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The molten salt corrosion performance of a Ni–Mo–Cr (GH3535) alloy weldment, produced using matching filler
metal, was assessed. Corrosion testing was performed in FLiNaK molten salt at 750 °C for 500 h. Present results
reveal that, despite a similar chemical composition, the weld metal has somewhat superior corrosion resistance
to the parent metal. The difference is primarily attributed to the significantly lower density of high-angle grain
boundaries (HAGBs) in the weld metal. Results further suggest that large M6C carbides present in the parent
metal may contribute to corrosion attack of the alloy matrix via galvanic corrosion.

1. Introduction

Reactor (MSR) systems. MSR technology was subsequently further developed and tested at Oak Ridge National Laboratory in the 1960s
[5,17–19], while interest was reignited following the Generation IV
International Forum Charter of 2001 [20,21]. The majority of current
MSR designs propose fluoride salts (FLiBe, FLiNaK) as either a heat
transfer medium (coolant), or fuel carrier salt in the case of liquid-fuel
designs [22–24]. The next generation of concentrated solar thermal and
thermal energy storage systems can likewise benefit from the utilisation
of molten fluoride salts due to their superior heat transfer characteristics compared to traditionally-used nitrate-based salts [3,12–15].
However, a major obstacle hampering the deployment of these technologies is the development and standardisation of suitable structural
materials. Such materials will be required to withstand: (i) high temperature, (ii) high corrosivity of molten fluoride salts, and (iii) high
radiation levels in the case of nuclear-based energy-generation systems
[25–28]. Accelerated development of molten-salt-facilitated energygeneration and energy-storage systems is thus heavily dependent on
continued research and testing of potential structural materials and
their joints (welds).
In general, corrosion of Ni–Mo–Cr alloys in a high-temperature
aerated environment is resisted by the formation of a thin oxide surface
layer (Cr2O3) [29,30]. However, this passivating oxide film becomes
chemically unstable in the presence of molten fluoride salt [14,30,31].
Material degradation in molten fluoride salt is then driven by three
primary mechanisms: (1) thermodynamically driven corrosion, (2)

The threatening presence of climate change (as outlined in the Paris
Climate Agreement [1]) has stimulated investment in the development
of low-emission energy-generation systems utilising both nuclear and
renewable (solar, wind, etc.) energy sources. Molten salts (fluorides,
chlorides, nitrates, etc. [2,3]) are being extensively explored as heat
transfer media for application in these next-generation low-emission
energy-generation systems due to their superior thermo-physical
properties compared to traditional heat transfer fluids (water, synthetic
oils, CO2, etc.) [4]. A high boiling point and a low vapour pressure
allow molten salts to remain in a liquid state over a broad temperature
range at atmospheric pressure [5–9], thus eliminating the risk of an
explosion-type accident. Hence, molten-salt-based systems offer the
potential for significantly improved safety over traditional high-pressure energy-conversion systems [4]. Further, molten salts exhibit superior thermal conductivity, specific heat capacity, and a relatively low
viscosity [9–11], in comparison to currently-used heat transfer fluids.
These properties render molten salts not only excellent heat transfer
media but also potential heat storage media for thermal energy storage
systems, which are required to support intermittent renewable energy
sources [3,12–15].
The potential of molten salt as a coolant (heat transfer medium) was
first recognised by the later-abandoned Aircraft Nuclear Propulsion
Program [16], which proposed the development of small Molten Salt
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trace impurity (Cl−, SO42−, H2O) driven corrosion, and (3) galvanic
corrosion between dissimilar metals [11,30,32–37]. Thermodynamically driven corrosion is typically of greatest concern in the
development of new alloys – alloying elements that form the most
thermodynamically stable fluoride compounds (i.e., most negative
Gibbs free energy of formation) will preferentially diffuse to the surface
and react with species in the molten salt (fluorides), causing them to
leach from the alloy [14,30,31]. However, the effect of salt impurities
can ultimately be of even greater concern during the operation of a
molten-salt-based system, given that they promote depletion of alloying
elements at theoretical (pure FLiNaK) system equilibrium [14,36].
Lastly, galvanic corrosion can occur when dissimilar metals are in
electrical contact, as a result of an electrode potential difference between the materials (e.g., alloy matrix/weld [38], alloy matrix/precipitates [39], alloy/crucible [40], etc.).
Pipes and tanks comprising energy generation and storage systems
are preferably connected via welding [41]. Therefore, an understanding
of the corrosion performance of structural materials and their weldjoints is of technological importance when designing molten-salt-based
energy-generation and energy-storage systems. The present work focusses on corrosion behaviour of a Ni–Mo–Cr alloy (GH3535), and its
weld (matching filler metal), in FLiNaK molten salt. GH3535 alloy was
developed for the construction of experimental MSRs designed by the
Shanghai Institute of Applied Physics (SINAP); however, its potential
application includes any system utilising molten salt. In order to directly compare the corrosion behaviour of GH3535 parent and weld
metal, isolated parent-metal and weld-metal specimens (extracted from
a multi-pass weldment) were immersed in FLiNaK salt for 500 h at
750 °C – simulating an upper temperature limit for SINAP-designed
MSR systems. This testing permitted comparison of the corrosion performance of GH3535 parent and weld metal in FLiNaK molten salt, and
hence will provide guidance on the suitability of welding procedures in
the design of molten-salt-based energy-generation and energy-storage
systems. To date, Zhu et al. [11,42] and Hou et al. [43] are the only
groups to publish findings related to GH3535 weld metal corrosion in
FLiNaK molten salt – both concluding no discrepancy in the corrosion
behaviour of the weld and parent metal.

(ϕ0.75 mm) were drilled in each specimen to facilitate suspension by
wire during molten salt corrosion testing (Fig. 4). Prior to corrosion
testing, one edge on each specimen (opposite the hole, Fig. 2) was
polished using progressively decreasing abrasive particle size – finishing with a 1 μm diamond suspension, followed by a 15 nm abrasive
colloidal silica. Post-corrosion microstructural examination was performed adjacent to this pre-polished edge, as is schematically shown in
Fig. 2. Pre-polishing an edge ensured that distortion originating from
EDM extraction was not misinterpreted as corrosion-induced material
degradation.
2.2. Molten salt corrosion testing
LiF (62497), NaF (201154) and KF (60239) salts, with purity in
excess of 99.0%, were supplied by Sigma-Aldrich. The individual salts
were mixed in a glove box under a nitrogen atmosphere (with oxygen
and water concentrations less than 1 ppm) to obtain FLiNaK salt (eutectic mixture, LiF(46.5 mol%)–NaF(11.5 mol%)–KF(42.0 mol%)).
Maximum impurity concentrations in the prepared salt were calculated
based on supplier specifications – see Appendix A. Cl−, SO42−, HF and
O2− impurities are of primary concern with respect to corrosion of
structural alloys [11,32–37].
An untreated vitreous (glassy) carbon crucible (70 mm external
diameter, 70 mm height, 250 ml capacity) was filled with 200 g of the
prepared FLiNaK mixture (Fig. 4). The crucible, filled with FLiNaK salt,
was lowered into a furnace preheated to 150 °C. A nickel thermocouple
tube positioned in the FLiNaK melt, adjacent to the samples (Fig. 4),
allowed precise temperature control during the experiment. Under vacuum, the temperature was raised gradually to 750 °C at a rate of 2 °C/
min – pausing for two dwell periods at 200 °C and 500 °C until a pressure of less than 0.6 mbar was attained (i.e., stable vacuum). The preconditioning achieved by this method of heating was designed to
minimise moisture (H2O) content and presence of volatile impurities in
the melt prior to experiment commencement. While it is noted that
several present trace impurities are expected to accelerate corrosion, no
further salt purification was applied. Total duration of salt pre-conditioning spanned approximately 48 h. A small sample of the prepared
FLiNaK salt (about 40 mg) was dissolved in aqueous Al(NO3)3, and
analysed by inductively coupled plasma mass spectrometry (ICP–MS).
ICP–MS results after salt pre-conditioning (before corrosion testing) are
summarised in Table 3.
Following salt pre-conditioning, argon gas (99.997% pure) at a
pressure of 34 kPa was used to purge the furnace – the argon gas
pressure was maintained at the same level during the corrosion test
(500 h). Four parent-metal specimens and four weld-metal specimens,
connected via nickel wire and attached to a nickel rod, were then
lowered such that they were completely submerged in the FLiNaK melt
and no contact was made with internal crucible walls. See schematic
diagram in Fig. 4 for details regarding crucible and specimen arrangement. Nickel wire, being of similar composition to GH3535, was utilised to minimise dissimilar metal (galvanic) corrosion [43]. Due to the
equivalent chemical composition of weld and parent metal specimens
(Table 1), any electrochemically driven (galvanic) corrosion between
specimens is neglected in the present study. In addition, the impact of
the vitreous carbon crucible on corrosion performance of tested specimens (via galvanic corrosion) has been studied by Olson et al. [40], and
found to promote dealloying. This effect is not considered in the current
study as all specimens were immersed in the FLiNaK melt

2. Experimental
2.1. Material
A GH3535 alloy (Table 1) weldment of dimensions 210 (x) × 20 (y)
× 80 (z) mm3, featuring a centrally located 22-pass single-V butt weld,
was supplied by SINAP – sectioned from a test piece of original length
390 mm (in the longitudinal (z) direction) (see schematic diagram in
Fig.1) [44]. Employed welding parameters are summarised in Table 2.
Two GH3535 plates of dimensions 100 (x) × 20 (y) × 390 (z) mm3
were hot-rolled, solution-annealed and water-quenched, then joined via
gas tungsten arc welding (GTAW) with matching filler metal (ERNiMo2, Table 1 [44]). A cross-section of the weldment is shown in Fig. 2,
revealing the multi-pass single-V butt weld. Fig. 3 shows the microstructure of GH3535 parent and weld metal. Four plate-shaped specimens of dimensions 10 (x) × 10 (y) × 1.5 (z) mm3 were extracted from
both weld-metal and parent-metal regions using electrical discharge
machining. Locations and dimensions of extracted weld-metal specimens are shown in Fig. 2. Note that the corrosion performance of the
heat-affected zone (HAZ) was not examined in the current study. Holes
Table 1
Chemical composition (wt%) of GH3535 parent and weld metal.
Material

Ni

Mo

Cr

Fe

Mn

Si

Al

C

P

S

GH3535 (parent)
ERNiMo-2 (weld)

Bal.
Bal.

16.3
16.4

6.96
6.89

3.88
3.62

0.52
0.58

0.33
0.43

0.08
0.06

0.06
0.05

0.003
0.002

0.001
< 0.001
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Fig. 1. Schematic representation of the GH3535 weldment sourced from SINAP, prior to EDM extraction of samples used for molten salt corrosion testing and EBSD/
EDS analysis. The weldment consists of two GH3535 plates joined via a 22-pass single-V butt weld of matching filler metal (ERNiMo-2). ND, normal direction; TD,
transverse direction; LD, longitudinal direction.

simultaneously, and thus this mechanism is assumed to have affected
each specimen equally.
Specimens were removed from the furnace after 500 h, and the
molten salt was allowed to solidify. To remove residual solidified salt
from their surface, specimens were submerged in aqueous Al(NO3)3
(20 wt%) solution for 48 h. Using a precision scale, specimen mass was
then measured in order to determine the material mass loss resulting
from exposure to the molten salt. Finally, one face on each corroded
specimen was polished (Fig. 2), permitting microstructural and compositional examination (section 2.3). We also conducted ICP–MS analysis of the salt after the corrosion test in order to identify leached alloying elements; this complemented microstructural and compositional
analyses. Salt samples (about 40 mg) were taken from the top and
bottom of the solidified FLiNaK block (Fig. 4), dissolved in aqueous Al
(NO3)3, and analysed by ICP–MS.

3. Results and discussion
Fig. 5 presents mass loss measurements (per unit surface area, mg/
cm2) for GH3535 parent-metal and weld-metal specimens, resulting
from exposure to FLiNaK molten salt at 750 °C for 500 h. Individual
material mass loss measurements are reported for all eight test specimens (four from each region – solid symbols), together with the average
value (open symbol) and standard deviation (error bars) for each group.
The material mass loss results in Fig. 5 indicate that the parent metal
loses more mass than the weld metal – suggesting stronger corrosion
attack of the parent-metal specimens. The observed difference in weld
and parent-metal mass loss is, however, not overwhelming (≈20%) – it
is believed that this is a result of the chemically matching filler metal
used in the welding process (Table 2). Nevertheless, Fig. 5 clearly
suggests that, on average, GH3535 weld metal is somewhat less affected
by exposure to FLiNaK molten salt than GH3535 parent metal.
The majority of published findings suggest chemical composition to
be solely responsible for the corrosion performance of Ni–Mo–Cr alloys
in molten fluoride salts, with microstructural diversity having negligible impact [11,42,43]. Zhu et al. [11,42] and Hou et al. [43] are, to
date, the only groups to publish findings related to GH3535 weld metal
corrosion in FLiNaK molten salt – both concluding no discrepancy in the
corrosion behaviour of the weld and parent metal. However, their
corrosion test specimens encompassed regions of both weld and parent
metal in unspecified quantities. Hence, the extent of material degradation was evaluated via measurement of corrosion attack depth
rather than overall material mass loss resulting from exposure to the
molten salt. Accordingly, the link between GH3535 microstructure and
molten salt corrosion performance has not been sufficiently explored.
In what follows, the observed difference in material mass loss (i.e.,
corrosion attack) between GH3535 weld and parent metal, following
exposure to FLiNaK molten salt, is rationalised in terms of both the
alloy composition and the influence of alloy microstructure (grain size,
grain boundary length, and precipitates).

2.3. Microstructural and compositional characterisation
A Zeiss Ultra Plus scanning electron microscope, equipped with
electron backscatter diffraction (EBSD) and energy dispersive X-ray
spectroscopy (EDS) detectors, was employed to characterise microstructural features of extracted specimens, as well as effects of molten
salt exposure. The overall microstructure of the parent-metal and weldmetal GH3535 was analysed by EBSD at 30× magnification, with the
following parameters: step size = 2 μm, accelerating voltage = 20 kV,
aperture = 60 μm, stage tilt = 70°, working distance = 14.5 mm. To
examine the influence of molten salt on composition and microstructure
at the corrosion-affected layer of each specimen, EBSD and EDS analysis
were performed simultaneously at 1000× magnification, with the following high-resolution parameters: step size = 0.1 μm, accelerating
voltage = 20 kV, aperture = 60 μm, stage tilt 70°, working distance
= 14.5 mm. These high-magnification EDSD/EDS maps were collected
at the polished surface adjacent to the pre-polished edge (recall that one
edge was polished prior to corrosion testing, see Fig. 2). Collected
EBSD/EDS maps were analysed using MATLAB [45], employing the
functionality of the MTEX Toolbox [46].
Table 2
Welding parameters used for fabrication of the GH3535 welded test-plate.
Weld process Filler metal

Shielding gas Voltage [V] Current [A] Welding speed [mm/s]

Pulse frequency [Hz] Input energy [kJ/cm]

Number of weld
passes

GTAW

Ar

2.5

22

matching (ERNiMo-2)

14

200

10

3

2.8
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Fig. 2. Macrograph of the weldment cross-section, showing presence of parent-metal and weld-metal regions. The position of weld-metal specimens, extracted for
corrosion testing, are indicated by the yellow box. Note that parent-metal specimens were extracted sufficiently far away from the weld (not shown on this figure).
Specimens were extracted with a nominal thickness of 1.5 mm (in the z (LD) direction). Regions examined via EBSD are specified by green boxes. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article).

Fig. 3. EBSD orientation maps for: (a) parent metal, (b) weld metal, (c) combined parent and weld metal. EDS maps indicate the presence of M6C carbide stringers in
parent metal: (d) Mo EDS map, (e) Si EDS map. M6C carbides are much smaller in size and more uniformly distributed across the weld-metal microstructure. The
fusion line is displayed (as a dashed line) in (d) and (e). The scale bars in (d) and (e) are in units of counts [×1000]. Refer to Fig. 2 for locations of these maps relative
to the welded joint.
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Fig. 4. Schematic representation of crucible setup employed during molten salt corrosion testing. Photographs show the vitreous carbon crucible with solidified
FLiNaK salt following corrosion testing (note the pink colour introduced due to diffusion of alloying elements to the salt), and GH3535 specimens recently removed
from the FLiNaK molten salt.

3.1. Effect of alloy composition on molten salt corrosion

Table 3
Concentrations of pertinent impurities in the FLiNaK molten salt, before (i.e.,
immediately following salt pre-conditioning) and after corrosion testing, determined via ICP–MS. Salt samples were extracted from the top and bottom of
the solidified FLiNaK block following corrosion testing (see Fig. 4).

Before
After (top)
After (bottom)

Ni
[ppm]

Mo
[ppm]

Cr
[ppm]

Mn
[ppm]

Si
[ppm]

1.11
6.43
7.10

1.26
0.88
4.45

3.99
9.21
17.6

1.94
5.00
5.80

61.9
209
5120

It is well established that the chemical composition of an alloy is the
dominant factor influencing its molten salt corrosion behaviour – this is
a result of thermodynamically driven reactions between salt constituents (including salt impurities) and alloying elements. Given that
the composition of parent-metal GH3535 is essentially identical to that
of its weld (ERNiMo-2, Table 1), thermodynamically driven corrosion
mechanisms and trace impurity driven corrosion mechanisms are expected to affect both parent and weld metal equally. Figs. 6 and 7
present EBSD and EDS maps (Ni, Mo, Cr, Fe, Mn, and Si) of parentmetal and weld-metal regions, respectively, collected adjacent to the
pre-polished edge exposed to molten salt (see schematic drawing in
Fig. 2). It is evident from present EDS maps that there is a redistribution
of the same alloying elements at the near-surface corrosion-affected
layer of both parent-metal and weld-metal specimens. As mentioned
previously, this is to be expected given the similar chemical composition of GH3535 parent and filler (weld) metal (see Table 1). In what
follows, we provide thermodynamic justification for the observed redistribution of individual alloying elements at the near-surface corrosion-affected layer. It is noted that the concentration of Cr, Mn, Si, and
to a lesser extent, Mo decreased (depletion), while the concentration of
Ni and Fe slightly increased (enrichment).
Corrosion of an alloy in hypothetically pure FLiNaK molten salt is
governed by the difference between the Gibbs free energy of formation
( f G°) for major salt constituents (LiF, NaF, KF) and any potential
corrosion products – i.e., fluorides of alloying elements (e.g., MnF2,
SiF4, CrF2; see Fig. 8). Corrosion products with lower values of f G°
are more likely to form (i.e., more stable) – thus the associated alloying
elements are more likely to preferentially react with salt constituents
and leach from the alloy. This leads to a thermodynamic driving force
for selective depletion of alloying elements [14,30,31] – i.e., dealloying
of the near-surface corrosion-affected layer. The generalised reaction
between alloying elements (Me) and molten salt constituents (MF) is
given by [30,47]:

Fig. 5. Recorded material mass loss [mg/cm2], per unit specimen surface area,
for weld-metal and parent-metal GH3535 exposed to FLiNaK molten salt at
750 °C for 500 h. Individual measurements are represented by solid symbols,
mean material mass loss is represented by an open symbol, while error bars
indicate standard deviation (SD).
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Fig. 6. EBSD and EDS maps for parent-metal GH3535 following molten salt corrosion testing, showing depletion and enrichment of alloying elements at the nearsurface corrosion-affected layer. (a) EBSD map, (b) Kernel Average Misorientation (KAM) map (twin boundaries (Σ3) are depicted in red), (c) Ni EDS map, (d) Mo
EDS map, (e) Cr EDS map, (f) Fe EDS map, (g) Mn EDS map, (h) Si EDS map. The scale bars in (c)–(h) are in units of wt%. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article).

x Me(s) + y MF(l)

Me x Fy (l) + y M(l),

Appendix A) is of primary concern when evaluating alloy degradation
in molten salt.
Existing research has identified Cr depletion to be the primary
source of material mass loss from Ni–Mo–Cr alloys exposed to molten
fluoride salts (FLiNaK, FLiBe) [14,48]. It is apparent from the EDS maps
presented in Figs. 6 and 7 that Cr readily depletes from GH3535 alloy.
Metallic fluoride impurities (e.g., FeF2, NiF2), commonly present in
FLiNaK (see Table A1), can react with alloying elements, causing them
to leach into the melt. Ni and Fe impurity fluorides, in particular, are
responsible for oxidation of Cr via the following substitution (oxidation–reduction) reactions [30,43,49]:

(1)

where Me is an alloying element (Ni, Mo, Cr, Fe, Mn, etc.) and M is Li,
Na or K, such that MF represents the major fluoride compounds in
FLiNaK molten salt (LiF, NaF, KF). Based on f G° for fluoride corrosion
products shown in Fig. 8 (calculations at 750 °C), the alloying elements
present in GH3535 are expected to react with salt compounds (MF) in
the following preferential order: Al, Si, Mn, Cr, Fe, Ni, Mo, such that
depletion of Al is most thermodynamically favourable, leading to formation of AlF3. However, since the values of f G° for the main salt
constituents (LiF, NaF, KF) are more negative (i.e., more stable) than
any potential fluoride corrosion products of present alloying elements
(see Fig. 8), thermodynamics predicts minimal corrosion in theoretically pure FLiNaK molten salt [14,30]. In practice, theoretically pure
salt is unrealistic and thus the presence of salt impurities (Table A1 of
6

NiF2 (l) + Cr(s)

CrF2 (l) + Ni(s) ( G°750

=

149 kJ/mol),

(2)

FeF2 (l) + Cr(s)

CrF2 (l) + Fe(s) ( G°750

=

94 kJ/mol).

(3)
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Fig. 7. EBSD and EDS maps for weld-metal GH3535 following molten salt corrosion testing, showing depletion and enrichment of alloying elements at the nearsurface corrosion-affected layer. (a) EBSD map, (b) Kernel Average Misorientation (KAM) map (twin boundaries (Σ3) are depicted in red), (c) Ni EDS map, (d) Mo
EDS map, (e) Cr EDS map, (f) Fe EDS map, (g) Mn EDS map, (h) Si EDS map. The scale bars in (c)–(h) are in units of wt%. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article).

Fig. 8 suggests that these substitution reactions are energetically
favourable, with f G° for CrF2 more negative than that for FeF2 and
NiF2 (i.e., oxidation of Cr is favourable). Furthermore, the presence of
sulfate ions (SO42−) in molten salt enhances Cr dealloying via formation of soluble oxides, by the following reaction [11,50]:

M2 SO4 (s) + 2Cr(s)

where M represents Li, Na or K. Cr2O3 is chemically unstable in the
presence of molten fluoride salt, thus dissolves in the melt.
Similar to Cr, both Mn and Si are depleted from the near-surface
corrosion-affected layer (see Figs. 6 and 7). This depletion is also partially attributed to the presence of Ni and Fe impurity ions in the molten
salt, which is described by the following reactions:

2NiF2 (l) + Si(s)

SiF4 (g) + 2Ni(s) ( G°750

=

473 kJ/mol),

SiF4 (g) + 2Fe(s) ( G°750

=

363 kJ/mol),

(6)

NiF2 (l) + Mn(s)

MnF2 (l) + Ni(s) ( G°750

=

218 kJ/mol),

(7)

FeF2 (l) + Mn(s)

MnF2 (l) + Fe(s) ( G°750

=

163 kJ/mol).

(8)

Note that SiF4 would likely exist in preference to SiF2 given its
greater thermodynamic stability – see Fig. 8. Again, sulfate ions
(SO42−) in the molten salt enhance dealloying of both Si and Mn by
similar reactions to that expressed for Cr (Eq. 4). Furthermore, Eqs. 2–3
and Eqs. 5–8 shed light on noticeable Ni and Fe enrichment observed at
the near-surface corrosion-affected layer (see Figs. 6 and 7) – Ni2+ and
Fe2+ ions are reduced to atomic Ni and Fe, causing these metallic
elements to penetrate and deposit at the near-surface corrosion-affected
layer [42,43,51]. Diffusion of Ni and Fe to the alloy surface is amplified
by vacancies created via the depletion of alloying elements, as discussed above.

(4)

S(l) + M2 O(s) + Cr2O3 (s),

2FeF2 (l) + Si(s)

(5)
7
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Fig. 8. Gibbs free energies of formation ( f G° ), per mole of F2, for major FLiNaK salt constituents (darker shading) and potential metal fluoride corrosion products
(lighter shading) – evaluated at the testing temperature of 750 °C. The majority of values were derived from a reference database provided by the National Institute of
Standards and Technology (NIST) [53]. Exceptions are noted in Appendix B.

Specifically, Mo reacts with H2O and O2− in the following fashion
[32,52]:

The most prominent impurity contributing to the degradation of
Ni–Mo–Cr alloys in molten fluoride salts, however, is that of moisture
(H2O) [34–36]. Firstly, the interaction between alkali (Li, Na, K)
fluorides and gaseous water results in the formation of highly corrosive
HF and metal oxides/hydroxides [30,52], by either of the following two
reactions [30,47]:

MF(l) + H2 O(g)

MOH(l) + HF(g), HF(g)

2MF(l) + H2 O(g)

HF(l),

M2 O(l) + 2HF(g), HF(g)

HF(l).

(9)

Mex Fy (l) +

y
H2 (g).
2

CrF2 (l) + H2 (g) ( G°750

2Cr(s) + 6HF(l)

=

2CrF3 (l) + 3H2 (g) ( G°750

89 kJ/mol),
=

206 kJ/mol).

Me(s) +

n 2
O
2

Me x Oy + y H2 (g),

MeOn + ne .
2

n 2
O
2

2

MoOn +
2

n
H2 (g),
2

MoOn + ne .
2

(16)
(17)

MoFn +

n 2
O .
2

(18)

It becomes clear from the above discussion that the presence of
impurities in molten salt leads to the undesirable depletion of alloying
elements from the near-surface corrosion-affected layer. The ICP–MS
results in Table 3 corroborate the above discussion, confirming leaching
of alloying elements (Cr, Mn, Si, Mo, and Ni) into the FLiNaK molten
salt. The notable disparity in elemental concentrations at the top and
bottom of the solidified salt (Fig. 4) is attributed to an accumulation of
heavy elements at the base of the crucible. Note that this is caused by an
absence of any molten salt fluid motion in the present static corrosion
test.
Furthermore, recrystallisation of the corrosion-affected layer was
observed in the case of weld-metal specimens. This is clearly seen in
kernel average misorientation (KAM) analysis shown in Fig. 7. Note
that the recrystallised grain has virtually no internal misorientation,
suggesting a dislocation-free (recrystallised) state – KAM in the recrystallised grain is even lower than in the annealed parent-metal
grains (see Fig. 6). It is believed that the corrosion-affected layer has a
lower recrystallisation temperature than the unaffected alloy matrix.
This is caused by the depletion of alloying elements (Cr, Mn, Si, and
Mo) following exposure to FLiNaK molten salt – note that the recrystallised grain is heavily depleted of Cr, Mn, Si, and Mo. In addition,
the presence of grain boundaries and dislocations provides nucleation
sites for the formation of new grains (recrystallisation). KAM analysis in
Figs. 6 and 7 suggests that there is more plastic deformation (dislocations) present in the weld-metal microstructure compared to the parentmetal (annealed) microstructure. Hence, the weld-metal microstructure

(12)
(13)

None of the above reactions provide reasoning for the depletion of
Mo observed in both the parent and weld metal – see Figs. 6 and 7. It
should be acknowledged that depletion of matrix Mo is not expected
based on the relatively high f G° for MoF3, MoF4 and MoF6. Hence,
depletion of Mo from the near-surface corrosion-affected layer of weld
and parent metal specimens is likely caused by its direct reaction with
moisture (H2O) and oxide impurities present as O2− ions, which leads
to the formation of unstable or volatile metallic oxides (Me x Oy )
[30,32,52]. Generalised reactions between alloying elements (Me) and
H2O or O2− are as follows:

x Me(s) + y H2 O(g)

Mo(s) +

MoOn + nF

(11)

Based on f G° for HF per mole of F2 ( f G°750 = 557 kJ/mol
[53]), the above reaction proceeds spontaneously for Me = Al, Si, Mn,
Cr. This process is thermodynamically driven, such that HF selectively
attacks alloying elements that form fluorides of greater magnitude
(negative) f G° (Fig. 8). For example, depletion of matrix Cr is described by the following reactions, highlighting the formation of soluble
fluorides [30]:

Cr(s) + 2HF(l)

n
H2 O(g)
2

It is apparent from Figs. 6 and 7 that Mo-rich oxide corrosion products were not identified on surfaces directly exposed to FLiNaK molten
salt. It is, thus, reasoned that these oxides dissolve into the melt following reaction with molten salt fluorides (note that MoFn may exist in
condensed or gaseous phase) [32,52]:

(10)

The presence of HF subsequently promotes selective depletion of
alloying elements via the formation of stable fluorides (Me x Fy ), which
can then dissolve in the melt:

x Me(s) + y HF(l)

Mo(s) +

(14)
(15)
8
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low-angle grain boundaries (LAGBs, < 1°) and dislocations in the weld
metal. It is, however, clear from Fig. 7 that the depletion of alloying
elements occurs preferentially in the vicinity of HAGBs, while the
presence of LAGBs and dislocations appears to have only a secondary (if
any) effect. It is believed that this is a result of the greater local lattice
distortion at HAGBs, which causes them to act as fast diffusion channels
[60] and thus promote accelerated diffusion of alloying elements
during interaction with molten salt constituents. This effect is heightened by the increased concentration of Cr at the HAGBs in both the
weld and parent metal (see Figs. 6 and 7), considering Cr depletion is
the primary source of material mass loss (section 3.1). Hence, the
greater mass loss experienced by the parent metal (i.e., heightened
corrosion attack), in comparison to the weld metal, can be at least
partly attributed to the appreciably higher amount of HAGBs in its
microstructure (i.e., smaller grain size). The distribution of HAGBs in
the HAZ was similar to the parent metal (see Fig. 3). Hence, considering
the established relationship between microstructure and extent of corrosion, the HAZ is expected to exhibit a corrosion resistance similar to
that of the parent-metal GH3535.
It is interesting, however, to notice in Fig. 6 that HAGBs decorated
with carbides are impacted by corrosion to a greater extent than those
grain boundaries without carbides – e.g., Σ3 annealing twin boundaries
[61]. This is likely caused by: (1) a larger local lattice distortion, (2)
increased Cr concentration at carbide-containing HAGBs, and (3) galvanic corrosion between the alloy matrix and M6C carbides (located
both at HAGBs and within grains). Note that, as well as an absence of
carbides, twin boundaries do not feature a locally increased Cr concentration – this provides additional reasoning for the preferential attack on HAGBs rather than annealing twin (Σ3) boundaries.
Galvanic corrosion is promoted due to the difference in electrode
potential between Mo-rich carbides (Fig. 6) and the surrounding alloy
matrix, in the presence of the FLiNaK electrolyte. Mo has a higher
electrode potential (i.e., is more noble) than the other major alloying
elements (Cr, Ni). Thus, Mo-rich M6C carbides (Figs. 6 and 7) can be
considered cathodic reaction sites, which trigger anodic dissolution of
the neighbouring alloy matrix [48,62]. Corrosion of M6C carbides is
thus restricted, while less noble alloying elements (Cr, Mn, etc.) diffuse
into the melt – this is schematically shown in Fig. 9. It is believed that
carbide size, rather than overall volume fraction, governs the extent of
galvanic corrosion – i.e., the area of an individual cathodic site in
contact with the anode is critical [63,64]. Thus, the effect is more
pronounced for the parent metal, which contains larger, more uniform
M6C carbides. This can lead to localised pitting (see Fig. 6) and undercutting of carbides, causing them to loosen and potentially release
from the alloy surface (see schematic drawing in Fig. 9). It is suggested
that the less prominent pitting at the near-surface corrosion-affected
layer of the weld metal, in regions isolated from HAGBs, is a result of
the finely dispersed nature of M6C carbides. The mechanism of galvanic
corrosion thus provides secondary reasoning for the greater material
mass loss recorded for the parent-metal GH3535.

Fig. 9. Schematic illustration depicting the mechanism of galvanic corrosion for
the GH3535 alloy matrix in the vicinity of Mo-rich (M6C ⇒ (Ni,Mo,Cr)6(Si,C))
carbides.

is less thermodynamically stable and thus more prone to recrystallisation.
3.2. Effect of alloy microstructure on molten salt corrosion
Given the virtually identical chemical compositions of the parent
and weld metal (Table 1), the disparity in material mass loss shown in
Fig. 5 cannot be attributed to compositional variation or the presence of
salt impurities, as is outlined above. Hence, in what follows, we discuss
differences in microstructural characteristics of GH3535 weld and
parent metal and their potential impact on molten salt corrosion behaviour. The link between GH3535 microstructure and molten salt
corrosion performance is largely unexplored, despite such research for
other materials – Maric et al. [54] demonstrated a clear correlation
between microstructural characteristics (grain boundary density, dislocation density) and extent of molten salt corrosion, in the case of coldrolled 316L alloy.
In general, whilst not significantly altering chemical composition,
welding processes typically markedly alter microstructure [55–57], as
well as precipitation and distribution of secondary phases (carbides,
oxides, intermetallics, etc.) [41,42]. Low-magnification EBSD and accompanying EDS analysis prior to corrosion testing, shown in Fig. 3,
highlights the contrasting grain size and grain morphology of weld and
parent-metal GH3535. The weld-metal microstructure is characterised
by large, elongated grains (which grew in the heat flow direction),
while the parent metal features much smaller grains of an equiaxed
nature. In addition to the significantly different alloy matrix microstructures, it is clear from present EDS maps that the morphology and
distribution of precipitates is considerably different in weld and parentmetal regions. These precipitates have been identified as complex carbides of the form (Ni,Mo,Cr)6(Si,C), i.e., M6C [58,59]. The parent metal
features M6C carbides arranged in stringers parallel to the hot-rolling
direction (i.e., parallel to the x (TD) and z (LD) axes, see Fig. 3), while
M6C carbides in the weld metal are considerably smaller and more
uniformly distributed across the weld-metal microstructure. Analysis of
EBSD maps showed that, even though the size and distribution of M6C
carbides differs significantly, their volume fraction is similar in both the
weld and parent-metal regions – approximately 1.0 vol% in the weld
metal, and 1.5 vol% in the parent metal. The presence and volume
fraction of M6C carbides in both the weld metal and parent metal was
confirmed by Rietveld analysis of X-ray full diffraction patterns.
Let us first focus on the disparate grain structure of the weld
and parent-metal alloy matrices. High-angle grain boundaries
(HAGBs, > 5°) have been found to play a significant role in molten salt
corrosion of structural alloys, with grain boundaries generally more
susceptible to material depletion [14,54]. It is clear from Fig. 3 that
there is a noticeably greater density of HAGBs in the parent metal,
compared to the weld metal. Analysis of these EBSD maps revealed the
length of HAGBs in the weld metal to be approximately 1×105 m/m2,
while it was approximately 5×105 m/m2 for the parent metal. On the
other hand, KAM analysis in Figs. 6 and 7 suggests a greater density of

4. Conclusions
In the present study, the corrosion behaviour of GH3535 parent and
weld metal was assessed following exposure to FLiNaK molten salt at
750 °C for 500 h. It is shown that, despite the equivalent chemical
composition of the weld-metal and parent-metal regions, the weld
metal was somewhat less affected by exposure to molten fluoride salt.
The observed difference in corrosion behaviour between GH3535
parent and weld metal cannot be attributed to thermodynamically
driven corrosion between alloying elements and molten salt constituents or impurities present within the melt. The results thus call
attention to the importance of microstructural characteristics – i.e.,
length of high-angle grain boundaries (HAGBs), which is related to
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grain size, and distribution of secondary-phase particles (M6C carbides).
It is believed that the somewhat superior corrosion performance of the
weld metal stems primarily from its significantly larger grain size (i.e.,
lower density of HAGBs). Further, fine M6C carbides in the weld metal
do not promote galvanic corrosion to the same extent as large M6C
carbides in the parent metal, which support anodic dissolution of the
surrounding alloy matrix. The present results thus provide evidence for
the suitability of GH3535 alloy weldments in the construction of energy-generation and energy-storage systems which harness molten
fluoride salts. Given that the microstructure of some additively manufactured alloys is of a similar nature to a weld microstructure (namely
the presence of large dendrite-like grains), this research thus opens the
door for the increased utilisation of 3D-printed components employing
wire-feed additive manufacturing technology [65].
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Appendix A

Table A1
Theoretical maximum impurity concentrations in prepared LiF–NaF–KF (FLiNaK) molten salt employed during corrosion testing, based on supplier specifications. The
FLiNaK was prepared via combination of commercially sourced LiF (62497), NaF (201154) and KF (60239) salts (≥ 99.0% purity), supplied by Sigma-Aldrich.

Ag
Al
As
Ba
Bi
Ca
Cd
Co
Cr
Cu
Fe
Mg
Mn
Mo
Ni
Pb
Sr
Tl
Zn
ClSO42-

LiF (62497)
[ppm]

NaF (201154)
[ppm]

KF (60239)
[ppm]

LiF–NaF–KF
(FLiNaK)
[ppm]

–
≤200
≤5
≤50
≤20
≤500
≤5
≤5
≤10
≤50
≤50
≤100
≤5
≤5
≤100
≤10
≤100
–
≤10
≤100
≤500

–
–
–
–
–
–
–
–
–
–
≤30
–
–
–
–
≤30
–
–
–
≤50
≤300

≤5
≤5
–
≤5
≤5
≤10
≤5
≤5
≤5
≤5
≤5
≤5
≤5
≤5
≤5
≤5
≤5
≤5
≤5
≤50
≤100

≤3
≤62
≤2
≤18
≤9
≤152
≤5
≤5
≤6
≤18
≤22
≤33
≤5
≤5
≤33
≤10
≤33
≤3
≤6
≤65
≤240

Appendix B
Several chemical equations are presented in section 3.1 to explain the observed redistribution (i.e., depletion and enrichment) of GH3535
alloying elements, following exposure to FLiNaK molten salt. The standard (molar) change in Gibbs free energy ( G°) was evaluated for each
reaction to assess its spontaneity (i.e., a negative G° suggests a spontaneous process at the specified temperature). Using standard Gibbs free
energies of formation ( f G°) at 750 °C, G° was calculated via Eq. 19, whereby i, p and i, r represent the coefficients of products and reactants,
respectively, in a specified chemical equation.

G° =

i, p
i

f G° (product i)

i, r

f G° (reactant i )

(19)

i

Values for f G° (at 750 °C) were primarily sourced from tabulated thermochemical data provided by the National Institute of Standards and
Technology (NIST) [53], and reported per mole of F2 (see Fig. 8). Data was not available, however, for a number of the compounds depicted in Fig. 8.
As such, values for certain compounds were obtained from alternative sources. These include: MnF2 (sourced from an empirical study in Ref. [66]);
CrF2 and CrF3 (sourced from empirical data in Ref. [67]); NiF2 (sourced from empirical data in Ref. [68]); MoF3 (sourced from published values in
Refs. [14] and [69]).
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An example of a Gibbs energy calculation, for Eq. 6 in section 3.1, is presented below. All other values for G°750
evaluated in the same fashion.

G°750 °C = {

f G ° (SiF4 (g))

+ 2·

= { 1468.149 kJ/ mol+ 2(0)}
=

f G° (Fe(s))}

{2·

f G° (FeF2 (l))

+

reported in section 3.1 were

f G° (Si(s))}

{2( 552.486 kJ/mol) + 0}
(20)

363.2 kJ/mol
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