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Abstract: The problem of tailoring the structural materials for MSR is solved by continuously over-
coming the shortcomings of widely used materials and finding new ones. The materials commonly
used in engineering may not be applicable for MSR due to their high corrosivity. Experiments were
carried out to determine the corrosion rate of stainless steel 12Cr18Ni10Ti with different concentra-
tions of oxide ions (by adding lithium oxide to the melt in the concentration range from 0 to 0.8 wt.%)
in a FLiNaK melt. The formation of a protective oxygen-containing layer with a thickness of 1 micron
has been realized. The corrosion rate decreases by an order of magnitude at the concentration of oxy-
gen anions in the melt, in the range from 0.2 to 0.4% by weight, which may indicate high-temperature
passivation of the material due to modification of the composition of the fluoride melt and reduction
in its corrosion activity. In addition, the corrosion type of stainless steel in fluoride melts changes
from the intercrystalline and pitting that is usually harmful to reactor material structure to total
corrosion when lithium oxide is added. This is due to the “healing” of individual corrosion defects
formed on the surface of the studied material by oxygen-containing compounds.

Keywords: corrosion; candidate materials for MSR; FLiNaK melt; high-temperature passivation;
protective oxide layers

1. Introduction

Molten fluoride salts have properties that allow them to be used as salt solvents in a
liquid salt reactor [1–5].

Despite the fact that alkali metal fluorides are among the most aggressive salts in terms
of degradation of construction materials used in reactor engineering, these salt melts have
huge advantages over water solutions due to high thermal conductivity, low viscosity, high
boiling points, the highest heat capacity per unit volume and insensitivity to radiation.

The great advantages of the designs of the IV generation reactor systems with molten
salts are the efficient use of fuel, minimal amount of radioactive waste and expected
economically attractive, safe and environmentally friendly operation [6–8]. Molten salts
can be used as a reactor coolant or transfer medium in high-temperature technological
thermal circuits (from nuclear reactors to hydrogen production), but corrosion of metallic
materials is a serious problem [9–11].

Attempts to reduce the rate of corrosion in molten salt systems face serious, sometimes
insurmountable limitations. In many high-temperature installations where molten salts
are applied, alloys containing high concentrations of chromium, silicon or aluminum are
traditionally used, since these elements easily form passive oxide films that slow down
the transfer of particles between the metal and the environment, preventing further corro-
sion [12–15]. However, in molten halide salts, these oxides either do not form films or form
porous layers, unstable due to a very low oxygen activity in molten salts. Consequently,
the destruction largely depends on the reactions at interfaces between the molten salt and
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the surface of the pure metal. In other words, the mechanism of corrosion in molten salts is
much more complicated than in aqueous media; the formation of a passivating oxide layer
on corrosion-resistant alloys becomes thermodynamically impossible, and therefore the
use of many alloys is limited [16,17].

Molten alkali metal fluorides are a promising medium for modern nuclear technolo-
gies. The applicability of fluorides is currently limited by the high rates of corrosion and
destruction of the metallic materials in them. Traditionally accepted methods of corrosion
protection in molten salts, such as alloying metal material, are unacceptable, and it is
necessary to develop new methods of corrosion protection in molten salts, such as applying
a layer of chemically resistant metal to the surface of candidate materials. The copper
coating can significantly reduce corrosion losses.

Contrary to the well-established opinion about the instability of the oxide layer in
the melt of halides [18–23], in particular fluorides, a number of works have been pub-
lished [24–29] in which there is information about a significant increase in the resistance of
the structural material due to the formation of a spinel-type oxide layer on the surface that
inhibits the course of the corrosion process.

A coating deposited in a carbonate melt on substrates made of steel and nichromes
of various compositions was previously studied [15]. The most optimal composition of
the reaction medium for creating an oxide coating of a non-stoichiometric composition,
well bonded to the substrate, is the eutectic melt K2CO3–Na2CO3–Li2CO3. Similar coatings
were obtained by means of a 4 h exposure of samples at a temperature of 550 ◦C.

Such coatings could be used as protective coatings in fluoride melts with compositions
suitable for MSR only if they are isothermically transferred from one melt to another, which
is not technologically feasible. Based on the studied processes of interaction of candidate
materials with oxygen-containing compounds in molten salts, we investigated the possibil-
ity of the formation of a passivating layer on the surface of candidate materials for MSR
directly during corrosion exposure in the FLiNaK melt by setting a certain concentration
from 0 to 0.8 wt.% of O2− ions, in the form of Li2O. These experiments on the formation of
an oxide coating on 12Cr18Ni10Ti steel directly in a fluoride melt showed that, with the
range of the concentration of oxygen anions in the melt from 0.2 to 0.4 wt.%, the rate of
corrosion of steel decreased by an order of magnitude, which may indicate the detection of
the phenomenon of high-temperature passivation of the material, due to modification of
the composition of the fluoride melt and reduction in its corrosion activity. It is shown that
it is possible to form a protective oxide layer in the melt of alkali metal fluorides, which is
the result of the interaction of corrosion products of electronegative steel components and
oxygen anions.

Based on previously obtained electrochemical and corrosion data [14], experiments
were carried out on stainless steel 12Cr18Ni10Ti with different concentrations of O2− in a
fluoride melt to determine the possibility of forming a protective layer during shockless
(corrosive) exposure of the material in the melt for 24 h.

2. Materials and Methods
2.1. Materials

The experiments were performed in a FLiNaK melt with the addition of high-purity
lithium oxide with a concentration from 0 to 0.8% by weight by the anion O2−. The studies
were carried out in an inert argon atmosphere glove box (8.0 ppm in oxygen and 0.1 ppm in
moisture). Steel 12Cr18Ni10Ti was used as the test material. The experiments were carried
out in parallel on 3 samples at a temperature of 550 ◦C and an exposure time of 24 h.

2.2. Methods

Eutectic melt LiF-NaF-KF (46.5–11.5–42.0 % mol.) was prepared from individual salts
of NaF, LiF and KF* HF of the “H.H.” brands; a detailed methodology is presented in [14].

Lithium oxide was synthesized by thermal decomposition of anhydrous lithium hy-
droxide under vacuum. Lithium hydroxide monohydrate was dehydrated under vacuum
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at a temperature of 300 ◦C. Anhydrous LiOH was placed in a magnesium oxide crucible,
placed in a sealed quartz tube, and decomposition was carried out at a temperature of
450 ◦C under vacuum until the release of water ceased. After the water release was fin-
ished, the temperature was increased to 800 ◦C, and the synthesized Li2O was treated
with hydrogen until the lithium carbonate was completely decomposed. The synthesized
lithium oxide was a white powder with a mass fraction of lithium oxide of 99.0% and a
Li2CO3 content of no more than 0.5 wt.%.

Samples of salt melts selected during the experiment, as well as the initial salt com-
position of FLiNaK and synthesized Li2O, were analyzed for impurities using a mass
spectrometer with inductively coupled plasma NexIon 2000 (Perkin Elmer, Waltham, MA,
USA). The results of the analysis of the initial FLiNaK and Li2O are listed in Table 1.

Table 1. Elemental composition of the initial FLiNaK and Li2O.

Element
Source Component

FLiNaK Li2O

Ti, wt.% 0.0027 0.0007
Cr, wt.% 0.0010 0.0011
Fe, wt.% 0.0032 0.0020
Ni, wt.% 0.0042 0.0014
Mn, wt.% 0.0003 <0.0001
Ca, wt.% 0.0040 0.0050
Co, wt.% 0.0002 <0.0001
Cu, wt.% 0.0018 0.0004
V, wt.% <0.0001 <0.0001

Zr, Mac.% <0.0001 <0.0001
Mg, Mac.% 0.0083 0.0047

To determine the number of oxygen anions in the FLiNaK melt, the method of voltam-
pere scanning in the anode region was applied. The AutoLAB PGSTAT 302 N potentiostat
(Metrohm Autolab B.V., Utrecht, The Netherlands) was used as a measuring device. The
working electrode was a golden ball on a golden wire (with a surface area of 0.88 cm2).
Molybdenum rods were used as reference for auxiliary electrodes. The scanning speed is
0.5 V/s (to the anode region). The resulting voltage dependences are shown in Figure 1.
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According to the obtained voltage dependences, the current increased proportionally
to the lithium oxide concentration in the melt. We confirmed the given concentrations of
lithium oxide by anodic polarization.

Steel 12Cr18Ni10Ti (Fe-based alloy, 18Cr-10Ni, 0.8 Ti, 0.12 C wt.%) was used as the
material for test samples. Before the test, the samples were grounded and polished with
abrasive paper of various grain sizes, degreased and dried. After that, their dimensional
characteristics were measured with a digital caliper and the mass by the analytical scales
AND GR-202.

3. Results and Discussion

Figure 2 shows the appearance of the samples under study, as well as the solidified
melt (Figure 3).
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Figure 3. Appearance of the melt after corrosion tests.

It can be noted that, at concentrations up to 2500 ppm, O2− samples have a light
gray color; with a further increase in concentration, the samples are covered with a brown
coating. In the first case, the color is gray due to selective corrosion; in the second case, the
color is brown due to oxide layer formation.

It is also necessary to emphasize the clarification of the melt, i.e., an increase in melt
transparency, with an increase in the concentration of lithium oxide in FLiNaK. This trend
is associated with a significant decrease in the transition of steel components to the melt.

The corrosion rate obtained from gravimetric and elemental analysis is presented in
Table 2.

The corrosion rates obtained from the data of gravimetric and elemental analysis
of the salt melt after the end of the experiment have almost identical values for oxygen
concentrations in the FLiNaK of up to 1500 ppm O2−. For a more accurate gravimetric
analysis, washing with pickling solutions, selectively dissolving corrosion products and
not damaging the structure of the surface non-corroded layer is required. The selection of
such an etching solution requires further research. In this regard, we can say that in this
case, the corrosion rates obtained from chemical analysis data are more reliable.
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Table 2. Corrosion rate of 12Cr18Ni10Ti steel samples aged in FLiNaK melt at different concentrations
of Li2O.

Concentration O2− Corrosion Rate, g/m2h

ppm wt.% According to
Gravimetric Analysis

According to the Data of
Elemental Analysis

<200 <0.020 1.448 1.766
500 0.050 3.975 3.936

1000 0.100 3.717 3.516
1500 0.150 3.650 3.404
2500 0.250 0.162 0.541
4500 0.450 0.479 1.589
8000 0.800 0.943 1.705

At a concentration of lithium oxide up to 500 ppm O2−, the corrosion rate increases
by two times, relative to the similar corrosion exposure in the eutectic FLiNaK mixture
without additives. At a concentration of 2500 ppm O2−, the corrosion rate is three–four
times lower. With a further increase in the oxygen anion content in the melt, the corrosion
rate increases again. Figure 4 shows the selectivity of the transition of steel components into
the melt depending on the concentration of lithium oxide additives obtained by elemental
analysis of the hardened melt after the experiment.
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lithium oxide additive in FLiNaK, according to elemental analysis.

According to chemical analysis, as a result of corrosion exposure, nickel is practically
not released in the entire range of lithium oxide concentrations studied in FLiNaK. In turn,
at concentrations from 2500 to 4000 ppm O2−, the transition of chromium into the melt
relative to iron becomes significantly less. In addition, a significant amount of chromium
was found in the washing solutions used to remove the salt residue from the samples after
an experiment, with a lithium oxide content of over 2500 ppm O2−.

The most significant data on changes in the morphology of the surface were obtained
using MRSA of cross-section sections. This is due to the fact that it is traditionally assumed
that for austenitic stainless steel in halide melts, the prevailing type of corrosion is an
intercrystalline one.
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Figure 5 shows the element mapping of the cross-sectional section of the studied
samples of steel 12Cr18Ni10Ti aged in a FLiNaK melt containing various concentrations
of Li2O.
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the FLiNaK melt, at different concentrations of Li2O.

According to elementary (Figure 4) and MRSA (Figure 5) analyses, it can be noted
that, at concentrations above 2500 ppm O2−, there is a significant decrease in the yield of
chromium into the melt, due to the fact that this component of steel is retained in the oxide
surface layer. The concentration of iron in the near-surface layer decreases, while the nickel
content does not change. In addition, according to X-ray microanalysis, at concentrations
above 2500 ppm O2−, there is a change in the nature of corrosion from the typical for halide
media, to intercrystalline corrosion, to total corrosion.

At concentrations below 2500 ppm O2−, there is a decrease in the concentration of iron
and chromium in the near-surface volume of the structural material; it should be assumed
that the corrosion products dissolve in the electrolyte without hindrance. In turn, the nickel
concentration in it is significantly increased, which indicates the absence and/or slight
degradation of the alloy for this component.

Thus, the reactions occurring in the melt system containing lithium oxide/candidate
material can be represented as:

Fe2+ + O2− = FeO

Ni2+ + O2− = NiO

2Cr3+ + 3O2− = Cr2O3

2Fe3+ + 3O2− = Fe2O3

2Ti3+ + 3O2− = Ti2O3

Thus, a decrease in the corrosion rate occurs due to the formation of mixed composition
Fe–Cr–O oxides on the surface of the samples, which in turn causes passivation of the
shielding type steel due to the solubility of this layer in FLiNaK.
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4. Conclusions

Based on the obtained electrochemical and corrosion data, the formation of a protective
oxygen-containing layer with a thickness of 1 micron was executed at concentrations of
2500 ppm O2−.

With the areas of concentration of oxygen anions in the melt from 0.2 to 0.4 wt.%,
the rate of corrosion of steel decreases by an order of magnitude, which may indicate
the detection of the phenomenon of high-temperature passivation of the material due to
modification of the composition of the fluoride melt and reduction in its corrosion activity.

The most dangerous corrosion types, from the point of view of structural reactor
materials, are the intercrystalline and pitting types of stainless steel corrosion which occur
in fluoride melts. These types of corrosion change to total corrosion when lithium oxide
is added due to the “healing” of individual corrosion foci with excess-oxygen-containing
compounds (at concentrations of more than 2500 ppm O2−).
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