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A B S T R A C T

The corrosion behavior of Inconel 625 in contact with LiF was compared with its behavior in NaF at 600◦C in air. 
Thermodynamic calculations were carried out to determine the stability of metal fluorides in both conditions, 
confirming salt specific element depletion. TOF-SIMS was conducted to examine the lithium-ion behavior in the 
oxide and metal over short-term and long-term exposures. A redox mechanism is suggested where fluoride ion A 
redox mechanism is suggested where fluoride ion ingress into the alloy towards an inner anode is discussed 
coupled with an outer anode at the alloy surface. The diffusion of lithium ions is considered a passive process 
along cation diffusion paths. The suggested mechanism discusses also why the presence of fluorine gas in the 
corrosion process is not viable. The presented mechanism and energetic pathway are in full agreement with the 
experimental observations and can be easily transferred to other alkali fluoride experiments in literature.

1. Introduction

Alkali fluoride salts are integral to a range of industrial processes, 
particularly in nuclear reactors, thermal storage, battery production and 
recycling. When it comes to salt melts as coolants for nuclear reactors, 
usually a mixture of alkali fluorides is considered for so-called fluoride- 
cooled high temperature reactors (FHR) [1]. Due to the fluorides’ low 
vapor pressure, high thermal stability, and turbulent heat-transfer 
metrics, the FLiNaK eutectic melt has outperformed other mixtures 
[2]. In contrast to salt-free high temperature oxidation, where a pro
tective alumina or chromia scale can grow slowly, no sufficiently stable 
scale forms in the presence of mixed alkali and halogenide ions. As a 
result, the corrosion process is controlled by the intermediate formation 
of metal fluorides [3,4].

In 1987 the National Aeronautics and Space Administration (NASA) 
conducted a study in which equilibrium concentrations of different 
metal fluorides were calculated for the respective metal (M) in contact to 
LiF, NaF and KF separately [5]. Based on this study, the tendency of 
different metals (M) for forming their corresponding metal fluorides 
showed the same order in all three salts, increasing in the following 
order: Ni<Co<Fe<Cr<Al. This study was initially performed in a sup
posedly inert atmosphere. In a later section of the report, the role of 
water impurity was also examined and discussed. It was found that 

water contributed to HF formation, hydrogen ion reduction, and metal 
oxide formation. Fluorine gas was never discussed to be generated in this 
report and hydrogen protons was mentioned to be reduced [5].

In this study from NASA, the heat of formation for different metal 
fluorides from their respective reaction of metal and fluorine gas has not 
been used explicitly. However, in 2009 Olson et al. [6] used heat of 
formation enthalpies, independent of the specific fluoride salt to reason 
the aggressivity of fluorides salts on metals. In the study by Olson et al., 
fluorine gas (F2) has been implemented into the thermodynamic con
siderations, although fluorine has not been actively injected to the sys
tem [6]. As a result of implementing F2 into the reactions with metals, all 
metal fluorides are reported to be forming spontaneously. Other studies 
have also referred to these calculations regarding the stability and for
mation of metal fluorides [3,7–12], regardless of the alkali fluoride salt 
which has been used.

A comparison between these two studies shows that NASA’s results 
[5] did not require F₂ and that Olson et al.’s assumptions of presence of 
fluorine gas (F2) might overestimate the corrosivity of the salt. In 
addition, the role of water impurity was not discussed in the study by 
Olson et al. [6]. Though, despite the different redox reactions, the ten
dency for the formation of different metal fluorides was close to the 
order reported from NASA [5].

In order to study the formation of FeF3 from fluorine gas, Zhou and 
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Johnson et al. actively injected fluorine gas into the system, where they 
could reasonably include F2 into the thermodynamic calculations [13, 
14]. However, when fluorine gas is not actively injected, the formation 
of fluorine gas from alkali fluorides in contact to oxygen or metal oxides 
can only be speculated.

Many studies have examined corrosion in alkali fluoride salts under 
an inert atmosphere, often referencing the enthalpy of formation of 
metal fluorides despite the absence of fluorine gas injection into their 
systems and not considering possible redox-active impurities [3,7–12]. 
However, also under oxidizing conditions, some studies have attributed 
corrosion by alkali fluoride salts to intermediate, recirculating fluorine 
gas formation [15,16]. These studies base their discussions on a mech
anism, commonly referred to as “active oxidation” which was first 
proposed by Grabke et al. [17]. Active oxidation in the case of fluoride 
salts proposes the formation of fluorine gas from the reaction between 
condensed alkali fluorides and the oxide scale on the metal. In humid 
conditions, the possibility of the formation of HF (g) is considered, 
which can become oxidized and lead to the formation of fluorine gas and 
water. Gaseous fluorine is then considered to reach the metal/oxide 
interface through the cracks of the oxide scale and react with the alloy to 
form metal fluorides, which in turn undergoes oxidation. This mecha
nism has been mostly studied in case of chloride salts [18,19] but 
applied to alkali fluoride salt corrosion as well [16].

Since fluorine gas is typically not injected into alkali salts during 
corrosion experiments, this study will provide an alternative mecha
nism. It is as well examined why the so-called “active oxidation” 
mechanism which requires molecular fluorine as transient product, is 
not applicable to fluoride salt corrosion under oxidizing conditions. In 
this context, oxidizing conditions refer to environments ranging from air 
exposure to the presence of oxygen impurities. Provided that all water 
and oxygen impurities are entirely removed, molten alkali fluoride salts 
lack a sufficient thermodynamic driving force to corrode alloys. Thus, 
under such conditions, pure fluoride salts remain chemically non- 
reactive with the alloy constituents [9,20,21]. However, in a study 
attempting to remove impurities in the salt FLiBe by injecting HF and 
H2, it was shown that 180 ppm of trace HF remained dissolved in the salt 
[22]. This amount remained constant in the study by Kondo et al., which 
would mean that HF was generated during the exposure as well. Also in 
the study by Olson et al., trace impurities are expected to have a sig
nificant role in corrosion, though allegedly, not the focus of that study 
[6]. Considering the significant role of oxygen and water, either as an 
impurity or in an oxidizing atmosphere, we propose an alternative redox 
mechanism that does not require fluoride oxidation. In this model, ox
ygen is reduced by metals, while alkali ions and fluoride retain their 
oxidation states at any stage of the suggested mechanism and rather act 
as charge compensation and fluxing agents.

We found no calculation in literature, for the formation of metal 
fluorides in the metal that exclude fluorine gas in the reaction. Since we 
came to an alternative redox path, it was found necessary to recalculate 
these Gibbs energy values reported from literature [6] which consider 
the presence of fluorine gas (F2) in the salt systems. In this study, we 
calculate the Gibbs free energy of formation for different metal fluorides 
based on the alkali fluoride salt and the presence of an oxidant, here 
oxygen. Although neither the alkali metal nor the fluoride component 
change oxidation state in our suggested mechanism, the stability of the 
metal fluoride is dependent on the salt used and in turn the corre
sponding alkali oxide stability.

This study compares the corrosion behavior of Inconel 625 in contact 
with lithium fluoride (LiF) and sodium fluoride (NaF) salts at 600◦C in 
air. LiF and NaF were selected to test the salt-specific nature of metal 
fluoride stability and to validate the proposed inner-anode/outer- 
cathode redox mechanism. By substituting Li with Na while keeping 
all other variables identical, we show that intergranular attack occurs 
only in LiF for elements in alloy 625 at 600 ◦C. Calculations built on the 
suggested mechanism of metal fluorides formation reveal a striking 
contrast: while no metal fluorides are stable in NaF, certain metal 

fluorides (CrF2, CrF3, FeF2, and NbF5) tend to form in LiF. The findings 
are in line with the experimental data and support the proposed mech
anism, which excludes fluorine gas involvement.

The alloy microstructure and the oxide scale were analyzed using 
scanning electron microscopy (SEM) and the corrosion products were 
analyzed using X-ray diffraction (XRD). Since lithium comprised the 
cationic species in LiF, time of flight secondary ion mass spectroscopy 
(TOF-SIMS) was used to detect any possible involvement of lithium in 
the corrosion attack.

2. Experimental

2.1. Sample preparation and exposure

Lithium fluoride (LiF, 97 %) and sodium fluoride (NaF, 99 %) were 
purchased from Thermo Scientific. Inconel 625 sheet was selected for 
this study and was purchased from ThyssenKrupp VDM with the 
trademark NICROFER 6020 HMQ. The plate was hot rolled and heat 
treated at 1020 ◦C. The nominal composition of this alloy can be found 
in Table 1. Inconel 625 strips (350 ×10 ×3 mm³) were cut and polished 
to a 600-grit finish using a silicon carbide grinding band.

Two metallic strips were individually immersed in molten LiF and 
NaF salts, each contained within a long alumina crucible, as illustrated 
in Fig. 1. The alumina crucibles measured 500 mm in length and had an 
inner diameter of 12 mm, providing an approximate 2 mm clearance 
around the samples to ensure complete and uniform exposure to the 
alkali fluoride salts.

The crucibles were housed inside a stainless-steel vessel placed 
within a vertical furnace configuration. This setup was specifically 
designed to maintain a controlled temperature gradient along the length 
of the crucibles, ranging from approximately 600 ◦C at the bottom to 50 
◦C at the top. The temperature profile was calibrated to simulate realistic 
thermal conditions experienced during salt corrosion processes. Filtered, 
dry air was continuously introduced through a gas inlet at the top of 
each crucible.

It is important to note that even at the hottest section of the strip 
(600◦C), where corrosion analysis was conducted, the exposure tem
perature remained well below the melting points of LiF (848◦C) and NaF 
(993◦C). In order not to affect the chemistry of the samples, no post- 
exposure washing was performed before analysis.

2.2. Analytical techniques

To characterize the samples, the hottest section of each strip was cut 
into a 10 × 10 × 3 mm³ coupon using a low-speed diamond saw 
without coolant. A water-free lubricant (Lubricant Yellow) was used 
during post-exposure sample preparation for microstructural analysis.

Surface investigations were performed using scanning electron mi
croscopy (SEM) in backscattered electron (BSE) mode at an acceleration 
voltage of 15 kV. Both imaging and elemental analysis were conducted 
with a JEOL JSM-7800F Prime SEM, equipped with an energy-dispersive 
spectroscopy (EDS) detector.

The crystalline phases of the corrosion products were identified using 
X-ray diffraction (XRD) analysis. This was carried out with a Bruker D8 
Discovery diffractometer, equipped with a Cu source, over a 2θ range of 
10◦–90◦.

The lithium ingress in samples exposed to LiF was analyzed using a 
TOF-SIMS V instrument (ION-TOF, GmbH, Münster, Germany) with the 
following setting for the ion beam: Bi3+ , 0.45pA for the spectrometry 
mode and 0.6 pA for the fast-imaging mode. The acceleration voltage 

Table 1 
Nominal alloy compositions (wt%) of the Inconel 625 provided by the supplier.

Ni Cr Mo Fe Nb Ti Si Others

balance 21.51 8.69 4.32 3.31 0.20 0.12 C 0.02
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was set at 30 keV with a focus of approximately 100 nm. The mass 
resolution was nominal in fast imaging mode and the average primary 
ion dose was 8.11 × 1012 ions/cm2. Image analysis was performed using 
the Surface Lab 7 software (Version 7.4, ION-TOF, GmbH, Münster, 
Germany).

The spectrometry mode of the instrument was used to understand 
and assign the peaks clearly. The delayed extraction mode can lead to 
better mass resolution in general, though, a light ion like lithium can be 
underreported in this mode. Hence, the fast-imaging mode was used, 
where higher image resolution is also offered [23]. The low-resolution 
mass spectra which is a result of the high image resolution mode was 
not problematic in this case, since the lithium-ion mass (m/z 7.13) was 
not overlapping with any other species. In order to detect both lithium 
and fluoride ions, the analysis was carried out for both electropositive 
and electronegative ions. The sample which was exposed for only 168 h 
was sputtered with oxygen and cesium ions in positive and negative 

polarity respectively with the ion dose of 9.2 × 1014 ions/cm2. In the 
longer exposure (after 1000 h), lithium and fluoride ingress were 
possible to be detected without sputtering.

3. Results

Cross section images and EDS results for Inconel 625 after 1000 h of 
exposure at 600◦C in LiF and NaF will be presented in the following two 
sections. Based on the results, Inconel 625 shows very different corro
sion attack in contact to these two salts even though the experimental 
procedure was identical except for the cationic species of the used salt.

3.1. LiF exposure

Fig. 2 shows a backscatter electron image together with the EDX 
element maps for the alloy cross section after 1000 h of exposure to LiF. 

Fig. 1. vertical setup, used to expose samples to LiF and NaF.

Fig. 2. SEM and EDX image of Inconel 625 sample cross-section after 1000 h exposure in LiF salt and air at 600 ◦C.
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EDX maps in Fig. 2 show that fluoride has entered the microstructure of 
Inconel 625 and reached a depth of 77 μm into the alloy. During the 
shorter exposures (168 h) which have not been included in the current 
study, oxygen did not penetrate the alloy microstructure and always 
stayed on top of the metal. Also in Fig. 2, after 1000 h, oxygen was only 
found at very wide grain boundaries filled with fluoride close to the 
metal oxide interface. EDX maps show depletion for Cr, Fe and Nb from 
the grain boundaries where fluoride has penetrated. These alloying el
ements have been depleted to different extents. After 1000 h of expo
sure, Cr shows continuous 87 μm of depletion depth which is deeper 
than Fe and Nb. The difference in the depth of depletion for different 
alloying elements indicates selective depletion. Fluoride enrichment was 
seen in the outer part of the oxide scale which is rich in Fe and Ni, but not 
in the lower part which is rich in Cr. The SEM image shows that the outer 
Fe and Ni rich oxide scale was more defect rich and less compact in 
comparison with the inner oxide scale.

Since it is not possible to detect lithium through the EDX detector, 
TOF-SIMS analysis was conducted to see the behavior of lithium in the 
corrosion attack by LiF. Samples exposed for 168 h and 1000 h were 
both analyzed via TOF-SIMS to see if lithium behavior changes over 
time. Lithium and fluoride have to be detected in two different polarities 
(positive and negative polarity respectively) in TOF-SIMS. Hence, the 
areas in which chromium and lithium have been detected are slightly 
shifted from the area where the fluoride map was taken.

Fig. 3 shows TOF-SIMS results after exposure to LiF for 168 h. As can 
be seen in Fig. 3, fluoride has diffused into the grain boundaries of the 
metal. Fluoride enrichment in the grain boundaries of the alloy after 

168 h exposure was detected via EDS in our previous study as well [24]. 
If lithium diffuses into the alloy and is to be detected, it would be at the 
grain boundaries of the alloy. However, the lithium map in Fig. 3
showed the presence of lithium ion only in the pores at the metal oxide 
interface. It is noteworthy that underneath the pores at the metal/oxide 
interface after 168 h also some lithium signals at noise level were 
detected. This was only at noise level and most likely due to the sample 
preparation where lithium from the interface was smeared not only in 
the grain boundaries but also on the grains. This is while the TOF-SIMS 
analysis in negative mode revealed the penetration of fluoride deeper 
into the grain boundaries up to 16 μm. TOF-SIMS results both after 
168 h and 1000 h show lithium enrichment also in the oxide/salt 
interface. However, no fluoride enrichment is seen at the oxide/salt 
interface neither after 168 h nor 100 h of exposure. These observations 
underline the fact that lithium and fluoride do not diffuse into the grain 
boundaries together and it is only fluoride which diffuses along the 
metal grain boundaries after 168 h.

In order to see if the behavior of lithium-ion changes over longer 
exposures, TOF-SIMS analysis was carried out after 1000 h too. Results 
in Fig. 3, after 1000 h of exposure, showed the penetration of lithium 
into the upper grain boundaries close to the metal oxide interface up to 
56 μm. Fluoride has diffused the grain boundaries of the alloy signifi
cantly deeper than lithium. The maps show the penetration of lithium up 
to 56 μm where it stops. However, fluoride penetration continues to at 
least 74 μm and does not stop. This confirmed the fact that lithium and 
fluoride separate before diffusing into the grain boundaries and do not 
diffuse together. TOF-SIMS results in Fig. 3, show both Cr depletion in 

Fig. 3. TOF-SIMS analysis on samples exposed to LiF a, b, c) after 168 h d, e, f) after 1000 h in logarithmic scale.
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the upper grain boundaries and Cr enrichment underneath. Lithium 
enrichment was mostly detected in the upper grain boundaries where Cr 
was depleted.

3.2. NaF exposure

Inconel 625 behaved very differently in contact with NaF. Significant 
oxide spallation was observed during NaF exposure after both 168 h and 
1000 h. After 1000 h of exposure, one-third of the sample thickness 
(1 mm) was lost due to corrosion, excluding the contribution of the 
spalled oxide layer. This thickness loss corresponds to an estimated mass 
loss of approximately 263 mg/cm2, which makes NaF by far a much 
more corrosive medium than LiF. The thickness of the oxide scale in 
Fig. 4 shows 123 μm which is only the remnant of the non-adhesive 
oxide scale after spallation. As can be seen in Fig. 4, there was no 
intergranular attack seen in Inconel 625 even after 1000 h of exposure. 
Sodium and fluoride were found at the same spots in the oxide scale, 
though never detected as a part of the oxide phases in XRD. The oxide 
scale shows two different morphologies in Fig. 4. The lower part of the 
oxide scale is rich in Mo, Na and fluoride and the upper part with a more 
granular oxide structure where Cr, Fe and Ni participate. The Mo rich 
layer shows a layered and compact structure. The upper part of the oxide 
scale consists of Fe, Nb and Cr rich islands, spread in a porous sodium 
and fluoride rich matrix. These sodium fluoride enrichments do not 
overlap with metal enrichments, meaning that the salt components do 
not form an oxide phase together with the metal cations.

Since there was a Mo rich scale seen at the lower part of the oxide 
scale at lower magnification in Fig. 4, it was interesting to see the lower 
part at higher magnifications. Fig. 5 shows the lower part of the oxide 
scale at a higher magnification. As can be seen in Fig. 5, there is a sodium 
and fluoride rich layer adjacent to the metal, where the Mo rich oxide 
scale has not started. On top of this layer there is another layer which is 
rich in molybdenum, oxygen, sodium and less rich in fluoride. Higher 
magnifications of the oxide scale showed Cr and Fe enrichment in the 
upper parts of the oxide scale. The rapid oxidation resulted in the porous 
structure of the upper oxide scale, which is rich in Fe and Cr. No overlap 
between sodium and metal oxides was seen in EDS and no sodium 
chromates or sodium iron oxide were detected in XRD.

Fig. 6 shows the XRD analysis which was conducted on both NaF and 
LiF exposed samples in order to identify different phases in the oxide 

scale. In NaF exposures, the oxide scale was identified as primarily 
nickel oxide with additional Cr-Ni- and Fe-Ni spinels. Considering the 
fact that the oxide scale was 123 μm thick, the most intense diffraction 
signals are from the oxide scale and not the underlying metal. These 
signals with the highest intensity in the diffraction pattern were close to 
both Cr0.3Ni0.7O0.65 (see comments for this phase in the Appendix) and 
NiO. Also, EDX maps showed overlapping enrichment of Cr and Ni in the 
oxide, which confirms the formation of Cr0.3Ni0.7O0.65. This oxide has a 
rock salt structure where the cationic sites are shared by Ni (70 %) and 
Cr (30 %). EDS results showed enrichment for Na, Mo, O and F in the 
lower part of the oxide scale, also Na3MoO3F3 was detected in XRD 
analysis which would represent the sodium molybdenum oxyfluoride 
layer at the metal/oxide interface. In addition, the XRD patterns for 
Na3MoO4F and NaMoO3F in literature show that these two compounds 
would have their most intense peak at 2θ= 27–28 ◦ [25,26]. In the 
diffractogram in Fig. 6a, there is a signal identified at 2θ= 27–28 ◦ which 
is assigned to MoO2.8F0.2.

4. Discussion

As mentioned in the results section, Inconel 625 showed different 
kinds of behavior in contact with LiF and NaF. Thermodynamic calcu
lations in our previous study [24] confirmed that upon negative Gibbs 
reaction enthalpies for (R1), an outer cathode (reduction of oxygen) and 
inner anode reaction (cation formation along the alloy microstructure) 
allows for the inwards flux of fluoride ions to charge compensate cations 
at the inner anode and thereby forming metal fluorides. 

R1) M + nAF +
n
2

O2→MFn +
n
2

A2O (A = Li,Na), M

= transition metal 

These reactions between fluoride ions and selected alloying elements 
led to the formation of stable metal fluorides via intergranular attack 
[24]. Thermodynamic calculations in our previous study were in line 
with experimental results, showing that Cr, Fe and Nb are able to form 
stable metal fluorides at the grain boundaries of alloy 625. It is inter
esting to draw a comparison and do similar calculations in case of NaF 
exposures, since the cationic part of the salt has changed from Li to Na.

Reactions 1.1–1.9 in Table 2 show the corresponding calculations for 
different alloying elements in contact with NaF and oxygen at 600◦C. 

Fig. 4. EDX map of Inconel 625 exposed to NaF for 1000 h in oxidizing condition.
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These results show the standard Gibbs free energy ΔG◦> 0 for the for
mation of metal fluorides for every alloying element of Inconel 625 at 
600◦C, meaning that none of the transition metals among the alloying 

elements form stable metal fluorides in contact to NaF and oxygen. 
These thermodynamic calculations confirm the absence of any inter
granular attack in EDS results from Inconel 625 exposed to NaF.

Fig. 5. ) the lower part of the oxide scale in Inconel 625 sample exposed to NaF for 1000 h.

Fig. 6. ) XRD patterns after 1000 h of exposure for a) NaF exposure b) LiF exposure at 600◦C.

Table 2 
Gibbs enthalpies retrieved from Factsage 7.3 [27] for relevant reactions for metal fluorides in NaF/O2 environment.

No reaction ReactionΔG0
600◦C in kJ compound

​ Reactions at an inner anode and outer cathode ​
R1.1 Cr + 2NaF + 0.5O2 →CrF2 + Na2O + 5 CrF2

R1.2 Cr + 3NaF + 0.75O2 →CrF3 + 1.5Na2O + 45 CrF3

R1.3 Fe + 2NaF + 0.5O2 →FeF2 + Na2O + 77 FeF2

R1.4 Fe + 3NaF + 0.75O2→FeF3 + 1.5Na2O + 161 FeF3

R1.5 Nb + 5NaF + 1.25O2→NbF5 + 2.5Na2O + 124 NbF5

R1.6 Ni + 2NaF + 0.5O2→NiF2 + Na2O + 149 NiF2

R1.7 Mo + 2NaF + 0.5O2→MoF2 + Na2O + 472 MoF2

R1.8 Mo + 3NaF + 0.75O2→MoF3 + 1.5Na2O + 432 MoF3

R1.9 Mo + 5NaF + 1.25O2→MoF5 + 2.5Na2O + 597 MoF5
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The ΔG◦ values calculated for the formation of different metal 
fluorides are illustrated in Fig. 7 for NaF (Table 2, R 1.1- R1.9) and LiF (R 
4.1- R 4.9 in reference [24]). As summarized in Fig. 7b, CrF2, CrF3, FeF2, 
and NbF5 form spontaneously in contact with LiF at 600◦C. This result 
was consistent with experimental observations which showed selective 
depletion of Fe, Cr, and Nb in the grain boundaries after 168 h of 
exposure to LiF in our previous study and Fig. 2 in the present study. This 
is while similar calculations presented in Fig. 7a for NaF at 600◦C 
indicate that none of the metal fluorides fulfill the spontaneity condition 
(ΔG◦ > 0). Fig. 7 shows that even niobium, chromium, and divalent iron 
fluorides, which formed spontaneously in LiF exposures, show positive 
ΔG◦ values in NaF exposures. Considering that the calculations are 
based on R 1, it can be deduced that NaF is significantly more stable than 
the product, Na2O.

These thermodynamic findings for NaF exposures are in line with 
SEM and EDX observations in Fig. 3, where no intergranular attack was 
detected, and fluoride diffusion into the alloy grain boundaries was 
absent. SEM images showed the formation of very defect rich and non
adherent oxides in NaF exposures which were not formed via diffusion- 
controlled kinetics through a scale but rather an ion flux through the salt 
coverage. This means a layer of unreacted NaF remains at the sample 
surface, acting as electrolyte flux, connecting the surface metal (anode), 
with the oxygen (cathode) over the salt. The absence of a distinct 
depletion zone for any of the alloy components, together with the very 
high material loss underlines that the corrosion kinetics are controlled 
by the fluxing process.

Reaction 1 represents how the reactions for the formation of different 
metal fluorides are suggested. If metal fluorides form spontaneously by 
reaction 1, an intergranular attack with fluoride enrichment in the grain 
boundaries would be possible too. As written in R1, the formation of 
transition metal fluorides is bound to fluoride release from the alkali 
fluoride salt and the formation of alkali oxide species (in this case Na2O 
or Li2O). If the alkali metal forms a stable alkali oxide, the released 
fluoride anions can activate the inner anode (metal cations) to form 
metal fluorides. Reactions 4.1–4.9 in case of LiF in our previous study 
[24] and NaF exposures (Table 2 in the present study) are written based 
on R1.

In case an intergranular attack is seen and metal cations are delivered 
to oxide ions through the formation of metal fluorides, the inner anode 
and outer cathode mechanism is valid. The inner anode is the metal 
component which is oxidized and oxygen which is being reduced forms 
the outer cathode. These reactions are written in the present form to 
represent the correct electron transfer and the formation of the corre
sponding products. As can be seen in R1.1-R1.9, neither the alkali metal 
nor the fluoride ion change oxidation state and always remain with their 
respective positive or negative charge.

Experimental results together with the thermodynamic calculations 
confirmed two different corrosion behaviors in LiF and NaF exposures. 
In the following section we will elaborate further on the mechanisms 
inferred by reaction 1 and discuss the two different processes.

4.1. LiF-driven corrosion mechanism

As stated in reaction 1, electron transfer occurs only between oxygen 
and the alloy metals. Fig. 8a illustrates the redox process for LiF expo
sures, showing that the overall reaction is the oxidation of the alloying 
metals by oxygen. In this process, oxygen is reduced by electrons orig
inating from the alloy. At the site where these electrons are released 
(initially at the alloy surface and later within the microstructure at an 
inner anode) alloy metal cations are formed. These cations recombine 
with inward-diffusing, charge-compensating fluoride ions released from 
the salt. The remaining alkali ion at the surface is charge-compensated 
by the oxygen ion. This sequence implies that for every fluoride ion 
that enters the alloy microstructure, one positive charge must be created 
at the inner anode. This occurs through the reduction of oxygen at the 
surface.

This redox scenario needs to be energetically spontaneous to explain 
the intergranular attack. This is fulfilled for some of the alloy metals and 
thus fluoride ions can leave lithium cations and diffuse into the metal to 
form stable metal fluorides. By fluxing metal cations from deeper grain 
boundaries, fluoride ions accelerate the formation of metal oxides. As 
shown in Fig. 7b, by the formation of FeF2, CrF2, CrF3 and NbF5, their 
corresponding metal cations diffuse towards the metal/oxide interface. 
This is also visible in the oxygen EDS map in Fig. 2 after 1000 h of 
exposure, where oxygen ions have diffused into the upper grain 
boundaries to combine to the metal cations. Over time, fluoride ions 
diffuse deeper into the metal grain boundaries to charge compensate 
more metal cations and counter diffusing them up to the metal/oxide 
interface. This means that, in our suggested mechanism, fluoride enters 
the mechanism after leaving lithium in LiF salt. Hence fluoride is always 
in anionic form and once it diffuses into the metal, will not be trans
ported back to the metal/oxide interface before all the Cr, Nb and Fe 
have been depleted in the alloy. In XRD measurements for LiF exposures 
in Fig. 6b, lithium metal oxides were detected, which means Li2O and 
metal oxides have reacted and formed alkali metal oxides.

TOF-SIMS results after 168 h of exposure in LiF (Fig. 3a) also showed 
that lithium was absent in fluoride decorated grain boundaries. This was 
consistent with the understanding of the fluoride release from the alkali 
salt, while the alkali metal remains with oxide anions. This underlines 
the fact that lithium and fluoride do not diffuse together and separate 
before fluoride diffuses into the metal grain boundaries. As shown in 
Fig. 2, after 1000 h of exposure, most metal cations have already been 
depleted from the grain boundaries. After 1000 h TOF-SIMS results 
shown in Fig. 3d show that lithium is present in grain boundaries close to 
the alloy surface where chromium has completely been depleted. The 
comparison between 168 h and 1000 h confirmed that lithium does not 
start to diffuse through the grain boundaries together with fluoride. 
After long exposures, fluoride has reached deeper and depleted the grain 
boundaries from R1 accessible metals (Cr, Fe, Nb). The grain boundaries 
closer to the alloy surface have widened after 1000 h of exposure. At this 
stage, as illustrated in Fig. 8b, cation positions in the grain boundaries 
close to the metal/oxide interface, start to scramble with alloy metal and 
lithium cations. It can be concluded that in the upper grain boundaries 
which are depleted and are far from the lower Cr rich grain boundaries, 
lithium gets the chance to scramble and charge compensate for fluoride 
and eventually even oxygen in these widened grain boundaries, which is 
in agreement with a progressing oxide scale. This is in line with our 
suggested mechanism where lithium and fluoride separate, and fluoride 
diffuses into the metal grain boundaries singly. SIMS data in Fig. 3d,e 
and f show that fluoride diffusion into the metal is composed of three 
different regions: 1) The upper grain boundaries close to the metal/ 
oxide interface where Cr has been depleted to a great extent 2) region 2 
where simultaneous enrichments of Cr and Li cations are seen. Fluoride 
ions are charge compensated by both of the cations present at this re
gion. 3) grain boundaries located deeper in the alloy where Cr has not 
been depleted yet and fluoride ions can be charge compensated only by 
specific alloying elements from the metal which form stable transition 
metal fluorides, meaning: Cr, Fe and Nb. Indeed, the presence of fluoride 
caused an intense chromium enrichment at these deep grain boundaries, 
defining the corrosion front. These distinct regions clarify that fluoride 
at the tip of the intergranular attack is charge compensated by already 
oxidized chromium ions. Oxidation happens by donating electrons to 
oxygen at the metal/oxide interface, and once the cations are formed, 
they can form intermediate metal fluorides which accelerate the trans
port and depletion of transition metals from the alloy to the oxide.

In another study where oxygen was reported to be an impurity also, 
TOF-SIMS depth profile confirmed the presence of lithium in nickel-base 
alloys [11]. According to our mechanism, the impurity oxygen is 
scrambling lithium into the metal in that study as well. Otherwise, there 
is no oxidizing agent for the alloying elements to oxidize and form metal 
fluorides.

A. Nikbakht et al.                                                                                                                                                                                                                               Corrosion Science 260 (2026) 113538 

7 



Fig. 7. Gibbs free reaction energies for different metals in contact to a) NaF b) LiF at 600◦C.
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4.2. NaF-driven corrosion mechanism

A similar mechanism applies to NaF exposures as well. As shown in 
Fig. 8c, metal atoms which are in contact with NaF get oxidized and 
reduce oxygen atoms connected by the sodium fluoride electrolyte layer. 
This leads to the formation of a fluxing electrolyte at the metal/oxide 
interface, where sodium fluoride forms a flux with metal cations and 
oxygen anions. As shown in reaction 1, the formation of metal fluorides 
is bound to the stability of the corresponding alkali oxide. Sodium does 
not show stable oxide in these environments and the NaF compound 
remains as a vehicle for ionic transport on top of the metal. As a result, 
metal ions which are transported from the metal surface to reduced 
oxygen ions form a highly porous oxide on top of the fluxing electrolyte. 

This scenario is controlled by the ionic transport across the electrolyte.
The instability of metal fluorides in NaF exposures was already 

declared via calculations in reactions R1.1-R1.9 in Table 2 and presented 
schematically in Fig. 7a. Although the resultant metal fluorides are the 
same ones which form in LiF exposures, their formation is reliant on the 
stability of their corresponding alkali oxide. This implies that alkali and 
halogenide ions in sodium fluoride remain in a flux media, charge 
compensated at all times, but do not separate into their corresponding 
metal fluorides and alkali oxides (as observed for LiF). Therefore, no 
intergranular attack was observed in NaF as well as no element specific 
depletion. Hence, to discuss the formation and stability of metal fluo
rides from alkali halogenide salts, it is suggested to base the thermo
dynamic calculations on reaction 1.

4.3. Contrasting the described redox-process with the literature case

The presented results show that it is unnecessary and misleading to 
base the calculations for the formation of metal fluorides on F2 gas 
molecules, because: First and most importantly, fluorine gas (F2) has not 
been confirmed to exist in the system. In the coming section, it will be 
investigated and proven that it is not energetically plausible in this 
chemical surrounding to oxidize fluoride ions to fluorine (F2) by oxygen. 
Secondly, calculations should be done for each alkali halogenide system 
separately, since the stability of the alkali oxide should also be taken into 
account.

In literature, the spontaneity of formation of metal fluorides has been 
calculated based on fluorine gas (F2) [6]. We argue that F2 as a gas 
molecule does not exist in our oxidation mechanism and fluoride ion 
remains negatively charged as F-, which compensates for the metal 
cation charges. These metal cations are at the anode site which provides 
fluxing conditions towards the outer cathode, where oxide formation 
occurs. With this being said, several corrosion studies in fluoride salt, 
base the aggressive attack on spontaneous release of fluorine from the 
environment. We have explored a variety of suggested release scenarios 
for F2 gas molecules and could not identify one which is energetically 
viable. Thus, corrosion by fluorides needs to be reasoned without the 
oxidation state of fluoride changing.

These studies refer to a mechanism entitled “active oxidation” which 
is based on the formation of F2 as a gas molecule during the corrosion 
process. This mechanism suggests the initial formation of halogen gas 
molecules and that they remain in the system and act as a catalyst [17, 
28]. In this framework, F2 as a gas molecule is generated at the oxi
de/gas interface by oxidation of alkali fluorides or oxidation of HF by 
O2. These fluorine gas molecules are then supposed to pass through the 
oxide and reach the metal/oxide interface to form metal fluorides while 
oxidizing the metal. These metal fluorides which are stable only at low 
oxygen partial pressures, are then presumed to be transported to the 
oxide/gas interface in gaseous form. Once these metal fluorides reach 
higher oxygen partial pressures at the oxide/gas interface, they are 
considered to form metal oxides and fluorine gas at the oxide/gas 
interface. As a result of this decomposition, fluorine gas will be released 
again and is claimed to penetrate towards the metal/oxide interface 
again, repeating the same cycle.

There are different arguments which challenge the theory of “active 
oxidation”, though, first we check the spontaneity of formation of F2 as a 
gas molecule. We argue that corrosion in alkali fluorides does not 
thermodynamically involve the presence of F₂ in the environment. There 
are two sources suggested in the literature for the formation of halogen 
gas molecules. In the following we will explore and disprove suggested 
reactions with the environment as well with alloying elements to form 
metal fluorides.

Fig. 8. Suggested diffusion paths for a) short LiF exposures b) long LiF expo
sures c) NaF exposures.
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4.4. The oxidation of HF as a gas and formation of fluorine gas molecules 
and water

R2) 2HF(g) +
1
2
O2(g)→F2(g) + H2O(g)

ΔG0
50◦C = +316kJ ΔG0

800◦C = +368kJ 

1) Another proposed source of fluorine gas formation involves the re
action of condensed halides with oxygen, with or without the 
participation of an oxide scale. If we consider A as an alkali metal, X 
as a halogen, and M as iron or chromium, the possible reactions 
would be:

R3) 2AX + M2O3 +
1
2
O2→2AMO2 + X2 (A = Li,Na),M

= transitionmetal 

R4) 2AX + M2O3 +
1
2
O2→2A2MO4 + X2 (A = Li,Na),M

= transitionmetal 

R5) 2AX +
1
2
O2→A2O + X2 (A = Li,Na)

We can now check if formation of fluorine gas is energetically 
plausible through any of these reactions in both NaF and LiF experi
ments. Table 3 shows the thermodynamic calculations for the stability of 
fluorine gas in these environments.

As shown in Table 3, the generation of fluorine gas is not energeti
cally favored through any of the reactions (R3.1-R5.2) which are 
considered as possibilities in the theory of active oxidation. In all of 
these reactions (R3.1-R5.2) fluoride is being oxidized, changing oxida
tion state from − 1–0, while oxygen is being reduced, changing oxidation 
state from 0 to − 2. Fluorine is the most electronegative element and the 
strongest oxidizer which readily combines with most organic and inor
ganic materials [29]. Hence, oxidizing fluoride (F-) does not happen 
spontaneously upon reacting to oxygen gas.

After this exercise, it can be concluded that the involvement of mo
lecular fluorine is neither thermodynamically explainable nor necessary 
for the observed corrosion attack, since there is a thermodynamically 
sound alternative reaction path in the first part of the discussion section 
and all observations can be related and reasoned by Reaction 1.

5. Conclusion

Basing our studies on an outer cathode inner anode redox mecha
nism, the corrosion mechanism driven by LiF was distinguished from 
NaF, by the energetically inaccessible inner anode for te latter. This 
study demonstrates intergranular attack for the corrosion attack in the 
presence of LiF, while no such attack was detected in contact with NaF. 
Thermodynamic calculations for the formation of metal fluorides in the 
presence of NaF and air, showed positive Gibbs free reaction energies for 
all alloying elements, consistent with the experimental observations. In 
contrast, calculations for LiF revealed negative Gibbs free reaction en
ergy values for the formation of CrF2, CrF3, FeF2, and NbF5, which aligns 
with the intergranular depletion of Cr, Nb, and Fe. Noteworthy, chro
mium fluoride was detected at the innermost intergranular attack via 
SIMS.

Furthermore, previous literature has thermodynamically investi
gated metal fluoride formation by considering the reaction of metals 
with fluorine gas. However, in this study, we propose an alternative for 
calculating Gibbs free energies for the underlying corrosion reactions. In 
the suggested approach, the cathodic oxygen reduction reaction and the 
anodic oxidation of the metal components are not necessarily at the 
same location. We further discuss why the inclusion of fluorine gas in the 
reaction model is unnecessary for our system and explain why the 
“active oxidation” theory cannot be applied in this case.
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Appendix

Extended XRD discussion

In NaF exposures the oxide scale was nickel rich with Cr and Fe. Considering the fact that the oxide scale was at least 120 μm thick, the most intense 
peaks in the diffraction pattern were from the oxide scale and not the underlying metal. These peaks with the highest intensity in the diffraction 

Table 3 
Gibbs enthalpies for reactions proposed for the so-called “active oxidation” 
theory, showing thermodynamic non-spontaneity.

No reaction ReactionΔG0
800◦C 

in kJ
ReactionDG0

50◦C 
in kJ

R3.1 2NaF + Cr2O3 +

0.5O2 →2NaCrO2 + F2

+ 572 + 618

R3.2 2NaF + Fe2O3 +

0.5O2 →2NaFeO2 + F2

+ 509 + 551

R3.3 2LiF + Fe2O3 +

0.5O2→2LiFeO2 + F2

+ 459 + 521

R4.1 4NaF + Cr2O3 +

2.5O2→2Na2CrO4 + 2F2

+ 774 + 758

R4.2 4LiF + Cr2O3 +

2.5O2→2Li2CrO4 + 2F2

+ 805 + 815

R5.1 2LiF +
1
2
O2→Li2O + F2

+ 618 + 975

R5.2 2NaF +
1
2
O2→Na2O + F2

+ 709 + 657
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pattern were close to both Cr0.3Ni0.7O0.65 and NiO. However, Cr0.3Ni0.7O0.65 which has the pdf number 04–011–9040 was deleted from the database 
but showed better match compared to NiO with most of the intense signals in the diffraction pattern. Table 3 shows the 2θ values for the three peaks 
with the highest intensity for both NiO and Cr0.3Ni0.7O0.65 together with the experimental data collected. The values for 2θ extracted from the XRD 
pattern in our NaF experiment are closer to the ones in Cr0.3Ni0.7O0.65 in case of all three peaks. Also, EDX maps showed that enrichment of Cr and Ni 
was never standing out alone. Cr0.3Ni0.7O0.65 has a rock salt structure where the cationic sites are shared by Ni (70 %) and Cr (30 %). The secondary 
peaks in NaF exposure were also investigated more closely since they were verging both Cr2NiO4 and Fe2NiO4. The experimental data was closer to 
Cr2NiO4, however, the peaks in Fig. 6a are broad and they can be a mixture of both Fe2NiO4 and Cr2NiO4. Considering that the alloy is richer in Cr than 
Fe, it is convincing that the Cr richer oxide is more detectable. As can be seen in Fig. 6a, sodium was never detected as part of the compounds in the 
oxide scale in NaF exposures. Also, in EDX results in 3 and 4, sodium and fluoride were always overlapping each other, meaning that they never got 
engaged in separate compounds. The Mo rich layer mentioned in EDX results in Fig. 5, which overlapped with the fluoride lean layer matched with the 
XRD pattern for MoO2.8F0.2. Since the corrosion layer was at least 120 μm thick in case of NaF exposures, all the less intense signals for MoO2.8F0.2 were 
not detected.

Table 3) 
Main and secondary peaks in XRD analysis in NaF exposures and the corresponding compounds

oxide 2q intensity reference

NiO 43.286 
37.255 
62.87

100 
63.2 
54.1

[30]

Cr0.3Ni0.7O0.65 43.53 
37.46 
63.26

100 
97.16 
54.81

[31], ICDD pdf 5

Experimental data from NaF exposures 43.56 
37.5 
63.24

100 
43.71 
67.25

​

NiFe2O4 35.96 
63.54 
57.85 
30.53

100 
44.26 
31.22 
30.57

[32]

NiCr2O4 35.78 
63.19 
30.37 
57.54

100 
34.1 
32.4 
28.3

[33]

Experimental data for secondary peaks from NaF exposures 35.62 
36.14 
57.86 
58.00 
57.44 
30.60 
30.66

6.16 
9.59 
5.28 
5.24 
4.71 
4.11 
4.17

​

XRD results for LiF exposures in Fig. 6b, showed peaks for both the oxide and the underlying metal which was depleted in Cr, Nb and Fe. After 
1000 h, MoNi were detected as the base metal, since other alloying elements had reacted to oxygen. LiF was also detected since the sample was not 
washed after exposure.

Data Availability

Data will be made available on request.
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