr2O3 surface film on stainless steel will 

dissolve into molten Na2SO4 in the presence or absence of O2. In oxygen deficient melts 

the acidic fluxing mechanism is observed to drive the dissolution of Cr2O3, while at 

higher basicity (approximately greater than pO2-=15), the basic fluxing mechanism is 

observed to dominate. Corrosion mitigation in this system is typically achieved by the 

formation of a protective NaCrO2 surface film that minimizes the rate of both dissolution 

mechanisms over an intermediate range of pO2- [126, 139].   

An important difference between corrosion in molten salts containing oxides and 

aqueous systems should be clarified to avoid confusion. In aqueous corrosion, the pH of 
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the electrolyte can generally be directly related to the driving force for the oxidation or 

reduction of an element in contact with the solution. In a basic aqueous electrolyte 

(containing a high concentration of OH-) the system has a driving force for oxidizing O2- 

to form O2(g). This oxidation reaction liberates electrons to drive reduction reactions in 

alternative elements. As a result, corrosion products formed in basic aqueous electrolytes 

tend to be more reduced. For the same reason corrosion products formed in acids tend to 

have higher oxidation states as their electrons get consumed by the reduction of H+. 

However, it can be observed in Reaction 12 as well as in Figure 1.7 that this is not the 

case in molten salts containing oxides. The thermodynamic driving force in these systems 

is the activity of O2- in the melt; as a posed to the balance of H+ and OH- that dictates pH 

in aqueous systems. Basic molten salts will tend to donate O2- ions and increase the 

oxidation state of corrosion products. Again this can be observed in Reaction 12 where 

Cr3+ is oxidized to Cr6+ via the basic dissolution mechanism. This distinction is important 

in understanding the role of O2- in the electrochemistry of the molten LiCl-Li2O-Li 

system.  

Extensive research on the corrosion of engineering alloys exposed to molten LiCl-

Li2O has indicated that corrosion in these systems is governed by the basicity of the melt 

in an analogous manner to the Na2SO4 system [138, 142-145]. LiCrO2 has been reported 

to be the primary surface film formed on austenitic Fe-Cr-Ni alloys exposed to molten 

LiCl-Li2O [138]. Li2O is known as a basic metal oxide and therefore the basicity in the 

molten LiCl-Li2O system is based on Reaction 14. 

        Li2O → 2Li+ + O2-                                     Reaction (14) 
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                 With a basicity of: pO2- = -log 𝑎𝑂2− = -log 
𝐾

𝑃2𝐿𝑖+
  

 While the Lux-Flood model of molten salt basicity has been shown to be 

applicable to the molten LiCl-Li2O system, little is known regarding how the accuracy of 

this model is effected by the inclusion of Li in the melt. It is anticipated that key 

information regarding the mechanisms of material degradation in molten LiCl-Li2O-Li 

can be obtained by understanding whether or not the system behaves as an extremely 

basic salt. Chapters 3 and 6 of this dissertation investigate this hypothesis to determine if 

the inclusion of Li in LiCl-Li2O has the effect of varying the activity of the O2- ion (pO2-), 

or if it behaves independently of the LiCl-Li2O molten salt at a fixed basicity.   

1.7.3 Corrosion in Liquid Lithium: 

Lithium chemistry is a complex field in its own right and has been the subject of 

multiple texts and reviews [112, 146-148]. Notable examples of Li chemistry include that 

it is the only element that spontaneously reacts with N2 at standard temperatures, and that 

despite not having a 2p electron orbital Li frequently is observed in molecular bonding 

characterized by 2p electron states, for example Li6C [149]. Material interactions with 

liquid Li have been investigated primarily by NASA and the fusion reactor community 

due to the low density of liquid Li and its desirable neutronic properties [112, 127, 150]. 

No commercial molecularly bound material (oxide, nitride, carbide etc.) has been 

identified that is stable upon exposure to Li significantly above its melting point 

(approximately 180°C) [70, 112, 144]. Material interactions with liquid Li have been 

primarily investigated through the study of interactions of ultra-pure Li with various 
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transition and refractory metals. Interactions between liquid Li and Fe as well as the 

refractory metals is nearly undetectable when ultra-high precursors and strict atmospheric 

controls are employed [127, 151-153]. Alternatively, exceptionally low (ppm) levels of 

non-metallic impurities such as nitrogen, oxygen and or carbon have been found to lead 

to rapid liquid metal attack. An illuminating example of the extreme dependence of such 

properties on impurity concentrations is the observation of the corrosion rate of vanadium 

being 100 times greater in liquid sodium (an alkali metal analogous to lithium) containing 

5-15ppm oxygen compared to liquid sodium containing <1ppm oxygen [150].  

Attack by liquid Li is often caricaturized by softening effects, decarburization, 

intergranular cracking and the formation of low melting point alloys [150]. The 

differences between these modes of degradation and the previously discussed oxidation 

phenomena associated with molten salt corrosion are important to note when considering 

material interactions with molten LiCl-Li2O-Li.  

Significant theoretical challenges arise when attempting to consider molten 

solutions of LiCl-Li2O-Li as liquid metal. It is not clear to what degree liquid metal 

corrosion theories can be applied to the LiCl-Li2O-Li system due to the abundance of 

non-metallic impurities, specifically oxygen, present in the melt. Should liquid Li exist as 

metal in the molten LiCl-Li2O-Li system, it is likely saturated with oxygen and chlorine. 

It is currently unknown if liquid Li under these conditions is as reactive or degrading as it 

is in a more purified form. 
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1.8 Outline Material Interactions with Molten LiCl-Li2O-Li: 

 The molten electrolyte formed during the electrolytic reduction of actinide oxides 

is a ternary molten solution of LiCl containing varying quantities of dissolved Li2O and 

Li. Investigation of material interactions with molten solutions of LiCl-Li2O-Li requires 

an understanding of both the corrosive effects of molten salts as well as liquid metals. 

The different degradation mechanisms that govern material interactions with these 

systems require a new theory to be developed specific to molten LiCl-Li2O-Li. Such a 

theory must account for the unusual physical properties of molten solutions of metals and 

salts. It must be discerned to what degree the mechanisms of corrosion in LiCl-Li2O-Li 

are based on molten salt electrochemistry or on liquid metal effects. Specifically, it is 

unknown if Li2O and Li dissolved in molten LiCl behave independently as dissolved 

oxides and liquid metals, or if they participate in synergistic effects not observed in pure 

systems of either molten salts or liquid metals.  

 The aim of this dissertation is to characterize the mechanisms of material 

degradation during exposure to LiCl-Li2O-Li, and to discern between electrochemical 

and liquid metal effects 

  Chapter 1 reviews the role of lithium in the electrolytic reduction process and the 

unusual nature of the LiCl-Li2O-Li electrolyte. This chapter discusses why the formation 

of metallic Li is necessary to produce high process yields in the electrolytic reduction of 

actinide oxides. A summary of previous research into the physical chemistry of molten 

solutions of LiCl and elemental Li is included with a specific focus on the dispersion of 

Li in the solution. Furthermore, issues regarding the effect of the presence of lithium on 
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the electrolytic reduction process are discussed. Finally, a review of material degradation 

in molten salts and liquid metals is included with emphasis applied to the potential 

corrosion processes that may occur in the LiCl-Li2O-Li system.  

 Experimentation in the molten LiCl-Li2O-Li system, as well as on materials 

exposed to molten LiCl-Li2O-Li, poses unique challenges due to the highly impurity 

dependent and reactive nature of molten solutions containing Li. Chapter 2 discusses the 

development and operation of the experimental and analytical techniques used in this 

study. 

The processes associated with material interactions with LiCl-Li2O-Li were 

largely unknown at the initial stages of this study. Numerous experiments were designed 

and conducted throughout this study to determine the most accurate and reliable methods 

of characterizing material interactions with molten solutions of LiCl-Li2O-Li. Chapter 3 

contains preliminary studies conducted to evaluate the generalized effects of the presence 

of Li on the corrosion of materials exposed to molten LiCl-Li2O. The principle goal of 

these studies was quantification of the range of Li concentrations that can be included in 

molten LiCl-Li2O before fundamentally altering the corrosion processes that occur in the 

melt. These studies included exposure testing of stainless steel alloy 316L, nickel-based 

Inconel alloys 625 and 718, as well as Hastelloy N. General observations presented in 

this chapter include the formation of protective Cr based surface oxides in melts 

containing small quantities of Li and the preferential leaching of Cr and Mo by molten 

solutions containing high concentrations of Li. Observations regarding the sensitivity of 

corrosion in the molten LiCl-Li2O-Li system on the presence of trace quantities of 
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moisture are discussed. Further, the efficacy of methods used to dry the salt to an 

acceptable level such that these effects are not observed is demonstrated. Finally, it was 

observed during extended exposure testing that no detectable material dissolution occurs 

from stainless steel alloy 316L or Inconel 625 as a result of exposure to molten LiCl-

1wt%Li2O containing up to 0.3wt% for 50 or 100 hours. 

 Chapter 4 focuses on evaluation of the dispersion of Li in molten LiCl to assess 

the range of Li concentrations that are relevant to subsequent corrosion studies. 

Preliminary experiments were based on chemical analyses of quenched salt, however this 

methodology was found to result in large experimental errors. Subsequent investigations 

involved the design, development and operation of a magnetic susceptibility 

measurement device for characterizing molten solutions of LiCl-Li2O-Li. Finally, a study 

employing in-situ Raman spectroscopy was conducted in an attempt to characterize the 

physical chemistry of molten solutions of LiCl and Li with and without the presence of 

Li2O.  

 Characterization of the effect of the presence of Li on the corrosion of stainless 

steel alloy 316L exposed to molten LiCl-Li2O, the main focus of this dissertation, is 

presented in Chapter 5 as the culmination of this dissertation. The results presented in this 

chapter examine this effect by systematically characterizing the corrosion of stainless 

steel that resulted from exposure to melts of varying chemistry; molten LiCl containing 

varying concentrations of Li2O as well as Li. 

 The electroless deposition of Ti compounds on materials exposed to molten LiCl-

Li2O-Li was observed during the course of characterizing materials from studies 
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conducted as part of this dissertation research and the results are presented in Chapter 6. 

Characterization of these compounds and the dependence of their composition on the 

chemistry of the LiCl-Li2O-Li melts were conducted using X-ray photoelectron 

spectroscopy. This study yielded important information demonstrating the ternary nature 

of the LiCl-Li2O-Li system.  
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Chapter 2 Experimental Methods  

2.1 Glove Boxes: 

 Two glove boxes were used throughout this study; each one retrofitted with 

equipment to conduct specific experiments. Both glove boxes maintained an Ar 

atmosphere with impurities of less than 5ppm O2 and 1ppm H2O. The first glove box was 

equipped with a computer controlled LabVIEW program that was previously developed 

in this laboratory to conduct precision electrochemical experimentation in molten salts 

without human interactions [49, 154]. This glove box was used for all electrochemical 

experimentation, as well as those that employed in situ Raman spectroscopy.  

 A mounting assembly was designed and constructed to facilitate the simple 

exchange of electrode assemblies without deconstructing the computer controlled 

translation stage used to actuate the system. The improved mounting system is shown in 

Figure 2.1 as assembled for electrochemical studies. The mounting bracket attached to 

the translation stage provides a stable platform for adapting specific experimental setups 

to the system through a simple four bolt attachment observed behind the electrode 

holding assembly shown in Figure 2.1.  
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Figure 2.1: Image of the apparatus used to conduct electrochemical testing in molten LiCl-Li2O-Li. 

The system was developed with a mounting bracket that can be used to connect to the electrode 

holding assembly shown here, or the in situ Raman telescope shown in Figure 2.2. 

A mounting assembly was developed to attach an optical system to the translation 

stage bracket to facilitate in situ Raman spectroscopy of molten LiCl-Li2O-Li. The ability 

to adapt a new experimental apparatus to the translation stage mounting bracket without 

deconstructing the LabVIEW controlled stage highlights the modular nature of this 

system. The bracket mounting system ensured the Raman optics would be positioned 

directly above the experimental furnace in such a manner that the beam could be focused 

into the melt using the translation stage. A custom fiber optic probe and accompanying 

20 cm focal length telescope were designed and procured from InPhotonics. This fiber 
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optic system was coupled to an existing Thermo-Fisher DXR Raman spectrometer 

(Section 2.9) to facilitate Raman spectroscopy in the glove box / molten salt system. The 

telescope was constructed out of high temperature tolerant materials capable of 

functioning at 250˚C for extended periods of time. Temperature calibration experiments 

were conducted to ensure that the telescope system could be positioned at the focal length 

of the telescope directly above molten solutions while at 650°C without exceeding the 

operating constraints of the system. The telescope functioned as the incident and 

receiving optic to avoid the experimental complexities associated with aligning separate 

beam paths into and out of the molten salt. This system was employed to conduct 

spectroelectrochemistry in molten LiCl-Li2O-Li while the electrodes were positioned in 

the melt. Images of the Raman assembly are shown in Figure 2.2.  
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Figure 2.2: The experimental setup used to conduct in situ Raman spectroscopy of molten LiCl-Li2O-

Li while conducting electrochemical experiments in the molten salts. An annotated figure is included 

on the left while an image of the system taken while conducting spectroelectrochemistry is included 

on the right. 

 The second glove box used in this study was adapted to facilitate long term 

exposures of materials to high temperature molten salts in a safe and repeatable manner. 

Two separate but identical exposure testing systems were constructed in a single glove 

box to increase experimental throughput. The system was designed to operate two molten 

salt furnaces simultaneously in order to conduct extended exposure studies (thousands of 

hours) without significant down time. 

 In order to operate two furnaces in one glove box without exceeding the 

temperature limits of the system it was necessary to maintain excellent thermal insulation 

on top of the furnaces. The critical component that was required to facilitate these 
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experiments was a sample holder that could operate within the numerous design 

constraints imposed by the LiCl-Li2O-Li system. The positioning of the sample coupons 

in the high temperature environment had to be accurate and repeatable in order to ensure 

that a consistent sample surface area was exposed during separate experiments. For 

reasons discussed in Section 3.3, non-metallic or electrically insolating materials could 

not contact the molten solutions containing metallic Li. As a result, the samples had to be 

suspended into the melt by a sample holder positioned above the melt in order to avoided 

galvanic coupling of the samples to the metal crucibles. Furthermore, the system had to 

be capable of being inserted and removed from the furnace while at temperature. Finally, 

the use of high temperature tolerant and non-reactive materials was required so that the 

sample holder assembly could be maintained in the furnace without reacting with the 

environment or degrading mechanically.  

 The exposure testing system shown in Figure 2.3 was fabricated in accordance 

with the previously stated design constraints. Alumina was used as the material in direct 

contact with the samples for electrical insulation, while low alloy steel and graphite were 

used for high temperature mechanical support. The system employed redundant container 

crucibles to mitigate thermal gradients and to protect the furnace incase molten salt 

spilled from the primary crucible. Two furnace systems analogous to the one depicted in 

Figure 2.3 were installed in the exposure glove box so that two independent exposure 

tests could be conducted simultaneously.  
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Figure 2.3: Schematic depiction of the experimental configuration used in exposure experiments. The 

system was duplicated in a single glove box to facilitate extended exposure testing in two melts of 

LiCl-Li2O-Li simultaneously [155]. 

 Except where specified otherwise, samples were laser cut into square coupons of 

1.2 cm dimension, spot welded to wire hooks of similar alloying compositions and 

suspended on an alumina screw. A schematic depiction of a spot welded sample is shown 

in Figure 2.4. This geometry resulted in a surface area of 3.6cm2±5% per sample exposed 

to the molten solution. Typically two samples were exposed to each melt for a total 

sample surface area of 7.2cm2. The hooks were looped onto an alumina screw where they 

rested in the screw threads to secure the samples in place. This method was found to limit 

the motion of the samples sufficiently such that the assembly could be inserted and 

removed from the furnace without disturbing the placement of the samples.   
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Figure 2.4: The sample geometry used during exposure testing. 1.2 cm square samples were spot 

welded to hooks of similar alloying composition and suspended from Al2O3 in the melt such that the 

spot weld was not exposed to the molten solution. 

 The exposure testing glove box was further equipped with a circulating water 

chiller physically contacting the exterior of the glove box to assist in cooling the system. 

A limit controller was installed so that should the temperature of the glove box exceed 

45˚C (5˚C bellow design specifications) all electrical power to the furnaces would be cut 

off. This limit system was actively engaged so that should the system over heat, or 

alternative “beyond design base scenario” occur, the system could not apply power to the 

furnaces without being re-set. The combination of the experimental apparatus and 

systems described above allow the exposure testing glove box to be capable of exposing 

two sets of materials to two separate high temperature (<1,000°C) molten salts in a 

rigorous electrochemical manner for extended periods of time (thousands of hours). 

2.2 Materials: 

The primary materials investigated in this study were austenitic stainless steel 

alloy 316L (SS316L), nickel-chromium based Inconel alloys 625 (I625) and 718 (I718), 
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as well as the nickel-molybdenum alloy Hastelloy N. The composition of these materials 

as provided by the commercial suppliers is given in Table 2.1.  

Table 2.1 The composition of stainless steel alloy 316L, Inconel alloys 625 as well as 718, and 

Hastelloy N used in this study.   

Alloy Ni Cr Fe Mo Nb Mn Cu Al Ti Si 

SS316L 10 18 Bal. 3  < 2     

I625 58 20-23 5 8.0-10 3.2-4.2 0.5  0.4 0.4 0.5 

I718 50-55 17-21 19 2.8-3.3 4.8-5.5 0.35 0.2-0.8 0.65-1.15 0.3 0.35 

Hastelloy N 71 7 4.2 17  0.5     

 

All chemicals were procured from VWR Scientific. Reagent grade LiCl of 99wt% 

purity, Li2O of 99.5wt% purity and Li of 99wt% purity were used in all experiments, 

except in ultra-high purity melts where LiCl of 99.995wt% purity and Li of 99.9wt% 

purity were employed. To dry LiCl before use in corrosion studies a quantity of LiCl was 

heated to 550°C for two hours, then the temperature was raised to 650°C and equilibrated 

for 30 minutes before Li2O and Li were added [106]. These melts were additionally 

allowed to equilibrate for 30 minutes following the addition of Li2O and Li to allow for 

their dissolution before sample coupons were exposed to the final melt [43]. In melts that 

employed ultra-high purity precursors, anhydrous LiCl was procured in a sealed glass 

container and was exposed to the glove box atmosphere for less than 5 minutes prior to 

heating. Melts were typically contained in Ni crucibles supplied by Alfa Aesar and used 

50 g of salt.  
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2.3 The Li-Bi Reference Electrode in Molten LiCl-Li2O-Li:  

 Electrochemical studies were employed for investigating the physical chemistry 

of molten LiCl-Li2O containing metallic Li. The development of a reference electrode 

that maintains a stable electrochemical potential in molten LiCl-Li2O-Li is required in 

order to employ electro-analytical techniques in these molten solutions. The motivation 

for, and theory of, the Li-Bi reference electrode has been presented elsewhere and only a 

brief description is included here for brevity [155].  

 For a reference electrode to exhibit a stable potential in molten LiCl-Li2O-Li, a 

redox couple (M|M+) must be identified that does not vary in Gibbs free energy as a 

result of a change in the composition of the melt. The identification of such a couple is 

exceedingly difficult in molten solutions containing metallic Li as well as Li2O. In 

theory, any oxidized species, M+, that would not be reduced by metallic Li would have a 

metallic component, M, that would be oxidized by Li2O, or vice versa. Stated 

mathematically, for a theoretical M|M+ reference redox couple the difficulty is stated as 

follows: 

If ΔGM|M+ > ΔGLi|Li+ then  2𝑀 + 𝐿𝑖2𝑂 →  𝑀2𝑂 + 2𝐿𝑖 

However, if ΔGM|M+ < ΔGLi|Li+ then  𝑀2𝑂 + 2𝐿𝑖 →  2𝑀 + 𝐿𝑖2𝑂 

 

 It is proposed that no rigorously defined reference electrode can be employed in 

molten LiCl-Li2O-Li without the identification of a redox couple that avoids this paradox. 

A liquid metal reference electrode containing Li is therefore suggested to be the best 

candidate for obtaining a stable redox couple in the in molten the LiCl-Li2O-Li system. 
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By employing a liquid alloy of Li and an electronegative, low melting point metal that 

has a high solubility of Li, the Li|Li+ potential will be at equilibrium at the interface 

between the liquid metal and the molten LiCl-Li2O-Li. This approach has been 

successfully employed in molten LiCl-Li2O using eutectic alloys of Li-Pb [47] and Li-Bi 

[69] contained in thin walled MgO cells. It has been theorized that in these cells Li 

preferentially wets the porous MgO walls, facilitating a Li|Li+ couple to be measured 

between the salt phase and the electrically conducting liquid alloy. In the present work, 

Li-Bi was chosen to avoid the use of chemically toxic Pb.  

The reference electrode developed in the current work consisted of a graphite 

cylinder with a 500 µm wall thickness, sealed at one end, containing 3 g of 30at%Li-Bi. 

Prior to its use in molten LiCl-Li2O-Li, this electrode was heated to 900ºC for 3 hours to 

saturate the graphite with the liquid alloy. An image of the Li-Bi reference electrode 

constructed in this manner is shown in Figure 2.5.  
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Figure 2.5: The Li-Bi reference electrode used in Chapter 4 of this study. The thin walled graphite 

tube that contained the molten alloy was held via ceramic insulation outside of the melt and electrical 

contact to the potentiostat was made through a Ni wire. A red arrow is included indicating the level 

of the Li-Bi alloy within the reference electrode. 

Research conducted in our laboratory demonstrated the stability of Li-Bi in LiCl-

Li2O [155]. However, it should be noted that the activity of Li in Li-Bi is dependent upon 

the concentration of Li in the liquid alloy and as a result the stability of the Li-Bi 

potential in molten LiCl-Li2O solutions varying in Li concentration is currently unknown 

[156, 157]. Furthermore, the current work employed a thin walled graphite cell as the ion 

bridge between the liquid alloy and the molten salt phase and the stability of graphite in 

the LiCL-Li2O-Li system is also unknown. Future investigations are necessary to verify 
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the Nernstian behavior and stability of the Li-Bi reference electrode as well as the effect 

of the use of graphite in the system.  

2.4 Gas Chromatography: 

An SRI instruments gas chromatograph (GC) with a thermal conductivity detector 

was used to quantify the content of N2 in the Ar atmosphere of the glove box. GC 

analysis measured the concentration of N2 to be 2% of the Ar glove box atmosphere in 

which the experiment was conducted. It is noted that the glove box purification system 

used in this study is designed to remove H2O and O2 but not N2, and as a result the 

accumulation of N2 in the glove box over time is expected. The quantification of N2 in 

the glove box atmosphere is thought to be variable with time as purging of the glove box 

with Ar was conducted periodically (approximately every 6 months) to regenerate the 

glove box gas purification system. The effect of the presence of N2 on material 

interactions with molten LiCl-Li2O-Li are presented in Chapter 6 of this study.  

2.5 Scanning Electron Microscopy / Energy Dispersive X-ray Spectroscopy: 

A Hitachi S-4700 field-emission scanning electron microscope (SEM) was used 

to study the morphology of material surfaces following exposure to molten LiCl-Li2O-Li. 

Micrographs were recorded at 45x, 2,000x, 10,000x and 25,000x magnifications to 

display morphology at various levels of magnification. The elemental composition of the 

surface was obtained using energy dispersive X-ray spectroscopy (EDS) coupled to the 

SEM. The SEM was operated at 20 kV during imaging, and EDS measurements were 

made using accelerating voltages of 10 kV and 20 kV to observe differences in elemental 
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composition as a function of relative depth. The SEM used in this study is shown in 

Figure 2.6.  

 

Figure 2.6: Hitachi S-4700 field emission scanning electron microscope, equipped with an energy 

dispersive spectrometer. 

 Samples were exposed to atmosphere before entering the vacuum chamber of the 

SEM due to mechanical limitations of the instrument. Samples were maintained under an 

Ar atmosphere in a sealed container for all but approximately 30 seconds when 

transferring them from the glove box to the SEM chamber. To investigate the effect of 

this period of exposure to atmosphere samples were analyzed after approximately 30 

seconds of atmospheric exposure, removed from the vacuum, exposed to atmosphere for 

one minute, and analyzed again. Coupons of SS316L exposed to molten LiCl-1wt%Li2O 

containing 0, 0.1 and 0.3wt%Li at 650°C for 50 hours were analyzed in this manner to 

investigate the effect of variation in melt composition on the atmospheric stability of the 

surfaces. This experiment was conducted to study the morphological alteration that 

results from exposure to atmosphere and to understand the degradation that may occur 
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during the 30 seconds of exposure that transpires before the samples are analyzed. The 

micrographs recorded from the surface of these samples following the first brief exposure 

to atmosphere are shown in Figure 2.7 (A) and micrographs of the same samples 

following a subsequent one minute period of exposure to atmosphere are shown in Figure 

2.7 (B).  

 

Figure 2.7: SEM micrographs of SS316L exposed to molten LiCl-Li2O containing 0, 0.1 and 

0.3wt%Li at 650°C for 50 hours. Samples were analyzed (A) after approximately 30 seconds of 

exposure to atmosphere and (B) after an additional one minute of exposure to atmosphere.  

 By comparing the micrographs of SS316L after the first and second period of 

exposure to atmosphere it can be observed that the surfaces maintain their macroscopic 

morphology, on the order of 10’s of µm, upon brief periods of exposure. However, 

smaller features observed at higher magnification, on the order of µm, are observed to 

become increasingly rough and less uniform following the second period of exposure to 

atmosphere. The degree to which the roughening occurs is observed to be more severe on 

(A) First exposure  

No Li 

0.1%Li 

0.3%Li 

(B) 60s of exposure to atmosphere 
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samples exposed to molten solutions containing higher concentrations of Li. This is 

attributed to the increased reactivity of Li compared to LiCl and Li2O, and indicates that 

the compounds present on the sample surfaces reflect the increased reactivity of the melt. 

It is concluded that while alteration to the sample morphology does occur during 

exposure to atmosphere before being analyzed in the SEM, the bulk morphology is not 

fundamentally altered by the initial 30 seconds of exposure.  

2.6 X-ray Diffraction: 

X-ray diffraction (XRD) was conducted to determine what crystalline phases were 

present on samples following exposure to LiCl-Li2O-Li. Additionally, XRD analysis was 

conducted to investigate the alteration to the lattice parameter of the base materials that 

occurred as a result of exposure. XRD analysis was conducted using the Rigaku 

SmartLab X-ray diffractometer shown in Figure 2.8. XRD data was analyzed using 

PDXL2 software. Unless otherwise stated, XRD analysis was conducted as described 

below. Specimens were analyzed using a parallel beam optical configuration across a 2θ 

range of 10-90° with a step width of 0.05° at a scan rate of 0.5°/min. Parallel beam optics 

were employed in these studies due to their superior reliability in resolving peak shifting 

compared with Bragg-Brentano optical configurations. However, parallel beam optics are 

incapable of quantitative analysis due to susceptibility of preferential grain orientation 

causing skewed intensity ratios of diffraction peaks. Peak sifting due to such effects as 

lattice expansion or contraction has been utilized for quantifying liquid Li attack on 

materials [158]. The benefit of parallel beam optics in resolving these effects of liquid Li 

attack was chosen despite the known drawbacks of using a non-quantitative XRD 
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analyses method. Furthermore, the use of parallel beam optics allowed for grazing 

incident angle diffraction (GI-XRD) analysis to be conducted for surface sensitive 

diffraction studies.  

 

 

Figure 2.8: Rigaku SmartLab 3kW XRD used throughout these studies. 

 Specimens were sealed in plastic bags in the glove box and maintained under Ar 

during XRD analysis. The efficacy of maintaining the samples in plastic bags throughout 

XRD analysis is demonstrated in Figure 2.9. Figure 2.9 shows the XRD patterns obtained 

from a sample of SS316L exposed to ultra-high purity LiCl-1wt%Li2O in the absence of 

Li for 20 hours at 650°C recorded when the sample was in a plastic bag, as well as during 

exposure to atmosphere.  



62 

 

 

Figure 2.9: X-ray diffraction patterns obtained from a coupon of SS316L exposed to ultra-high 

purity LiCl-1wt%Li2O at 650°C for 20 hours recorded in a plastic bag (Bottom) and during exposure 

to atmosphere (Top). Diffraction from the (0,0,3) plane of LiCrO2 at 2𝜽 = 18.4˚ 2𝜽 is observed in 

both patterns while the removal of LiCl and LiCl-H2O occurred as a result of exposure to 

atmosphere. 

 XRD analysis identified phases of LiCrO2, LiCl, LiCl-H2O, 𝛾-Fe, and α-Fe on 

SS316L exposed to molten LiCl-1wt%Li2O when analyzed in a plastic bag, however only 

LiCrO2, 𝛾-Fe, and α-Fe were present following exposure to atmosphere. It is observed 

that by exposing the sample to atmosphere the hygroscopic phases of LiCl, and LiCl-H2O 

are removed from the sample surface and replaced by a broad amorphous feature 

spanning approximately 2θ=20-40°. The detection of these phases when analyzed in the 

plastic bag, and their disappearance upon exposure to atmosphere, demonstrates that to 

some extent the samples are protected from atmospheric exposure when maintained in the 

plastic bag. However, the presence of LiCl-H2O on the sample analyzed in the plastic bag 
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demonstrates that the bag is at least semi-permeable and the samples are exposed to 

minor quantities of moisture during XRD analysis.    

2.7 Micro-Hardness Testing:  

 The hardness of the surface of materials following exposure to molten LiCl-Li2O-

Li was evaluated using micro-indentation. The Shimadzu Seisakusho LTD NT-M001 

micro-Vickers indenter and Leica MC170 optical microscope used in this study are 

shown in Figure 2.10. Prior to analysis samples were rinsed with methanol for 10 minutes 

to remove residual salt from their surface. Indentations were made by applying a 500 g 

load to the samples for 30 seconds. Subsequently, the dimensions of the resulting 

indentations were measured using the optical microscope. The dimensions of the 

indentation were related to the hardness of the material surface by equation 1. 

 Micro-Vickers hardness: HV = 
1854.4∗𝐿

𝑑2       Equation (1) 

 Where d is the diagonal of the rectangular indentation in µm, and L is the load in g. A 

total of 10 indentations were made on each sample surface. The evaluated hardness is the 

average of the 10 observed values and is reported with error bars according to the 

standard deviation of the 10 measurements.  
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Figure 2.10: The Shimadzu Seisakusho LTD NT-M001 micro-Vickers indenter (left) and the Leica 

MC170 optical microscope (right) used in this study to evaluate the hardness of samples.  

2.8 Inductively Coupled Plasma – Optical Emission Spectroscopy: 

 Inductively coupled plasma – optical emission spectroscopy (ICP-OES) was used 

extensively thought this study to quantify the amount of a given element that was leached 

from samples into the molten LiCl-Li2O-Li during the periods of exposure testing. ICP-

OES is a strictly elemental analytical tool, capable of detecting the concentrations of 

elements in aqueous solutions with a detection limit on the order of 100 ppb. To detect 

the elements that were present in each salt melt, the salt ingots were allowed to cool after 

each experiment, dissolved in 750 mL of 18 MΩ deionized water and analyzed using a 

Perkin Elmer Optima 8000 ICP-OES. The Optima 8000 spectrometer used in this study is 

shown in Figure 2.11. Spectroscopic standards were purchased from SCP Scientific. All 

identified concentrations resulted in relative standard deviations less than 10%. To ensure 

the complete dissolution of the elements of interest, individual samples were acidified 



65 

 

using hydrochloric acid, or adjusted to a pH of 13 using sodium hydroxide as specified in 

specific studies.  

 

Figure 2.11: Perkin Elmer Optima 8000 ICP-OES used to conduct quantitative analysis of alloying 

elements present in salt ingots following exposure testing.  

2.9 Raman Spectroscopy: 

 A Thermo-Scientific DXR Raman microscope was used to characterize the 

Raman active modes of the surface of samples exposed to molten solutions of LiCl-

Li2O-Li. The DXR, shown in Figure 2.12, was operated with a 532nm laser at 

10mW. It is noted that in certain circumstances in this study, Raman spectroscopy 

was conducted while samples were exposed to atmosphere. Additionally, the DXR 

was equipped with a custom fiber optic probe procured from InPhotonics that facilitated 

Raman spectroscopy of sample surfaces in the glove box atmosphere. The fiber optic 

was used to pass the 532nm excitation laser to the sample surface and the receiving 

fiber optic collected light with a spectral shift of 250-3900cm-1 from 532nm. The 

fiber probe had a 5mm focusing length. While the use of this fiber probe facilitates 
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spectroscopy of samples without contacting atmosphere, the incident intensity of the 

excitation laser beam was observed to be roughly 10% of that employed in the DXR 

microscope. As a result, Raman spectroscopy conducted in the glove box was 

typically of reduced intensity and increased spectroscopic noise. Raman 

spectroscopic analysis of samples following shorter period of exposure, for example 

20 hours, required being analyzed in the microscope to achieve appreciable levels of 

signal. Surface films that possessed fully developed surface films, formed during 

hundreds of hours of exposure, were analyzed using the fiber optic probe without 

contacting atmosphere to confirm that the films were present prior to contacting 

atmosphere.  

 

Figure 2.12: Thermo Fischer DXR Raman microscope. The DXR was equipped coupled to a fiber 

optic probe (not shown) to facilitate Raman spectroscopic analysis of samples in the experimental 

glove box.  
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2.10 X-ray Photoelectron Spectroscopy: 

X-ray photoelectron spectroscopy (XPS) was used extensively throughout this 

study. XPS is unique in its ability to characterize the atomic and chemical characteristics 

of surface films on the order of nanometers thick. This ability makes XPS ideally suited 

for the current study, as the films formed on alloys exposed to molten LiCl-Li2O 

containing Li are exceedingly thin. As shown in Chapters 5 and 6, XPS analysis offered 

the sole analytical method for characterizing the chemistry of surface films formed in 

molten LiCl-Li2O-Li. Relying on this analytical technique to such an extent required the 

near mastery of the XPS system as well as its underlying physics before it could be 

confidently utilized to its full potential.  

XPS analysis was conducted using a PHI 5600 with both monochromatic Al Kα 

radiation as well as achromatic Mg Kα radiation. The spectrometer was calibrated to the 

Ag 3d5/2 line at 368.3±0.05 eV. Internal charge correction of XPS spectra was 

accomplished using the oxide bonding state (O2-) of the O 1s line to 530 eV due the 

overlap of the adventitious C 1s line with the Cl 2s line on specimens containing large 

quantities of Cl. XPS spectra were collected from an analysis area of 1.6 mm2. Ar+ ion 

sputtering was conducted at a current density of approximately 0.1 mA/cm2, which was 

shown to remove ~7 nm of Ta2O5 per minute, across an area of 9 mm2. Samples were 

transferred from the Ar glove box atmosphere to the vacuum chamber of the XPS using a 

sealed transfer chamber to avoid exposure to the atmosphere. XPS spectra underwent 3 

points of smoothing, were analyzed using SDP v4.6 Gaussian fitting software and were 
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normalized to the highest intensity peak. The XPS used throughout this study is shown in 

Figure 2.13.  

 

Figure 2.13: PHI 5600 X-ray photoelectron spectrometer used extensively throughout this study to 

characterize the chemistry of material surfaces following exposure to molten solutions of LiCl-Li2O-

Li.  

 

 

  



69 

 

Chapter 3 Development of Experimental Protocol for Molten LiCl-

Li2O-Li  

3.1 Introduction: 

 Numerous constraints are imposed on the experimentalist investigating the molten 

LiCl-Li2O-Li system due to the confluence of various characteristics in these systems 

such as: high chemical reactivity, oxidizing as well as reducing nature, electrical 

instability, toxicity and extreme sensitivity to nature and amount of impurities, in addition 

to the high temperature of these systems. The following quote is included to summarize 

the difficulties encountered in these studies. It should be noted that the authors, Bredig et 

al., were highly successful in studying numerous alternative metal-salt solutions 

including every alkali metal–alkali halide system with the exception of lithium and its 

respective halides [88].  

“Attempts to measure the conductivity of Li systems were unsuccessful 

because of reactions between the lithium solutions and the synthetic 

sapphire or single crystal magnesia cells…No insulating material has yet 

been found which will withstand attack by these solutions” [70] 

 In addition to material challenges, the very nature of the LiCl-Li2O-Li system 

eliminates the ability to employ standard experimental techniques. For example, the low 

ionization potential of the dissolved metallic lithium makes the melt highly susceptible to 

polarization by electric fields [159]. The polarization of molten solutions of metals and 

salts has the effect of shifting the localized concentration of conduction, or solvated, 

electrons in the melt, altering the physical properties of the molten solution [80, 160]. 

This in fact reduces the ability of electrochemical techniques to gain quantitative 

information regarding molten LiCl-Li2O-Li without altering the solution. Furthermore, 
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optical probing of LiCl-Li2O-Li via transmission is not feasible as liquid lithium metal 

reacts with all existing commercial molecular compounds that could be used for 

viewports [112]. Furthermore, the LiCl-Li2O-Li phase in question is only stable above the 

melting point of LiCl-Li2O (approximately 600°C depending on the concentration of 

Li2O) [70]. As a result, any investigation into the solution chemistry of the melt that is 

relevant to the electrolytic reduction process has to be conducted at the process 

temperature (650°C), to avoid possible phase separations upon cooling. Additional 

challenges exist regarding chemical analysis of corrosion products formed on materials 

exposed to molten LiCl-Li2O-Li. The low atomic number of Li precludes the use of X-

ray analytical techniques that employ Be windows, such as energy dispersive X-ray 

spectroscopy (EDS) or X-ray fluorescence spectroscopy (XRF), for characterizing Li on 

corroded materials. Finally, the chemical reactivity of Li intercalated transition metal 

oxides requires that strict atmospheric control be maintained to preserve the corrosion 

products formed in molten solutions containing Li. The atmospheric instability of these 

corrosion products further limits the post exposure analytical techniques that can be 

employed to only those that can be conducted while maintaining the sample in a 

controlled atmosphere throughout analysis.  

The study of material interactions with LiCl-Li2O-Li is non-trivial and required 

the development of first of a kind experimental techniques in terms of the corrosion 

experiments themselves, as well as the analytical methods that employed to study the 

materials post exposure. Numerous experiments were conducted throughout this study to 

develop experimental procedures that were capable of yielding a more accurate and 
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repeatable characterization of material interactions with molten LiCl-Li2O-Li. This 

chapter discusses the development and operation of the experimental and analytical 

methodologies used throughout this study. Preliminary studies were conducted to 

evaluate the generalized effects that the presence of Li has on the corrosion of materials 

exposed to molten LiCl-Li2O. The principle goal of this study was to evaluate an 

approximate range of Li concentrations that can be included in molten LiCl-Li2O before 

fundamentally altering the corrosion processes that occur in the melt. These studies 

included exposure testing of stainless steel alloy 316L, as well as nickel based Inconel 

alloys 625, 718 and Hastelloy N.  

3.2 Materials: 

The primary materials investigated in this study were austenitic stainless steel 

alloy 316L (SS316L), nickel-chromium based Inconel alloys 625 (I625) and 718 (I718), 

as well as the nickel-molybdenum alloy Hastelloy N. SS316L is a common engineering 

alloy frequently employed as the material of construction for molten salt containing 

crucibles and has shown acceptable corrosion resistance in molten LiCl-Li2O [124, 138, 

142, 145, 161]. Chapter 5 of this dissertation focuses specifically on the corrosion 

resistance of SS316L in molten LiCl-Li2O-Li as it is the crucible material used in UO2 

electrolytic reduction studies at Argonne [162].  

Nickel based super alloys I625 and I718 were chosen for their previously 

demonstrated excellent corrosion resistance in molten chloride salts in the presence and 

absence of dissolved oxides [163-166]. As shown in Table 2.1, while I625 is primarily 

composed of Ni, Cr, and Mo, I718 contains a relatively high concentration of Fe and 
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lower contents of Cr and Mo. These two alloys were studied in parallel to facilitate a 

study of corrosion behavior as a function of Fe content in the alloy. Fe is less expensive 

than Ni, Cr and Mo, and as a result high Fe content alloys are commonly employed to 

reduce the cost associated with the use of expensive superalloys. Consequently, 

investigation of the corrosion performance of high Fe content alloys such as I718 was 

desirable. 

Hastelloy N was chosen for investigation due to its fundamentally different 

mechanism of corrosion protection in molten salts. Counter to the corrosion protection of 

common alloys, Hastelloy N was developed specifically to remain inert in highly 

oxidizing molten salts without relying on the formation of protective surface films [123, 

167-169]. While stainless steels and Ni based superalloys typically require the formation 

of stable surface films to protect the bulk alloy from exposure to oxidizing environments, 

Hastelloy N was designed to depend on its intrinsic electrochemical nobility for corrosion 

protection. This mechanism of corrosion suppression has proven highly successful in 

molten fluoride salts where transition metal surface films are not stable and bare alloy is 

in contact with the molten salt. Due to the instability of transition metal oxides in contact 

with liquid Li, it was hypothesized that this mechanism of corrosion protection may be 

applicable in molten LiCl-Li2O-Li.  

3.3 Crucible Materials: 

 Ideally corrosion experimentation in a given environment is conducted using a 

vessel that contains the environment without interacting with it or altering its chemical 

nature. However, the principle goals of the current research are (A) the identification of 
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materials that are resistant to corrosion in molten solutions of LiCl-Li2O-Li and (B) 

characterizing the mechanisms by which these materials corrode in these systems. By 

deductive logic, it is therefore impossible to identify a crucible material that will remain 

inert while containing molten solutions of LiCl-Li2O-Li prior to the completion of this 

study. The principle challenge in identifying such a container material for the LiCl-Li2O-

Li system is the presence of both reducing metallic Li as well as oxidizing Li2O. Material 

selection is complicated significantly by the fact that molten solutions of LiCl-Li2O-Li 

possess thermodynamic driving forces for both oxidation and reduction reactions 

simultaneously. Prior to the completion of the investigations presented in this study it was 

unknown to what extent oxidized materials (ceramics) would be reduced by Li, or if 

alloys would be oxidized by Li2O. These potential reactions would not only degrade the 

crucible material and introduce corrosion products into the melt, but would have 

unquantifiable effects on the solution chemistry of the molten LiCl-Li2O-Li itself. Should 

a crucible material oxidize or reduce when in contact with molten LiCl-Li2O-Li, it would 

have an opposing effect on the melt. These reactions would alter the concentration of 

either Li2O or Li in the melt, resulting in an inaccurate assessment of melt composition.    

 Preliminary studies were conducted on a wide array of crucible materials in an 

attempt to quantify to what degree various materials interacted with molten solutions of 

LiCl-Li2O-Li. This was principally achieved by quantifying the concentration of the 

elements that were leached from the crucibles into molten LiCl-Li2O-Li during extended 

periods of exposure using ICP-OES analysis (methodology provided in Section 2.8). This 
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analysis served as a rough estimation of the corrosion rate of these materials in the LiCl-

Li2O-Li environment as well as to what degree the reactions altered the molten solution.  

3.3.1 Degradation of Ceramic Materials in Molten LiCl-Li2O-Li: 

A wide array of ceramic materials has been used in molten salt research for a 

variety of reasons. Alumina (Al2O3) and magnesia (MgO) are commonly used in molten 

salt electrochemical studies involving LiCl due to their minimal chemical reactivity with 

molten chlorides and electrically insulating properties [8, 41, 170, 171]. However, liquid 

Li at the temperatures employed in this study has been shown to react with and degrade 

all commercially available ceramic materials, including high purity Al2O3 and single 

crystal MgO [70, 144]. Importantly, recent work by Choi et al. noted that when a molten 

solution of LiCl-Li2O-Li was formed during the electrolytic reduction of UO2, the melt 

was found to degrade both MgO and MgO-ZrO2 [41]. It was reported that these materials 

did not degrade upon exposure to molten LiCl-Li2O in the absence of Li, however no data 

was provided on the corrosion rate of these materials as a function of Li concentration in 

the melt. Preliminary investigations were conducted on the degradation of both Al2O3, 

and MgO in the current work to verify the inability of these materials to function as inert 

materials in LiCl-Li2O-Li.  

A digital image of an Al2O3 tube exposed to LiCl-2wt%Li2O-1wt%Li for 20 hours 

at 650°C is shown in Figure 3.1. While Al2O3 is known to be relatively inert in molten 

LiCl-Li2O [170], the degradation that occurred during this test yielded a corrosion rate 

exceeding 50 mm/year. This observation is one of several dramatic examples included in 
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this dissertation of the alteration of melt chemistry that occurs when metallic Li is added 

to molten LiCl-Li2O. The observed reaction rate of Al2O3 with molten LiCl-Li2O-Li is far 

too great to employ this material in these systems. Substantial alterations to both the 

Al2O3 as well as the melt can be expected should this material contact molten solutions 

containing Li.  

 

Figure 3.1: A digital image of Al2O3 after 20 hours of exposure to LiCl-2wt%Li2O-1wt%Li at 650°C. 

The recorded corrosion rate exceeded 50 mm/yr indicating the highly reactive nature of Al2O3 with 

melts containing metallic Li. 

 The stability of MgO in molten solutions of LiCl-Li2O-Li was investigated over a 

range of metallic Li concentrations. Approximately 1.2g of 99.95wt% purity MgO 

crystals were submerged in LiCl-2wt%Li2O containing 0, 0.5, 1 and 2wt%Li at 650ºC for 

50 hours. ICP-OES analysis of the melt following the period of exposure was used to 

quantify the amount of Mg that was leached into the molten solutions. It should be noted 

that the density of MgO is greater than that of LiCl, which is greater than liquid Li. As a 

result, if the solubility limit of Li in LiCl is exceeded, excess Li will float on molten 

LiCl-Li2O-Li. Therefore, the MgO crystals in this experiment were only exposed to a 

mixture of LiCl-Li2O-Li during the duration of the experiment and were not exposed to 
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bulk metallic Li. The mass of Mg in each melt following the separate periods of exposure 

is shown, as detected by ICP-OES, is shown in Figure 3.2.  

 

Figure 3.2: Mass of Mg detected by ICP-OES analysis of LiCl-2wt%Li2O containing 0, 0.5, 1 and 

2wt%Li when approximately 1.2g of MgO was exposed to each melt for 50 hours. The observation of 

high leaching rates of Mg from exposure to melts containing greater than 0.5wt% is indicative of the 

instability of this material to molten solutions containing high concentrations of Li.   
 A sharp shift in Mg leaching from MgO contacting molten LiCl-Li2O-Li can be 

observed in Figure 3.2. The increase in Mg in the melts containing greater than 0.5wt%Li 

is the first evidence shown in this dissertation of a fundamental alteration in material 

interactions with material in solutions of LiCl-Li2O containing greater than 0.5wt%Li. 

The dissolution of MgO into molten LiCl-Li2O-Li has significant implications 

considering the electrolytic reduction of UO2, as MgO is commonly employed as an 

electrical insulator, electrode shroud, and crucible material in the process [8, 41]. The 

dissolution of more than 3.5mg from 1.2g of MgO in 50 hours is considered unacceptable 

for applications of MgO to function as a melt containing crucible. Furthermore, the 
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corresponding consumption of Li or Li2O that results in the dissolution of Mg would 

represent a major alteration to the intended chemistry of the molten solution.  

 Preliminary investigations on the corrosion of SS316L in molten LiCl-Li2O-Li 

employed MgO crucibles to contain the melt. A maximum of 1wt%Li was included in the 

molten solutions investigated in these studies and the duration of the exposures was 

limited to 20 hours to minimize the interactions of the melt with the crucibles. It was 

observed that the quantity of yttrium leached from the MgO crucibles saturated the ICP-

OES detector, indicating the presence of thousands of ppm of yttrium in the melt. Yttrium 

was included as a stabilizer in the MgO crucibles employed in these studies at less than 

3at%. The observation of preferential leaching of the yttrium stabilizing agent into the 

melt over the course of 20 hours indicates the inability of commercial MgO to maintain 

mechanical integrity following exposure to molten LiCl-Li2O-Li.  

 Nitride ceramics have been employed for electrical insolation in highly reducing 

molten fluoride salts [172]. For example, boron nitride has been successfully employed as 

an ion bridge in reference electrodes due to the unique ability of this material to function 

as a chemically stable form of electrical insolation in highly reducing molten salts [172, 

173]. However, Li is reactive with N, and previous research has shown that molten Li 

reacts with BN highly exothermically [112]. The use of nitride based ceramics for 

containing molten solutions of LiCl-Li2O-Li was not pursued for this reason.   
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3.3.2 The Use of Metal Crucibles for Containing Molten LiCl-Li2O-Li: 

 In contrast to molten salts, materials research involving liquid metals typically 

employ metals or alloys as container materials due to their inability to be reduced by 

contact with molten metal [174, 175]. Specifically, liquid Li is not reactive with a wide 

variety of engineering alloys, including low alloy steel, provided strict impurity controls 

are followed [152]. However, as discussed in Chapter 1, material interactions with liquid 

Li are notorious for being extraordinary dependent upon the presence of minor quantities 

of non-metallic impurities [127, 150, 174, 175]. Due to the abundance of oxygen in the 

LiCl-Li2O-Li system, it is not clear to what degree liquid metal corrosion theories can be 

applied to the current research.  

 Vitreous carbon, also referred to as glassy carbon, was briefly investigated for its 

ability to contain molten solutions of LiCl-Li2O-Li. This material was investigated due its 

advertised chemical resistance to acidic as well as alkaline melts and liquid metals . A 

vitreous carbon crucible was purchased from SPI supplies. The vitreous carbon crucible 

was observed to fail catastrophically as a result of a single 20 hour exposure to molten 

LiCl-2wt%Li2O-1wt%Li at 650°C. An image of the failed crucible is shown in Figure 

3.3. Localized corrosion was observed on the material indicating that chemical 

interactions occurred during exposure to the molten solution. Similar interactions 

between highly reducing molten fluoride salts containing dissolved Cr metal and vitreous 

carbon have been previously reported [177].  
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Figure 3.3: A shard of a vitreous carbon crucible that failed during a 20 hour exposure to molten 

LiCl-2wt%Li2O-1wt%Li at 650°C. Localized corrosion was observed (indicated by the red arrow) 

suggesting that the material was chemically attacked by the molten solution. 

 Preliminary evaluations of the corrosion rate of refractory metals in molten 

solutions of LiCl-Li2O-Li were conducted. Crucibles of Ta, Mo and W were chosen due 

to their commercial availability, previously demonstrated corrosion resistance in liquid 

lithium as well as reducing molten salts, and reported data on their corrosion properties in 

molten solutions of LiCl-Li2O-Li [145, 178]. Ta, and Mo crucibles of 99.9wt% purity 

were procured from Kurt J. Lesker, and W crucibles of 99.9wt% purity were procured 

from Stanford Materials. Each crucible was independently exposed to LiCl-2wt%Li2O in 

the absence of Li at 650°C for 20 hours. These exposure tests were intentionally 

conducted in molten solutions of LiCl-Li2O in the absence of Li due to the typically 

superior corrosion behavior of refractory metals under reducing conditions. It should be 

noted that the electrolyte used in the electrolytic reduction process begins as LiCl-Li2O, 

and only accumulates metallic Li as the process is conducted for a period of time. 

Therefore, any material used to contain the electrolyte used in the electrolytic reduction 



80 

 

process must be capable of withstanding exposure to molten LiCl-Li2O in the presence, 

as well as the absence, of Li. ICP-OES analysis was used to quantify the mass of each 

element that leached into the LiCl-2wt%Li2O melts during the exposure testing. The 

corrosion rate of each crucible was calculated from this mass, the surface area of the 

crucible exposed to the melt, and the time period which the crucibles contacted the 

molten solutions. The observed corrosion rate of the W crucible was 0.66mm/yr, while 

the corrosion rate of the Mo crucible was 0.23mm/yr. The corrosion rate of Ta could not 

be determined, however visual inspection showed that significant corrosion occurred as a 

result of the brief period of exposure. Previous research on the degradation of Ta in 

molten solutions of LiCl-Li2O-Li demonstrated a high rate of uniform material 

dissolution resulting in visual thinning of samples [178]. These rates of material 

dissolution into the melt were determined to be too great for any of these materials to 

function as a relatively inert crucible material in the current studies. As a result, the use of 

refractory metals proved to be too expensive, difficult to clean, and unstable to be used as 

robust crucible materials for containing molten LiCl-Li2O-Li.  

 Further investigations evaluated the corrosion performance of Ni crucibles for 

containing molten LiCl-Li2O-Li. It was qualitatively observed that the leaching rate of Ni 

from Inconel and stainless steel alloys during preliminary corrosion studies was low and 

did not vary significantly when exposed to molten solutions of LiCl-Li2O-Li varying in 

Li content [179]. Ni crucibles were found to be relatively cost effective and commercially 

available in a multitude of physical dimensions from Alfa Aesar. The use of Ni crucibles 

to contain molten LiCl-Li2O-Li during the corrosion studies included in Chapters 3-6 was 
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found to result in an approximately uniform rate of Ni dissolution into the melts despite 

variation in melt composition. Figure 3.4 shows the Ni concentration observed by ICP-

OES analysis to have leached into molten LiCl-Li2O-Li as a result of 20 hours of 

exposure testing of SS316L at 650°C. The data included in Figure 3.4 was recorded from 

exposure testing of SS316L in melts of LiCl with 1 and 2wt%Li2O, each containing 

between 0 and 1wt%Li, employing as-received LiCl and reagent grade LiCl dried at 

550°C. The results of these experiments are presented in Section 3.5 and Chapter 5.  

 

 

Figure 3.4: Corrosion rate of Ni detected by ICP-OES analysis following 20 hours exposure of 

SS316L to molten LiCl-Li2O-Li contained in Ni crucibles. A reasonably consistent and low rate of Ni 

leaching is observed in melts of varying concentration of Li2O as well as Li, and irrespective of the 

removal of impurity H2O from the LiCl. 

 The concentrations of Ni leached by molten LiCl-Li2O-Li shown in Figure 3.4 are 

observed to be relatively low and consistent despite variations in moisture content as well 
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as the concentrations of Li2O and Li. The average mass of Ni detected by ICP-OES 

analysis in the melts from the 24 experiments was used to calculate an approximate 

corrosion rate of Ni across this range of melt compositions. The average observed 

corrosion rate was 0.08mm/year. This is an impressive level of corrosion resistance 

considering the range of LiCl-Li2O-Li systems studied. Using this data, it was concluded 

that while Ni is not a perfectly inert crucible material for containing molten solutions of 

LiCl-Li2O-Li, its rate of degradation remains constant over the range of conditions 

studied. This is an important behavior for the current study, as it allows for the effect of 

varying the concentration of Li in the melt on the corrosion of sample alloys to be studied 

nearly independently without having to account for variations in crucible interactions. 

Considering this benefit, the amount of Ni that leached into the molten LiCl-Li2O-Li 

systems during exposure testing was accepted as a background impurity level in the 

system. Ni crucibles were utilized as the primary crucible material throughout the 

remainder of this study. 

3.4 Corrosion of Inconel 625 and 718 in Molten LiCl-Li2O-Li: 

3.4.1 Experimental: 

Samples of both I625 and I718 were exposed to molten solutions of LiCl-Li2O-Li 

in the manner discussed in Chapter 2. Separate exposure tests were conducted in 

solutions of LiCl containing: 1 and 2wt%Li2O with 0, 0.5 and 1wt%Li. Additionally, 

tests were conducted in LiCl containing 9wt%Li2O and no metallic lithium. The solution 

containing 9wt%Li2O was assumed to be saturated with Li2O as the solubility limit of 
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Li2O in LiCl at 650ºC has been reported to be 8.2wt% [23]. 50g of each mixture was 

ground in a mortar and pestle prior to heating. The salt melt was contained in a nickel 

crucible. Samples were exposed to the molten salt mixture after the salt was heated to 

650ºC and equilibrated for 30 minutes. Samples remained in the salt at temperature for 20 

hours. After being subjected to the exposure, one of the two samples was rinsed for 60 

seconds in methanol to remove salt deposits, and was transferred via a sealed vessel in to 

the X-ray photoelectron spectrometer vacuum chamber to avoid atmospheric exposure. 

The second sample was characterized without rinsing using scanning electron 

microscopy.  

3.4.2 Results and Discussions: 

 SEM micrographs of sample surfaces after exposure to LiCl containing 1, 2, and 

9(saturated) wt%Li2O, as well as saturated with Li2O are shown in Figure 3.5. An 

increase in the percent surface area covered by oxide formations follows an increase in 

the concentration of Li2O in the molten salt. The surface exposed to LiCl saturated with 

lithium oxide appears covered with a thick oxide layer, with little to no underlying alloy 

surface observable. 
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Figure 3.5: SEM micrographs of Inconel 625 and 718 after exposure to LiCl with 1, 2, and 9 

(saturated) wt%Li2O for 20 hours at 650ºC. The increase in the extent of the oxide film formation 

with increasing Li2O concentration is evident. 

 As shown in Figure 3.6, the surface of I625 and I718 exposed to molten LiCl-

Li2O-Li mixtures containing 0.5 wt% Li is different than those formed in LiCl containing 

an equivalent concentration of Li2O without the presence of lithium metal. The surfaces 

exposed to LiCl-1 wt% Li2O-0.5 wt% Li exhibit more uniform oxide formations 

compared to other melts. Alternatively, the morphology of samples exposed to LiCl-2 

wt% Li2O-0.5 wt% Li is seen to have isolated island oxide formations, characteristic of 

less stable films compared to those formed in lower concentrations of Li2O.  
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Figure 3.6: SEM micrographs of Inconel 625 and 718 after exposure to LiCl-1wt%Li2O-0.5wt%Li 

and LiCl-2wt%Li2O-0.5wt%Li for 20 hours at 650ºC. The surfaces formed in mixtures with lower 

Li2O concentration appear to be uniformly coated, while islands of coatings are seen to be formed in 

mixtures containing 2wt%Li2O and 0.5%wtLi. 

The surfaces of samples exposed to LiCl-Li2O-1 wt% Li are shown in Figure 3.7, 

and are different than those formed under any of the previously discussed conditions. The 

surfaces resemble a bare alloy surface, lacking an indication of an oxide film cover. The 

bulk of the surfaces exposed to solutions containing 1 wt% Li appear flat with extensive 

surface blemishes. The size and severity of these blemishes appear to increase as the 

concentration of Li2O in the salt increased from 1 to 2 wt%. The dependence of Li2O 

concentration on the extent of these blemishes is evidence that the O2- concentration in 

the solution, and not just the content of metallic Li, affects material interactions. It is 

hypothesized that the observed blemishes are the result of localized corrosion occurring 

at discontinuities in the surface films formed in melts containing 1 wt% Li.  
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Figure 3.7: SEM micrographs of Inconel 625 and 718 after exposure to LiCl-1wt%Li2O-1wt%Li and 

LiCl-2wt%Li2O-1wt%Li for 20 hours at 650ºC. The surfaces appear to not have formed a stable 

oxide film, and are rather characterized as bare alloy with extensive surface blemishes. 

 ICP-OES analysis was used to identify and quantify the alloying elements that 

leached out of each sample during exposure testing in the various molten salts. The 

concentrations of the primary alloying elements leached from the samples into the salt are 

shown in Figure 3.8. 
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Figure 3.8: Concentrations of alloying elements found in the salt melts after each experiment, 

recorded by ICP analysis. The dissolution of Cr was only observed in significant quantities when 

1wt%Li was present in the melt.   

Information regarding the interactions of Inconel with the various molten salt 

mixtures can be obtained by comparing the dissolution of the constituent elements that 

occurred as a result of each exposure [50, 51]. The dissolution of Mo followed an 

interesting relation to the basicity of the salt. In the most acidic salt studied, LiCl-1 wt% 

Li2O, the concentration of Mo leached from I625 exceeded 100 ppm. The loss of Mo was 

suppressed by the increase in basicity of the salt when the content of Li2O was increased 

from 1 to 2 wt%. The loss of Mo continued to be suppressed to below the level of 

detection with the inclusion of 1 wt% Li2O and 0.5 wt% Li in the melt, which may 

indicate that this solution was more basic than the LiCl-2 wt% Li2O mixture. Resurgence 
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in Mo dissolution was observed with the inclusion of 2 wt% Li2O-0.5 wt% Li or 1 wt% 

Li, and become increasingly severe in solutions saturated with Li2O. This trend suggests 

that the LiCl-1 wt% Li2O-0.5 wt% Li solution supports a balance between acidic and 

basic dissolution of Mo from Inconel. Fe was only observed to have dissolved in 

significant quantities when the alloys were exposed to solutions saturated with Li2O. 

Significant dissolution of Ni was observed only in the LiCl-1 wt% Li2O-0.5 wt% Li melt. 

However, it should be re-emphasized that all experiments were conducted in Ni crucibles, 

and that the dissolution of minor quantities of Ni during the experiments is expected. The 

strongest effect molten salt chemistry had on material dissolution was the absence of a 

detectable quantity of Cr in all melts, except those with 1wt%Li, where roughly 10 and 

35ppm Cr was recorded for exposures of I718 and I625, respectively. This result suggests 

a fundamental change in corrosion processes that occur when a significant concentration 

of metallic Li is present in the solution.  

 The different dissolution processes that occurred as a result of exposure to the 

solutions containing the three different concentrations of metallic Li indicate that separate 

mechanisms drive material degradation during exposures to the various solutions. This 

observation is significant considering the solubility limit of Li in LiCl has been reported 

to not exceed 0.3 wt% [37, 41, 52-54]. The observation of material interaction 

dependence on Li concentration beyond 0.3 wt% is therefore attributed to the ternary 

nature of the LiCl-Li2O-Li system. As a result of this ternary dependence it is evident that 

LiCl-Li2O-Li solutions cannot be completely described by the F- center model of metal 

salt solutions discussed in Chapter 1.   
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 The observation that the minimum material loss rates for every element except Ni 

were recorded in molten LiCl solutions containing 1 wt% Li2O and 0.5 wt% Li, 

corroborated by the uniform surfaces observed through SEM analysis, suggests that 

Inconel alloys are most stable in this solution chemistry. According to the acid-base 

description of molten salt chemistry, this observation coincides with optimal solution 

basicity. Samples exposed to solutions containing either a higher concentration of Li2O 

and or Li, were significantly more degraded indicating a departure from optimal basicity. 

It is important to note that while increasing the concentration of either Li2O or Li beyond 

this point resulted in more aggressive material interactions with the melt, the results of 

increasing either concentration independently were different. Increasing the concentration 

of Li2O to 2 wt% and maintaining 0.5 wt% Li resulted in less uniform oxide formations 

across the surface, yet only a minor change in the dissolution of alloying elements 

occurred. This suggests that the basic corrosion rate is not significant in these solutions, 

and that the partial oxide film does not protect the bare alloy. However, it is noted that 

the observation of Ni in the LiCl-1 wt% Li2O-0.5 wt% Li melt may indicate that Ni is 

unstable under these conditions. The lack of detectable quantities of Ni and only minimal 

quantities of Mo in the LiCl-2 wt% Li2O-0.5 wt% Li melt indicates that optimal basicity 

is between 1 wt% Li2O-0.5 wt% Li and 2 wt% Li2O-0.5 wt% Li. Alternatively, when the 

concentration of metallic Li was increased to 1 wt%, the surfaces formed no stable 

surface films and large quantities of Cr dissolved into the salt. Finally, the dissolution 

processes that occurred during exposure to solutions containing 1 wt% Li were different 

compared to the melt of extreme basicity, where the activity of the O2- ion can be 

approximated as unity. The observation of significant quantities of Fe and Mo in 
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solutions saturated with Li2O demonstrates the non-protective nature of the surface films 

formed under these conditions. Further, the lack of surface film formation during 

exposure to mixtures containing 1 wt% Li appears to have only had the effect of 

removing Cr from the surface. It can therefore be suggested that excess amounts of 

metallic Li in the salt alters the chemistry of the solution in a different manner other than, 

or in addition to, the basicity of the salt.   

 X-ray photoelectron spectroscopy was used to further characterize the chemistry 

of the surfaces that resulted from exposure to the various test solutions. Due to the 

necessity of rinsing the samples with methanol to remove residual salt from the sample 

surface prior to analysis, only elemental information obtained from XPS analysis can be 

relied upon. The elemental compositions of the surface of both I625 and I718 after 

exposure to the separate test mixtures, corrected by the respective elemental 

photoemission cross section, are given in Figure 3.9.  
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Figure 3.9: Elemental composition, given in atom %, of each sample surface obtained by XPS. The 

ratio of intensity of Cr to Ni remains constant or increases with the inclusion of 0.5wt%Li for a given 

concentration of Li2O. Further, no Cr was observed on a sample surface exposed to mixtures 

containing 1wt%Li. 

The elemental composition of the surfaces that formed as a result of exposure to 

the separate test solutions support the previously stated hypotheses of material 

interactions with LiCl-Li2O-Li. The ratio of Cr to Ni on the surface was found to increase 
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with the inclusion of 0.5 wt% Li in the melt for a given concentration of Li2O. This 

indicates that the stability of Cr oxides is at least equal to, if not enhanced by, the 

addition of 0.5 wt% Li to LiCl-1 wt% Li2O. The surface exposed to LiCl saturated with 

Li2O consisted of a higher amount of Cr compared to other samples.  

 The difference in the success of the separate Cr based films at suppressing 

material dissolution is significant. The films formed in LiCl saturated with Li2O were 

observed to encase the surface completely and had the highest Cr content, yet they 

facilitated the dissolution of significant quantities of Fe and Mo. Alternatively, the films 

formed in LiCl-1 wt% Li2O-0.5 wt% Li had comparable Cr contents but were highly 

protective against the dissolution of alloying elements.   

 Chromium was not present in detectable quantities on the surface of either alloy 

exposed to molten mixtures containing 1 wt% Li, in agreement with the observation of 

the Cr depletion effect detected by ICP-OES analysis. Minor alloying elements, Nb and 

Ti, were only observed on the surfaces exposed to solutions containing 1 wt% Li, 

indicating that the bulk material was being analyzed. Contrastingly, these elements were 

not detectable on surfaces exposed to solutions containing less than 1 wt% Li, where 

oxide films were present. The surface of an I625 sample exposed to LiCl-1 wt% Li2O-1 

wt% Li was subjected to Ar sputtering for 50 minutes, approximately equivalent to the 

removal 350 nm of Ta2O5, to investigate the depth to which Cr leaching occurred. The 

XPS spectrum recorded after this sputtering, shown in Figure 3.10, is that of nearly pure 

Ni metal without detectable quantities of major alloying elements. The complete 

depletion of Cr from its initial content of 20 wt% Cr at a depth of hundreds of nm 
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represents severe degradation through a mechanism that is not analogous to corrosion in 

LiCl-Li2O.  

 

Figure 3.10: XPS survey spectrum obtained from I625 after exposure to LiCl-1wt%Li2O-1wt%Li at 

650°C for 20 hours and Ar milled for 50 minutes. It is apparent that only Ni is present in detectable 

quantities, and that Cr is depleted from the alloy surface.  

3.4.3 Summary: 

 The effect of including metallic lithium in molten LiCl-Li2O on material 

degradation was investigated. Both Inconel 625 and 718 suffered significant loss of 

molybdenum in the most acidic salt studied, LiCl-1wt%Li2O. The completeness and 

protective abilities of oxide films formed as a result of exposure, was found to increase 

when these materials were exposed to more basic LiCl-2wt%Li2O. The most protective 

and uniform surface films formed on both alloys during exposure to LiCl-1wt%Li2O-

0.5wt%Li. It is suggested that this solution therefore is close to the optimal solution 

chemistry for the suppression of material degradation. 
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 The stability of the surface films was degraded by increasing the concentration of 

either metallic Li, or Li2O, beyond LiCl-1wt%Li2O-0.5wt%Li. The surfaces of both 

alloys exposed to LiCl saturated with Li2O were coated with thick non-protective Cr 

based oxides. Samples exposed to mixtures containing 1wt%Li did not form surface 

films, independent of the concentration of Li2O in the mixture. Significant dissolution of 

Cr into the melt only occurred as a result of the exposure of materials to solutions 

containing 1wt%Li. It is reported that fundamentally different chemical interactions 

occur in solutions containing excess metallic lithium other than or in addition to, the 

activity of the O2- ion in the molten mixture.  

3.5 Exposure Studies of Stainless Steel in Alternative Crucibles:  

 As discussed in Chapter 2, a variety of crucible materials were investigated for 

containing molten LiCl-Li2O-Li. While, it was known that practically any crucible 

material would interact with the melts to some degree, the effect of the presence of 

corrosion products from the crucible on the corrosion of alloy samples exposed to the 

melt was unknown. Experiments were conducted to evaluate the effect of varying the 

crucible material on the corrosion of alloys exposed to molten LiCl-Li2O-Li. Coupons of 

SS316L were exposed to molten LiCl-2wt%Li2O containing 0 and 1wt%Li in increments 

of 0.2wt% at 650˚C for 20 hours. Replicate exposures were conducted in nickel and 

tungsten crucibles. The dissolution of alloying elements that occurred during these 

exposures, obtained by ICP-OES analysis, is shown in Figure 3.11.  
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Figure 3.11: Concentrations of alloying elements detected in the salt melts after exposure of SS316L 

to LiCl-Li2O-Li, recorded by ICP analysis. The dissolution of Cr and Mo were observed when 

greater than 0.6wt%Li was present in the melt. 

 The trends in material dissolution from SS316L by molten LiCl-Li2O-Li detected 

by ICP-OES analysis, shown in Figure 3.11, are observed to agree with the conclusions 

of Section 3.4. It is observed that, in the absence of Li, LiCl-Li2O preferentially leaches 

Fe and Ni. However, Mo and Cr are preferentially leached by melts containing high 

concentrations of Li. Furthermore, as was observed in the corrosion study of Inconel in 

molten LiCl-Li2O (Section 3.4), the inclusion of low concentrations of Li (between 0.2 

and 0.6wt%) suppresses the rate of material dissolution.  

 The concentration of W detected in the LiCl-Li2O-Li melts contained in W 

crucibles was sufficient to saturate the ICP-OES detector, thereby indicating the presence 

of hundreds of ppm in the salt. Furthermore, W oxide was visually observed to flake off 
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the walls of the crucibles following each exposure test, nearly independent of the 

concentration of Li in the melt. As a result, it can be concluded that a large concentration 

of oxidized W was present in the molten LiCl-Li2O-Li used in these studies. However, as 

seen in the ICP-OES data in Figure 3.11, the presence of this large quantity of W in the 

melts did not significantly affect the dissolution of Cr and Mo from the SS316L samples. 

Therefore it is concluded that the inclusion of a high concentration of a given element in 

molten LiCl-Li2O-Li may not affect the rate of dissolution of alternative elements.  

The compositions of the surfaces of SS316L samples exposed to molten LiCl-

Li2O-Li obtained from XPS analysis, following a 10 minute methanol rinse, are shown in 

Figure 3.12. The XPS data shown in Figure 3.12 is restricted to the samples exposed in 

Ni crucibles as the samples exposed to melts contained in W crucibles were observed to 

be coated with oxidized W. 
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Figure 3.12: Elemental composition, given in atom %, of the surfaces of SS316L obtained by XPS 

after exposure to LiCl-Li2O-Li at 650°C for 20 hours.   

 The elemental compositions obtained XPS analysis shown in Figure 3.12 

demonstrates that Cr is stable on the surface of SS316L upon contact to molten LiCl-Li2O 

containing low concentrations of Li. On the other hand, the surfaces of samples exposed 

to melts containing greater than 0.6wt%Li are observed to be depleted of Cr, and are 

comprised nearly exclusively of Ni and Fe. The surface of the sample exposed to LiCl-

2wt%Li2O-0.6wt%Li possessed a high concentration of Mo and was depleted of Ni.  

 The data obtained from the degradation of SS316L upon exposure to LiCl-Li2O-

Li, as shown in Figures 3.11 and 3.12 support the findings presented in the Inconel study 

of Section 3.4. While the rate of material dissolution from SS316L is suppressed by 

presence of low concentrations of Li, Cr and Mo are preferentially leached by melts 

containing greater than 0.6wt%Li. This data is in agreement with the detection of a 
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primarily Cr based surface following exposure of SS316L to melts containing up to 

0.6wt%Li. Similarly, the surfaces of samples exposed to molten LiCl-Li2O-Li containing 

either 0.8 or 1wt%Li are observed to be depleted of Cr. Coupled with the results of 

Section 3.4, these data indicate that common alloying elements are similarly stable in 

austenitic stainless steels and nickel based alloys when exposed to molten LiCl-Li2O-Li. 

It is observed that a protective Cr based surface develops on these alloys in molten LiCl-

Li2O containing less than 0.8wt%Li. Alternatively, material degradation is observed to 

follow a different mechanism, leaching Li where Cr and Mo preferentially, in melts 

containing greater than 0.8wt% Li.  

3.6 Corrosion of Hastelloy N in Molten LiCl-Li2O-Li: 

 The corrosion resistance of Hastelloy N in molten LiCl-Li2O-Li was studied to 

investigate the behavior of an alloy that does not typically rely on the formation of Cr 

based surface oxides for corrosion protection. Hastelloy N (7% Cr; 4.2% Fe; 17% Mo; 

balance Ni) was developed during the molten salt reactor program at Oak Ridge National 

Laboratory specifically to suppress corrosion in molten fluoride salts [123, 167-169]. 

Corrosion in molten fluoride salts is different than corrosion in molten chloride salts in 

that corrosion in the latter case relies on the formation of stable surface films that protect 

the bulk alloy from contacting the melt (Section 1.7.2). However, transition metal oxides 

are highly soluble in molten fluoride salts, and as a result molten fluorides typically 

contact bare metallic alloys directly [124]. The direct contact of structural alloys with 

molten fluorides requires the employment of materials that do not rely on the formation 

of protective surface films for corrosion suppression, but instead rely on the 
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electrochemical nobility of the alloy to prevent oxidation. Hastelloy N was therefore 

designed specifically to contain a minimal quantity of the electrochemically active 

element Cr, and consists primarily of the noble elements Ni and Mo.  

 Hastelloy N’s mechanism of corrosion protection, based on the avoidance of 

oxidation and surface film formation, was the motivation for investigating Hastelloy N’s 

behavior in molten LiCl-Li2O-Li. As shown in Chapter 5, the surface of alloys exposed to 

molten solutions of LiCl-Li2O containing high concentrations of Li are metallically 

bonded. Furthermore, melts containing certain concentrations of Li were observed to 

preferentially leach Cr. Therefore, it was anticipated that Hastelloy N may be capable of 

sustaining a metallic surface without reacting with molten LiCl-Li2O-Li in a manner 

similar to its mechanism of stability in molten fluorides.  

 Coupons of Hastelloy N were supplied by Haynes Alloys. Samples were cut in to 

1 cm wide strips and suspended in molten solutions of LiCl-2wt%Li2O in the absence of 

Li, as well as LiCl-2wt%Li2O containing 0.5 and 1wt%Li at 650°C for 20 hours. The 

quantity of alloying elements that were leeched into each melt as a result of the exposures 

was characterized using ICP-OES analysis. Post exposure surface analysis was conducted 

using XPS following a 10 minute methanol rinse.  

 The concentration of alloying elements leached from Hastelloy N during exposure 

to molten LiCl-Li2O-Li, as determined ICP analysis of the solidified salt melts, is shown 

in Figure 3.13. It is observed that Mo was preferentially leached from Hastelloy N during 

exposure to molten LiCl-Li2O irrespective of whether it contained Li or not. The 

preferred dissolution of Mo by molten LiCl-Li2O in the absence of Li is in agreement 
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with the study of Inconel in this system. However, the preferential leaching of Mo from 

I625 and I718 was suppressed dramatically by the inclusion of 0.5wt% Li in the melt 

which is in contrast to the observation of similar leaching rates of Mo from Hastelloy N 

in melts in the presence, as well as in the absence of Li is counter to what was observed 

in previous studies of alternative alloys.  

 

Figure 3.13: Concentration of alloying elements detected in the salt following 20 hours of exposure of 

Hastelloy N to molten LiCl-2wt%Li2O containing 0, 0.5 and 1wt%Li, recorded by ICP analysis. The 

dissolution of large quantities of Mo was observed to occur as a result of exposure to these molten 

solutions independent of the presence or concentration of Li.   

 The XPS spectra obtained from the surfaces of Hastelloy N samples 

independently subjected to 20 hours of exposure to molten LiCl-2wt%Li2O containing 0, 

0.5 and 1wt% Li are shown in Figure 3.14. The relative composition of the alloying 

elements detected on the alloy surface following exposure to the molten solutions, 

obtained from XPS analysis, are shown in Table 3.1. 
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Figure 3.14: XPS survey scans obtained from the surface of Hastelloy N exposed to molten LiCl-

2wt%Li2O containing 0, 0.5 and 1wt%Li at 650˚C for 20 hours. The increase in Cr content on the 

sample exposed to the melt containing 0.5wt%Li, and the lack of Cr on the sample exposed to the 

melt containing 1wt%Li are in agreement with the findings of the study of Inconel corrosion in 

molten LiCl-Li2O-Li shown in Section 3.4.2. 

 The XPS spectra obtained from the surface of Hastelloy N, shown in Figure 3.14, 

corroborate the findings of the previous studies of the corrosion of Inconel and stainless 

steel in molten LiCl-Li2O-Li. It can be observed that the surface of Hastelloy N exposed 

to molten LiCl-2wt%Li2O in the absence of Li primarily consists of Cr and Ni. 

Alternatively, the surface of Hastelloy N exposed to molten LiCl-2wt%Li2O-0.5wt%Li is 

observed to be almost completely comprised of Cr. The detection of a nearly exclusively 

Cr surface on Hastelloy N is similar to the results obtained from the surface of I625, I718 

and SS316L following exposure to molten solutions containing low concentrations of Li. 

The ability of Hastelloy N to form a Cr based surface is surprising due to the low Cr 

content (7wt%) in the as-received alloy. Furthermore, Cr was observed to be below the 

level of detection by XPS on the surface of Hastelloy N exposed to LiCl-2wt%Li-
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1wt%Li. Interestingly, Mo was below the level of detection by XPS analysis on the 

surface of Hastelloy N exposed to molten LiCl-Li2O in the absence, as well as the 

presence, of Li. Mo constitutes 17% of the as-received alloy and the observation of 

complete removal of this element from the surface of the alloy as a result of 20 hours of 

exposure is indicative of sever preferential corrosion.  

Table 3.1 Relative proportions of Ni and Cr on the surface of Hastelloy N, as observed by XPS, 

exposed to molten LiCl-2wt% Li2O containing 0, 0.5 and 1wt%Li at 650°C for 20 hours. Samples 

were rinsed with methanol following exposure to the molten solution.  

 

Wt% Li in melt Ni % Cr % 

No Li 

0.5% 

30 

N.D. 

70 

100 

1% 99 1 

The results obtained from XPS analysis of Hastelloy N are in agreement with 

analysis of I625, I718 and SS316L exposed to melts of the same composition. The trends 

in the behavior of Cr and Mo in the three categories of alloys studied, Ni-Mo-Cr, Ni-Cr-

Fe, and Fe-Cr-Ni, indicate a general trend of the chemistry of material interactions with 

molten LiCl-Li2O-Li. While the presence of a low concentration of Li in the melt 

increases the Cr content on material surfaces, materials exposed to melts containing high 

concentrations of Li are depleted of Cr. Furthermore, Mo is depleted from the surface as 

a result of exposure to molten LiCl-Li2O in the presence as well as the absence of Li.   

 As previously stated, the Hastelloy N’s mechanism of corrosion protection in 

molten salts is typically not reliant upon the formation of protective surface films, but the 

intrinsic nobility of the alloy itself. The dissolution of large quantities of Mo into molten 

LiCl-Li2O in the presence and absence of Li suggests that the nobility of this alloy is 
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insufficient to provide corrosion protection in these molten systems. While the surface of 

Hastelloy N exposed to LiCl-2wt%Li-0.5wt%Li was observed to be comprised of 

oxidized Cr, these surface films were not protective against preferential dissolution of 

Mo. Alternatively, neither SS316, I625 nor I718 leached Mo when a primarily Cr surface 

film was formed during exposure to molten LiCl-Li2O-Li. The difference in ability of 

these films to protect the underlying alloy is attributed to the low Cr content in Hastelloy 

N compared to the other alloys investigated. It is hypothesized that of the minimal 

content of Cr in Hastelloy N does not allow for the development of fully protective 

surface films when exposed to molten solutions of LiCl-Li2O containing small quantities 

of Li. As will be shown in Chapter 6, the presence of O2- is molten solutions of LiCl-

Li2O-Li oxidizes material surfaces in a manner typical of molten salts containing oxides 

despite the presence of the reducing agent Li. It is therefore proposed that while some 

portion of the surface of Hastelloy N may form protective Cr based surface films, these 

films are not fully developed and allow for the continued oxidation and dissolution of 

Mo. Thus, the corrosion rate of Hastelloy N in molten LiCl-Li2O-Li was too high and did 

not warrant further investigations.  

3.8 Investigations of Reagent Grade vs. Anhydrous LiCl: 

For reasons discussed in Chapter 1, the presence of trace levels of impurities in 

molten alkali-halide salts has a profound effect on the corrosive properties of the melt 

[124, 125]. The highly hygroscopic nature of LiCl offers a unique challenge in this 

respect as chemical stocks of anhydrous LiCl can absorb large quantities of water during 

shipping or storage [103, 180]. For example, it has been shown that LiCl-2wt%Li2O 
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accumulated an equivalent of 0.75wt% H2O by being stored in a 425L volume Ar glove 

box that contained 15ml of H2O in an open beaker for 8 hours [106]. For this reason, the 

effect of the presence of varying levels of moisture in molten LiCl-Li2O-Li on the 

corrosive properties of the molten solutions was investigated.  

Three levels of H2O content as impurity were studied: as-received reagent grade 

LiCl, reagent grade LiCl dried at 550°C, and ultra-high purity LiCl dried at 550°C. To 

dry LiCl before use in corrosion studies a quantity of LiCl was heated to 550°C for two 

hours, then the temperature was raised to 650°C and equilibrated for 30 minutes before 

Li2O and Li were added [106]. These melts were additionally allowed to equilibrate for 

30 minutes following the addition of Li2O and Li to allow for their dissolution before 

sample coupons were exposed to the final melt [43]. This approach was adopted due to 

the findings of Gese et al. who demonstrated that while LiCl is hygroscopic it does not 

react with H2O to form LiOH and HCl until after it is molten [106]. On the other hand, 

Li2O is not hygroscopic but forms LiOH at ambient temperature when exposed to H2O. 

As a result, by drying LiCl at a temperature below its melting point prior to the addition 

of Li2O, impurity H2O in the LiCl can be evaporated and the formation of LiOH can be 

avoided. By removing excess hydroxide ions from the molten salt, this drying procedure 

suppresses the basic fluxing mechanism discussed in Chapter 1. The efficacy of this 

drying procedure was demonstrated through electrochemical analysis, as well as by 

comparing the results of corrosion experiments conducted in the melts containing varying 

levels of impurity H2O.  
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Cyclic voltammetry (CV) is an effective tool for studying the purity and 

electrochemical properties of molten salts. CV was used extensively by Gese et al. to 

characterize how the presence of trace levels of H2O effects the electrochemistry of 

molten LiCl-Li2O [106]. In this study, CV was used to qualitatively analyze the purity of 

molten LiCl-Li2O. It was demonstrated that precurrents (reduction currents observed at 

more anodic potentials than the Li+|Li reduction potential) could be dramatically 

suppressed by adding Li2O to LiCl after it had been heated to a temperature of several 

hundred degrees Celsius. The observation of a precurrent is a direct indication of the 

presence of impurities in molten LiCl-Li2O, as a pure melt would ideally contain a single 

cation. For this reason, cathodic cyclic voltammograms of pure LiCl-Li2O will contain a 

single reduction peak corresponding to the Li|Li+ potential. Any current observed prior to 

this (at a more anodic potential) must derive from the reduction of an impurity cation, in 

this case H+. Furthermore, as per the Randles–Sevcik equation, the peak current density 

of a redox reaction in a CV is directly related to the concentration of the analyte that is 

undergoing oxidation or reduction. In the case of impurity moisture in molten LiCl-Li2O, 

the magnitude of the precurrent peak is proportionate to the quantity of LiOH in the melt. 

This effect can be observed in the cyclic voltammograms shown in Figure 3.15. The two 

CV curves shown in Figure 3.15 are polarizations of a Mo wire measured against a 

Ni|Ni2+ quasi-reference electrode using a Ni counter electrode in molten LiCl-2wt%Li2O 

at 650°C. Duplicate experiments were conducted employing as-received LiCl, shown in 

red, and in LiCl that was dried in the previously described manner prior to the addition of 

Li2O, shown in black. It is noted that the CV conducted in dried LiCl possess a minor 

precurrent peak corresponding to the reduction of LiOH, however, the peak current is 
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dramatically less than that observed in the as-received reagent grade LiCl. The flat 

current density observed between -1.1 and -1.2 V vs Ni|Ni2+ in the as-received salt is the 

result of maximizing the current output of the potentiostat employed in this study.  

 

Figure 3.15: Cathodic cyclic voltammograms of Mo vs a Ni quasi-reference electrode using a Ni 

counter electrode in molten LiCl-2wt%Li2O at 650°C using (Red) as-received reagent grade LiCl and 

(Black) reagent grade LiCl that was dried at 550˚C for two hours before Li2O was added. The 

reduction in the precurrent observed (corresponding to the oxidation and reduction of LiOH) that 

occurs as a result of the drying process indicates the removal of a large portion of the residual H2O in 

the melt.  

While the data shown in Figure 3.15 demonstrates that the previously described 

baking procedure removes the majority of impurity H2O from reagent grade LiCl, it does 

not quantify the effect that the presence of the residual moisture has on corrosion in this 

system.  
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 The effect of the presence of residual moisture on the corrosion of materials 

exposed to molten LiCl-Li2O-Li was evaluated by exposing coupons of SS316L to 

molten LiCl-Li2O-Li containing the three levels of H2O impurity previously discussed. 

The concentrations of Cr and Mo that leached during 20 hours of exposure of SS316L to 

molten solutions of as-received LiCl-Li2O-Li, as detected by ICP-OES analysis, are 

shown in Figure 3.16. The quantity of Cr detected by ICP-OES following exposures of 

SS316L to melts that were dried prior to the addition of Li2O and Li is shown in Figure 

3.17. The quantity of Mo in dried melts was below the level of detection by ICP-OES. Fe 

and Ni were below the level of detection in melts containing Li following all exposures 

regardless of the purity or composition of the melt. As discussed in Section 3.4, high 

levels of Cr and Mo were leached from SS316L during exposure to undried LiCl-

2wt%Li2O when 0.8 or 1wt%Li was present in the melt. Alternatively, the quantity of Cr 

detected in melts that were dried prior to the addition of Li2O and Li, shown in Figure 

3.17, was significantly suppressed compared to melts that were not dried. Melts 

containing LiCl dried at 550°C only leached significant quantities of Cr when 0.6wt%Li 

was included in the solution. The concentrations of Cr and Mo were below the levels of 

detection in melts of ultra-high purity LiCl. It can be concluded that removal of residual 

H2O from reagent grade LiCl by baking at 550˚C prior to the addition of Li2O and Li is 

effective at suppressing preferential leaching in the molten LiCl-Li2O-Li system. Material 

leaching rates in reagent grade LiCl melts dried in this manner are low with the exception 

of melts containing 0.6wt%Li. 
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Figure 3.16: Concentration of Cr (Left) and Mo (Right) detected by ICP-OES analysis of salt ingots 

following 20 hours of exposure of SS316L to as-received LiCl-2wt%Li2O with 0, 0.2, 0.4, 0.6, 0.8, and 

1wt%Li at 650°C. Data resulting from duplicate exposures contained in W and Ni crucibles is shown. 

Large quantities of Cr and Mo are observed to have been leached by melts containing 0.8 and 

1wt%Li. 

 

Figure 3.17: Concentration of Cr detected by ICP-OES analysis of salt ingots following 20 hours of 

exposure of SS316L to dried molten LiCl-2wt%Li2O with 0, 0.2, 0.4, 0.6, 0.8, and 1wt%Li at 650°C 

with melts containing in Ni crucibles. Cr was observed to have been leached in appreciable quantities 

by melts containing 0.6wt%Li. 

 The subsequent investigations of the effect that metallic Li has on corrosion in 

molten LiCl-Li2O were conducted using LiCl dried at 550°C prior to the addition of Li2O 

and Li. It is noted that the LiCl-Li2O electrolyte used in the electrolytic reduction process 



109 

 

will not contain Li until it is electrolytically formed during polarization. It has been 

reported that the reduction of LiOH precludes the formation of bulk Li [106]. For this 

reason, the following studies investigated the effect of the accumulation of Li in dry 

LiCl-Li2O as it is expected to be representative of process conditions. Finally, the 

principle findings obtained from studies using dried reagent grade LiCl melts were 

confirmed in duplicate experiments employing ultra-high purity LiCl.   

3.9 Extended Exposure Studies: 

 Corrosion testing of two alloys was conducted for extended periods of time to 

verify that the previously discussed findings are accurate representations of the 

degradation that occurs in molten LiCl-Li2O-Li over longer periods of exposure. Inconel 

625 and stainless steel alloy 316L were chosen for this study as they represent model Ni 

and Fe based alloys for which the data were presented in Sections 3.4 and 3.5, 

respectively. Sample coupons were exposed to molten LiCl-1wt%Li2O containing 0, 0.1 

and 0.3wt%Li at 650˚C for 50 and 100 hours. These melt compositions were chosen to 

represent the range of concentrations that would be most relevant to the electrolytic 

reduction process; containing Li concentrations up to the approximate limit of physical 

dissolution in LiCl at 650˚C (see Chapter 4). The LiCl used in this study was dried for 

two hours at 550ºC prior to the addition of Li2O and Li in the manner described in 

Section 3.8. The surfaces of the samples used in this study were polished to a 1µm finish 

prior to exposure. With the exception of these specified details, the exposure experiments 

were conducted in an identical manner to the procedures discussed in Chapter 2. Post 

exposure surface analysis was conducted using Raman and X-ray photoelectron 
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spectroscopies, X-ray diffraction was used for crystallographic analysis, micro-Vickers 

hardness testing was used to evaluate surface mechanical properties, and scanning 

electron microscopy was used to analyze the sample morphology. 

 It should be noted that the series of experiments included in this section was 

conducted in an intermediate phase of this research program. These studies were 

undertaken and completed after the effects of residual H2O in the melt were identified 

(Section 3.8), but before the sample baking procedure (described in Section 3.10 and 

employed in Chapters 5 and 6) was developed. As a result, the characterization in this 

section is restricted in comparison to the analyses employed in Chapters 5 and 6. This is 

specifically relevant to EDS and XPS analyses of the post exposure surfaces in this 

section. As demonstrated in Section 3.10, the baking procedure facilitates the 

redistribution of the salt on the sample surfaces such that EDS and XPS measurements of 

the surface chemistry can be conducted without excessive interference from residual salt. 

Unfortunately, the EDS analysis included here captured considerable signal from residual 

salt as this procedure was not developed prior to conducting the experiments in the 

current section. The EDS data shown in this section is normalized to the Fe, Ni, Cr and 

Mo signals to avoid the effects of the presence of salt on the sample surfaces. Further, 

post exposure surface analysis using XPS was conducted after the samples were rinsed in 

methanol for 10 minutes to remove residual salt. The nanometer scale interaction volume 

of XPS resulted in the inability of this technique to detect material surfaces unless the salt 

was removed prior to analysis. The effects of rinsing the post exposure surfaces with 

methanol are unknown, however it is likely that the Li intercalated surface films formed 
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in molten LiCl-Li2O-Li are unstable in the room temperature solvent. For this reason, the 

characterization of the surface chemistry of samples exposed to molten LiCl-Li2O-Li is 

restricted in the current section. A more in-depth analysis of post exposure surface 

chemistry is included in Chapter 5.  

 Material dissolution from both I625 and SS316L as a result of exposure to LiCl-

1wt%Li2O containing up to 0.3wt%Li for either 50 or 100 hours was below the level of 

detection by ICP-OES analysis. The lack of detectable material leaching in these 

experiments is important as it indicates the low level of material dissolution that is 

expected to occur in the electrolytic reduction process. Such low levels of material 

dissolution can be expected assuming that the conditions employed in this set of 

experiments accurately replicate the process; namely that relatively moisture-free LiCl is 

employed, and the limit of physical dissolution of Li in the melt is not exceeded. 

Morphological analysis was of the surface of samples exposed to LiCl-1wt%Li2O 

with 0, 0.1 and 0.3wt%Li for 50 and 100 hours was conducted using SEM. The 

micrographs of SS316L and I625 samples are shown in Figures 3.18 and 3.19, 

respectively.  
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Figure 3.18: SEM micrographs of SS316L subjected to 50 and 100 hours of exposure to molten LiCl-

1wt%Li2O containing 0, 0.1 and 0.3wt%Li at 650°C.  

 

Figure 3.19: SEM micrographs of I625 subjected to 50 and 100 hours of exposure to molten LiCl-

1wt%Li2O containing 0, 0.1 and 0.3wt%Li at 650°C. 

Analysis of the morphologies of SS316L and I625, shown in Figures 3.18 and 

3.19, is limited due to the presence of residual salt on the sample surfaces. Confirmation 
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of this statement is demonstrated in Section 3.10 were EDS analysis concluded that these 

surface features consist primarily of Cl and not alloying elements. The only observations 

that can be made from the micrographs shown in Figures 3.18 and 3.19 are regarding the 

adherence of the salt to the alloy surface. The adherence of residual salt on the surfaces of 

both SS316L and I625 exposed to molten LiCl-Li2O in the absence of Li is fairly regular; 

exhibiting salt formations that look like islands of ~40 µm. The morphology of salt 

adhered to the surfaces of samples exposed to melts containing Li is less repeatable and 

tends to be characterized by larger areas of coverage. Uniform surface coverage with 

localized blemishes, similar to the morphology discussed in Section 3.4.2, is observed on 

multiple samples exposed to melts containing Li.  

Quantification of the alteration to the surface mechanical properties of SS316L 

and I625 that occurred as a result of exposure to molten LiCl-Li2O-Li was conducted 

using micro-hardness testing. Figure 3.20 shows the surface hardness of both alloys 

measured after subjecting samples to the previously discussed exposure conditions. The 

hardness of the as-received alloys is included for comparison.  
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Figure 3.20: Micro-Vickers hardness of SS316L and I625 following exposure to LiCl-1wt%Li2O with 

0, 0.1 and 0.3wt%Li at 650°C compared to an as received samples. 

 As shown in Figure 3.20, the hardness of both SS316L and I625 following 

exposure to molten LiCl-Li2O-Li exceeded that of the as-received alloy. An unexpected 

trend of an increase in hardness with increasing exposure time is observed for SS316L. 

The hardening effect appears to be suppressed by the inclusion of increased Li 

concentration in the system; with the relative hardening after a given length of exposure 

decreasing with increasing Li concentration. Alternatively, the surface of I625 exhibited 

hardening in all cases, compared to the unexposed material, without an obvious trend to 

length of exposure or Li content in the melt. 

 The increase in hardness of SS316L that resulted from exposure to LiCl-Li2O-Li 

is counter to the softening effects that typically results from material interactions with 

liquid Li [112, 127, 153, 181, 182]. Alternatively, various molten salt based case 

hardening treatments, such as nitriding of steels, are accomplished by the diffusing 
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nitrogen into the alloy causing an expansion of the crystal lattice [183-186]. XRD was 

conducted on the SS316L samples exposed to molten LiCl-Li2O-Li in an attempt to 

investigate the mechanism behind of hardening observed in Figure 3.20. This analysis 

was conducted using parallel beam optics to quantify diffraction peak shifting; a 

phenomenon associated with unit cell expansion and or contraction. The d-spacing of the 

three principle planes of austenite (𝛾-Fe) of the SS316L samples, as determined by XRD, 

is shown in Figure 3.21.  

 

Figure 3.21: The d-spacing of three crystal places of austenite recorded from SS316L by XRD 

following exposure to LiCl-1wt%Li2O with 0, 0.1 and 0.3wt%Li at 650°C for 50 and 100 hours. The 

d-spacing of an as-received sample measured by XRD is included for reference. 

It is evident that no significant expansion or contraction of the austenite unit cell 

occurred as a result of the exposure to molten LiCl-Li2O-Li. It is therefore concluded that 

the hardening effect demonstrated in Figure 3.20 is not a result of alteration to the 

austenite phase of the steel, and therefore is not strictly analogous to either molten salt 

induced case hardening.  
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 XRD analysis of SS316L following exposure to molten LiCl-Li2O-Li 

demonstrated that no significant change in the lattice parameter of the austenite phase 

occurred as a result of exposure. Alternatively, significant quantities of BCC ferrite, α-Fe, 

were observed by XRD analysis of SS316L samples exposed to molten LiCl-Li2O-Li. 

The diffraction pattern of an unexposed sample of SS316L and that of SS316L exposed 

to LiCl-1wt%Li2O for 50 hours is shown in Figure 3.22. Diffraction from the principle 

planes of ferrite as well as austenite are observed in the pattern obtained from the sample 

exposed to molten LiCl-Li2O-Li, while only diffraction from FCC austenite is observed 

from the as-received sample. This observation demonstrates that some amount of 

austenite to ferrite transformation occurred during the exposure of SS316L to molten 

LiCl-Li2O-Li.  

 

Figure 3.22: X-ray diffraction patters of as-received SS316L compared to SS316L exposed to LiCl-

1wt%Li2O at 650°C for 50 hours. The formation of significant quantities of the BCC ferrite phase (α-

Fe) was observed in SS316L samples exposed to molten LiCl-Li2O-Li. 

 The transition of portions of the SS316L samples from austenite to ferrite as a 

result of exposure to molten LiCl-Li2O-Li observed in Figure 3.22 is potentially of 
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interest. Liquid Li has been demonstrated to preferentially alloy with Ni in austenitic 

stainless steels, drawing the Ni from the matrix to the alloy / liquid Li interface [187]. 

The removal of the austenite stabilizer, Ni, from the matrix results in the formation of a 

porous ferrite bulk diffusion layer that is characteristic of liquid Li attack. XRD analysis 

employing a Bragg-Brentano optical configuration was conducted on samples of SS316L 

to quantify the relative proportions of austenite and Ferrite present in the samples. As 

discussed in Chapter 2, Bragg-Brentano optics were chosen for this analysis due to the 

inability of parallel beam optics to yield quantitative information from relative diffraction 

intensities. The diffraction peaks from the austenite (111) and the ferrite (110) planes of 

SS316L exposed to molten LiCl-Li2O-Li for 50 and 100 hours are shown in Figure 3.23.  

 

Figure 3.23: X-ray diffraction patters of as received SS316L compared to SS316L exposed to LiCl-

1wt%Li2O containing 0, 0.1 and 0.3wt%Li at 650°C for 50 and 100 hours. The formation of ferrite 

phase (α-Fe) did not follow an obvious trend with Li concentration in the melt or length of exposure. 
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 It can be observed in Figure 3.23 that no trend in ferrite formation followed either 

the concentration of Li in the melt or the length of exposure. The diffraction pattern 

yielded from SS316L exposed to molten LiCl-1wt%Li2O for 50 hours is a notable 

example as this sample was exposed to a melt in the absence of Li for a shorter period of 

time and yet contained a high concentration of ferrite. Furthermore, the sample exposed 

to the melt containing 0.1wt%Li for 100 hours exhibited the greatest hardness of the 

tested samples and yet only minor signal of diffraction from ferrite was detected. 

Extensive attempts to observe a relationship between the formation of ferrite and various 

experimental variables regarding exposure to molten LiCl-Li2O-Li have been 

unsuccessful.  

 The diffraction patterns obtained from the samples of SS316L and I625 exposed 

to molten LiCl-1wt%Li2O in the absence of Li are shown in Figure 3.24 and 3.25, 

respectively. Diffraction from the characteristic (0,0,3) plane of LiCrO2 at 2θ=18.4° 

(JCPDS 01-072-7839) was detected on all samples exposed to melts that did not contain 

Li. Alternatively, no transition metal oxide or chloride was detected by XRD following 

exposure to melts containing Li.  
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Figure 3.24: X-ray diffraction patterns of SS316L exposed to molten LiCl-1wt%Li2O at 650°C for 50 

(bottom) and 100 (top) hours. Diffraction from LiCrO2 is observed in the pattern from both samples.  

 

Figure 3.25: X-ray diffraction patterns of I625 exposed to molten LiCl-1wt%Li2O at 650°C for 50 

(bottom) and 100 (top) hours. Diffraction from LiCrO2 is observed in the pattern from both samples. 

Raman spectroscopy was conducted to further characterize the chemistry of post 

exposure sample surfaces. The Raman spectra obtained from the surface of SS316L and 
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I625 exposed to molten LiCl-1wt%Li2O in the absence of Li for 50 and 100 hours are 

shown in Figures 3.26 and 3.27, respectively. The characteristic Raman mode of LiCrO2 

at~590cm-1 is observed in the spectra obtained from both SS316L and I625 after 

exposure to LiCl-1wt%Li2O for 50 as well as 100 hours [188]. Only qualitative 

information regarding the concentration of LiCrO2 in the spectra shown in Figures 3.26 

and 27 can be presented due to the limitations of the fiber optic based sampling system. It 

is clear that the signal of the characteristic feature of LiCrO2 recorded from I625 is of 

greater intensity compared to those obtained from SS316. The signal obtained from the 

sample of SS316L exposed to LiCl-1wt%Li2O for 50 hours is only slightly detectable 

above the background noise. The presence of LiCrO2 on this sample is only deemed 

reportable due to the corroborative analysis by XRD, shown in Figure 3.24.   
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Figure 3.26: Raman spectra obtained from the surface of SS316L after exposure to LiCl-1wt%Li2O 

at 650˚C for 50 and 100 hours. The characteristic Raman mode of LiCrO2 is identifiable in both 

spectra. An artifact feature is labeled (*) due to ambient light in the laboratory. 

No Raman features were observed on the surfaces of either I625 or SS316L 

exposed to molten solutions containing Li. This result is in agreement with the XRD 

analysis of sample surfaces where LiCrO2 was only present in detectable quantities 

following exposure to melts that did not contain Li.  
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Figure 3.27: Raman spectra obtained from the surface of I625 after exposure to LiCl-1wt%Li2O at 

650˚C for 50 and 100 hours. The characteristic Raman mode of LiCrO2 is identifiable in both 

spectra. An artifact feature is labeled (*) due to ambient light in the laboratory. 

Post exposure surface analysis was conducted using EDS to quantify the 

elemental composition of SS316L and I625 after being subjected to 50 and 100 hours of 

exposure to LiCl-1wt%Li2O containing 0, 0.1 and 0.3wt%Li. Figures 3.28 and 3.29 show 

the elemental composition of SS316L and I626 after exposure to the separate test 

conditions as observed by EDS analysis, respectively. As previously stated, the elemental 

compositions determined by EDS in this section are normalized to the sum of the signals 

from the alloying elements Fe, Ni, Cr and Mo.  
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Figure 3.28: Elemental composition of SS316L, as observed from EDS analysis, following exposure to 

LiCl-1wt%Li2O with 0, 0.1 and 0.3wt%Li at 650°C. EDS analysis was conducted using accelerating 

voltages of 10 and 20 kV to yield information regarding the composition as a relative function of 

depth. 

The EDS analysis of the surface of SS316L exposed to molten LiCl-Li2O-Li for 

50 and 100 hours, shown in Figure 3.28, demonstrates a preferential enrichment in Fe on 

the samples exposed to melts containing Li. Compared to the as-received composition, Cr 

and Mo were detected in relatively high percentages on samples exposed to melts that did 

not contain Li. This observation is attributed to the formation of a LiCrO2 surface film in 

these melts; a hypothesis that is supported by the previously discussed Raman and XRD 

analyses of these samples. This is further supported by the higher concentration of Cr 

detected when an accelerating voltage of 10 kV was employed (shallower depth of 

analysis) compared to the lower Cr content when 20 kV was used. All samples exposed 

to molten LiCl-Li2O containing Li exhibited a decreased Cr concentration compared to 
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the as-received alloy. Furthermore, Mo was not present in detectable quantities on the 

surface of any sample exposed to a melt containing Li. As previously stated, no 

detectable quantity of the alloying elements Fe, Ni, Cr and Mo leached into the melts 

during the periods of exposure testing. These observations suggest that Ni and Fe are 

enriched on the sample surface, as opposed to the preferential leaching of Cr and Mo 

from the alloy. 

 

Figure 3.29: Elemental composition of I625, as observed from EDS analysis, following exposure to 

LiCl-1wt%Li2O with 0, 0.1 and 0.3wt%Li at 650°C. EDS analysis was conducted using an 

accelerating voltage of 20 kV.  

 The compositions of I625 samples exposed to molten LiCl-1wt%Li2O containing 

0, 0.1 and 0.3wt%Li for 50 and 100 hours, as detected by EDS, are shown in Figure 3.29. 

It is observed that higher concentrations of Ni and Fe, and less Cr and Mo, were detected 

with increasing exposure time and Li content in the melt. These findings are in similar to 
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the results obtained from EDS analysis of SS316L. The reduced quantity of Cr on the 

surface, along with the complete depletion of Mo, upon exposure to melts containing Li 

represents a significant alteration to I625 as these elements account for roughly 30% of 

the unexposed material. This mode of degradation is not analogous to corrosion by 

molten salts or liquid Li, as Fe and Cr are preferentially oxidized in the former and Ni is 

leached in the later [112, 138, 143, 144, 164, 189, 190].  

 X-ray photoelectron spectroscopy was used to further characterize the chemistry 

of the surfaces of SS316L and I625 following exposure to molten LiCl-Li2O-Li. The XPS 

survey scans obtained from the surfaces of I625 exposed to molten LiCl-1wt%Li2O 

containing 0, 0.1 and 0.3wt%Li for 50 and 100 hours are shown in Figure 3.30. The XPS 

spectra of the SS316L samples exposed to molten LiCl-1wt%Li2O containing 0, 0.1 and 

0.3wt%Li for 50 hours are shown in Figure 3.31.  
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Figure 3.30: XPS survey scans of I625 following exposure to LiCl-1wt%Li2O with 0, 0.1 and 

0.3wt%Li at 650°C for 50 and 100 hours followed by a 10 minute rinse in methanol. 

 The XPS spectra obtained from the surfaces of I625 exposed to molten LiCl-

Li2O-Li shown in Figure 3.30 exhibit unexpected results. The relative intensity of the 

elements detected by XPS follows no significant trend and possess seemingly 

unexplainable data points. Notable results include the very high concentration of Nb 

detected on the surface of I625 exposed to molten LiCl-1wt%Li2O-0.1wt%Li for 50 

hours, and the lack of Nb on the sample exposed to a melt of the same composition for 

100 hours. Additionally, the surface of I625 exposed to LiCl-1wt%Li2O-0.3wt%Li for 50 

hours contained a large amount of Ti, and yet the sample exposed to the melt containing 

0.3wt%Li for 100 hours did not contain a measureable quantity of Ti. It is emphasized 
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that these samples were subjected to a methanol rinse prior to XPS analysis to remove 

residual salt from the sample surfaces. It is anticipated that alterations to the surfaces of 

the samples occurred during this rinsing procedure as Li, Li intercalated oxides, and 

alternative compounds formed in the high temperature molten salt are not expected to be 

stable in room temperature solvents. Additional examples of the erratic nature of rinsed 

samples are shown in Figures 3.31 and 3.32.  

 

Figure 3.31: XPS survey scans of SS316L following exposure to LiCl-1wt%Li2O with 0, 0.1 and 

0.3wt%Li at 650°C for 50 hours followed by a 10 minute rinse in methanol. 

 The XPS spectrum obtained from SS316L exposed to LiCl-1wt%Li2O, shown in 

Figure 3.31, does not exhibit significant Cr signal, however EDS, XRD and Raman 

analysis demonstrated the presence of Cr based surface film on this sample. The results 
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obtained from XPS should be carefully considered for two reasons: (i) the alternative 

three analytical techniques characterized the sample without significantly altering its 

surface chemistry (such as exposing it to methanol) and (ii) since XPS only analyzes the 

top ~10nm, the methanol rinse modified surface is what would be observed rather than a 

native surface after exposure. XPS spectra obtained from triplicate experiments were 

compared in an attempt to verify the accuracy and repeatability of XPS analysis. Figure 

3.32 shows the XPS survey spectra obtained from three samples of SS316L exposed to 

separate melts of LiCl-1wt%Li2O-0.3wt%Li for 50 hours. All samples were subjected to 

10 minutes of methanol rinse to remove the excess salt from the sample surfaces prior to 

XPS analysis.  
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Figure 3.32: XPS survey scans of SS316L following exposure to LiCl-1wt%Li2O-0.3wt%Li at 650°C 

for 50 hours followed by a 10 minute rinse in methanol. 

The inability of XPS to yield repeatable information regarding the surface 

chemistry of samples exposed to molten LiCl-Li2O-Li that have been rinsed with 

methanol can be observed in the XPS spectra shown in Figure 3.32. The variance in the 

spectra obtained from the triplicate experiments observed in Figure 3.32 is likely due to 

the nature of XPS which analyzes ~ top 10nm and is highly sensitive to the surface 

preparation procedure. The observed variations here would indicate that the surface was 

modified significantly and in a non-repeatable manner during methanol rinse procedure. 

The relative signal intensities from Fe, Cr, Ti and N vary considerably between each 
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spectra. It is concluded that XPS analysis employing the above experimental 

methodologies used in this section does not warrant further continuation.  

3.10 Sample Baking: 

The surfaces of materials exposed to molten salts are typically encased in residual 

bulk salt following removal from the melt. This salt layer tends to cover any surface films 

that lie between the material and the molten solution during exposure, impeding 

characterization of these films. As a result, surface sensitive analytical techniques 

commonly used in corrosion studies cannot typically characterize surface films formed in 

molten salts. Similar to the studies in Sections 3.4 – 3.9, the majority of research 

conducted on corrosion in molten LiCl-Li2O has employed some form of organic solvent 

rinsing procedure to remove solidified salt from the material surface prior to post 

exposure analysis [138, 144, 163, 164, 189, 191, 192]. These surface cleaning procedures 

potentially remove or alter surface films that are less stable in common solvents at 

standard temperatures. However, analyses using alternative methodologies have 

demonstrated the formation of lithiated transition metal oxide such as LiCrO2, LiFeO2, 

and Li2Ni8O10, that may not be stable upon exposure to atmosphere or mild solvents [138, 

142, 178]. The employment of surface rinsing procedures was avoided in the studies 

included in Chapters 5 and 6 of the current work by baking the samples above the 

liquidus temperature of the melt to facilitate the re-distribution of the salt on the sample 

surfaces [193, 194]. To accomplish this, following removal from molten LiCl-Li2O-Li, 

the samples were hung vertically on the sample holder and baked in an Ar atmosphere at 
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650°C for two hours. The efficacy of this process to remove bulk salt without destruction 

of the underlying surface films is shown in Figures 3.33 and 3.34.  

 

Figure 3.33: SEM micrographs recorded at 500x of the surface of SS316L subjected to 20 hours of 

exposure to molten LiCl-2wt%Li2O-0.2wt%Li (A) without baking and (B) after 2 hours of baking at 

650°C in Ar. EDS mapping of (C) Cl Kα and (D) Fe Kα signal obtained from the surface of the baked 

sample shown in (B). A separation between the alloy and the residual salt is observed to result from 

the baking procedure. 

 The morphological alteration to the material surface that occurred as a result of 

the baking procedure can be observed in the SEM micrographs shown in Figure 3.33. The 

surface of SS316L following 20 hours of exposure to molten LiCl-2wt%Li2O-0.2wt%Li 

before and after baking is shown in Figures 3.33 (A) and (B), respectively. It is observed 

that the baking process consolidates the salt on the surface from the approximately 
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uniform coating shown in Figure 3.33 (A) to an island like morphology shown in Figure 

33 (B). EDS mapping of the sample following the baking procedure, shown in Figure 

3.33 (C) and (D), demonstrates the separation between the exposed alloy and the residual 

islands of LiCl by clear distinction between the Fe and Cl signals. The baking process is 

observed to lead to the formation of islands of salt with dimensions of approximately 

100µm on the alloy surface. This morphology facilitates the use of surface sensitive 

analytical techniques such as EDS and XPS, to study the alloy surface, without having to 

employ solvent based rinsing procedures that may alter the film chemistry. 

 The ability of corrosion products formed in molten LiCl-Li2O-Li to be unaffected 

by this baking procedure was verified in the following manner. A sample of SS316L 

exposed to LiCl-2wt%Li2O in the absence of Li at 650°C for 20 hours was characterized 

by X-ray diffraction before and after being subjected to the baking procedure. The 

diffraction patterns yielded by these experiments are shown in Figure 3.34. As shown in 

Chapter 5, SS316L exposed to molten solutions of LiCl-Li2O develops a protective 

LiCrO2 surface film. Multiple diffraction peaks attributed to the presence of LiCrO2 are 

observed in both patterns, indicating the stability of this lithiated transition metal oxide in 

the baking process. The low intensity of this peak when recorded from un-baked surfaces 

is attributed to the minimal relative abundance of this compound compared to residual 

LiCl and LiCl-H2O on the sample surface. 
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Figure 3.34: X-ray diffraction patterns obtained from a coupon of SS316L exposed to LiCl-

2wt%Li2O in the absence of Li before baking (Bottom) and after 2 hours of baking at 650°C in Ar 

(Top). Diffraction from the (0,0,3) plane of LiCrO2 at 2𝜽 = 18.4˚ 2𝜽 is observed in both patterns 

demonstrating that the baking procedure did not remove surface oxides formed in molten LiCl-Li2O. 

3.11 Conclusions: 

 Samples of Inconel 625 and 718 were exposed to solutions of LiCl with 1 and 

2wt% Li2O, each with 0, 0.5 and 1wt% metallic lithium at 650ºC for 20 hours. Additional 

experiments exposed samples to LiCl saturated with Li2O to investigate the mechanisms 

of material interactions with melts of varying chemistry. Post exposure surface analysis 

was conducted using scanning electron microscopy and X-ray photoelectron 

spectroscopy; additionally ICP-OES was used to analyze the alloy constituents that 

dissolved out of the material during the exposure. The inclusion of 0.5wt% metallic 

lithium in the solution was found to increase the stability of chromium rich surface films 
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and suppress the dissolution rate of alloying elements, compared to melts of LiCl-Li2O. 

Alternatively, samples exposed to solutions containing 1wt% metallic lithium did not 

form surface films and demonstrated evidence of chromium depletion. The degradation 

of materials exposed to solutions containing 1wt% metallic lithium was observed to be 

fundamentally different than samples exposed to solutions saturated with lithium oxide, 

demonstrating a chemical effect other than, or in addition to, salt basicity.  

Subsequent experiments exposed coupons of stainless steel alloy 316L and 

Hastelloy N to molten solutions of LiCl-Li2O-Li to confirm that the observations 

obtained from scoping studies of Inconel 625 and 718 are general phenomena and not 

restricted to Inconel alloys. Investigations of the degradation of SS316L demonstrated 

that the preferential leaching of Mo and Cr occurrea in melts containing greater than 

0.6wt%Li. Corrosion testing of SS316L conducted in Ni as well as W crucibles 

demonstrated the independence of these corrosion processes on the separate materials 

that were exposed to the melt. Despite its different intended mechanism of corrosion 

protection Hastelloy N was observed to behave similarly to Inconel and stainless steel 

when exposed to molten LiCl-Li2O-Li, with the exception of a tendency of Hastelloy N 

to preferentially leach Mo in the presence as well as the absence of Li. The trends in the 

behavior of Cr and Mo in the three categories of alloys studied, Ni-Mo-Cr, Ni-Cr-Fe, and 

Fe-Cr-Ni, indicate a general trend of the chemistry of material interactions with molten 

LiCl-Li2O-Li.  

Extended exposure studies of Inconel 625 and stainless steel alloy 316L in molten 

LiCl-Li2O-Li were conducted to verify that the corrosion analyzed in the previous 
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sections is representative of the degradation that occurs during longer terms of duration. 

No material leaching was detected from either SS316L or I625 exposed to molten LiCl-

1wt%Li2O containing 0, 0.1 or 0.3wt%Li at 650°C for 50 or 100 hours. The surface of 

SS316L was observed to be hardened as a result of the exposure; however the cause of 

the hardening is currently unknown. No alteration to the austenite crystal lattice 

perimeter, nor trend in ferrite phase transformation was observed by XRD analysis. EDS 

analysis demonstrated a preferential enrichment of Fe and Ni, accompanied by a 

depletion in Cr and Mo, on the surface of SS316L and I625 following exposure. With the 

exception of the hardening effect, all findings obtained from these studies were in 

agreement with the results obtained from 20 hour exposures. 
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Chapter 4 Dispersion of Li in Molten LiCl-Li2O 

 Quantification of the solubility limit of Li in LiCl-Li2O is of paramount interest to 

the current study as the electrolytic reduction of actinide oxides has been noted to operate 

under Li saturated conditions. As a result, evaluations of corrosion that occurs in the 

molten electrolyte used in the actinide oxide reduction process cannot be simulated 

without knowledge of the concentration of Li that is present in the melt under these 

conditions. As discussed in Chapter 1, the reported values of the solubility limit of Li in 

LiCl measured by different methods of analyses vary significantly and are in 

disagreement [1, 70-74, 91]. The solubility limit of Li in LiCl detected by thermal 

analysis has been reported to be 0.5±0.2mol% at 913 K [70], while electrochemical 

analysis quantified the limit to be 1.8mol% at 923 [71, 72]. Furthermore, chemical 

analysis of LiCl-Li quenched at 923 K has been reported to contain greater than 3mol% 

Li [1, 73, 74, 91]. To complicate matters further, little is known regarding the alteration 

to the solubility limit of Li in LiCl that occurs when Li2O is present in the system [1]. 

Without quantification of the variation in Li solubility in LiCl-Li2O as a function of Li2O 

concentration, it would be impossible to replicate the conditions encountered during the 

electrolytic reduction of UO2. Understanding of the range of concentrations that are 

relevant to the ternary LiCl-Li2O-Li system is therefore critical to the investigation of 

material degradation in this process. This chapter employs a variety of methods for 

analyzing the solubility limit of Li in LiCl in the presence and absence of Li2O.  
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4.1 Chemical Analysis of LiCl-Li2O-Li: 

 An experimental procedure was developed to quantify the amount of metallic 

lithium in molten LiCl-Li2O-Li. Melts of LiCl-Li2O-Li were contained in Ni crucibles 

and allowed to equilibrate for 30 minutes prior to analysis. The molten solution was then 

sampled by submerging a cupped scoopula into the middle of a melt, maintaining its 

position until it was thermally equilibrated with the melt, removing the scoopula and 

dripping a sample of LiCl-Li2O-Li (while still molten) onto a graphite plate. By dripping 

a sample of LiCl-Li2O-Li while still molten, it is hypothesized that potential phase 

separation due to cooling would be minimized. This technique is suggested to yield a 

more representative sample of the melt compared to a typical “salt freeze” method for the 

reasons discussed in Chapter 1. Once a sample of the salt was obtained, it was weighed 

and reacted with DI water in a sealed glass reaction vessel. The quantity of H2 gas 

produced via the reaction with water was measured using an attached 5ml burette. A 

leveling bulb was attached to the apparatus to maintain a constant pressure. Assuming 

that metallic Li reacted with H2O to form LiOH and H2 gas, the quantity of Li present in 

the sample of quenched LiCl-Li2O-Li was determined by measuring the expansion of gas 

that occurred at a constant pressure in the volumetric burette. The apparatus used in this 

experiment consisted of a sealed glass reaction vessel, a 5ml volumetric burette and a 

leveling bulb shown in Figure 4.1.   
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Figure 4.1: Images of the H2 gas quantification apparatus employed to measure the concentration of 

Li in quenched LiCl-Li2O-Li. Left: the complete constant pressure volumetric burette apparatus. 

Right: the reaction chamber where samples contacted water in a sealed container. 

 Using the previously described procedure, the solubility limit of Li in molten 

LiCl-Li2O at 650ºC was investigated. Analysis of the quantity of Li in the quenched salt 

was conducted as a function of Li2O concentration in the melt, and as a function of the 

concentration of metallic Li that was initially added. Figure 4.2 shows the concentration 

of Li measured in wt% as a function of Li2O concentration for all melts where greater 

than 0.3wt%Li was added.  
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Figure 4.2 Concentration of Li measured in quenched samples of LiCl-Li2O-Li as a function of Li2O 

concentration when greater than 0.3wt%Li was added to the melt. 

 The concatenations of Li measured in wt% as a function of Li2O concentration for 

all melts where less than 0.3wt%Li was added are shown in Figure 4.2. Circles indicating 

the actual composition of the as prepared melt are included to indicate the deviation of 

the experimental results from the actual melt composition.  

 

Figure 4.3 Concentration of Li measured in quenched samples of LiCl-Li2O-Li as a function of Li2O 

concentration when less than 0.3wt%Li was added to the melt. Circles indicating the actual 

composition of the as prepared melt are included for reference. 
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The data included in Figures 4.2 and 4.3 are averaged to the tabulated form shown 

in Table 4.1. In this analysis three samples of salt were removed from each melt, and the 

concentrations presented in Table 4.1 are the average of the three measurements. The 

only exception to this analysis is for the molten solution of LiCl-0.2wt%Li in the absence 

of Li2O in which only two measurements were made. The reported error for all other melt 

compositions is the standard deviation (in wt% Li) observed between the separate 

measurements conducted in each melt.  

Table 4.1 Composition of molten solutions containing varying quantities of added Li2O and Li, 

yielding various measured concentrations of Li in the melts. 

wt%Li2O wt%Li added wt%Li measured Error (wt%) 
8 1 0.31 0.1 
2 1 0.33 0.05 
2 0.5 0.3 0.07 
2 0.1 0.1 0.05 
1 1 0.27 0.02 

0.5 0.5 0.32 0.02 
0 1 0.27 0.02 
0 0.2 0.2 N/A 

   

 As shown in Table 4.1, for solutions containing below 0.3wt%Li the quantity of 

Li that had been added to the melt and the quantity measured to be in solution are in 

excellent agreement. These data points serve as controls, demonstrating the validity of the 

experimental methodology. The maximum measured quantity of dissolved Li was 

approximately 0.3wt% when greater than 0.3wt% Li was added to the melt. This value is 

interpreted as the limit of physical dissolution of Li in LiCl at 650˚C recorded using this 

experimental approach. It is noted that this value is approximately independent of Li2O 

concentration in the LiCl-Li2O-Li system. The data yielded from this study is in 
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agreement with previously published data that used similar sampling techniques and 

greater than those that employed thermal analysis by approximately a factor of 4 [1, 70, 

73].  

It should be emphasized that the reported concentrations of Li in Table 4.1 are the 

average of three samples obtained from each melt, and that large relative standard errors 

were observed in each data set. Multiple individual measurements recorded a Li 

concentration exceeding 0.4wt%. The source of this experimental error will be discussed 

subsequently in this chapter.  

4.2 Concentric Inductor Magnetization Sensor: 

 Due to the inability of electrochemical experimental techniques to yield 

quantitative information regarding the LiCl-Li2O-Li system, and the large relative error 

of chemical analysis of quenched LiCl-Li2O-Li, an alternative method of measuring the 

solubility of Li in LiCl-Li2O was developed. As previously noted, the nature of the 

ternary solution is highly delicate, and fundamentally altered when subjected an electric 

field, or exposed to electrically insolating and impure materials that are prone to liquid 

metal interactions in any way. The need to probe the fundamental properties of the 

solution without subjecting it to an electric field, quenching it, or exposing it to molecular 

compounds led to the motivation to employ magnetic fields as a tool for determining the 

solubility limit of Li in molten LiCl. 
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4.2.1 Theory: 

 The physical operating principles of the concentric inductor magnetization sensor 

(CIMS) is as follows. Fundamentally, the CIMS acts as an electric transformer, 

transferring an AC current between two wire coils submerged in the molten LiCl-Li2O-

Li. The primary coil is driven by a high frequency AC current which produces a magnetic 

field, B, through its coil internals governed by the law of induction in a solenoid, shown 

as Equation 2 [195]. 

𝑩 = 𝜇0(1 + 𝜒)𝑯                    (2) 

Where 𝜇0 is the permeability of free space, 𝜒 is the magnetic susceptibility of the 

medium inside the solenoid, and H is the magnetizing field vector. B is the sum of two 

components: 𝜇0H derives from the magnetic field produced strictly by the current in the 

solenoid, and 𝜇0𝜒H is produced by the magnetization of the medium. H in a solenoid is 

defined by Ampere’s law, shown here as Equation (3). 

H=𝜇0 ∗ 𝑛1 ∗ I(t)                (3) 

Where n1 is the number of turns in the solenoid, and I(t) is the time dependent current. 

Faraday’s law of induction, shown as Equation (4), states that for a given magnetic flux, 

𝜙,  through a solenoid, an electromotive force (EMF), 𝜀, is induced between the ends of 

the coil windings.   

𝜀 = −𝑛2
𝑑𝜙

𝑑𝑡
               (4) 

Where n2 is the number of turns in the second solenoid. The CIMS is operated at a fixed 

geometry in all experiments, and as a result the magnetic flux through the fixed coil area, 

A, is normalized by the approximation shown as equation (5).  
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𝜙 = ∫ 𝑩𝑑𝐴 ≈ 𝑐 ∗ 𝑩                (5) 

Where c is a proportionality constant depending upon the geometry of the CIMS coils. 

Therefore, when the primary coil is driven by an AC current, 𝐼(𝑡) = 𝐴𝑠𝑖𝑛(𝜔𝑡), where A 

is the amplitude of the current, 𝜔 is the frequency and t is time, an EMF, or voltage, is 

induced in the second coil governed by Equation 6.  

𝜀 = 𝑘𝑛1𝑛2𝐴 (1 + 𝜒)𝜔cos(𝜔𝑡)             (6) 

 Where k is a coupling constant dependent upon the coupling efficiency of the two 

inductors determined by their respective geometries. It is now observed that when the AC 

potential, 𝜀, is measured across the leads of the second coil and is plotted as a function of 

the driving current frequency, 𝜔, a linear relation results with a slope equal to 

𝑘𝑛1𝑛2𝐴(1 + 𝜒). Furthermore, for a CIMS that employs a fixed geometry, and is driven 

by a constant amplitude current, the slope will be a constant plus a value that is 

exclusively dependent upon the magnetic susceptibility of the medium inside of the coils. 

 By submerging the CIMS in solutions of LiCl-Li2O-Li with varying concentration 

of Li and recording the potential induced in the secondary coil of the CIMS at various 

driving frequencies, the magnetic susceptibility of the solution can be measured. 

Furthermore, it is proposed that this measurement will be dependent upon the 

concentration of Li in the system only up to the solubility limit of Li in the melt. Beyond 

this concentration, a metal rich phase of LiCl-Li2O-Li will separate out and the magnetic 

susceptibility of the solution will be independent of further addition of Li. Thus, by 

measuring the concentration of dissolved Li at which the magnetic Li of the LiCl-Li2O-Li 

remains unaltered with the addition of greater quantities of lithium, the CIMS would 

measure the solubility limit of Li in LiCl-Li2O-Li.  
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4.2.2 Experimental Setup: 

The CIMS is constructed of two nickel wires, wrapped in concentric coils to form 

coupled solenoids with maximum inductive coupling efficiency. The concentric coils are 

submerged in the solution where they act as a transformer: a driving current in the 

primary coil induces a voltage in the secondary coil. The efficiency at which the 

transformer operates is dependent upon the magnetic susceptibility of the medium 

between the coils. Since the coil material chosen for this application is high purity nickel, 

and no current flows between the two coils, the measurement of magnetic susceptibility 

can be made without disturbing the LiCl-Li2O-Li solution. An image of a prototype 

CIMS used to attain the results discussed in a subsequent portion of this report is shown 

in Figure 4.4. 

 

Figure 4.4: A prototype CIMS with labeling of its separate components. 

Crucible lid / electrode guide 

Furnace 

Electrical connections from the primary 
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the secondary coil to the voltmeter 
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the nickel crucible and the LiCl-Li
2
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The CIMS was fabricated out of 1mm diameter nickel wire of procured from 

GoodFellow, and was of greater than 99.9% purity. Separate exposure tests were 

conducted in solutions of LiCl-2wt% Li2O containing: 0, 0.5, 1, 1.5, 2 and 3wt%Li. 50g 

of each mixture was ground in a mortar and pestle prior to heating. The salt melt was 

maintained at 650ºC in all tests, and less than a ±5ºC temperature gradient was recorded 

along the submersion depth of the CIMS.  

 A single CIMS was used in all experiments in the following discussion. Prior to 

each experiment, the CIMS was boiled in DI water for 5 minutes, rinsed with acetone, 

and dried at 200°C for 2 hours. The CIMS was then connected to a computer controlled 

translation stage in the glove box and connected to the primary and secondary circuits. 

The primary coil was driven by a Keithley 6221 AC current source, and the induced 

voltage in the secondary coil was measured by a Keithley 2100 multimeter. The primary 

coil was driven by a 100mA AC current with frequency varying between 10-100kHz. 

Each experiment was run in triplicate to reduce the experimental uncertainty associated 

with the measurements. To reduce the possibility of contamination effects between the 

separate salt compositions, successive experiments were conducted in a randomized order 

of Li concentration.  

4.2.3 Simulation and Calibration Results: 

 To demonstrate the validity of this concept, a simplistic coupled inductor circuit 

model was employed using PSPICE and MultiSIM software. The inductors were modeled 

by adhering to the definition of inductance, L, given in equation (7). 



146 

 

𝐿 =
𝜇𝑁2𝐴

𝑙
                                                                         (7) 

Using the measured length, l, and area, A, of the CIMS coils and the permeability, µ, of 

argon gas, equation (7) predicts an inductance of 2.89x10-7 H and 1.18x10-7 H in the 

primary and secondary CIMS coils, respectively. The operation of the CIMS in the argon 

atmosphere of the glove box was modeled using these inductance values, and an 

arbitrarily chosen coupling constant, k, of 0.5, in the coupled inductor circuit shown in 

Figure 4.5, and simulating driving the circuits with frequencies between 10-100kHz. The 

simulated induced voltages in the secondary coil as a function of frequency are shown in 

Figure 4.5.  

 

Figure 4.5: Simulated operation of the CIMS in Ar with µ=0.99. The induced voltage as a function of 

driving frequency is shown along with a schematic of the simulated circuit. The displayed equation 

shows the slope, proportionate to the magnetic susceptibility, to be 0.0402, and an R2 value of 1 

indicating a perfectly linier fit.  

 The perfect linearity of the data shown in Figure 4.5, quantified by an R2 value of 

unity, indicates the theoretically linear dependence of the coupled inductor circuit on 

driving frequency. To demonstrate the linear relation of the slope of the 𝜀 vs 𝜔 plot on 
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magnetic susceptibility, the simulation was re-run using a permeability of µ=99.999, 

compared to the µ=0.999 of argon. The response of the modeled system under these 

conditions is shown in Figure 4.5. It should be noted that magnetic susceptibility is 

defined as 𝜒 = µ − 1 and as a result, the simulation dependence on permeability is 

assumed to be equivalent to its dependence upon the magnetic susceptibility.  

 

Figure 4.6: Simulated response of the CIMS with µ=99.99 

 The observed slope of the 𝜀 vs 𝜔 plot in Figure 4.6 is 100 times that of Figure 4.5, 

exactly proportionate to the permeability used in the respective models. It can therefore 

be concluded that the relationship between induced voltage and frequency, 𝜀 and 𝜔, of 

coupled inductors is linear with a slope proportionate the magnetic susceptibility of the 

medium inside the inductors.   
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 Prior to each experiment, the CIMS was calibrated in the argon atmosphere of the 

glove box to ensure repeatability. The data obtained in these calibration tests are shown 

in Figure 4.7 in comparison to the response predicted by the previously discussed model.  

 

Figure 4.7: Recorded calibration data recorded before each test using the CIMS compared to the 

response modeled in Ar. 

 The linearity of the calibration data of the CIMS, and the agreement of this data 

with the modeled equivalent circuit, serves as proof of the operating principle of the 

CIMS. Furthermore, Figure 4.7 demonstrates the minimal system degradation that 

occurred throughout the 18 testing cycles the CIMS was subjected to.  

4.2.4 Results: 

 To ensure the stability of the CIMS in LiCl-2wt%Li2O-1wt%Li, the frequency 
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and 30 minutes. The induced voltage recorded as a function of driving frequency under 

these conditions is shown in Figure 4.8.  

 

Figure 4.8: Frequency of the CIMS on LiCL-2wt%Li2O-1wt%Li after exposure to the solution for 30 

seconds as well as 10 and 30 minutes.  

 The results shown in Figure 4.8 demonstrate the stability of the CIMS system in 

the highly aggressive LiCl-Li2O-Li environment. Additionally, the repeatability of the 

data after multiple operations in the same melt demonstrates that the operation of the 

CIMS does not significantly alter the nature of the LiCl-Li2O-Li solution. 

  The slopes of the frequency response of the CIMS in LiCl-2wt%Li2O-Li with 

respect to Li concentration are shown in Figure 4.9. Each experiment was conducted in 

triplicate, in a randomized order to ensure that no unintentional system alterations 

affected the measurements. The average of the magnetic susceptibility recorded at each 
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standard deviation of the three data points. The linearity of all data recorded in each test 

produced an R2 value greater than 0.998.   

 

Figure 4.9: Recorded magnetic susceptibility of LiCl-2wt%Li2O with the inclusion of 1-3wt%Li at 

650°C.  

 Figure 4.9 demonstrates the ability of the prototype CIMS to quantify the 

solubility limit of Li in molten LiCl-Li2O. The observation of the magnetic susceptibility 

becoming nearly independent of Li concentration above 1wt% indicates, as predicted, 

that the solution is saturated. The experimental uncertainty in these measurements is 

significant, however a definite trend can be observed.  

 It should be noted that LiCl is highly diamagnetic, having𝜒 < 1, due to the noble 

gas configuration of its constituent atoms. The observation of a decrease in magnitude of 

the magnetic susceptibility of LiCl-Li2O with the addition of Li suggests that the valence 
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evidence that excess electrons in the system do not form spin paired states, as the 

formation of such states would increase the overall diamagnetic nature of the solution. 

Previous research has utilized the magnetic susceptibility of metal salt solutions to 

discern the nature of solvated Bi in BiCl, Cd in CdCl and Na in NaCl solutions [196]. As 

discussed in further detail subsequently, the interpretation of this data gives key insight 

into the bonding of lithium and electronic structure of the LiCl-Li2O-Li solution. 

4.3 Anomalous Physical Properties of Molten LiCl-Li2O-Li: 

 Molten solutions of LiCl and Li, as well as the interface of Li and molten 

solutions of LiCl in the presence or absence of Li2O or KCl, has been the subject of 

extensive research [1, 70-74, 87, 91, 104, 108]. Even so, a knowledge gap still exists in 

the understanding of the true nature of these molten solutions. Previous research has 

demonstrated the following phenomena that seemingly are unexplainable:  

 Dispersion of Li in LiCl is associated with the formation of a “metal fog” that 

cannot be explained by physical dissolution [104, 108]. 

 The reported values of the solubility limit of Li in LiCl measured by different 

methods of analyses vary significantly and are in disagreement [1, 70-74, 91]. 

 The electrical conductivity exhibited by LiCl-Li solutions under metal saturated 

conditions is unexpectedly low [71]. 

 Electrochemical measurements of Li in the presence of LiCl appear as if the 

thermodynamic activity of Li is significantly lower than unity [72]. 
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 An intermediate electrochemical potential, between that of Li|Li+ and that of the 

electrode material, is observed when Li disperses from an electrode [87]. 

 An example of the unique physical chemistry of molten solutions of LiCl-Li2O-Li 

can be demonstrated by visual observation of molten LiCl-Li2O in the presence and 

absence of Li. A digital image of a molten solution of LiCl-3wt%Li2O before and after 

conducting electrolysis of Li2O is shown in Figure 4.10. In this experiment, a stainless 

steel 316L cathode was polarized at -3.2V against a Pt working anode in molten LiCl-

3wt%Li2O at 650°C for approximately ten minutes. This polarization, conducted between 

when the two images in Figure 4.10 were captured is highly analogous to the polarization 

that occurs during the electrolytic reduction of actinide oxides [32, 68].  



153 

 

 

Figure 4.10: Images of molten LiCl-3wt%Li2O before and after conducting electrolysis of Li2O using 

a SS316L cathode and a Pt working anode. The coloring of the molten solution is the result of the 

formation of a ternary molten solution of LiCl-Li2O-Li. 

 The formation of the deeply purple colored molten solution shown in Figure 4.10 

that occurs when Li is reduced in molten LiCl is indicative a shift in the physical 

chemistry of the melt. Alkali-halide molten salts are almost exclusively optically 

transparent due to the strongly ionic bonding of the salt constituents. The ionic bonding 

of molten salts results in tightly bound electron states that do not typically absorb visible 

light. Alternatively, liquid metals are electronic conductors and appear silver as they 

reflect a broad portion of the visible spectrum. However, the observed coloring of molten 

LiCl-Li, in the presence and absence of Li2O, is different. The characteristic purple color 

of these solutions indicates the existence of relatively loosely bound electron states that 
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are capable of absorbing visible light. While this is a purely qualitative measure, this 

effect clearly indicates that these solutions do not exclusively exhibit the physical 

properties of either molten salts or liquid metals.  

 An electrochemical investigation of Li in contact with molten LiCl provides a 

second example of the unique physical properties of these molten solutions. First 

observed by Liu et al., this effect was used in the current work to demonstrate the success 

of the developed Li-Bi reference electrode [72, 87, 94]. Electrochemical investigations of 

the interface between liquid Li and LiCl-Li2O were conducted after developing the Li-Bi 

reference electrode discussed in Chapter 2. The phenomena of interest is observed by 

recording the potential of an electrode while Li+ is reduced on it, then observing the open 

circuit potential (OCP) of the electrode as a function of time after ceasing the 

polarization. This experiment was conducted by polarizing a SS316L working electrode 

to -1.25 V vs Li-Bi using a Pt counter electrode for 300 seconds in LiCl-2wt%Li2O, and 

observing the OCP of the working electrode for the following 2000 seconds. The 

potential of the working electrode throughout this experiment is shown in Figure 4.11.   
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Figure 4.11: Potential vs time plot of a SS316L electrode during and after plating metallic Li on its 

surface. Potentiostatic polarization to -1.25V vs LiBi was conducted for 300 seconds followed by 2000 

seconds of open circuit potential monitoring. The observed second stable potential plateau after 

polarization is indicative of the formation of an unidentified salt soluble compound. 

 The potential vs time data shown in Figure 4.11 demonstrates a fascinating aspect 

of the LiCl-Li2O-Li system. Initially, during the period of potentiostatic polarization the 

working electrode potential is maintained below the Li+ reduction potential at -1.25V vs 

Li-Bi. After the polarization is ceased, the potential increases to the Li|Li+ potential of 

approximately -1.05V vs Li-Bi were it is stable for approximately 800 seconds. The 

potential measured during this period is attributed to the measurement of the OCP of Li 

existing at unit activity on the electrode. Due to the solubility of Li in the molten LiCl-

Li2O, this activity of Li dissolves into the melt over the course of time. Once sufficient Li 

has dissolved from the electrode that the activity of Li is no longer unity, the OCP 

increases again to a second stable potential were it stays for roughly 100 seconds before 

increasing finally to the OCP of the bare SS316L electrode. The observation of this 

intermediate potential (between the OCPs of metallic Li and the working electrode) 

suggests the existence of a salt soluble compound that has not yet been identified. This 
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effect has been observed in LiCl, LiCl-Li2O, and LiCl-KCl and has been hypothesized as 

evidence of the existence of a hyperlithiated compound, such as Li2Cl [72, 87, 94].  

 Previous attempts to explain these properties have led to extensive theoretical 

research on the existence of “hyperlithiated” compounds, such as Li2Cl [87, 94, 197, 

198]. While mass spectrometry experiments [198, 199] have shown the presence of 

hyperlithiated compounds in vacuo, there has been no evidence of their existence in a 

fused phase. Alternatively, theoretical work has postulated the formation of lithium 

dimers, Li2, in the molten LiCl matrix as a rationale for explaining the properties of LiCl-

Li [81, 200]. Recently, suspensions of nanoparticles in other molten salts have been 

investigated for a wide variety of applications due to their unique physical properties 

[201]. Similarly, experimental work by Nakajima et al. suggested that the dispersion of 

Li in LiCl is the sum of two separate processes, i.e., physical dissolution and colloidal 

suspension [1, 73, 74, 91]. In these studies, micron-sized particles of metallic Li were 

observed in quenched LiCl-Li. However, it also was noted that the metallic species would 

require an emulsifying agent to be suspended in the ionic fluid. While it was proposed 

that impurities, such as Li2O and Li3N, act as emulsifying agents, it also was noted that 

the concentration of dispersed Li in LiCl was not highly dependent on the concentration 

of either Li2O or Li3N.  

4.4 Presence of Li Clusters in Molten LiCl-Li: 

 Validation of the previously discussed hypotheses is experimentally challenging 

due to the highly reactive nature of molten solutions that contain metallic Li and LiCl. 

Furthermore, ex situ experimental techniques are not reliable because the phase stability 
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of mixtures of LiCl and Li is temperature dependent [70, 72]. In the current research, 

Raman spectroscopy was employed for the in situ characterization of molten mixtures of 

LiCl, Li2O, and Li at 650˚C in an attempt to understand the nature of these solutions.  

4.4.1 Methods: 

 Precursor chemicals of ultra-high purity were employed in all experiments in this 

section. Melts were contained in Mo or Ta crucibles, and were maintained at 650˚C ± 

10˚C throughout all of the experiments.  

 Molten solutions of LiCl-Li2O-Li were generated electrochemically via 

electrolysis of Li2O from molten LiCl-3 wt%-Li2O. Electrolysis was conducted using a 

coil of Pt as the working anode and a coil of stainless steel alloy 316L as the cathode at a 

cell voltage of 3.2V, analogous to the cell potential utilized in the electrolytic reduction 

of UO2 [32, 68]. Polarization was conducted in this manner until sufficient charge was 

passed through the cell to reduce an equivalent of 1 wt% of the melt to metallic Li. The 

electrodes were maintained in the melt for one hour following electrolysis prior to 

removal for characterization using Raman spectroscopy. The LiCl-Li melts were 

prepared in subsequent experiments by directly adding metallic Li to molten LiCl. In all 

cases, Li2O and/or Li were added after drying the LiCl at 500˚C to remove residual H2O 

and suppress the formation of LiOH. 

 Raman spectroscopic measurements were conducted in situ using a Thermo-

Scientific DXR spectrometer and the custom fiber optic discussed in Chapter 2. A 

10mW, 532 nm laser beam was passed through the fiber optic cable and telescope before 
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being focused on the surface of the melt. In alternative experiments, the laser beam was 

propagated horizontally, approximately 5 mm above the LiCl-Li mixture, and it was 

reflected by a metallic surface to characterize the vapor phase that existed on top of the 

melt. The reported spectra were an average of eight consecutively recorded spectra, each 

of which was recorded for eight seconds.   

4.4.2 Results: 

 Figure 4.12 shows the in situ Raman spectrum of molten LiCl-Li2O-Li (923 K) 

after electrochemically reducing an equivalent of 1 wt% of the melt to metallic lithium as 

well as a schematic depiction of the experimental setup. It was observed that the primary 

features at 285.5, 302.8, and 318.2 cm-1 exhibited overtones of decreasing intensity with 

increasing Raman shift.  
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Figure 4.12: (Left) Schematic diagram of the experimental setup used for the measurement of the 

Raman features of LiCl-Li2O with electrochemically generated Li; (Right): Raman spectrum of LiCl-

Li2O-Li at 923 K obtained after reducing the equivalent of 1 wt% Li from LiCl-3 wt% Li2O. The 

spectrum was recorded using a 10-mW, 532-nm laser focused vertically onto the surface of the 

molten solution. The spectrum was comprised of three fundamental features at 285.5, 302.8, and 

318.2 cm-1, with overtones of decreasing intensity at approximately integer multiples of these Raman 

shifts. 

Additional experiments were conducted to confirm that the spectrum shown in 

Figure 4.12 was characteristic of the molten metal/molten salt phase of LiCl-Li2O-Li and 

not of the vapor. To characterize the vapor phase that existed above the mixture, the 

excitation laser was maintained parallel to the surface of the melt, approximately 5 mm 

above the fluid/vapor interface, and it was reflected by a stainless steel mirror. The 

spectrum recorded in this manner, shown in Figure 4.13, exhibited high intensity Na 

fluorescence lines at 1818.1 and 1835.3 cm-1 (589 and 589.6 nm) [202]. For the sake of 

clarity, identical features were omitted from the spectrum in Figure 4.12; however, the 

full spectral range of this spectrum is provided in Figure 4.18.   
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Figure 4.13: (Left) Schematic depiction of the experimental setup used to characterize the vapor 

phase that existed above the molten LiCl-Li. The excitation laser was maintained horizontally 5 mm 

above the surface of the LiCl-Li melt and reflected by a stainless steel mirror. (Right) Recorded 

spectrum of the vapor existing above the surface of LiCl-Li melt maintained at 923 K. The intense 

features spanning 1800 to 1900 cm-1 are characteristic of the fluorescence of Na from NaCl, which is 

found as a contaminant in LiCl. 

 The second experiment conducted to demonstrate that the observed Raman 

spectrum is characteristic of molten LiCl-Li2O-Li employed a rapid flow of Ar shear gas 

across the surface of the melt while the Raman spectrum of the melt was recorded. A 

schematic depiction of this experiment, and the spectra recorded during it, is shown in 

Figure 4.14. The observed lack of variation in the Raman spectrum recorded in the 

presence and absence of the Ar shear gas indicates that the spectrum is not the result of a 

vapor phase exiting above the melt.  
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Figure 4.14: (Left) A schematic depiction of the Ar shear gas experiment. (Right) The Raman 

spectrum of LiCl-1wt%Li at 650ºC with and without passing high velocity Ar shear gas across the 

surface of the melt. The minimal change in the signal intensity, despite the rapid expulsion of the 

vapor phase, demonstrates that the Raman spectrum is a property of the fused LiCl-Li phase. The 

intense feature spanning 1800 to 1900cm-1 derives from the fluoresce of impurity Na. 

 The Raman spectra of LiCl-Li2O-Li were recorded with varying incident laser 

power between 0 and 10mW to quantify the dependence of the signal on the power of the 

laser. Figure 4.15 shows the spectra recorded at various laser powers, along with a plot of 

the intensity of the Raman feature at 302 cm-1 as a function of laser power. A linear 

response was observed with an R-squared value of 0.979.  
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Figure 4.15: (Top) Raman spectra of LiCl-Li at 923 K recorded with an incident laser power 

increasing from 0 to 10 mW. (Bottom) Plot of the intensity of the 302 cm-1 Raman shift as a function 

of incident laser intensity, showing the linear dependence of signal intensity on the laser power. 

 To investigate the stability of the LiCl-Li melt as a function of time, Raman 

spectra of LiCl-Li were recorded 5, 15, 45, and 90 minutes after adding 1-wt% Li to 

molten LiCl. The spectra recorded at these times are shown in Figure 4.16. 
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Figure 4.16: Raman spectra of LiCl-Li at 923 K recorded 5, 15, 45, and 90 minutes after adding 1-

wt% Li to LiCl. The minimal variation in signal intensity over 90 minutes demonstrates the quasi-

stability of the LiCl-Li mixture. 

 Melts of LiCl-Li were investigated spectroscopically in Mo and Ta crucibles to 

demonstrate that the observed Raman spectrum of the melt was independent of the 

crucible material. Raman spectra of LiCl-1-wt% Li recorded in Ta and Mo crucibles are 

shown in Figure 4.17.  
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Figure 4.17: Raman spectra of LiCl-Li melt at 923 K contained in Mo and Ta crucibles. The results 

demonstrate that the observed spectrum is independent of the crucible material.   

 The Raman spectrum shown in Figure 4.12 was restricted to a narrow spectral 

band for clarity. Figure 4.16 shows the spectrum in Figure 4.12 across a larger spectral 

range, and it includes both the Raman features attributed to the presence of Li8 as well as 

the Na fluoresce lines exhibited in Figure 4.13.  
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Figure 4.18: Raman spectrum of LiCl-Li2O-Li at 923 K shown in Figure 4.12 across a larger spectral 

range. The spectrum exhibits the Raman modes attributed to the presence of Li8 as well as Na 

fluoresce. 

The Raman spectrum of molten LiCl-3-wt% Li2O is shown in Figure 4.19 as a 

control to demonstrate that solutions that do not contain metallic Li lack detectable 

Raman activity.  

 

Figure 4.19: Raman spectrum of LiCl-Li2O at 923 K before the addition of metallic Li to the melt.   
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4.4.3 Discussions:  

 The Raman spectrum of molten LiCl-Li2O-Li at 650˚C, shown in Figure 4.12, is 

in agreement with the spectrum of the Li cluster, Li8, previously reported by Kornath et 

al. [203]. The minor discrepancies between the spectra found in the literature and this 

study are attributed to the difference in the temperatures used in the experiments; the 

spectra given in this study being recorded 908˚C higher than those in the published work. 

Despite the vast difference in the temperatures used in the experiments, the symmetry of 

the two spectra were nearly identical and they consisted of three primary features 

centered on the A1 breathing mode of Li8 at 302.8 cm-1 recorded at 650˚C in the current 

study, and reported at 295.3 cm-1 when observed at 15 K. Additionally, the overtones in 

the spectrum obtained in this study were in agreement with the spectra obtained from Li8 

by Kornath et al. [203]. 

 Spectroscopy of the vapor phase that exists above the LiCl-Li melt was conducted 

to confirm that the reported spectrum was a characteristic of the fused phase. The 

spectrum in Figure 4.13, obtained with the laser passing horizontally above the surface of 

the melt, shows only the fluorescence lines from Na and none of the Raman features that 

have been suggested to be characteristic of Li8. LiCl has a lower free energy of formation 

than NaCl at 650˚C, and, as a result, metallic Li will displace Na from NaCl (found as 

contaminant in LiCl) in the melt to form LiCl and Na [204]. Furthermore, Na has a vapor 

pressure of 7.43 kPa at 650˚C and is expected to vaporize in significant quantities [205]. 

Therefore, as a result of the reaction between Li and impurity NaCl, the vapor existing 

above the LiCl-Li melt consists primarily of Na. Observation of just the Na fluorescence 
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signal in Figure 4.13, without the Raman features of interest, demonstrated that the vapor 

phase does not contain detectable quantities of Li clusters, and that the Raman spectrum 

shown in Figure 4.12 is characteristic of molten LiCl-Li.  

 Interestingly, the observed Raman spectrum of LiCl-Li does not exhibit the 

predicted vibrational modes for Li2Cl [87, 94]. However, it was noted that the original 

work by Hébant et al. hypothesized the existence of Li2Cl precisely at the interface 

between liquid Li and LiCl, while the spectrum reported in this study were specifically 

recorded on the surface of the bulk fluid. Additionally, the Raman mode of the Li2 dimer 

at 349 cm-1 was not observed in the molten LiCl-Li [206, 207]. Li2 has been detected 

under a variety of conditions via Raman spectroscopy, and, previously, it was theorized 

to be the probable form of Li complexes in molten LiCl-Li [81, 200]. Importantly, 

however, the dimer molecule possesses 𝐷∞ℎ symmetry [208, 209], while the Li8 cluster 

possesses a complex hypertetrahedral 𝑇𝑑 geometry [203, 210-212]. The axially-

symmetric nature of Li2 would prevent the dimer from exhibiting a dipole moment and 

therefore would be immiscible with the pure electrolyte. Alternatively, the asymmetric 

electronic structure of Li8 may enable the suspension of these clusters in an ionic fluid. 

Colloids of lithium clusters are known to form in solid LiF and Li2O crystals when 

subjected to sufficient irradiation [213-215]. Furthermore, Li8 clusters have been 

observed to be stable in LiF at temperatures up to 1143 K [216]. These reports 

demonstrated that Li clusters are stable in ionically-bound systems at temperatures 

exceeding those of the current study.  
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 The variance in reported values of the solubility limit of Li in molten LiCl is 

suspected to derive from the colloidal suspension of Li clusters in molten LiCl-Li. Should 

Li clusters exist in molten solutions of LiCl-Li, a well-defined solubility limit may not 

exist due to the dispersion mechanism of colloidal suspension in addition to physical 

dissolution. In this case, the quantity of Li that may be suspended or dispersed under a 

given set of conditions would be highly dependent upon experimental factors such as 

thermally induced mixing of the melt or mechanical agitation. 

 The conglomeration of Li atoms in the form of clusters may explain why the F- 

center model notably overestimates the electrical conductivity of the LiCl-Li system 

while accurately predicting such properties for alternative solutions of alkali metal–alkali 

halide salts [71, 83, 85]. The F- center model used to describe electron mobility in metal-

salt solutions operates on the assumption that each metal atom acts as an electron donor 

to the electronic structure of the molten system [82, 102, 160, 217]. Under this 

assumption, the melt should exhibit a rapid increase in electrical conductivity with the 

inclusion of a small concentration of electron donor atoms. Alternatively, if Li0 atoms 

suspended in molten LiCl-Li form clusters their valance electrons would be confined to 

the clusters instead of extending into shared electron states of the melt as a whole. This 

effect can therefore account for the consumption of what would be “free” electrons under 

metal saturated conditions, resulting in a suppression of the electrical conductivity of the 

melt [82, 83, 102, 103, 160, 217]. Similarly, the F- center model does not apply to 

polyvalent metal-salt solutions such as Bi-BiI3 [79, 86]. In a manner analogous to the 

proposed formation of Li clusters, metal salt solutions containing transition metals form 
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abnormally reduced complexes referred to as subhalides. The formation of these 

subhalides localizes what would otherwise be delocalized electrons causing the electron 

mobility in the melt to be lower than that predicted by the F- center model. 

 The presence of Li clusters in molten LiCl-Li may additionally elucidate the 

unattributed electrochemical phenomena exhibited by these solutions shown in Figure 

4.11. As mentioned previously, electrochemical measurements of Li in contact with 

molten LiCl exhibits two distinct electrochemical potentials [87, 94]. Furthermore, the 

alteration to the Li|Li+ open circuit potential that occurs with varying concentrations of 

Li0 in the melt is not Nernstian; it behaves as if the activity of the reduced form, Li0 is not 

unity and changes based on concentration [72]. These facts suggest that molten solutions 

of LiCl and Li contain additional Li complexes other than LiCl and Li; a hypothesis that 

has been debated without confirmation for decades [1, 73, 74, 81, 87, 91, 94, 197, 198, 

200]. It was noted that Li clusters possess significantly different ionization potentials than 

metallic Li [210, 211]; therefore they are expected to exhibit thermodynamic activity that 

is different from the metallic phase. As a result, the anomalous electrochemical properties 

of LiCl-Li can be attributed to the simultaneous existence of multiple, variable-activity Li 

phases. The multiple electrochemical potentials exhibited by Li, as well as the appearance 

of Li0 not maintaining unit activity are hypothesized to be due to the presence Li clusters 

and metallically bonded Li in physical contact with the molten solution concurrently. 

4.5 Conclusions: 

Chemical analysis of molten solutions of LiCl-Li2O-Li suggests that the solubility 

limit of Li in these melts is on the order of 0.3wt%, however these measurements yielded 
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a high degree of experimental error. A device was developed to measure the magnetic 

susceptibility of molten LiCl-Li2O-Li and approximated the solubility limit of Li in LiCl-

2wt%Li2O to be in the range of 1 wt%. The Raman spectra of molten LiCl-Li2O-Li and 

LiCl-Li were recorded in situ at 923 K. It is reported that a Raman active phase forms in 

the fused salt when Li is electrochemically reduced from Li2O in molten LiCl-Li2O, and 

the recorded spectrum was consistent with previously-reported characteristic spectrum of 

the lithium cluster Li8. These spectra were seen to be characteristic of the bulk fluid 

rather than the vapor phase that existed above the melt, and it was observed to be stable 

over a 90-minute period. The presence of a colloidal suspension of lithium clusters in the 

molten salt may explain the anomalous physical behavior of LiCl-Li solutions. 

Furthermore, should Li clusters exist in molten solutions of LiCl-Li, a well-defined 

solubility limit may not exist due to the dispersion mechanism of colloidal suspension in 

addition to physical dissolution. 
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Chapter 5 Effect of Li on the Corrosion Stainless Steel Alloy 316L 

Exposed to Molten LiCl-Li2O 

 Characterization of the effect of the presence of Li on the corrosion of stainless 

steel exposed to molten LiCl-Li2O is presented as the culmination of this dissertation. 

The results presented in this Chapter examine this effect by systematically characterizing 

the corrosion of SS316L that results from exposure to melts of varying chemistry; molten 

LiCl with varying concentration of Li2O as well as Li. These studies are found to agree 

with, and explain the findings of, Chapter 3 of this dissertation. Coupons of SS316L were 

independently exposed to dried reagent grade LiCl with 1 and 2wt%Li2O, each with 0, 

0.2, 0.4, 0.6, 0.8 or 1wt%Li for 20 hours at 650°C. 

5.1 Results and Discussion: 

5.1.2 Hardness: 

The hardness of SS316L exposed to molten LiCl-Li2O-Li was evaluated using 

micro-indentation. Indentations were made using loads of 100, 250 and 500 g to facilitate 

an analysis of the hardness as a relative function of depth. Samples were rinsed in 

methanol for 10 minutes prior to indentation to remove residual salt from the surface. The 

evaluated micro-Vickers hardness of the SS316L samples is shown in Figure 5.1. The 

hardness of an as-received sample is included for comparison.  
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Figure 5.1 Micro-Vickers hardness of SS316L samples exposed to molten LiCl-1wt%Li2O containing 

up to 1wt%Li at 650˚C for 20 hours, compared to an as-received sample. No trend in hardness is 

observed to correlate to the concentration of Li in the melt.  

 As shown in Figure 5.1, no alteration to the hardness of SS316L occurred as a 

result of 20 hours of exposure to molten LiCl-Li2O-Li, nor was a trend of hardness 

observed to correlate to the concentration of Li in the melt. A slight trend of decreasing 

hardness with increasing load is observed, however the experimental uncertainty is too 

great to make strong conclusions from this data. Further investigations are required to 
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evaluate the alteration to the mechanical properties of materials that results from 

exposure to molten LiCl-Li2O-Li. 

5.1.2 SEM / EDS: 

 SEM micrographs of SS316L following 20 hours of exposure to molten LiCl with 

1 or 2wt%Li2O, each containing 0, 0.2, 0.4, 0.6, 0.8 and 1wt%Li are shown in Figure 5.2. 

Formations with dimensions on the order of micrometers are observed on the surface of 

samples exposed to melts in the absence of Li are attributed to the presence of oxides. 

These formations are observed in greater numbers on the surface of samples exposed to 

melts containing the higher concentration of Li2O. No trend in morphological alteration 

to the material surface followed the concentration of Li in the melt with the exception of 

the samples exposed to melts containing 0.6wt%Li. The surfaces of SS316L exposed to 

melts containing 0.6wt%Li, with both 1 and 2wt%Li2O, exhibit irregular features that are 

different from the observed morphology of all other post exposure alloy surfaces.  
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Figure 5.2: SEM micrographs of the surface of SS316L subjected to 20 hours of exposure to molten 

LiCl with 1 and 2wt%Li2O, each with 0, 0.2, 0.4, 0.6, 0.8 and 1wt%Li after 2 hours of baking at 

650°C in Ar. No trend in morphology follows the concentration of Li in the melt with the exception of 

melts containing 0.6wt%Li were irregular formations are observed. 

The elemental composition as determined by EDS analysis of the surface of 

SS316L following exposure to molten LiCl with 1 and 2wt%Li2O, each with varying Li 

concentration is shown in Figures 5.3 and 5.4, respectively. The elemental composition of 

the as-received alloy as determined by EDS analysis is included for comparison, however 

EDS analysis of samples exposed to melts that did not contain Li is excluded due to the 

high concentration of O detected on these samples. The strong O signal detected on 
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samples exposed to melts that did not contain Li was found to make the trends in 

alternative elemental compositions indistinguishable. EDS was performed using 

accelerating voltages of 10kV (less penetrating) and 20kV (more penetrating) to observe 

differences in elemental composition as a function of relative depth. The content of Fe in 

the samples is observed to have varied minimally from the as-received concentration 

(recorded at 20kV), and no obvious difference in the Fe content was observed when the 

analysis was conducted at different accelerating voltages. The concentration of Cr 

detected on all samples is observed to be approximately equivalent to, or decreased from 

the as-received alloy composition. A clear distinction in Ni concentration is observed in 

EDS conducted using accelerating voltages of 10kV and 20kV. The concentrations of Ni 

on the surface of SS316L recorded using an acceleration voltage of 10kV are observed to 

be approximately half of those recorded using an accelerating voltage of 20 kV. This 

suggests that Ni is depleted from the alloy surface as a result of exposure to molten LiCl-

Li2O-Li, however no trend is observed to follow Li concentration in the melt. It is noted 

that the decreased Ni content detected at 10 kV could also be the result of enrichment in 

Cr and or Fe on the alloy surface causing the relative concentration of Ni to appear to be 

diminished.  
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Figure 5.3: Elemental composition of alloying elements Ni, Cr and Fe detected by EDX analysis of 

SS316L subjected to 20 hours of exposure to molten LiCl-2wt%Li2O with 0, 0.2, 0.4, 0.6, 0.8 and 

2wt%Li after 2 hours of baking at 650°C in Ar recorded at 25,000x magnification. Data recorded 

using acceleration voltages of 10kV and 20KV is provided to allow for relative depth profiling. The 

concentration of Cr and Fe are not significantly altered from the as-received alloy, while Ni is 

observed to be depleted from the exterior surface. 

 

Figure 5.4: Relative concentration of alloying elements Ni, Cr and Fe detected by EDX analysis of 

SS316L subjected to 20 hours of exposure to molten LiCl-1wt%Li2O with 0, 0.2, 0.4, 0.6, 0.8 and 

1wt%Li after 2 hours of baking at 650°C in Ar recorded at 25,000x magnification. Data recorded 

using acceleration voltages of 10kV and 20KV is provided to allow for relative depth profiling. Ni is 

observed to be depleted from the exterior surface. Data obtained from the surface of samples exposed 

to molten LiCl-Li2O in the absence of Li are omitted due to the large quantity of O present. 

 The composition of the surfaces of SS316L samples exposed to molten LiCl-Li2O 

containing 0.6wt%Li are anomalous compared to samples exposed to molten solutions 

containing either lower or higher concentrations of Li. The concentrations of Ni, Cr and 

Fe on the surface of SS316L exposed to molten LiCl-Li2O-0.6wt%Li appear low due to 

the relatively strong O signal detected on these surfaces by EDS. This effect was 

observed on samples exposed to melts containing 0.6wt%Li with either 1 or 2wt%Li2O. 
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The reason why these surfaces contain an increased quantity of O compared to samples 

exposed to alternative melts is currently unknown and will be studied in future.  

5.1.3 XRD: 

 Diffraction patterns recorded from a sample of SS316L exposed to a melt of LiCl-

2wt%Li2O in the absence of Li, before and after being subjected to the baking procedure, 

are shown in Figure 5.5. Multiple diffraction peaks attributed to the presence of LiCrO2 

are observed in both patterns, notably the characteristic peak from the (0,0,3) plane at 

2θ=18.4° [218]. XRD identified the presence of LiCrO2 on the surface of all samples 

exposed to molten LiCl-Li2O in the absence of Li. However, XRD analysis did not 

identify any oxide or chloride surface film on samples exposed to melts containing 

dissolved Li. XRD analyses identified phases of LiCl, LiCl-H2O, 𝛾-Fe, and α-Fe on all of 

the SS316L surfaces exposed to ternary melts of LiCl-LI2O-Li; however, no trend in the 

relative proportion of austenite to ferrite was observed by XRD as a function of Li 

concentration in the melt. Diffraction patterns indicating the presence of LiCl-H2O were 

detected on sample surfaces with various levels of intensity. The existence of hydrated 

compounds on the samples is attributed to trace amounts of atmospheric moisture 

reacting with hygroscopic LiCl during the sealing of the bag.  
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Figure 5.5: X-ray diffraction patterns obtained from a coupon of SS316L exposed to ultra-high 

purity LiCl-1wt%Li2O in the absence of Li before baking (Bottom) and after 2 hours of baking at 

650°C in Ar (Top). Diffraction from the (0,0,3) plane of LiCrO2 at 2𝜽 = 18.4˚ 2𝜽 is observed in both 

patterns. 

5.1.4 Raman: 

 Raman spectra collected from the surfaces of SS316L coupons exposed to ultra-

high purity and reagent grade melts of LiCl-1wt%Li2O in the absence of Li are shown in 

Figure 5.6. The characteristic Raman mode of LiCrO2 at ~590cm-1 is observed in both 

spectra [188]. The surface of samples exposed to melts containing metallic Li did not 

exhibit detectable Raman signal. These findings corroborate the results from XRD 
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analyses, showing that LiCrO2 is formed on the surface of SS316L exposed to molten 

LiCl-Li2O at 650°C in the absence of dissolved Li. 

 

Figure 5.6: Raman spectra obtained from the surface of SS316L exposed to ultra-high purity LiCl-

1wt%Li2O (Top) and reagent grade LiCl-1wt%Li2O (Bottom) both after baking at 650°C for 2 hours 

in Ar. The feature at approximately 590cm-1 is attributed to the presence of LiCrO2.   

5.1.5 XPS: 

 XPS survey spectra recorded from the surface of SS316L exposed to melts of 

LiCl with 1 and 2wt%Li2O, each with concentrations of Li ranging from 0 to 1wt% are 

shown in Figures 5.7 and 5.8, respectively. Signals indicating the presence of Cr, O, Cl 
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and C are detectable on the surface of samples exposed to molten LiCl-Li2O in the 

absence of Li, while Ni, Fe, Cr, O, Ti, N, C, and Cl are detectable on samples exposed to 

LiCl-Li2O melts containing Li. The presence of Ti and N on the surface of materials 

exposed to molten LiCl-Li2O-Li has been previously reported [219]. The relative 

concentration of the alloying elements Fe, Ni and Cr along with possible anions Cl and O 

detected on the separate sample surfaces by XPS are provided in Figure 5.9. It is 

observed that Cr constitutes an increasing percentage of the surface when Li is present in 

the melt at concentrations of 0.2 and 0.4wt% compared to samples exposed to melts of 

LiCl-Li2O in the absence of Li. However, the surfaces of SS316L samples exposed to 

melts containing Li in concentrations exceeding 0.4wt% possess dramatically reduced 

contents of Cr compared to those exposed to melts containing no Li, as well as 0.2 and 

0.4wt%Li. The reduction in Cr signal intensity between samples exposed to 0.4wt% and 

0.6wt%Li solutions is observed to coincide with an increase in the intensity of the Fe and 

Ni signals. The shift from surfaces primarily composed of Cr to ones consisting of Fe and 

Ni is indicative of an alteration to alloy / melt interfacial chemistry occurring at ~0.4 and 

0.6wt%Li. This effect is observed in the XPS spectra obtained from samples exposed to 

melts of LiCl containing 1 as well as 2wt%Li2O.  
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Figure 5.7: XPS survey spectra obtained from the surface of SS316L following exposure to LiCl-

1wt%Li2O with 0, 0.2, 0.4, 0.6, 0.8 and 1wt%Li at 650˚C for 20 hours after 2 hours of baking at 

650°C in Ar. Ni, Fe, Cr, O, Ti, N, C, and Cl were present in detectable quantities on samples exposed 

to LiCl-Li2O melts containing Li while only Cr, O, Cl and C were detectable on the surface of 

samples exposed to molten LiCl-Li2O in the absence of Li. A sharp decrease in the intensity of the Cr 

signal is observed between samples exposed to melts containing 0.4 and 0.6wt%Li. 
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Figure 5.8: XPS survey spectra obtained from the surface of SS316L following exposure to LiCl-

1wt%Li2O with 0, 0.2, 0.4, 0.6, 0.8 and 2wt%Li at 650˚C for 20 hours after 2 hours of baking at 

650°C in Ar. Ni, Fe, Cr, O, Ti, N, C, and Cl were present in detectable quantities on samples exposed 

to LiCl-Li2O melts containing Li while only Cr, O, Cl and C were detectable on the surface of 

samples exposed to molten LiCl-Li2O in the absence of Li. A sharp decrease in the intensity of the Cr 

signal is observed between samples exposed to melts containing 0.4 and 0.6wt%Li 

 Narrow XPS scans of the Fe 2p and Ni 2p lines recorded from a SS316L coupon 

exposed to molten LiCl-1wt%Li2O-0.2wt%Li are shown in Figure 5.10. These spectra are 

representative of the bonding of Fe and Ni observed on the surface of all samples 

following exposure to melts containing dissolved Li. The Fe 2p3/2 and Ni 2p3/2 spectra 

possess single peaks at 706.7eV and 852.8eV, respectively, indicating that these elements 

are only present in significant quantities in metallically bonded states. It is noted that 
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these spectra did not require charge correction to be peak fit in accordance with their 

metallic binding energies. This fact further indicates that the Fe and Ni being analyzed 

were metallically bonded and in electrical contact with the specimen holder. The lack of 

oxidized species of Fe or Ni on the surface of SS316L exposed to molten LiCl-Li2O-Li 

indicates that these elements do not form stable surface films under these conditions. It 

should be noted that narrow scans of the Cr 2p line obtained from the same sample 

surfaces, shown in Figure 5.11, demonstrate the presence of exclusively oxidized forms 

of Cr. Therefore, it is reported that surface films formed on SS316L in molten LiCl-Li2O-

Li, consist primarily of oxidized Cr and not Ni nor Fe. However, it is noted that it cannot 

be discerned if the metallically bonded Fe and Ni are located physically below the Cr 

surface film, or if the Cr surface film is incomplete and does not cover the sample surface 

and thus allows the metallic signal to be detected.  
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Figure 5.9: Elemental composition of alloying elements Ni, Cr and Fe and potential anions O and Cl 

detected by XPS analysis of SS316L subjected to 20 hours of exposure to molten LiCl with 1 and 

2wt%Li2O, each with 0, 0.2, 0.4, 0.6, 0.8 and 1wt%Li after 2 hours of baking at 650°C in Ar. A sharp 

decrease in Cr concentration is observed between samples exposed to melts containing 0.4 and 

0.6wt%Li 

 The ability to detect XPS signal of metallically bonded Fe and Ni on sample 

surfaces exposed to melts containing Li demonstrates that the Cr surface films formed in 

these melts are thinner than the inelastic mean free path of the Fe and Ni 2p electrons in 

these materials. This observation suggests that the surface films formed under these 

conditions are on the order of nanometers thick. Furthermore, the XPS signal of Fe and 

Ni was below the level of detection on the surfaces of SS316L coupons exposed to 

molten LiCl-Li2O solutions that did not contain metallic Li. The lack of detectable Fe or 

Ni signal indicates that thicker Cr based surface films formed when metallic Li was not 

present in the melt.  
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Figure 5.10: Fe 2p (Left) and Ni 2p (Right) spectra obtained from the surface of SS316L exposed to 

molten LiCl-1wt%Li2O-0.2wt%Li at 650°C for 20. Only metallically bonded Fe and Ni were present 

in significant quantities on the surface of samples exposed to molten LiCl-Li2O containing Li.  

 The Cr 2p XPS spectra obtained from the surface of SS316L coupons exposed to 

molten LiCl with 1 and 2wt%Li2O, each with 0, 0.2, and 0.4wt%Li are shown in Figure 

5.11. Additionally, Cr 2p XPS spectra obtained from samples exposed to ultra-high purity 

melts of LiCl-1wt%Li2O, LiCl-1wt%Li2O-0.2wt%Li and LiCl-2wt%Li2O-0.2wt%Li are 

included in Figure 5.11 to demonstrate that the films formed in reagent grade and ultra-

high purity melts are consistent. It is assumed that the LiCrO2 detected by XRD and 

Raman analysis of samples exposed to melts of LiCl with 1 or 2wt%Li2O in the absence 

of Li constitutes the predominant oxide on these sample surfaces. Under this assumption, 

the single Cr 2p XPS feature observed on these samples is attributed to the presence of 

LiCrO2. This Cr 2p3/2 feature is fit with a binding energy of 576.4eV and is in agreement 

with previously reported binding energies for LiCrO2 [220]. The Cr spectra obtained 

from samples exposed to melts containing 0.2 and 0.4wt%Li are fit with the same peak 

fitting parameters as the Cr spectra obtained from samples exposed to molten LiCl-Li2O 

in the absence of Li. Therefore, the Cr surface films observed on SS316L following 
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exposure to LiCl-Li2O with 0.2 and 0.4wt%Li are reported to consist of LiCrO2. This 

observation is in agreement with the Cr spectra obtained from samples exposed to ultra-

high purity melts of LiCl-1wt%Li2O-0.2wt%Li and LiCl-2wt%Li2O-0.2wt%Li. The 

existence of oxidized Cr on the surface of SS316L following exposure to molten LiCl-

Li2O with 0, 0.2 and 0.4wt%Li, and a lack of detectable quantities of Cr in these melts as 

determined by ICP-OES, indicates that LiCrO2 forms a stable and protective surface film 

under these conditions. It is therefore concluded that SS316L exposed to the LiCl-Li2O-

Li system can form stable LiCrO2 films despite the inclusion highly reducing metallic Li 

in the melt.  
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Figure 5.11: Cr 2p spectra obtained from the surface of SS316L subjected to 20 hours of exposure to 

molten LiCl with 1wt%Li2O (Top row) and 2wt%Li2O (Middle row), each with 0, 0.2, 0.4, 0.6wt%Li, 

as well as ultra-high purity melts of LiCl-1wt%Li2O, LiCl-1wt%Li2O-0.2wt%Li, LiCl-2wt%Li2O-

0.2wt%Li, and LiCl-1wt%Li2O-0.6wt%Li (Bottom row) after 2 hours of baking at 650°C in Ar. All 

Cr 2p spectra obtained from the surface of these samples have been fit with peak fitting parameters 

attributed to LiCrO2. 

It is hypothesized that the presence of LiCrO2 on the surfaces of SS316L exposed 

to melts containing 0.2 and 0.4wt% Li could not be detected by Raman or XRD analysis 

due to the thin nature of the surface films formed under these conditions. This hypothesis 

is supported by the previously discussed detection of XPS signal from base alloy through 

the films formed in melts containing Li. Furthermore, as presented subsequently, XPS 

depth profiling demonstrated that the films formed in the presence of dissolved Li are on 
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the order of 10s of nm thick. Films of this thickness are not expected to be detectable by 

Raman or XRD analysis. 

 XPS analysis of Fe, Ni and Cr bound on the surface of samples exposed to melts 

containing 0.8 and 1wt%Li demonstrated nearly exclusively metallic bonding. As 

previously stated, the quantities of these elements that leached into melts containing 0.8 

and 1wt%Li were below the level of detection by ICP-OES analysis. Therefore, neither 

the LiCrO2 surface films formed on SS316L exposed to melts containing less than 

0.6wt%Li, nor the metallic surfaces formed in melts containing greater 0.6wt%Li resulted 

in detectable leaching of alloying elements into the melt. It is hypothesized that the 

oxidation processes that must occur prior to the solvation of alloying elements by the 

ionic molten salt do not occur when sufficient concentrations of Li are present in the 

melt. This would suggest that material interactions with the molten LiCl-Li2O-Li system 

are governed by separate mechanisms depending on the content of Li in the melt. At low 

Li concentrations the oxidizing nature of dissolved O2- allows for the formation of stable 

LiCrO2 films. Alternatively, the oxidation of alloying elements does not occur when the 

melt is sufficiently reducing due to the presence of high quantities of Li.  

 Data obtained from ICP-OES, SEM, EDS and XPS analyses suggest that an 

intermediate regime between electrochemical oxidation and liquid metal type effects may 

exist when approximately 0.6wt%Li is present in molten LiCl-Li2O. As stated previously, 

Cr leaching only occurred in melts containing 0.6wt%Li. Additionally, SEM analysis 

demonstrated that irregular surface features formed on SS316L exposed to these melts, as 

shown in Figure 5.2, while EDS detected a skewed concentration of alloying elements on 
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these sample surfaces. Furthermore, the shift in surface chemistry demonstrated by XPS 

to occur at 0.6wt%Li, from oxidized Cr to metallically bonded Fe, Ni and Cr strongly 

indicates a shift in alloy-melt interfacial chemistry. Thus, it is proposed that the 

competition between electrochemical and liquid metal effects may to lead to the 

instability and dissolution of partially formed surface films when approximately 

0.6wt%Li is present in the melt.  

 Figure 5.12 shows XPS spectra obtained from the surface of a SS316L coupon 

exposed to molten LiCl-2wt%Li2O-0.4wt%Li with and without being subjected to 30 

seconds of Ar ion sputtering. For comparison, at the current density employed in this 

study, 30 seconds of Ar sputtering was observed to remove 3.5nm of Ta2O5. It is 

observed that the relative signal of spectral features of Cr and O2- varied minimally when 

subjected to the sputtering, while the binding energy state of the O 1s spectra attributed to 

OH- bonding is observed to have reduced considerably. The presence of OH- bonding on 

the exterior of the sample surface is attributed to hygroscopic LiCl reacting with minor 

quantities of moisture during the transfer of the sample from the glove box to the XPS 

vacuum chamber. This result is similar in effect to the detection of LiCl-H2O by XRD. 

While the presence of moisture may alter the exterior salt on the sample surfaces, the 

removal of the majority of OH- bonding with 30 seconds of sputtering demonstrates that 

this degradation does not penetrate more than a few nanometers into the material surface. 

The minimal difference in the Cr spectra obtained from the surface before and after 

sputtering, shown in Figure 5.12, demonstrates that the LiCrO2 surface film is beneath the 

moisture affected LiCl, and largely unaffected by the presence of OH-.  
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Figure 5.12: XPS spectra obtained from the surface of SS316L exposed to molten LiCl-2wt%Li2O-

0.4wt%Li at 650˚C for 20 hours after 2 hours of baking at 650°C in Ar before sputtering (Top), and 

after subjecting the surface to 30 seconds of Ar ion sputtering (Bottom). The application of Ar 

sputtering is observed to have removed the majority of the OH- bonding from the sample surface, 

without impacting the Cr 2p or O2- signals. It is therefore reported that the LiCrO2 film is beneath, 

and unaffected by the presence of OH-. 

The XPS survey spectra obtained from samples of SS316L independently exposed 

to molten LiCl with 1 and 2wt%Li2O, each with 0, 0.2, 0.4, 0.6, 0.8 and 1wt%Li at 650˚C 

for 20 hours, following 5 minutes of Ar ion sputtering, are shown in Figures 5.13 and 

6.14, respectively. The relative concentrations of Ni, Cr and Fe on these sample surfaces, 

as detected by XPS following 5 minutes of Ar ion sputtering, are shown in Figure 5.16. 
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For reference, at the current density employed in this study 5 minutes of Ar sputtering 

was observed to remove 35nm of Ta2O5. It can be observed that the surfaces of the 

samples exposed to molten LiCl with 1 and 2wt%Li2O in the absence of metallic Li are 

primarily comprised of Cr, O and Cl. This indicates that the layer of LiCrO2 formed on 

SS316L during 20 hours of exposure to molten LiCl-Li2O at 650°C is at least 35 nm 

thick. The detection of Cl on samples following sputtering is expected due to the 

micrometer dimension islands of LiCl that remain on the sample surface following the 

baking procedure. While a minor signal of the Fe 2p line was detectable on the surface of 

SS316L exposed to LiCl-1wt%Li2O following 5 minutes of sputtering, the signal was 

below the level of detection on the sample exposed to LiCl-2wt%Li2O. This indicates that 

oxide films formed in melts containing higher concentrations of Li2O are thicker, as 

expected.  
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Figure 5.13: XPS survey spectra obtained from SS316L following exposure to LiCl-1wt%Li2O with 

0, 0.2, 0.4, 0.6, 0.8 and 1wt%Li at 650˚C for 20 hours after 2 hours of baking at 650°C in Ar and 

being subjected to 5 minutes of Ar ion sputtering. The surface of SS316L exposed to LiCl-1wt%Li2O 

in the absence of Li is comprised of Cr and O, while samples exposed to melts containing Li are 

primarily comprised of Fe, and Ni with minor quantities of Cr and O detectable. 

 

 

 



193 

 

 

Figure 5.14: XPS survey spectra obtained from SS316L following exposure to LiCl-2wt%Li2O with 

0, 0.2, 0.4, 0.6, 0.8 and 1wt%Li at 650˚C for 20 hours after 2 hours of baking at 650°C in Ar and 

being subjected to 5 minutes of Ar ion sputtering. The surface of SS316L exposed to LiCl-2wt%Li2O 

in the absence of Li is comprised of Cr and O, while samples exposed to melts containing Li are 

primarily comprised of Fe, and Ni with minor quantities of Cr and O detectable. 

After being subjected to 5 minutes of Ar sputtering the surface of all samples 

exposed to melts containing Li consist primarily of Fe, Ni, Cr and Cl. It is observed that 

the concentration of Cr on the surface of SS316L is diminished, after sputtering, 

compared to the as-received alloy following exposure to melts containing Li. The 

depletion of Cr is observed to have occurred as a result of exposure to all molten 

solutions containing Li. The content of Cr in SS316L exposed to molten LiCl-1wt%Li2O-
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0.6wt%Li was found be below the level of detection indicating that severe leaching of Cr 

occurred during exposure of the alloy to this melt. This result is in agreement with the 

high level of Cr leaching that occurred during exposure of SS316L to the LiCl-

1wt%Li2O-0.6wt%Li melt detected by ICP-OES analysis.   

 

Figure 5.15: Elemental composition of alloying elements Cr, Ni and Fe as determined by XPS 

analysis of SS316L exposed to molten LiCl with 1 and 2wt%Li2O, each with 0, 0.2, 0.4, 0.6, 0.8 and 

1wt%Li for 20 hours after 2 hours of baking at 650°C in Ar and being subjected to 5 minutes of Ar 

ion sputtering. It is observed that the surface of all samples exposed to molten LiCl-Li2O-Li are 

depleted of Cr. Additionally, samples exposed to melts containing greater than 0.6wt%Li are 

enriched in Ni. Data obtained from the surface of samples exposed to molten LiCl-Li2O in the 

absence of Li are omitted due to the large quantity of O present.  

XPS analysis of the surface of SS316L coupons exposed to molten LiCl-Li2O-Li 

following 5 minutes of sputtering demonstrates a trend of increasing Ni content with 

increasing Li concentration in the melt. The concentration of Ni detected on samples 

exposed to molten solutions containing 0.2 and 0.4wt%Li is observed to be 

approximately that of the as-received alloying composition. However, the Ni 

concentration on the surface of samples exposed to melts containing 0.8 and 1wt%Li 

following five minutes of sputtering is observed to be nearly double the as-received 

composition. This observation is suspected to be due to two potential effects: preferential 

alloying of Ni by molten Li, or electroless plating of Ni from the crucible to the sample 

through the melt. Preferential leaching of Ni from austenitic stainless steels is known to 
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be the primary mode of degradation of these materials under exposure to molten Li [112, 

127, 221]. The increased concentration of Ni observed on samples exposed to melts 

containing greater than 0.6wt%Li may indicate that metallic Li existed on the surface of 

these samples during the exposure, resulting in an analogous mode of degradation. 

Alternatively, it is possible that melts containing high concentrations of Li form electrical 

pathways between the Ni crucible and the samples. Such an electrical connection may be 

formed via a transformation of the melt to a metallically conductive state [102, 160, 217] 

or by the formation of a float of metallic Li on the surface of the melt. Should either of 

these scenarios occur, then the electroless transport of Ni from the crucible to the sample 

surface is possible. Further investigations are required to discern between these two 

mechanisms.  

5.2 Conclusions: 

 The corrosion of stainless steel alloy 316L exposed to molten LiCl containing 

various concentrations of Li2O and Li was investigated. Drying LiCl at 550˚C for two 

hours prior to the addition of Li2O and Li was found to suppress preferential leaching of 

Cr and Mo from the alloy. LiCrO2 was observed on SS316L exposed to molten LiCl 

containing 1 and 2wt%Li2O, as well as LiCl-Li2O containing 0.2 and 0.4wt%Li. The 

observation of LiCrO2 formed in melts containing the strong reducing agent, metallic Li, 

indicates that material interactions with molten LiCl-Li2O containing low quantities of Li 

are governed by electrochemical oxidation effects, and that corrosion of SS316L under 

these conditions is governed by the formation and stability of protective surface films. 

Alternatively, the surfaces of samples containing concentrations of Li exceeding 0.6wt% 
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were observed to not possess oxidized surface films, suggesting that these molten 

solutions were sufficiently reducing to suppress nearly all oxidation of the alloy. The 

surface of SS316L exposed to molten solutions containing 0.8 and 1%Li were enriched in 

Ni indicating effects similar to those resulting from exposure to liquid lithium had 

occurred. Molten solutions containing 0.6wt%Li were found to result in unstable 

surfaces, and leached Cr from the alloy.   
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Chapter 6 Electroless Deposition of Titanium Compounds on Stainless 

Steel Alloy 316L in Molten LiCl-Li2O-Li 

 The electroless deposition of Ti compounds was observed during the course of 

characterizing material interactions with molten LiCl-Li2O-Li. Characterization of these 

compounds, and the dependence of their chemical composition on variations in LiCl-

Li2O-Li melt composition was conducted using X-ray photoelectron spectroscopy. 

Ironically, despite being present as impurities in the system, characterization of these 

compounds yields important information demonstrating the ternary nature of the LiCl-

Li2O-Li system.  

6.1 Introduction: 

The formation of Ti compounds on material surfaces during static exposure 

testing is hypothesized to be the result of electroless plating of Ti, present as an impurity, 

by metallic Li present in the melt. Previous research demonstrated that reduction of TiO2 

to metallic Ti in molten LiCl-Li2O proceeds through the formation of multiple 

intermediate compounds, namely LiTi2O4, LiTiO2, TiO and Ti2O [33, 222]. Alternative 

research investigating Li intercalation into TiO2 has demonstrated the formation of non-

stoichiometric Li1+xTi2-xO4 [223, 224]. This partially reduced form of TiO2 exhibits a 

spinel structure with a mixture of Ti3+ and Ti4+ oxidation states, i.e. the value of x, 

depending upon the extent of Li intercalation. Similar non-stoichiometric transition metal 

doped TiO2 materials have been formed in molten lithium salts [225]. Furthermore, TiO2 

reduces through a purely trivalent intermediate compound of Ti3+, LiTiO2, in the presence 

of an excess of Li [226]. Finally, it has been demonstrated that Ti3SiC2 corrodes via the 

formation of Li2TiO3 in the presence of molten LiCl-KCl [227].  
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In this work, the Ti compounds formed on the surface of stainless steel alloy 316L 

(SS316L) as a result of exposure to molten LiCl-Li2O-Li are investigated using X-ray 

photoelectron spectroscopy. Characterization of these films was conducted as a function 

of Li2O concentration in the melt in an attempt to understand the dependence of surface 

chemistry on the activity of O2- in molten solutions.  

 Samples of SS316L were independently exposed to molten LiCl-2wt%Li2O 

containing no Li, as well as LiCl containing 0.4wt% metallic Li and either 0, 1, 2, 3 or 

4wt%Li2O for 20 hours at 650ºC. The precursor chemicals of LiCl, Li2O and Li, were 

investigated for Ti impurities by ICP analysis of aqueous solutions of these chemicals. 

The solutions were analyzed before and after being adjusted to a pH of 13 and 1 through 

the addition of NaOH and HCl, respectively, to ensure complete dissolution of all Ti 

compounds. The reported concentrations of Ti in these chemicals are the maximum 

values obtained through this analysis. All identified concentrations resulted in relative 

standard deviations less than 5%. The Ti 2p3/2 and 2p1/2 lines were fit using peak fitting 

parameters shown in Table 6.1 for spectral features attributed to the presence of Ti4+, 

Ti3+, and TiN. 

Table 6.1 XPS fitting parameters used in the devolution of the Ti 2p spectra. 

Element Label BE (eV) FWHM (eV) 

Ti 2p3/2 

 

TiN 

Ti3+  

Ti4+ 

455.3 

456.5 

458.5 

 

1.5 

1.6 

1.8 

Ti 2p1/2 

 

TiN  

Ti3+  

Ti4+ 

460.9 

462.4 

464.2 

1.6 

1.6 

1.9 
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6.2 Ti Compounds Formed as a Function of Li2O Concentration: 

 The concentration of Ti in LiCl and Li was below the level of detectability by 

ICP-OES; however the impurity level of Ti in Li2O was 0.03at%. While this quantity of 

impurity Ti is high, it is considered an appropriate impurity level for industrial scale 

processes. With a total surface area of approximately 68 cm2 of material exposed to the 

melt, including two SS316L samples and the Ni crucible, the amount of Ti in the 0.5 g of 

Li2O in a LiCl-1wt%Li2O solution can be calculated to constitute a uniform deposited 

film thickness of ~10 nm. The formation of Ti films on this order of magnitude is 

sufficient for detection by XPS analysis yet it is likely below the level of detection by 

alternative analytical techniques.  

 XPS survey spectra obtained from the surface of SS316L following 20 hours of 

exposure to LiCl-2wt%Li2O-0.4wt%Li, LiCl-2wt%Li2O-0wt%Li, and LiCl-0wt%Li2O-

0.4wt%Li, are shown in Figure 6.1. It is observed that the surfaces of all samples show 

the presence of Cr, O, C and Cl. However, Ti and N signals are seen only in the spectrum 

when the molten solution contained both Li2O and Li.  
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Figure 6.1 XPS survey spectra obtained from the surface of SS316L following exposure to (Top) 

LiCl-2wt%Li2O-0.4wt%Li, as well as (Middle) LiCl-2wt%Li2O in the absence of Li, and (Bottom) 

LiCl-0.4wt%Li in the absence of Li2O at 650˚C for 20 hours. Cr, O, C, and Cl are detectable on 

samples exposed to binary LiCl-Li2O and LiCl-Li melts, while Ti and N are additionally detectable 

on the surface of samples exposed to ternary LiCl-Li2O-Li melts. 

 To study the effect of O2- activity on surface chemistry, samples were exposed to 

solutions of LiCl-xwt%Li2O-0.4wt%Li, where x was 1, 2, 3, or 4. The Ti 2p spectra 

obtained from the surfaces of coupons of SS316L exposed to molten LiCl with 1, 2, 3 and 

4 wt%Li2O, each containing 0.4wt%Li, are shown in Figures 6.2-5. These spectra each 

contain three features attributed to the presence of Ti4+, Ti3+, and TiN for the Ti 2p3/2 and 

2p1/2 lines. The Ti4+ feature at 458.5 eV is suspected to be derived from TiO2, Li2TiO3, 

and or the Ti4+ bonding state in Lix+1Ti2-xO4. The intermediate binding energy feature 

observed at 456.5 eV, labeled Ti3+, is attributed to the trivalent state of Ti in either 
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Lix+1Ti2-xO4 or LiTiO2, and is in agreement with previous studies of these materials [228-

230]. The lowest binding energy peak (455.5 eV) is attributed to the presence of TiN, and 

is fit using binding energy and FWHM parameters obtained from a commercial standard 

of this material.  

 

Figure 6.2: Ti 2p spectrum obtained from the surface of SS316L exposed to molten LiCl-1wt%Li2O-

0.4wt%Li at 650°C for 20 hours. Three peaks attributed to the presence of Ti4+, Ti3+, and TiN are 

observed. TiN constitutes the majority of Ti bonding on the sample surface 
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Figure 6.3: Ti 2p spectrum obtained from the surface of SS316L exposed to molten LiCl-2wt%Li2O-

0.4wt%Li at 650°C for 20 hours. Three peaks attributed to the presence Ti4+, Ti3+, and TiN are 

observed. 
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Figure 6.4: Ti 2p spectrum obtained from the surface of SS316L exposed to molten LiCl-3wt%Li2O-

0.4wt%Li at 650°C for 20 hours. Three peaks attributed to the presence of Ti4+, Ti3+, and TiN are 

observed. 

 

Figure 6.5: Ti 2p spectrum obtained from the surface of SS316L exposed to molten LiCl-4wt%Li2O-

0.4wt%Li at 650°C for 20 hours. Three peaks attributed to the presence of Ti4+, Ti3+, and TiN are 

observed. Ti4+ is observed in significantly higher concentration compared to the more reduced 

species of Ti. 
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 The N 1s spectra recorded from the surface of SS316L samples exposed to molten 

LiCl containing 0.4wt%Li with either 1, 2, 3 or 4wt%Li2O are shown in Figure 6.6. The 

N 1s spectrum obtained from a standard of TiN is included in Figure 6.6 for reference. 

While slight variations in the peak position of the N 1s line is observed, all peaks possess 

binding energies in the range of nitride bonding [231]. The variation in peak position is 

attributed to the non-ideal yet unavoidable method of internal charge correction used in 

this study. 

 

Figure 6.6: N 1s spectra obtained from the surface of SS316L exposed to molten LiCl with 1, 2, 3, and 

4wt%Li2O, each with 0.4wt%Li, at 650°C for 20 hours. 

 As noted in Chapter 2, gas chromatography analysis measured the concentration 

of N2 to be 2% of the Ar glove box atmosphere in which the experiment was conducted. 

The formation of TiN from Ti contacting N2 at 650ºC is thermodynamically favorable 

[232]; a fact that is indicated by the Ti-N phase diagram [233]. At high temperatures, Ti 
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is known to be an effective getter of nitrogen and has been used extensively to remove 

impurity nitrogen from both liquid Li as well as Ar gas [234]. However, it has been 

reported that the electrochemical formation of TiN in molten LiCl-KCl-Li3N at 500ºC 

requires anodic polarization at potentials exceeding +0.4 V vs Li|Li+; potentiostatic 

polarization of Ti at +0.4 V vs Li|Li+ was found to be insufficient to form a TiN surface, 

and polarization at +0.8 V vs Li|Li+ resulted in a well-developed TiN film [235, 236]. 

The need to anodically polarize Ti in order to reduce Li3N and form TiN suggests that 

Li3N is more stable than TiN in molten LiCl salt environments. It is noted that these 

studies were conducted at lower temperature than those considered in the current study 

(500°C vs 650°C in the present study). However, they provide an insight into the relative 

stability of these substances in molten salt environments. This is counter to the liquid Li 

metal system were Ti is known to be a getter for nitrogen from Li due to the lower free 

energy of TiN compared to Li3N in liquid Li at 650˚C [158]. The observation of TiN on 

the surface of SS316L exposed to molten LiCl-Li2O-Li in the current study suggests that 

TiN forms to some degree in the presence of molten LiCl-Li2O-Li, and that these systems 

possess some thermodynamic qualities analogous to liquid metal environments.  

The bonding of Ti on the surface of SS316L exposed to molten LiCl-Li2O-Li was 

characterized with varying Li2O concentration in the melt to investigate the chemistry of 

the surface films formed in melts of varying O2- ion activity. The Ti species that are not 

identified as TiN on the surface of SS316L in the current study are attributed to the 

presence of lithium titanium oxides (Li-Ti-O) with a mixture of Ti4+ and Ti3+ valance 

states. It is suggested that the relative concentration of Ti4+ and Ti3+ in the Li-Ti-O 
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formed in a given molten solution of LiCl-Li2O-Li is governed by the redox properties of 

the melt. In a manner similar to the well accepted Lux-Flood model of molten salt 

basicity (pO2- defined as the negative log of the O2- ion activity) molten LiCl-Li2O 

solutions containing higher concentrations of Li2O are expected to favor the formation of 

Li-Ti-O containing more oxidized species of Ti.[125] Quantification of the percentages 

of the Ti 2p spectra on the surface of SS316L exposed to LiCl-xwt%Li2O-0.4wt%Li 

(where x=1, 2, 3 or 4) attributed to Ti4+, Ti3+, and TiN is shown in Figure 6.7. As 

expected, the percentage of the Ti spectra attributed to the higher oxidation state of Ti4+ is 

observed to increase with increasing Li2O concentration (O2- ion activity) in the melt. 

This observation demonstrates the dependence of the nature of the Li-Ti-O on the redox 

properties of the molten solution, favoring more reduced forms in the presence of lower 

O2- ion activity. The concentration of Li2O in the melt was found to additionally affect 

the propensity to form TiN compared to Ti oxides. The percent of the Ti spectra 

attributed to TiN is observed to be highly dependent upon the Li2O concentration at low 

O2- activity, yet this effect is lower in melts with higher Li2O concentrations. 

Alternatively, the percentage of Ti3+ in the Li-Ti-O is less dependent on the activity of the 

O2- ion in the melts with low O2- activity, but becomes increasingly dependent on the O2- 

activity as the activity increases. 
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Figure 6.7: The percentage of the Ti 2p spectra observed on the surface of SS316L exposed to molten 

LiCl-0.4wt%Li with 1, 2, 3 and 4wt%Li2O attributed to the existence of Ti4+, Ti3+, and TiN. TiN 

exists in the highest concentration on the sample exposed to LiCl-1wt%Li2O-0.4wt%Li, while Ti4+ 

constitutes the majority of Ti bonding on all other sample surfaces. A decrease in the concentration 

of the reduced forms of Ti, Ti3+, and TiN, is observed with an increase in the concentration of Li2O in 

the melt. 

It is therefore reported that the activity of the O2- ion affects the electrochemistry 

of the LiCl-Li2O-Li system despite the presence of the strong reducing agent metallic Li. 

Alternatively, the formation of TiN in molten LiCL-Li2O containing metallic Li is 

suspected to be a liquid Li metal effect. These observations highlight the ternary nature of 

the LiCl-Li2O-Li solution chemistry. It is proposed that the chemical properties of the 

LiCl-Li2O-Li system and material interactions with these melts are governed by the 

relative concentrations of Li2O and Li dissolved in the melts.   
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6.3 Interactions of TiO2 with Molten LiCl-Li2O-Li: 

 Control experiments were conducted using TiO2 to verify that the formation of 

TiN occurred as a result of exposure of Ti compounds to molten LiC-Li2O-Li. Sample 

coupons of TiO2 were independently exposed to molten LiCl-2wt%Li2O-0wt%Li, and 

LiCl-2wt%Li2O-0.4wt%Li at 650°C for 20 hours. The sample of TiO2 exposed to molten 

LiCl-2wt%Li2O-0wt%Li was found to have completely dissolved into the melt during the 

period of exposure. Images of the TiO2 samples exposed to molten LiCl-2wt%Li2O-

0wt%Li, and LiCl-2wt%Li2O-0.4wt%Li are shown in Figure 6.8. The material shown on 

the right in Figure 6.8 is the portion of the sample that was physically above the melt of 

LiCl-2wt%Li2O-0wt%Li and never exposed to the molten solution. The sample on the 

left in Figure 6.8 is the portion of the TiO2 sample that was submerged in molten LiCl-

2wt%Li2O-0.4wt%Li and was cut off the sample holder for XPS analysis. Small deposits 

of residual salt are observable on this sample while the majority of the surface is visibly 

not corroded. The complete dissolution of the TiO2 sample exposed to molten LiCl-

2wt%Li2O-0wt%Li, and the lack of visible corrosion on the sample exposed to molten 

LiCl-2wt%Li2O-0.4wt%Li indicates that the solution chemistry changes drastically when 

metallic Li is present in the melt. This change in solution chemistry is hypothesized to 

result in a shift in the affinity of the melt to dissolve Ti compounds. This hypothesis is 

supported by the presence of Ti on SS316L samples exposed to molten LiCl-Li2O that 

contained metallic Li, and the absence of Ti on samples exposed to molten LiCl-Li2O that 

did not contain Li.  
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Figure 6.8: An image (Right) TiO2 following exposure to LiCl-2wt%Li2O, and (Left) a TiO2 sample 

exposed molten LiCl-2wt%Li2O-0.4wt%Li each for 20 hours at 650°C. The sample exposed to LiCl-

2wt%Li2O-0.4wt%Li was cut for XPS analysis but was visually unaffected by exposure to the molten 

solution containing metallic Li. The sample exposed to LiCl-2wt%Li2O in the absence of Li failed at 

the interface with the melt. 

 XPS analysis was conducted on the sample of TiO2 exposed to LiCl-2wt%Li2O-

0.4wt%Li, as well as a coupon of TiO2 that was not exposed to molten salt, but baked in 

the manner used to remove salt from sample surfaces (two hours at 650˚C in the glove 

box atmosphere). The XPS survey spectra obtained from the surface of TiO2 exposed to 

molten LiCl-2wt%Li2O-0.4wt%Li for 20 hours, and the sample that was baked in the 

glove box without exposure to the molten solution are shown in Figure 6.9. Signal of the 

N 1s line is clearly visible in the spectrum obtained from the surface of TiO2 exposed to 

molten LiCl-2wt%Li2O-0.4wt%Li; however, the nitrogen was below the level of 

detectability on the surface of TiO2 subjected to the baking procedure. This observation 

clearly demonstrates that bonding of nitrogen to the surface of TiO2, as well as the 

formation of TiN on the surface of SS316L exposed to molten LiCl-Li2O-Li, occurred in 

the melt and not as a result of the baking procedure. The presence of nitrogen on the 
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sample of TiO2 exposed to molten LiCl-2wt%Li2O-0.4wt%Li was confirmed by EDS, as 

shown in Figure 6.10.   

 

Figure 6.9: XPS survey spectra obtained from the surface of (Top) TiO2 following exposure to LiCl-

2wt%Li2O-0.4wt%Li, and (Bottom) a TiO2 sample not exposed to molten salt but baked at 650°C for 

two hours in the glove box atmosphere. The presence of N on the surface of TiO2 exposed to molten 

LiCl-Li2O-Li and not on the sample baked in the glove box demonstrates that the formation of TiN 

occurs in the molten solutions and not during the post exposure treatment.   
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Element Wt% At% 

C K 2.68 6.86 

N K 5.08 11.16 

O K 19.04 36.62 

Ti K 70.61 45.36 

 

6.4 Ti Compounds Formed as a Function of Li Concentration: 

 The Ti compounds formed on SS316L in molten LiCl-Li2O-Li were further 

characterized as a function of Li concentration in the melt. SS316L was exposed to LiCl-

2wt%Li2O containing concentrations Li between 0.2 and 1wt%, in 0.2wt% increments. 

SS316L samples were subjected to the same exposure conditions as in the Section 5.2 

with this exception of the change in melt compositions studied. The Ti 2p XPS spectra 

obtained from the surfaces of SS316L samples exposed to molten LiCl-2wt%Li2O 

containing up to 1wt%Li are shown in Figure 6.11. These spectra were curve fit using the 

previously discussed fitting parameters attributed to the presence of Ti4+, Ti3+, and TiN.  

Figure 6.10 SEM micrograph and elemental composition obtained from EDS analysis of TiO2 

exposed to molten LiCl-2wt%Li2O-0.4wt%Li at 650°C for 20 hours. N was present on the sample 

surface at every location analyzed.  
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Figure 6.11: Ti 2p XPS spectra obtained from the surface of SS316L exposed to molten LiCl-

2wt%Li2O containing 0.2, 0.4, 0.6, 0.8 and 1wt%Li at 650°C for 20 hours. The spectra are fit with 

three peaks attributed to the presence of Ti4+, Ti3+, and TiN.  

 As shown in Figure 6.11, with the exception of the sample exposed to LiCl-

2wt%Li2O-0.6wt%Li, the spectra obtained from each SS316L sample exposed to molten 
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LiCl-Li2O containing between 0.2 and 1wt%Li exhibit spectral features of Ti4+, Ti3+, and 

TiN. It is important to note that TiN is present on the surface of SS316L exposed to 

molten LiCl-Li2O containing 0.2wt%Li. As discussed in Chapter 4, 0.2wt%Li is below 

the limit of physical dissolution in LiCl at 650°C. The formation of TiN (attributed to a 

liquid metal induced reaction) in molten solutions of LiCl-Li2O containing Li below 

0.3wt% is a strong indication that physically dissolved Li facilitates liquid metal type 

chemical reactions. Should this hypothesis be correct it would have a dramatic impact on 

the understanding of material interactions with molten solutions of LiCl-Li2O-Li. Further, 

it is proposed that this observation may support the contested theory of electron 

delocalization in metal salt solutions [82, 84, 217]. More in depth investigations of these 

effects are required to validate such observations.  

 The Ti 2p spectrum recorded from SS316L exposed to molten LiCl-2wt%Li2O-

0.6wt%Li was characterized by a single feature indicating presence of exclusively Ti4+. 

As discussed in more detail in the following chapter, corrosion studies conducted in melts 

containing 0.6wt%Li where observed to exhibit anomalous results due to a shift in melt 

chemistry that occurs at approximately this melt composition. It is proposed that the 

mechanism for why 0.6wt%Li deviates from this trend is the transition between the 

electrochemical and liquid metal controlled regimes discussed in Chapter 5.  

 The variation in the percentage of the Ti 2p spectra attributed to the presence of 

Ti4+, Ti3+, and TiN on the surface of SS316L as a function of Li in the melt is shown in 

Figure 6.12.  The data obtained from the sample exposed to molten LiCl-2wt%Li2O-
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0.6wt%Li was excluded from this analysis due to the previously discussed anomalous 

characteristics of melts containing 0.6wt%Li.  

 

Figure 6.12: The percentage of the Ti 2p spectra obtained from the surface of SS316L exposed to 

molten LiCl-2wt%Li2O containing 0.2, 0.4, 0.6, 0.8 and 1wt%Li at 650°C for 20 hours attributed to 

the existence of Ti4+, Ti3+, and TiN.  

 As shown in Figure 6.12, an unexpected trend of increasing the ratio of Ti4+ to 

Ti3+ is observed to coincide with increasing Li concentration in the melt. This result 

indicates for the first time that a synergistic relation between Li and Li2O dissolved in 

molten LiCl may exist. As previously discussed, the ratio of Ti4+ to Ti3+ in a given 

lithium titanium oxide is related to the basicity of the environment in which it was 

formed. It was demonstrated in Section 5.2 that the ratio of Ti4+ to Ti3+ in lithium 

titanium oxides formed in molten LiCl-Li2O-Li (containing a fixed concentration of Li) 

increases with increasing melt basicity. The results shown in Figure 6.12 suggest that an 
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increase in Li concentration in the melt has a similar effect, increasing the ratio of Ti4+ to 

Ti3+. Should this result be an accurate interpretation of the true melt chemistry, it could 

be described as the Li concentration in the melt affecting the affinity of the melt to donate 

O2- ions to the Ti system. Specifically, this would indicate that the activity of Li in the 

melt is affects the activity of the O2- ion.  

 It is noted that this is strong conclusion based on a single set of results, and that 

alternative hypotheses can be proposed to explain these observations. For example, the 

results shown in Figure 6.12 could be explained by Li present in the melt reacting with 

atmospheric O2 (less than 5ppm in the glove box) to increase the Li2O concentration in 

the melt. Further investigations are required to validate these potential mechanisms.  

6.5 Conclusions: 

 The electroless deposition of Ti compounds on the surface of stainless steel alloy 

316L exposed to molten solutions of LiCl-Li2O-Li was demonstrated using X-ray 

photoelectron spectroscopy. Three binding energy features of Ti were observed on the 

surface of the samples and are attributed to the presence of Ti4+, Ti3+ and TiN. The 

formation of TiN in the presence of Li and N2 is similar to liquid Li environments and 

counter to molten LiCl salt systems. Additionally, it was demonstrated that the proportion 

of Ti3+ and Ti4+ observed in the form of lithium titanium oxides on the sample surfaces 

was dependent on the concentration of Li2O in the molten solutions. Coupons of TiO2 

were exposed to molten LiCl-2wt%Li2O and LiCl-2wt%Li2O-0.4wt%Li at 650°C for 20 

hours. It was observed that the TiO2 sample exposed to the melt that did not contain 

metallic Li dissolved during this period of exposure while the sample exposed to the 
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molten solution containing Li was visually unaffected. Furthermore, N was observed on 

the surface of TiO2 exposed to molten LiCl-2wt%Li2O-0.4wt%Li indicating that liquid 

metal type reactions occurred to some extent in the melt. Therefore, it is reported that 

while the activity of O2- plays a role in the electrochemistry of molten solutions of LiCl-

Li2O-Li, chemical reactions analogous to liquid Li systems may also occur in these 

systems. Characterization of the Ti compounds formed in melts containing varying Li 

concentrations provided the first evidence of a synergistic effect between dissolved Li 

and Li2O.  
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Chapter 7 Conclusions and Future Work 

7.1 Conclusions: 

 The molten ternary LiCl-Li2O-Li system has been studied both in terms of its 

physical chemistry and the ways in which it interacts with materials. Published literature 

on the electrolytic reduction of actinide oxides was reviewed with an emphasis on the 

role that metallic Li plays in the process. It was concluded that the physical chemistry of 

Li in these systems is not well understood and that multiple physical properties of the 

LiCl-Li2O-Li system were unattributed. Furthermore, literature review demonstrated that 

a knowledge gap existed prior to this study regarding to what extent material interactions 

with molten LiCl-Li2O-Li are governed by electrochemical and or liquid metal 

mechanisms. 

 Experimental methodologies were developed to study the degradation of materials 

that occurs as a result of exposure to molten LiCl-Li2O-Li. Development of an 

experimental apparatus for exposing materials to molten LiCl-Li2O-Li at 650°C for 

extended periods of time in accordance with the highest degree of corrosion testing rigor 

was achieved. Ni crucibles were shown to exhibit a low and uniform level of corrosion 

when used to contain melts of varying Li concentration. Finally, methodologies were 

established for analyzing surface films formed in molten LiCl-Li2O-Li using X-ray 

photoelectron, energy dispersive X-ray and Raman spectroscopies, as well as X-ray 

diffraction and electron microscopy.  
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 Evaluation of the miscibility of Li with molten LiCl was completed using 

chemical, magnetic and spectroscopic analysis. Chemical analysis of the amount of Li 

that was present in quenched samples of LiCl-Li2O-Li indicated that the limit of physical 

dissolution of Li in LiCl is approximately 0.3wt% at 650°C and nearly independent of 

Li2O concentration. A device capable of measuring the magnetic susceptibility of molten 

LiCl-Li2O-Li was designed to quantify the concentration of Li at which the magnetic 

susceptibility became independent of the addition of further Li. The results obtained from 

this technique approximated the solubility limit of Li in LiCl-2wt%Li2O to be 1wt% at 

650°C. Finally, an optical system was developed for simultaneously conducting in situ 

Raman spectroscopy and electrochemical studies in molten LiCl-Li2O-Li. This system 

was used to observe the spectroscopic signature of the Li nanocluster Li8 in molten LiCl-

Li2O-Li. This finding indicates that molten solutions of Li and LiCl are nanofluid-type 

suspensions of Li8 in a LiCl matrix. This mechanism of dispersion is theorized to be 

separate from the quantity of Li that can be physically dissolved in LiCl at 650°C 

(approximately 0.3wt%). It is concluded that a defined dispersion limit of Li in molten 

LiCl does not exist due to the mechanism of colloidal suspension.  

 Preliminary exposure testing of Inconel alloys 625 and 718, along with stainless 

steel alloy 316L and Hastelloy N was conducted to identify the general corrosion 

behavior of materials exposed to molten LiCl-Li2O-Li. The inclusion of low quantities 

(≤0.6wt%) of Li in molten LiCl-Li2O suppresses material leaching into the melt and 

promotes the development of Cr based surface films. Alternatively, the inclusion of a 

high concentration (>0.6wt%) of Li in the melt results in the preferential leaching of Cr 



219 

 

and Mo. This trend in degradation as a function of Li concentration was observed for all 

three classifications of alloys tested and is independent of the crucible material employed. 

It is concluded that the mode of degradation that occurs in melts containing a high 

concentration of Li is not strictly analogous to liquid metal attack or molten salt induced 

corrosion. Additional tests identified the importance of removing trace quantities of 

moisture from LiCl prior to exposure testing. The efficacy of drying reagent grade LiCl 

to induce corrosion analogous to that which occurs in melts of ultra-high purity was 

demonstrated. Finally, it was observed that the rate of dissolution from Inconel 625 and 

stainless steel alloy 316L was below the level of detection upon exposure to anhydrous 

LiCl-Li2O containing up to 0.3wt% Li for as long as 100 hours. 

 The alteration to the corrosion of stainless steel alloy 316L that occurs in molten 

LiCl-Li2O due to the presence of Li was investigated as the culmination of this study. It 

was demonstrated that SS316L develops a protective LiCrO2 film when exposed to 

molten LiCl-Li2O in the absence of Li, as well as in LiCl-Li2O containing a low 

concentration of Li. However, the LiCrO2 films formed in melts containing Li were 

thinner than those formed in the absence of Li. The surface of SS316L exposed to molten 

LiCl-Li2O containing greater than 0.6wt%Li was observed to be metallic. It is suggested 

that material interactions with LiCl containing 1 or 2wt%Li2O and bellow approximately 

0.6wt%Li are governed by electrochemical oxidation phenomena dictated by the basicity 

of the melt. Alternatively, material interactions with melts containing Li in excess of 

0.6wt% are governed by liquid metal effects. Material leaching from SS316L was 

observed to be very low when exposed to molten LiCl-Li2O-Li in either of these regions, 
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however Cr leaching was observed when an intermediate concentration of Li (~0.6wt%) 

was present in the melt.  

The identification and characterization of Ti compounds formed on stainless steel 

during exposure to molten LiCl-Li2O-Li yielded important information regarding the 

mechanisms of material interactions with these non-trivial systems. It was demonstrated 

that the presence of physically dissolved (0.2wt%) Li in molten LiCl-Li2O facilitates 

chemical reactions previously observed in liquid metal environments and counter to those 

observed in molten salts. Furthermore, despite the inclusion of 0.4wt%Li in the melt the 

activity of the O2- ion affects the melt chemistry in a manner predicted by classical 

molten salt basicity theory. These findings demonstrate that Li and Li2O dissolved in 

molten LiCl behave independently, at least to some degree, despite the presence of the 

alternative dissolved component. Finally, evidence suggesting the existence of a 

synergistic effect between the concentration of Li and Li2O in the melt was observed. 

Further studies are required to confirm what effect, if any, the concentration of Li in 

molten LiCl-Li2O-Li has on the activity of the O2- ion.   
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7.2 Future Work: 

 Future studies of material interactions with molten LiCl-Li2O-Li systems should 

focus on the following areas of study: 

1. Verify that the corrosion that occurred as a result of the relatively short term 

exposures in the current study is an accurate representation of the degradation that 

occurs over longer periods of time. Specifically, it should be demonstrated that 

the LiCrO2 surface films formed as a result of 20 hours of exposure are stable and 

protective throughout hundreds of hours of exposure to molten LiCl-Li2O 

containing less than 0.6wt%Li. 

2. Evaluate the alteration to the mechanical properties of alloys that results from 

exposure to molten LiCl-Li2O-Li. The hardening effect reported in Section 3.9 of 

this study needs to be confirmed and its cause elucidated.  

3. The effect of cycling the concentration of Li in the melt in a manner analogous to 

the repeated operation of a batch electrolytic reduction process needs to be 

studied. It is currently unknown if the thin LiCrO2 films formed in the presence of 

Li will provide protection in LiCl-Li2O melts in the absence of Li. Further, the 

range of Li concentrations that result from the full scale operation of the 

electrolytic reduction process needs to be quantified as it is currently unknown if 

the liquid metal regime (associated with the presence of >0.6wt%Li) is relevant to 

the process.  

4. The formation of a nanofluid suspension of Li nanoparticles in the molten salt 

needs to be verified using a secondary analytical technique. Should the 
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mechanism of colloidal suspension of Li8 in the pure electrolyte be verified, 

alternative systems should be investigated to identify if this mechanism of 

miscibility is a general aspect of metal salt solutions or if it is restricted to the 

LiCl-Li system.  
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7.3 Scholarly Work from this Study: 

Peer-reviewed Publications: 

3. A. Merwin, W. Phillips, M. A. Williamson, J. Willit, P. N. Motsegood, and D. 

Chidambaram, Presence of Li clusters in molten LiCl-Li, Scientific Reports, (2016) 

SREP-15-30186 

2. A. Merwin and D. Chidambaram, Corrosion of Inconel 625 in molten LiCl-Li2O-Li, 

Nuclear Technology, (2016) NT15-126R1 

1. A. Merwin and D. Chidambaram, Alternate anodes for the electrolytic reduction of 

UO2, Mettalurgical and Materials Transactions A, 46 (2015) Pg. 536-544 

Publication Under Review:  

3. A. Merwin and D. Chidambaram, The electroless deposition of titanium compounds 

on stainless steel alloy 316L in molten LiCl-Li2O-Li, RSC Advances RA-ART-03-

2016-007025  

2. A. Merwin and D. Chidambaram, The effect of Li(0) on the corrosion of SS316 

exposed to molten LiCl-Li2O – Part 2: X-ray photoelectron spectroscopy, Journal of 

Nuclear Materials, JNM-D-16-00146   

1. A. Merwin and D. Chidambaram, The effect of Li(0) on the corrosion of SS316 

exposed to molten LiCl-Li2O – Part 1: material leaching and morphology, Journal of 

Nuclear Materials JNM-D-16-00146   

Publications Under Preparation:  

1. A. Merwin, M. A. Williamson, J. Willit, P. N. Motsegood and D. Chidambaram, 

Metallic lithium and the reduction of actinide oxides: a review 

Abstracts and Scholarly Presentations: 

5. A. Merwin and D. Chidambaram, Material interactions with LiCl-Li2O-Li, Idaho 

National Laboratory, Idaho Falls, ID, Nov. 2014 

4. A. Merwin and D. Chidambaram, Tungsten anodes for the electrolytic reduction of 

UO2, International Pyroprocessing Research Conference, Idaho Falls, ID, Oct. 2014 

3. A. Merwin and D. Chidambaram, Chromium oxide films on stainless steel alloy-

316 in molten LiCl-Li2O, American Nuclear Society Annual Conference, Reno, NV, 

Jun. 2014  

2. A. Merwin and D. Chidambaram, Material stability in molten salts, The 224th 

Meeting of the Electrochemical Society, San Francisco, CA, Oct. 2013 
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1. A. Merwin, Alternative anodes for the electrolytic reduction of uranium dioxide, 

Master’s Thesis Defense, Reno, NV, Dec. 2011 
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