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This work focused on the stability of the protective Cr2O3 layer formed on alloys in molten ﬂuorides with different ﬂuoroacidities
and ZrF4 contents. Results showed that ﬂuoroacidity only slightly affected Cr2O3 due to its stability in basic FLiNaK and neutral
FLiBe melts. When more than 1.1 mol% ZrF4 was added to FLiNaK, the new structure [ZrF7]3− formed by the interaction of ZrF4
and F− could be detected by Raman Spectroscopy and X-ray diffraction, and Cr2O3 solubility in FLiNaK–ZrF4 increased 19 times.
In the case of FLiBe salt, the structure of [ZrF6]2− could be detected when 5 mol% ZrF4 was added, and Cr2O3 dissolution
increased from 183 ppm to 320 ppm. Further structural changes from [ZrF6]2− to [ZrF8]4− occurred after adding free F− (LiF) to
FLiBe–ZrF4 (5 mol%), and solubility of Cr2O3 doubled. Hence, the molar ratio of ZrF4 additive to free F− greatly affected Cr2O3
dissolution, whose mechanism can be ascribed to Cr dissolving in the form of soluble CrF3 and the oxide ions O2− combining with
ZrF4 and free F− to form ZrOxFy4–2x−y complex.
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ab6984]
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Molten ﬂuorides are often used as coolants in molten salt reactors
(MSR).1–3 The eutectic LiF–NaF–KF (46.5:11.5:42 mol%), also
called FLiNaK, is among the leading salt coolants used in secondary
loop.4 LiF–BeF2 (2:1 mol)–ZrF4 (5 mol%) is a coolant for the
primary loop.5–7 The Hastelloy N alloy with 8 wt% Cr2,8 has been
usually applied as structural materials in MSR because of its
resistance to corrosion. The composition of Cr forms a Cr2O3
oxidation layer during the passivation treatment,9 which protects
from further alloy oxidation. However, compared with other types of
coolants, molten ﬂuorides can effectively dissolve oxides, and Cr2O3
oxidation layer may dissolve into Cr(III) ions and O2− or oxyﬂuoride. Our previous research10–13 and other related ones14,15 have
conﬁrmed the inﬂuence of metal Cr(III) ions on alloy corrosion, and
the relevant reaction is expressed in Eq. 1. The dissolved O2− or
oxy-ﬂuoride ions indirectly affect alloy corrosion by reacting with
corrosion products in molten ﬂuorides.16 Therefore, Cr2O3 solubility
in molten ﬂuoride coolants must be investigated because this issue
reveals the stability of the protective oxide layers and the subsequent
alloy resistance in a corrosive environment.
2Cr (III) + Cr (0) = 3Cr (II)

[ 1]

The ﬂuoroacidity of molten salt, which is characterized by the
amount of free ﬂuoride ions F− in salt, greatly inﬂuences oxide
speciation.17–19 Fluoroacidity depends on the ﬂuoride salt composition. In the case of FLiNaK, the ﬂuoride activity is equal to 1
because this salt is completely dissociated and is known as (ﬂuoro)
basic. In the case of LiF–BeF2 and LiF–BeF2–ZrF4, BeF24 and
ZrF420 are (ﬂuoro)acid salts that form complexes with the free F−.
Thus, the amount of free F− depends on the LiF/BeF2 and LiF/(BeF2
+ ZrF4) ratio.21 An increase in ﬂuoroacidity decreases the free F−
involved in the solvation of ﬂuorides and oxides. Charles22 found
that CeF3 solubility in LiF–BeF2–ThF4 is correlated to the free F−
content, and an increase in the amount of free F− increases CeF3
solubility. ZrO2 and UO2 solubilities in FLiNaK differ from those of
LiF-BeF2 (2:1 mol) melts.23–25 Based on these references, Cr2O3
solubility in LiF–BeF2 and LiF–BeF2–ZrF4 is quite different from
that of FLiNaK salt due to the different amounts of free F− contained
in the ﬂuoride mixtures. In this work, several types of ﬂuorides with
different ﬂuoroacidity values were prepared, and Cr2O3 solubility in
these systems was investigated, aiming to explore the relation
between Cr2O3 solubility and molten ﬂuoroacidity.

z
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Experimental
Chemicals and apparatus.—Two types of salt mixtures, namely,
highly puriﬁed FLiNaK (LiF–NaF–KF: 46.5–11.5–42 mol%) and
FLiBe (LiF–BeF2: 2:1 mol) eutectics, which were supplied by
Shanghai Institute of Applied Physics, Chinese Academy of
Sciences, were used as basic solvents with melting points of 454 °
C and 460 °C, respectively. To vary the ﬂuoroacidity of the solvent,
we introduced a known amount of zirconium to FLiNaK and FLiBe
salts in the form of ZrF4 (Sigma-Aldrich, 99.99%). The Cr2O3
powder excess (Sigma-Aldrich, 99.9%) was the solute oxide.
In order to remove moisture in FLiNaK–ZrF4 and FLiBe–ZrF4,
these salts were ﬁrstly dehydrated by drying under vacuum from room
temperature up to its melting point for 72 h, and then further puriﬁed
by sparging the H2-HF mixture at 550 °C, followed by sparged the
ultra-pure H2 into salts for 8 h to avoid residual HF remaining in
molten ﬂuorides. After cooling, the melts were loaded into a vitreous
carbon crucible (Ф70 × H100 mm) and then transferred to a stainlesssteel cell inside an electric furnace and equilibrated at the chosen
temperature. This cell has been described in previous work.24,25 The
experimental temperature was set at 600 °C and measured by a nickelchromium thermocouple positioned just outside the crucible. The
whole experiment was conducted inside a glove box with dry argon
atmosphere (99.99%), and the concentrations of moisture and oxygen
in the glove box were both below 2 ppm.
Analytical techniques.— Chemical analysis.—After the ﬂuoride
melts saturated with oxide at 600 °C, a sample of the ﬂuoride melt
was online sampled. During the sampling process, a sintered nickel
ﬁlter was used to prevent the Cr2O3 precipitates from attaching to the
sampler.24,26 Thus, all the chromium in the sample was regarded as
being obtained from the dissolved Cr2O3. Approximately 0.1 g of
ﬁnely pulverized sample was weighed in a glove box, and then
dissolved in diluted 20% (v:v) HNO3 and heated at 80 °C for ca.
30 min until the sample was completely dissolved. After cooling, the
sample solution was further dissolved in deionized water and
transferred to a 50 ml ﬂask. The decomposition test for each sample
was duplicated. Chromium in the dissolved sample was determined
by inductively coupled plasma–optical emission spectroscopy (ICPOES, Arcos, Spectro Co., Ltd.)
Molten ﬂuorides structure analysis.—X-ray diffraction (XRD,
Bruker D8 Advance) was used for qualitative measurements and phase
analysis (Stoe-Stadi-P diffractometer equipped with a linear PSD
(position-sensitive detector) and a curved Ge (111) primary beam
monochromator). Raman spectroscopy (HR 800, HORIBA Jobin
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Figure 1. Raman spectra of (a) FLiNaK, (b) FLiNaK-ZrF4 (2.7 mol%), and
(c) FLiNaK-ZrF4 (10 mol%).

Yvon) was performed to identify the coordination structure of molten
ﬂuorides. A 100 mW-average power 532 nm-line laser was used to
excite the sample. For the analysis and collection of the spectra, the HR
800 (Jobin Yvon) Raman system equipped with CCD detector was
used in the triple conﬁguration. The system was interfaced with a
personal computer, and the spectra were digitally saved.
Results and Discussion
Cr2O3 solubility in the FLiNaK and FLiNaK-ZrF4 melts.—Pure
FLiNaK salt is the most basic molten ﬂuoride because it contains
only free F−. This feature can be demonstrated by Raman spectroscopy analysis, as shown in Fig. 1a; no peak was detected in pure
FLiNaK, indicating that only the free F− existed in this system.
To determine the equilibration time for Cr2O3 dissolving in
FLiNaK, the duration of the measurements was varied. Figure 2 gives
the plot of the solubility of Cr2O3 in the melt vs time for dissolution. It
can be seen that the initial concentration of Cr2O3 in FLiNaK melts was
lower to 2 ppm. After Cr2O3 was added to FLiNaK salt for 26 h, its
solubility remarkably increased to 116 ppm. No remarkable difference
was observed in the results of the samples obtained after 35 and 72.5 h.
Thus, the duration of the experiments was ﬁxed at 35 h, and the
saturated solubility of Cr2O3 was approximately equal to 122 ppm. This
result was lower than that of 258 ppm of Cr2O3 in NaF–AlF3
(1.4:1 mol) as reported by Danielik.27 Therefore, Cr2O3 was stable in
basic FLiNaK melts that contains only the free F−.

Figure 2. Cr2O3 solubility in FLiNaK melts vs equilibrium time at 600 °C.

Figure 3. XRD spectra of FLiNaK (a) and the salt with various contents of
ZrF4: 2.7 mol% (b) and 10 mol% (c).

To obtain relative ﬂuoroacidity system and determine Cr2O3
solubility in molten ﬂuorides at 600 °C, we controlled the amount of
ZrF4 additive in FLiNaK melts by no more than 10 mol% to vary the
ﬂuoroacidity of FLiNaK. Raman spectroscopy was applied to analyze
the FLiNaK–ZrF4 melts with different concentrations of ZrF4, and the
results are shown in Figs. 1b and 1c. As shown in Fig. 1b, two peaks at
250 and 548 cm−1 can be detected in FLiNaK–ZrF4 (2.7 mol%), which
were characteristic peaks for [ZrF7]3− as reported by Dracopoulos,28
Pauvert,29,30 and Wang.31 With increased ZrF4 amount to 10 mol%,
the intensity of characteristic peaks at 250 and 548 cm−1 were
enhanced, indicating that the formed [ZrF7]3− increased. The XRD
analysis of FLiNaK with 2.7 and 10 mol% ZrF4 was further performed
to determine the complex form of Zr and F, and the results are shown
in Figs. 3b and 3c. Aside from the original species, that is, KF, LiF,
and NaF, a new phase K3ZrF7 appeared. This result indicated that the
amount of free F− decreased due to the formation of K3ZrF7. The asdetected [ZrF7]3− structure in FLiNaK-ZrF4 (⩽10 mol%) melts was
probably formed via the following reaction [Eq. 2], which is consistent
with that obtained by Sun.32
ZrF4 + 3F - = ZrF73 -

[2]

Figure 4 shows Cr2O3 solubility in FLiNaK-ZrF4 melts as a
function of the molar fraction of added ZrF4. The Cr2O3 dissolution

Figure 4. Cr2O3 solubility in FLiNaK melts vs molar fraction of added ZrF4
at 600 °C.
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Figure 5. Solidiﬁed FLiNaK–Cr2O3 melts prepared with different concentrations of ZrF4 (a) 0 mol%; (b) 0.6 mol%; (c) 1.7 mol%; (d) 5.9 mol%.

increased from 2 ppm to 1489 ppm with increased ZrF4 concentration from 0 mol% to 0.6 mol%. With further increased ZrF4
concentration to 1.1 and 8.5 mol%, the increment of chromium
concentration in melt gradually slowed down and eventually
plateaued. The maximum Cr2O3 concentration was 2297 ppm,
indicating that the saturated solubility of Cr2O3 in FLiNaK–ZrF4
was higher than that in FLiNaK melts by a factor of 19. Thus, Cr2O3
dissolution in molten ﬂuorides was largely facilitated by the addition
of ZrF4, which was probably related to the newly formed complex
structure [ZrF7]3- between ZrF4 and free F−.
The solidiﬁed FLiNaK–Cr2O3 melts with different ZrF4 molar
fractions are given in Fig. 5. Without the addition of ZrF4, the whole
block salt consisted of two parts, as shown in Fig. 5a. The white one
presented on the top and the dark green one precipitated at the
bottom correspond to solidiﬁed FLiNaK (ρ: 2.05 g cm−3) and
saturated Cr2O3 (ρ: 5.21 g cm−3), respectively. With increased
ZrF4 addition to 0.6, 1.7, and 5.9 mol%, the top FLiNaK–ZrF4
melts gradually became green, whereas the bottom layer did not
show any remarkable difference [Figs. 5b–5d, respectively]. The
transition from white to green for the top portion of the salt may be
attributed to the increase in soluble Cr(III) species (presumably CrF3
or Cr(III) oxy-ﬂuoride species),33 which will be further conﬁrmed by
cyclic voltammetry (CV) and XRD analysis (see the section
Dissolution mechanism of Cr2O3 in molten ﬂuorides containing
ZrF4.)
Cr2O3 solubility in the LiF–BeF2 and LiF–BeF2–ZrF4 melts.—
In the case of LiF–BeF2 and LiF–BeF2–ZrF4, BeF24 and ZrF420 are
(ﬂuoro)acid salts, which form complexes with free F−. The amount
of free F− is determined by the ratio of LiF/BeF2 and LiF/(BeF2 +
ZrF4). Figure 6a shows the Raman spectra of LiF–BeF2 (2:1 mol)
melts. A peak was observed at about 560 cm−1, which is assigned to
the tetrahedron BeF42− symmetrical stretching vibration.34–36 The

XRD analysis also demonstrated the crystalline phase corresponding
to Li2BeF4, as shown in Fig. 7a. Thus, free F− in LiF–BeF2
(2:1 mol) salt was hardly found because of the BeF42− structure
produced by the stoichiometric ratios of BeF2 and F−, as shown in
Eq. 3. The LiF–BeF2 (2:1 mol) system can be seen as the neutral
medium almost without free F−.21
BeF2 + 2F-  BeF4 2 -

[3]

The saturated solubility of Cr2O3 in neutral FLiBe salt analyzed
by ICP-OES was approximately 183 ppm, which was in the same
order of magnitude with that obtained in FLiNaK melts, as shown in
Table I. Therefore, the Cr2O3 was stable in basic FLiNaK and
neutral medium FLiBe melts. The amount of free F− alone slightly
affected Cr2O3 solubility in molten ﬂuorides.
However, with the addition of 5 mol% ZrF4 to FLiBe, Cr2O3
solubility increased to 320 ppm, as shown in Table I, which was
almost twice the number received in pure FLiBe melts. This ﬁnding
implied that the ZrF4 additive can also facilitate Cr2O3 dissolution in
molten FLiBe. Compared with the results obtained in FLiNaK-ZrF4
(5 mol%), Cr2O3 solubility evidently reduced in FLiBe–ZrF4 (5 mol
%) melts (Table I), indicating that Cr2O3 dissolution must be
correlated with some speciﬁc structure [ZrFx]4−x complex formed
by the stoichiometric ratios of ZrF4 and free F−.
To further explore the relation between Cr2O3 solubility and
[ZrFx]4−x structure, we analyzed the FLiBe-ZrF4 (5 mol%) melts by
using both Raman spectroscopy and XRD. As shown in Fig. 6b,
aside from the characteristic peaks of tetrahedron BeF42− at
approximately 560 cm−1, a new peak at 586 cm−1 can be observed,
which is assigned to the [ZrF6]2− (antisymmetric stretching vibration
of Zr–F).28–30 The phase of FLiBe–ZrF4 (5 mol%) melts was mainly
composed of Li2BeF4 and Li2ZrF6, which was also analyzed by
XRD, as shown in Fig. 7b. This ﬁnding indicates that the new

Figure 6. Raman spectra of (a) FLiBe, (b) FLiBe-ZrF4 (5 mol%), (c) FLiBe-ZrF4 (5 mol%)-LiF (0.96 mol), and (d) FLiBe-ZrF4 (5 mol%)-LiF (1.54 mol).
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The solidiﬁed FLiBe–Cr2O3 melts and FLiBe–ZrF4
(5 mol%)–Cr2O3 with the addition of 0.96 mol LiF are shown in
Fig. 9. Without ZrF4, the whole block salt consisted of solidiﬁed
FLiBe (white part) and saturated Cr2O3 (green part), as shown in
Fig. 9a. The solidiﬁed salt then changed to very light green
in FLiBe–ZrF4 (5 mol%)–Cr2O3–LiF (0.96 mol) melts, as shown
in Fig. 9b. This phenomenon was consistent with that observed in
FLiNaK–ZrF4–Cr2O3 melts (see Fig. 5). Thus, Cr2O3 solubility can
be controlled in molten ﬂuorides by adjusting the molar ratio of ZrF4
and F−.

Figure 7. XRD spectra of solidiﬁed (a) FLiBe, (b) FLiBe-ZrF4 (5 mol%),
(c) FLiBe-ZrF4 (5 mol%)-LiF (0.96 mol), and (d) FLiBe-ZrF4 (5 mol%)-LiF
(1.54 mol).

structure [ZrF6]2− produced by the interaction between ZrF4 and F−,
as shown in Eq. 4, also promoted Cr2O3 dissolution. However, the
[ZrF7]3− structure was probably more favorable than [ZrF6]2− for
Cr2O3 dissolving because the solubility value in FLiNaK–ZrF4
(5 mol%) was distinctively higher than that obtained in
FLiBe–ZrF4 (5 mol%) melts (Table I). That means, the molar ratio
of ZrF4 additive and free F− greatly affected Cr2O3 dissolution.
ZrF4 + 2F - = ZrF62 -

[4]

Effect of ZrF4 and free F− ratio on Cr2O3 solubility.—In the
case of FLiNaK-ZrF4 (<10 mol%), there are plenty of free F−, thus,
the added ZrF4 can only form [ZrF7]3− structure. But in LiF–BeF2
(2:1 mol) salt, free F− in LiF–BeF2 (2:1 mol) salt was hardly found
and [ZrF6]2− structure can be detected after addition of 5 mol%
ZrF4. In order to further investigate the effect of molar ratio of ZrF4
and free F− on Cr2O3 solubility, different amounts of free F− in the
form of LiF was gradually added to FLiBe–ZrF4 (5 mol%) melts and
the solubility variation of Cr2O3 was given in Fig. 8. When 0.58 mol
LiF was added to FLiBe–ZrF4 (5 mol%) melts, Cr2O3 solubility
increased from 320 ppm to 424 ppm, as shown in Fig. 8. With
further increased LiF amount to 0.96 and 1.54 mol, Cr2O3 solubility
increased to 638 and 705 ppm, respectively. These results implies
that as the molar ratio of ZrF4 and free F− changed, Cr2O3 solubility
increased twofold in FLiBe–ZrF4 (5 mol%) melts.
Based on the investigation of Dracopoulos28 and Pauvert,29,30
different molar ratio of ZrF4 and free F− probably formed different
[ZrFx]4−x structures. Herein, we applied Raman spectroscopy and
XRD to further analyze the [ZrFx]4−x structure formed by various
molar ratio of ZrF4 and free F−. As shown in Fig. 6c, with the
addition of 0.96 mol LiF to FLiBe–ZrF4 (5 mol%) melts, aside from
the characteristic peaks at 560 cm−1 for [BeF4]2−, new peaks at
approximately 474 and 548 cm−1 were exhibited, which is associated with eight-coordinated species [ZrF8]4− and seven-coordinated species [ZrF7]3−, respectively.34 When further increased LiF
amount to 1.54 mol, the relative amount of [ZrF7]3− was decreased
and that of [ZrF8]4− increased. The FLiBe–ZrF4 (5 mol%) melts
with the addition of 0.96 and 1.54 mol LiF were also analyzed by
XRD, and the results are shown in Figs. 7c and 7d, respectively. The
crystal phase consisted of Li2BeF4 and Li4ZrF8. The Li3ZrF7 cannot
be detected, which might be because the amount was below the
detection limit. Thus, it can be seen that different molar ratio of ZrF4
and free F− formed different [ZrFx]4−x structures indeed, which
further affect the dissolution of Cr2O3 in molten ﬂuorides.

Dissolution mechanism of Cr2O3 in molten ﬂuorides containing
ZrF4.— Soluble species of chromium determined by CV and XRD.—
The dissolution of oxides would form some soluble species that can
be detected by electrochemical techniques as reported by relevant
research institutions.37–42 For instance, the formation of neodymium
oxyﬂuoride NdOF54− in LiF–NdF3–Nd2O3 was conﬁrmed by
Stefanidaki et al.37,38 through cyclic voltammetry (CV). The
NbOF52− species in the molten NaCl–KCl mixtures is reduced in
a single step to form NbO, as reported by Chemla and
Grinevitch.39,40 Elizarova41 found the electroreduction signal of
gadolinium oxyﬂuoride caused by Gd2O3 dissolution in KCl–KF
salt. Chamelot42 also found the electroreduction of tantalum
oxyﬂuoride species, namely, TaOF52− and TaO2F43−, which were
produced in molten ﬂuorides containing oxide. Hence, in present
study, we performed CV method to investigate the soluble species of
Cr2O3 in molten ﬂuorides.
The solid line in Fig. 10 gives the cyclic voltammogram of
FLINAK–ZrF4 (1.70 mol%) recorded on tungsten electrode at
0.1 V s−1 and 600 °C. There appeared two reduction signals C and
D. The cathodic signal D is attributed the cathodic window of this
system, which can be assumed to the reduction of one melt
component. Based on investigations by Baes43 and Durán–Klie,44
the signal D and D’ corresponded to the electrodeposition of metal
potassium and its dissolution. Hence, in the present study, all
potentials referenced to a platinum wire were converted to vs
alkalis/alkalis+.24,25,45 Besides, prior to peak D, a reduction peak
C appeared at 0.20 V can be observed, which is associated with a reoxidation peak C’ at 0.49 V (vs alkalis/alkalis+). The shape of peak
C’ is characteristic of the dissolution of a deposited metal during a
cathodic run (stripping peak). Thus, the couple of C/C’ should be
ascribed to the Zr(IV)/Zr redox. Gibilaro and Groult46–48 and our
group24 also reported that the reduction of Zr(IV) to Zr proceeded
through a single step with four-electron exchange in molten
ﬂuorides.
After 1.64 wt% Cr2O3 was introduced into FLINAK–ZrF4
(1.70 mol%) melts and saturated, besides peaks C and D, two new
cathodic peaks A at 1.25 V (vs alkalis/alkalis+) and B at 1.02 V (vs
alkalis/alkalis+) respectively, can be found, as shown by the short
dash line in Fig. 10. The reduction potential difference between
peaks A and B was approximately 0.23 V. The two newly found
reduction peaks should be associated with the soluble species of
Cr2O3 formed in FLINAK–ZrF4 (1.70 mol%), probably in the form
of Cr(III) oxyﬂuoride or Cr(III) ﬂuoride.
Then, 0.31 wt% of CrF3 as the form of Cr(III) ﬂuoride was added
into FLINAK–ZrF4 (1.70 mol%) to further investigate the belonging
of electrochemical signals on tungsten electrode and the result was
given by the long dash line in Fig. 10. It can be seen that the two
reduction peaks A at 1.25 V (vs alkalis/alkalis+) and the subsequent
peak B at 1.02 V (vs alkalis/alkalis+) also exhibited. Previous
researches from related research institutions49–51 as well as our
group52 demonstrated that the reduction of Cr(III) in molten
ﬂuorides proceeded through two steps, involving the reduction of
Cr(III) to Cr(II) and the subsequent Cr(II) to Cr(0). Thus, it was
reasonable to speculate that the peak A and B was attributed to Cr
(III)/Cr(II) and Cr(II)/Cr(0) redox, respectively. Herein, the similar
CVs between FLINAK–ZrF4–CrF3 and FLINAK–ZrF4–Cr2O3
further proved that the soluble species of Cr2O3 in molten ﬂuoride
is in the form of CrF3. But the obtained peak current density in

Journal of The Electrochemical Society, 2020 167 023501
Table I. Cr2O3 solubility under various experimental conditions.

Molten salts
FLiNaK (LiF–NaF–KF: 46.5–11.5–42 mol%)
FLiBe (LiF–BeF2: 2:1 mol%)
FLiNaK–ZrF4 (5 mol%)
FLiBe–ZrF4 (5 mol%)

Cr2O3 solubility analyzed
by ICP-AES (ppm)
122
183
2297
320

Coordination of X–F analyzed
by Raman (X: Be, or Zr)

Crystalline phase
analyzed by XRD

—
BeF42−
ZrF73−
BeF42−, ZrF62−

LiF, NaF, KF
Li2BeF4
K3ZrF7, LiF, NaF, KF
Li2BeF4, Li2ZrF6

soluble Zr(IV) oxy-ﬂuoride. Thus, the following reactions were
considered to elucidate the nature of the dissolved species for the
dissolution of Cr2O3 in ZrF4 based molten ﬂuorides:
Cr2O3 + 1.5ZrF4 = 2CrF3 + 1.5ZrO 2
(DG0600

C

= 14.30 kJ mol-1)

12 - 6x - 3y 3
ZrF4 +
F
x
x
3
= 2CrF3 + [ZrOx Fy ]4 - 2x - y
x

[5]

Cr2 O3 +

Figure 8. Cr2O3 solubility with the addition of LiF in FLiBe–ZrF4 (5 mol%)
melts.

molten ﬂuoride containing Cr2O3 was lower than that obtained in
melts containing CrF3, this can be explained by the lower concentration of Cr(III) dissolved by Cr2O3.
Meanwhile, the supernatant of FLiNaK-ZrF4-Cr2O3 melts was
online sampled using a sintered nickel ﬁlter to prevent the Cr2O3
precipitates from sticking to the sampler. Then, the solidiﬁed
supernatant was used for XRD analysis and the result was shown in
Fig. 11. Aside from the original species, that is, KF, LiF, NaF and
K3ZrF7, a new phase K3CrF6 appeared. That means, the dissolution
species of Cr2O3 was corresponding to CrF3, which will further react
with KF to form K3CrF6 through the reaction of CrF3 + 3KF →
K3CrF6. This result agreed well with that obtained by CVs.
Soluble species of zirconium determined by chemical analysis.—
Based on above analysis, the dissolved Cr(III) species caused by
Cr2O3 dissolution is in the form of CrF3. Whereas the product of
zirconium species should be in the form of ZrO2 precipitate or

[6]

However, it can be easily seen that the reaction scheme of Eq. 5
is not a realistic model for the dissolution process, because of the
ΔG0 > 0. Moreover, with the addition of ZrF4 (0.6 mol%) to
FLiNaK–Cr2O3 melts and equilibration for different hours, solubility
of Cr2O3 gradually increased, whereas the concentration of Zr in the
bath was almost unchanged, as shown in Fig. 12. This result
indicates that the ZrF4 combined with the oxide ions to form some
soluble Zr(IV) oxy-ﬂuoride species but not ZrO2 precipitates.23
Based on the studies reported by Gibilaro46 and our group,23,24 given
its high afﬁnity towards oxygen, ZrF4 was readily to react with oxide
to easily form Zr(IV) oxy-ﬂuoride species in molten ﬂuorides.
Actually, the oxyﬂuorides in molten ﬂuorides have already been
reported in rare earth37,53–59 and aluminum production areas.60,61 For
instance, Rollet54,55 found the dissolution product of La2O3 in
LiF-LaF3 melts corresponded to LaOxFy3–2x–y units. Stefanidaki37
found that the dissolution of Nd2O3 in LiF–NdF3 can form
NdOFx1−x units. Haas62 also speculated that the soluble complex
UOxFy4–2x−y is responsible for the dissolution of UO2 in
LiF–BaF2–UF4 and LiF–CaF2–UF4. Thus, it is reasonable to
conclude that Zr(IV) oxyﬂuoride species in the form of
ZrOxFy4–2x−y should be formed. Therefore, Eq. 6 can be used to
describe the dissolution mechanism of Cr2O3 by ZrF4 additive, with
yielding the dissolution product of CrF3 and ZrOxFy4–2x−y complex.
Based on the dissolution mechanism shown in Eq. 6, that the
color of the solidiﬁed melts gradually changed from white to green
shown in Fig. 5 and Fig. 9 should be attributed to the dissolved CrF3

Figure 9. (a) Solidiﬁed FLiBe–Cr2O3 melts and (b) FLiBe–ZrF4 (5 mol%)–Cr2O3–LiF (0.96 mol) melts.
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Figure 10. Cyclic voltammograms of FLiNaK–ZrF4 (1.70 mol%) (solid line), FLiNaK–ZrF4 (1.70 mol%)–Cr2O3 (1.64 wt%) (short dash line) and
FLiNaK–ZrF4 (1.70 mol%)–CrF3(0.31 wt%) (long dash line) at 0.1 V s−1 scan rate and 600 °C. Working El.: W; auxiliary El.: graphite; reference El.: Pt.

Conclusions
This work focused on the stability of the protective Cr2O3 layer
formed on alloys in molten ﬂuorides with different ﬂuoroacidity
values and ZrF4 contents. The results showed that Cr2O3 was stable
in basic FLiNaK and neutral FLiBe melts; thus, ﬂuoroacidity slightly
affected Cr2O3 solubility. When more than 1.1 mol% ZrF4 was
added to FLiNaK, the new structure of [ZrF7]3− formed by the
interaction of ZrF4 and F− can be detected by Raman Spectroscopy
and XRD, and Cr2O3 solubility in FLiNaK–ZrF4 increased 19 times.
In the case of FLiBe salt, with the addition of 5 mol% ZrF4, the
structure of [ZrF6]2− can be detected by Raman Spectroscopy and
XRD, and Cr2O3 dissolution also increased from 183 ppm to 320
ppm. The structure changed from [ZrF6]2− to [ZrF8]4− with the
addition of free F− content (LiF) to FLiBe-ZrF4 (5 mol%), Cr2O3
solubility doubled. Hence, the various molar ratio of ZrF4 additive to
free F− may form different [ZrFx]4−x species, which greatly affected
Cr2O3 solubility. The dissolution mechanism was attributed to Cr
(III) dissolving in the form of soluble CrF3 and the oxide ions O2−
combining with [ZrFx]4−x to form [ZrOxFy]4–2x−y complex.
Figure 11. XRD pattern of the solidiﬁed supernatant of FLiNaK-ZrF4-Cr2O3
melts.

species. Moreover, this dissolution mechanism also revealed that
Cr2O3 solubility is affected by the molar ratio of ZrF4 additive to
free F− indeed, which well explained the above mentioned experimental results.
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