Corrosion Science 164 (2020) 108317

Contents lists available at ScienceDirect

Corrosion Science
journal homepage: www.elsevier.com/locate/corsci

Interaction mechanisms of a Hastelloy N-316L stainless steel couple in
molten LiF-NaF-KF salt

T

Hua Suna,c,*, Xiangbin Dingb, Hua Aia,c, Guanhong Leia,c, Xinmei Yanga,c, Jian-Qiang Wanga,c,**
a

Shanghai Institute of Applied Physics, Chinese Academy of Sciences, 2019 Jia Luo Road, 201800, Shanghai, PR China
China Nuclear Power Technology Research Institute Co. Ltd, Daya BayNuclear Power Base, 518124, Shenzhen, Guangdong, PR China
c
Key Laboratory of Interfacial Physics and Technology, Chinese Academy of Sciences, PR China
b

A R T I C LE I N FO

A B S T R A C T

Keywords:
Fluoride salt
Hastelloy N
316L SS
Galvanic corrosion
Mass transfer

The corrosion behavior of a Hastelloy N-316 L stainless steel couple in molten LiF-NaF-KF salt at 700 °C was
investigated using electrochemistry, immersion tests, and microstructure analyses. Hastelloy N exhibits better
corrosion resistance than 316 L SS. Galvanic coupling between two metals accelerates the corrosion of 316 L SS
but impedes the corrosion of Hastelloy N. Fe dissolved from 316 L SS was alloyed with Ni in Hastelloy N to form
a concentration cell of Fe, which accelerated the mass transfer of Fe from 316 L SS to Hastelloy N. The interactions of the Hastelloy N-316 L SS couple depend on galvanic corrosion and the Fe transfer.

1. Introduction
The corrosion of structural materials in molten ﬂuoride salts is a key
problem encountered when molten ﬂuorides are used in nuclear reactors, concentrated solar power systems, and other related industrial
applications [1–3]. Hastelloy N (70% Ni-17% Mo-7% Cr-5% Fe, mass
percent) is a preferred structural material because of its superior corrosion resistance [4]. However, the coexistence of two or more dissimilar materials is inevitable in real-world engineering structures. For
instance, graphite blocks are used as moderators and reﬂectors in nuclear reactors [5]. SiC can be used as fuel cladding and shut-down rod
channel liners in nuclear reactors [6]. Moreover, 316 L stainless steel
(SS) is considered as the structural material of heat exchangers and
other components used in the ﬂuoride salt-cooled high-temperature
reactor and other molten salt reactors (MSRs) due to its low cost and
existing code certiﬁcation at the intended operation temperatures
[7–9]. Many commercial apparatuses, such as liquid-level probes and
ﬂow meters, are fabricated using stainless steel [10]. The corrosion of
dissimilar-material couples can often be observed in molten ﬂuoride
salts, as in the case of aqueous solutions [10,11]. Therefore, avoiding
the corrosion of dissimilar-material couples is a considerable challenge
in all applications of molten ﬂuoride salts.
Several studies have been conducted on the corrosion behavior of
dissimilar-material couples, such as alloy-graphite, alloy-SiC, and alloyalloy couples, in molten ﬂuoride salts [12–18]. In contrast to the

⁎

interactions of dissimilar-material couples in traditional aqueous solution media [19–21], the interactions in molten ﬂuoride salts involve
element transfer from one material to the other with the intensiﬁed
corrosion damage to the less noble alloy. Consequently, the interactions
of dissimilar-material couples in ﬂuoride systems are very complex;
hence, the relating corrosion mechanisms are not understood thoroughly. For example, Ozeryanaya [12] and Olson et al. [13,14] have
proposed that the corrosion due to dissimilar materials in ﬂuoride or
chloride salts is due to nonelectric mass transfer, that is, activity-gradient-driven mass transfer. Electronegative metals (such as Cr) dissolve
into electropositive metals through a simultaneous oxidation (CrF3) and
reduction (Cr0) process provided the metals can form alloys with each
other, as exempliﬁed in Eq. (1):

3CrF2 ↔ 2CrF3 + Cr (Ni)alloy

(1)

Graphite can also participate in nonelectric mass transfers if the metals
can form carbides, as exempliﬁed in Eq. (2):

3CrF2 ↔ 2CrF3 + Cr (C )carbide

(2)

The corrosion due to dissimilar materials is also considered as galvanic corrosion that depends on the potential diﬀerence between the
dissimilar materials at the electrical contact in molten salts [15,16].
However, the electrochemical reactions that occur during corrosion are
unclear. Moreover, the electrochemical theory has never been employed for explaining the galvanic corrosion in molten ﬂuoride salts.
Thus, there exists no signiﬁcant diﬀerence between the proposed
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galvanic corrosion mechanism conducted with electric mass transfer
and the mechanism conducted with the aforementioned nonelectric
mass transfer. The same author proposed a paradoxical interpretation
for similar phenomena. For instance, Koger [11] reported that the interaction of the Haynes 25-Hastelloy N couple can be attributed to
activity-gradient-driven mass transfer. However, in the other study,
Koger [10] suggested that the accelerated corrosion of 304SS in Inconel
600 loop was due to the potential diﬀerence between the galvanic cell
electrodes. Thus, additional studies pertaining to the eﬀects of galvanic
coupling between dissimilar materials on the corrosion behavior of
each material in the couple should be conducted to thoroughly understand the corrosion problems of structural materials in ﬂuoride salt
systems.
Hastelloy N and 316 L SS were selected in this study mainly because
both alloys are key candidate materials for various MSR concepts. The
corrosion behavior of the Hastelloy N-316 L SS couple in molten
ﬂuoride salt was investigated. The main objective of the study is to
clarify the interaction mechanisms of the dissimilar-material couple in
molten ﬂuoride salts.

Table 2
Chemical compositions of Hastelloy N and 316 L SS (wt%).
Materials

Ni

Mo

Cr

Fe

Mn

Al

Ti

Si

C

Hastelloy N
316 L SS

70.6
13

16.8
2.6

7.01
17

4.16
Bal.

0.52
1.94

0.15
/

0.002
/

0.36
0.97

0.055
0.03

2. Experimental
Fig. 1. Schematic of the experimental setup used for electrochemical tests.

2.1. Material preparation

tube by using high-temperature cement with an exposed length of 50
mm. The cement was dried at room temperature for 24 h and then
solidiﬁed at 200 °C for 5 h. The exposed sample surfaces were polished
again with 1500 grit emery paper, rinsed, and dried before conducting
the tests. The counter and reference electrode were prepared using the
aformentioned methods.
A graphite crucible was selected as the cell because molten ﬂuoride
salts do not corrode it [13]. Prior to the testing, the graphite crucible
was cleaned ultrasonically in alcohol for removing contaminants from
the machining process and then dried in a vacuum oven at 700 °C for 12
h for removing residual moisture and oxygen. Moreover, 600 g of
FLiNaK salt was added into the graphite crucible, which was then
quickly transferred into a vertical furnace with a sealing ﬂange available outside the heated zone.
Electrochemical measurements were conducted in molten FLiNaK
salt at 700 °C in an inert argon atmosphere. After the salt was heated to
700 °C and maintained at this temperature for 30 min, three electrodes
were inserted into the molten salt through the electrode holes at the
ﬂange. The electrochemical tests were conducted with a VersaSTAT MC
instrument controlled by VersaStudio software. The open-circuit potential (OCP) was measured before preparing the potentiodynamic
polarization curve to ascertain a stable potential. The potentiodynamic
polarization curve was then measured at a scan rate of 1 mV/s. Then,
the anodic and cathodic regions complying with the Tafel equation in
the polarization curves were linearly ﬁtted using Origin 8. The corrosion potential Ecorr and corrosion current density Icorr of Hastelloy N and
316 L SS were then calculated by extrapolating the ﬁtted Tafel lines.

The ternary eutectic salt LiF-NaF-KF (46.5% LiF-11.5% NaF-42% KF
[mol%], FLiNaK) was selected as the experimental molten salt due to its
low melting point, high boiling point and suitable heat transfer properties. FLiNaK was puriﬁed by sparging with an HF-H2 gas mixture for
removing impurities, such as oxides, sulﬁdes, metallic halides, and
moisture. However, the impurities in the puriﬁed salt could not be removed completely. Therefore, trace amounts of impurities inevitably
remained in the as-received FLiNaK salt. The concentrations of the main
impurities present in the as-received salt are listed in Table 1. The
concentrations were determined using inductively coupled plasma-optical emission spectroscopy (ICP-OES) and ion chromatography (IC).
Accurately measuring trace contents of oxygen and water in the salt
was diﬃcult due to the detection method limit of molten salt chemistry.
Therefore, the concentrations of oxygen and water are not provided in
the present study.
Hastelloy N and 316 L SS were tested, and their chemical compositions are listed in Table 2. Specimens with two sizes were cut from a
large sheet. The specimens with a dimension of 70 × 4.5 × 2 mm3
were used for electrochemical measurements, and those with a dimension of 10 × 10 × 2 mm3 were used for immersion tests. All the
specimens were abraded with an emery paper to 1500 grit. Moreover,
the specimens used in the immersion tests were polished with 0.05 μm
Al2O3 powder. Subsequently, all specimens were cleaned with deionized water and alcohol and dried.
2.2. Electrochemical tests
Fig. 1 displays the schematic of the experimental setup used for
conducting electrochemical tests. Three electrodes were used for the
electrochemical measurement. Hastelloy N and 316 L specimens were
used as the working electrodes. A graphite rod with a diameter of 8 mm
was used as the counter electrode. A platinum plate with dimensions 60
× 3 ×1 mm3 (99.9 % purity) was used as the quasi-reference electrode.
The specimen with a welded Ni wire at one end was sealed in an Al2O3

2.3. Immersion tests
Fig. 2 displays the schematic of the experimental setup used for
conducting immersion tests. According to the electrochemical measurement, a graphite crucible was selected as the inner-layer crucible.
Moreover, a 316 SS crucible was selected as the outer-layer crucible to
avoid the eﬀects of external environment on the experimental results.
An Al2O3 ceramic sheet was used to electrically insulate the specimens
from the graphite crucible wall. The graphite crucible was pretreated
using the method described in Section 2.2. The 316 SS crucible and
Al2O3 ceramic sheet were cleaned with deionized water and alcohol and
then dried at 120 °C for 24 h to remove the residual moisture.
Two specimens of Hastelloy N and 316 L SS were ﬁxed in parallel

Table 1
Concentration of the impurities in the as-received FLiNaK salt determined using
ICP-OES and IC (ppm, by weight).
Impurities

Cr

Fe

Ni

Ca

Si

Cl−

NO3−

SO42−

PO43−

Content

10.68

39.17

18.92

7.53

79.96

1.9

60.6

2

17.8

2
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Fig. 3. OCP of Hastelloy N and 316 L SS in molten FLiNaK salt at 700 °C.

3. Results
3.1. Electrochemical tests
Fig. 3 displays the OCP of Hastelloy N and 316 L SS in molten
FLiNaK salt at 700 °C. A small ﬂuctuation was observed with time in the
OCP of both metals. The OCP values of Hastelloy N and 316 L SS were
-220 and −510 mV versus Pt, respectively. The signiﬁcant potential
diﬀerence (approximately 300 mV) between the two metals indicated
the possibility of galvanic corrosion [22].
Fig. 4 displays the potentiodynamic polarization curves of Hastelloy
N and 316 L SS in molten FLiNaK salt at 700 °C. The initial anodic
current density of Hastelloy N followed a linear relationship with potential, which suggested that the corrosion kinetics of the alloy was
controlled by its active dissolution. However, as the potential increased,
the anodic current density deviated from the linear response and
eventually stabilized at a current density of approximately 0.2 A/cm2.
This ﬁnding suggested that the corrosion of Hastelloy N was transformed from a process occurring in the active dissolution to a diﬀusioncontrolled process. Moreover, no passivation appeared in the polarization curve. A similar tendency was also observed in the polarization
curve of 316 L SS. This revealed that the corrosion process of 316 L SS
was similar to that of Hastelloy N. Table 3 presents the Tafel ﬁtting
results of the polarization curves. The corrosion potential (Ecorr) of
Hastelloy N is more positive than that of 316 L SS, and the corrosion
current density (Icorr) of Hastelloy N is lower than that of 316 L SS.
Therefore, the corrosion resistance of Hastelloy N is superior to that of

Fig. 2. Schematic of the experimental setup used for immersion tests.

alternatively by using a wire (φ = 1.5 mm) made of Hastelloy N, as
displayed in Fig. 2a. The surface area ratio of the specimens was approximately 1. Then, 200 g of solid FLiNaK salt was added into the
graphite crucible. Subsequently, the graphite crucible was encapsulated
in the outer 316SS crucible and welded shut. All the aformentioned
operations were conducted inside a glove box containing high-purity Ar
gas (99.999% purity). Next, the corrosion tests were conducted at 700
°C for 400 h in a high-temperature resistance furnace outside the glove
box. For comparison, the immersion tests of uncoupled Hastelloy N and
316 LSS were performed simultaneously (Fig. 2b).
After the tests, the furnaces were cooled to room temperature. Then,
the crucibles were removed and cut using a mechanical cutting machine. The specimens were retrieved and cleaned ultrasonically in 1
mol/L Al(NO3)3 solution and alcohol for removing the residual salt. The
specimens were then dried and weighed for determining the weight
changes with an accuracy of ± 0.01 mg. The surface and cross-sectional
images of the specimens were examined using scanning electron microscopy (SEM, Merlin Compact). The elemental distributions of the
specimens were analyzed using energy dispersive X-ray spectroscopy
(EDS, LEO 1530 V P) with an error range of 2−5 wt%. Accelerating
voltages of 10 and 20 kV were used for the SEM analysis and EDS
analysis, respectively. The specimens were also characterized by X-ray
diﬀraction (XRD, D8 Advance), and the XRD patterns were recorded
using a step size of 0.02° through an X-ray diﬀractometer (CuKα =
1.54056 Å). The XRD patterns were analyzed to estimate the possible
composition and structural variations of the specimens during corrosion
after removing the background and stripping Kα2 peaks by using Jade 5
software. The specimens used for cross-sectional analyses were embedded into epoxy resin and then abraded and polished again. Before
measurement, the prepared cross-sectional specimens were sprayed
with Pt or Au for enhancing their conductance.

Fig. 4. Polarization curves of Hastelloy N and 316 L SS in molten FLiNaK salt at
700 °C.
3
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0.08 ± 0.01 mg/cm2, and the uncoupled 316 L SS revealed an obvious
weight loss of 1.78 ± 0.08 mg/cm2. This result indicated that the corrosion resistance of Hastelloy N was superior to that of 316 L SS, which
is in accordance with the electrochemical results. When Hastelloy N
was in electrical contact with 316 L SS, the coupled Hastelloy N exhibited weight gain (1.14 ± 0.01 mg/cm2) instead of weight loss.
However, the coupled 316 L SS exhibited three times higher weight loss
(5.41 ± 0.16 mg/cm2) than the uncoupled 316 L SS. The galvanic
coupling between Hastelloy N and 316 L SS had an obvious inﬂuence on
the corrosion behavior of each metal of the couple.

Table 3
Tafel ﬁtting results of the polarization curves of Hastelloy N and 316 L SS in
molten FLiNaK salt at 700 °C.
Materials

Ecorr(mV vs.Pt)

Icorr (A/cm2)

ba*
(mV/dec)

bc*
(mV/dec)

Hastelloy N
316 L SS

−217
−402

2.57 × 10−4
1.47 × 10−3

149
66

166
151

* ba and bc represent the Tafel slopes of anodic and cathodic reaction, respectively; dec represents log[I(A/cm2)].
Table 4
Weight changes of the specimens after exposure in molten FLiNaK salt at 700 °C
for 400 h.
Experimental condition

Materials

Weight change(mg/cm2)

uncoupled (individual)

Hastelloy N
316 L SS
Hastelloy N
316 L SS

0.08 ± 0.01
1.78 ± 0.08
−1.14 ± 0.01
5.41 ± 0.16

coupled (electric contact)

3.2.2. SEM-EDS analysis
Fig. 5 displays the surface SEM images of Hastelloy N and 316 L SS
after they were exposed in molten FLiNaK salt at 700 °C for 400 h. Small
irregular voids and signiﬁcant Cr depletion were observed on the surface of the uncoupled Hastelloy N (Fig. 5a), which suggested that the
uncoupled Hastelloy N underwent corrosion. By contrast, no voids were
detected on the surface of the coupled Hastelloy N (Fig.5b). Moreover,
the surface of the coupled alloy exhibited a higher amount of Fe than
the surface of the uncoupled alloy. The Fe-rich phase mainly comprised
an Fe and Ni compound, which was probably Fe3Ni2 (atomic percentage) according to the EDS result (Fig. 5b). The Fe-rich phase could be
attributed to the coupled 316 L SS because of the low Fe content (39.17
ppm) of the as-received salt (Table 1).
Intergranular corrosion was observed in 316 L SS irrespective of
whether it was in electrical contact with Hastelloy N (Fig. 5c and 5d).
However, the attacked area along the grain boundaries of the coupled
316 L SS was wider than that observed on the uncoupled 316 L SS.
Moreover, the grains in the coupled 316 L SS underwent severe corrosion attack. This attack resulted in the residual micrometer-sized

316 L SS. This implies that Hastelloy N acts as the cathode and 316 L SS
acts as the anode in the Hastelloy N-316 L SS couple.

3.2. Immersion tests
3.2.1. Weight change
Table 4 lists the weight changes in the Hastelloy N and 316 L SS
specimens when they were placed in molten FLiNaK salt at 700 °C for
400 h. The uncoupled Hastelloy N exhibited a marginal weight loss of

Fig. 5. Surface SEM images and EDS results of Hastelloy N and 316 L SS after exposure in molten FLiNaK salt at 700 °C for 400 h: (a) uncoupled Hastelloy N, (b)
coupled Hastelloy N, (c) uncoupled 316 L SS, and (d) coupled 316 L SS.
4
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Fig. 6. Cross-sectional SEM images and EDS element distributions of the (a) uncoupled and (b) coupled Hastelloy N after exposure in molten FLiNaK salt at 700 °C for
400 h.

promoted the corrosion of 316 L SS and the mass transfer of Fe from
316 L SS to Hastelloy N.
Fig. 6 illustrates the obtained cross-sectional SEM images and the
corresponding EDS element distributions of the uncoupled and coupled
Hastelloy N after exposure in molten FLiNaK salt at 700 °C for 400 h.

irregular Fe-rich particles on the matrix, as indicated by the arrow in
Fig. 5d. Furthermore, the surface EDS analysis revealed that the Fe
content on the surface of the coupled 316 L SS (61.7 wt%) was lower
than that on the surface of the uncoupled 316 L SS (73.5 wt%). This
suggests that the galvanic coupling between 316 L SS and Hastelloy N
5
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Fig. 7. (a) BSE image and (b) EDS linear analysis of the magniﬁed cross-section of the coupled Hastelloy N after exposure in molten FLiNaK salt at 700 °C for 400 h.

elements from the alloy surface layer leads to a decrease in the lattice
parameters. Therefore, the XRD results further indicated that the uncoupled Hastelloy N underwent corrosion. This ﬁnding is consistent
with the weight change and SEM-EDS analysis results. New peaks of
awaruite (Ni, Fe), which were adjacent to the characteristic peaks of
austenite, were detected on the XRD patterns of the coupled Hastelloy N
after corrosion, which can be attributed to the Fe-rich phase on the
alloy surface. According to the Fe-Ni phase diagram [24,25], Fe tends to
be completely soluble in Ni to form γ (Fe, Ni) at 700°. Therefore, Fe
dissolved from 316 L SS can be alloyed with Ni in Hastelloy N to form
awaruite (Ni, Fe), which belongs to γ (Fe, Ni). However, the chemical
composition of γ (Fe, Ni) is diﬀerent from that of the austenite matrix;
thus, γ (Fe, Ni) exhibited a slight peak shift compared with the austenite
matrix.
Fig. 9b shows the XRD patterns of 316 L SS before and after corrosion in molten FLiNaK salt at 700 °C for 400 h. Before corrosion, 316
L SS exhibited characteristic peaks of austenite. These peaks could be
attributed to the alloy base. However, after corrosion, the uncoupled
316 L SS exhibited characteristic peaks of kamacite (FeNi) and Fe2C in
addition to the austenite peaks. This ﬁnding could be attributed to the
fact that the uncorroded 316 L SS matrix experienced phase transition
from austenite to kamacite after Cr depletion. Moreover, the uncorroded Fe matrix could combine with C to form Fe2C. By contrast,
only Cr3C2 was visible on the coupled 316 L SS specimen after corrosion
in addition to austenite. Fe and Cr were simutaneously dealloyed in the
coupled 316 L SS from the substrate; thus, the phase transition of the
uncorroded matrix was avoided. Therefore, the coupled 316 L SS still
retained the original austenitic crystal structure. However, the depletion of Fe and Cr altered the chemical composition of the coupled 316 L
SS in the near-surface region,which was responsible for the formation of
Cr3C2.

The uncoupled Hastelloy N exhibited a slight corrosion attack and its Cr
depletion depth was less than 5 μm (Fig. 6a). The coupled Hastelloy N
did not exhibit corrosion; however, a 10 μm-thick Fe-rich layer was
observed in the near-surface region of the alloy (Fig. 6b).
Fig. 7 displays the backscatterred electron (BSE) image and EDS
linear analysis results of a magniﬁed cross-section of the coupled Hastelloy N, which were used to further study the Fe-rich layers. No obvious boundaries, such as crevice or layer structure, were observed at
the interface between the Fe-rich layer and base alloy (Fig. 7a).
Moreover, a Mo-rich phase was detected in the vicinity of the interface
between the Fe-rich layer and matrix (Fig. 7b). This implies that Fe
could alter the relative amount of the alloying elements near the surface
of Hastelloy N, which resulted in the formation of the Fe-rich phase and
the precipitatation of Mo-rich phase from the matrix.
Fig. 8 displays the cross-sectional SEM images and the corresponding EDS element distributions of the uncoupled and coupled 316
L SS specimens after exposure in molten FLiNaK salt at 700 °C for 400 h.
All the uncoupled and coupled 316 L SS specimens underwent intergranular corrosion, which was in accordance with the surface SEM results. However, the corrosion depth of the coupled 316 L SS (approximately 50 μm) was larger than that of the uncoupled 316 L SS
(approximately 38 μm). Moreover, the grain boundaries of the coupled
316 L SS were attacked to greater width than those of the uncoupled
316 L SS. The EDS results revealed that the uncoupled 316 L SS exhibited signiﬁcant Cr depletion and marginal Fe depletion along the
grain boundaries (Fig. 8a). However, the Fe and Cr depletions were
signiﬁcant for the coupled 316 L SS (Fig. 8b).
The aforementioned SEM-EDS results revealed that the interaction
of the Hastelloy N-316 L SS couple accelerated the corrosion of 316 L SS
and impeded the corrosion of Hastelloy N. Meanwhile, the interaction
of the Hastelloy N-316 L SS couple resulted in the mass transfer of Fe
from 316 L SS to Hastelloy N. Similar phenomena have been found in
several previous studies. Olson et al. [13,14] have reported that the
graphite crucible promotes the corrosion of the Cr-containing alloys,
which results in the formation of a Cr-rich gray ﬁlm on the crucible
wall. Kondo et al. [15] observed that a Ni container accelerated the
corrosion of ferritic steel, JLF-1 (8.92 wt% Cr-2 wt% W) when placed in
molten FLiNaK salt at 600 °C, thus inducing the deposition of an Ni-Fe
alloy layer on the Ni container.

4. Discussion
The present study revealed that the uncoupled Hastelloy N exhibited higher corrosion resistance than the uncoupled 316 L SS when
placed in molten FLiNaK salt. The interactions of the Hastelloy N-316 L
SS couple promoted the corrosion of 316 L SS and protected Hastelloy N
against corrosion. The factors responsible for this behavior are described in the following sections.

3.2.3. XRD analysis
Fig. 9a displays the XRD patterns of Hastelloy N before and after
corrosion when placed in molten FLiNaK salt at 700 °C for 400 h. Three
characteristic peaks of austenite (γ phase) were clearly detected in three
XRD patterns. However, the characteristic peaks of the uncoupled
Hastelloy N after corrosion exhibited a peak shift of approximately 0.5°
to higher 2θ compared with those of the as-received Hastelloy N before
corrosion. Ye et al. [23] observed a similar phenomenon when studying
the corrosion behavior of Hastelloy N in molten FLiNaK salt. This
phenomenon is observed mainly because the depletion of the alloying

4.1. Galvanic corrosion between Hastelloy N and 316 l SS
The electrochemical and SEM-EDS results indicated that the corrosion of Hastelloy N and 316 L SS in molten FLiNaK salt could be attributed to the selective dissolution of alloying elements to form ions
into the salt. In general, pure molten FLiNaK salt did not corrode the
tested materials because the alloying elements ﬂuorides had more positive free energies of the formation than the salt constituents [1]. In the
present study, the corrosion of the alloys is ascribed to the corrosive
6
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Fig. 8. Cross-sectional SEM images and EDS element distributions of the (a) uncoupled and (b) coupled 316 L SS after exposure in molten FLiNaK salt at 700 °C for
400 h.

dissolution of Cr in the melts. Moreover, 316 L SS underwent slight
dissolution of Fe because the activity of Fe in ﬂuorides was the second
highest among the main alloying element activities. The possible corrosion reactions for Hastelloy N and 316 L SS are presented in the
following text.

impurities within the salt that induced the electrochemical dissolution
of the alloying elements.
The chemical activity of the alloying elements in molten ﬂuoride
salts increased in the following order: Cr > Fe > Ni [1,26]. Therefore,
the corrosion of Hastelloy N and 316 L SS mainly resulted in selective
7
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SO42 − + 6e → S + 4O 2 −
Me n +

(5)
(6)

+ ne → Me
n+

2+

2+

3+

where Me represents Ni , Fe , Fe
The anodic dissolution of metal follows the Tafel equation [19,30].
The anodic current density Ia of a metal can be simpliﬁed as follows:

Ia = Icorr exp ⎡
⎢
⎣

2.303(E − Ecorr ) ⎤
⎥
ba
⎦

(7)

where Ecorr is the corrosion potential, Icorr is the corrosion current
density, E is the polarization potential, and ba is the Tafel slope of the
anodic reaction.
When Hastelloy N and 316 L SS were in electrical contact in the
molten salt, a galvanic couple was formed between the Hastelloy N
cathode and 316 L SS anode. In this case, Hastelloy N and 316 L SS were
cathodically and anodically polarized, respectively. The polarization
potential and current of each metal in the couple are expressed in Eq.s
(8)–(11):
The expressions for the polarization potential and current of
Hastelloy N are as follows:

ΔE1 = Eg − Ecorr1
Ia1 = Icorr1 exp ⎡
⎢
⎣

(8)

2.303ΔE1 ⎤
ba1 ⎥
⎦

(9)

The expressions for the polarization potential and current of 316 L
SS are as follows:

ΔE2 = Eg − Ecorr 2
Ia2 = Icorr 2 exp ⎡
⎢
⎣

(10)

2.303ΔE2 ⎤
⎥
ba2 ⎦

(11)

where Eg is the coupled potential. Because ΔE1 < 0 and ΔE2 > 0,
Ia1 < Icorr1 and Ia2 > Icorr2. The principle of the galvanic corrosion between Hastelloy N and 316 L SS is illustrated in Fig. 10. Galvanic
coupling accelerated the anodic dissolution of 316 L SS and inhibited
the anodic dissolution of Hastelloy N. Ai et al. [17] reported that a
Hastelloy N specimen coupled with graphite exhibited a more severe
corrosion attack than a specimen uncoupled with graphite in molten
FLiNaK salt at 700 °C. This ﬁnding further revealed the existence of
galvanic corrosion between dissimilar materials.

Fig. 9. XRD patterns of (a) Hastelloy N and (b) 316 L SS before and after exposure in molten FLiNaK salt at 700 °C for 400 h.

4.2. Mass transfer between Hastelloy N and 316 l SS
The present study proposes that the interactions of the Hastelloy N316 L SS couple caused the mass transfer of Fe. Kondo et al. [15] found
that Fe dissolved from ferritic steel, JLF-1 (8.92 wt% Cr-2 wt% W)
placed in FLiNaK at 600 °C could be alloyed with a Ni crucible. Usually,
Cr is more active than Fe in molten FLiNaK salt. Wang et al. [31] found
that the diﬀerence between the corrosion potential of the Ni-Cr couple
is larger than that of the Ni-Fe couple. Moreover, they reported that the
galvanic eﬀect parameter, which is a key parameter for evaluating the
eﬀect of an electrical couple on metal corrosion, of the Ni-Cr couple (γ
= 80.97) is higher than that of the Ni-Fe couple (γ = 55.94). This
implied that the preferential transferred element from 316 L SS to
Hastelloy N should be Cr rather than Fe. Nevertheless, the present study
and the study by Kondo et al. [15] exhibited a contradictory phenomenon. This implies that there must exist other factors that aﬀect the
mass transfer of elements.
The SEM-EDS and XRD results indicated that Fe dissolved from 316
L SS can be alloyed with Ni in Hastelloy N to form a Fe-rich phase,
namely awaruite (Ni, Fe), which belongs to γ (Fe, Ni). Thus, the reactions pertaining to mass transfer of Fe may be written as follows:

Fig. 10. Schematic of the principle of the galvanic corrosion between Hastelloy
N and 316 L SS in molten FLiNaK salt.

The anodic reactions were as follows [26,27]:

Me → Me n + + ne

(3)

where Me represents Cr and Men+ represents Cr2+ for Hastelloy N.
Moreover, Me represents Cr and Fe and Men+ represents Cr2+ and
Fe2+for 316 L SS.
The cathodic reactions were as follows [26,28,29]:

nHF + ne →

n
H2 (g ) + nF −
2

(4)
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Reactionon316LSS: Fe → Fe 2 + + 2e

(12)

ReactiononHastelloyN:Fe 2 +

(13)

+ 2e + Ni → γ (FeNi )
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Fig. 11. Schematic of the interaction mechanisms of the Hastelloy N-316 L SS couple in molten FLiNaK salt.

OverallReaction:Fe + Ni = γ (FeNi)

(14)

higher corrosion resistance than 316 L SS. Hastelloy N exhibited marginal general corrosion due to the dissolution of Cr and formed ions in
the salt. 316 L SS exhibited obvious intergranular corrosion, which was
attributed to the dissolution of Cr with a small amount of Fe along its
grain boundaries, and formed ions in the salt.
The interactions of the Hastelloy N-316 L SS couple increased the
intergranular corrosion of 316 L SS but protected Hastelloy N against
corrosion. Fe dissolved from 316 L SS can be alloyed with Ni in
Hastelloy N to form a concentration cell of Fe. This cell accelerates the
mass transfer of Fe from 316 L SS to Hastelloy N.
The galvanic corrosion between 316 L SS and Hastelloy N as well as
the mass transfer of Fe from 316 L SS to Hastelloy N are signiﬁcant
contributors to the enhanced corrosion of 316 L SS and the improved
corrosion resistance of Hastelloy N.

According to the Nernst equation, the equilibrium potential of reactions (12) and (13), and the free energy change ( ΔG ) of reaction (14)
can be expressed as follows:

Ea = Ea0 +

α 2+
2.303RT
log Fe
2F
αFe (1)

(15)

Ec = Ec0 +

α 2+
2.303RT
log Fe
2F
αFe (2)

(16)

ΔG = −nF (Ec − Ea)

(17)

Ea0

where Ea and
are the equilibrium and standard electrode potentials
in V of reaction (12); Ec and Ec0 are the equilibrium and standard
electrode potentials in V of reaction (13); αFe (1) and αFe (2) are the activities of Fe on 316 L SS and Hastelloy N, respectively; αFe2 + represents
the activity of Fe2+ ion in molten salt; ΔG is the free energy change of
reaction (14) in J/mol; R is a gas constant (8.314 J/K/mol); F is the
Faraday constant (96,485 C/mol); and T represents the temperature.
The Fe content in the 316 L SS matrix was considerably higher than
that in the Hastelloy N matrix, that is, αFe (1) > αFe (2) . Thus, Ec > Ea and
ΔG < 0 . This implies that a thermodynamically favorable concentration
cell of Fe was formed between 316 L SS and Hastelloy N when Fe was
alloyed with Ni in the Hastelloy N matrix. Then, Fe was transferred
from 316 L SS to Hastelloy N. Conversely, according to the Cr-Ni binary
phase diagram, Cr and Ni cannot be alloyed over a wide concentration
range at 700 °C [32]. Thus, the concentration cell of Cr cannot be
formed. Consequently, no mass transfer of Cr was detected. Ozeryanaya
[12] suggested that the corrosion of alloy in molten ﬂuoride and
chloride salts depends on whether the alloying elements on electronegative materials can form an alloy or react with the electropositive
container material.
The aforementioned analysis indicates that the interaction mechanisms of the Hastelloy N-316 L SS couple depend on the galvanic
corrosion as well as the mass transfer of Fe, as illustrated in Fig. 11.
When Hastelloy N is in electrical contact with 316 L SS, the dissolution
of the 316 L SS anode is accelerated. However, the reduction of the
impurities occurs on the Hastelloy N cathode, which prevents the dissolution of Hastelloy N. Moreover, the mass transfer of Fe also promotes
the corrosion of 316 L SS.
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