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H I G H L I G H T S

• 316-type steel forms solid Sb-compounds in static SbBi9 and in operating LMB cell.
• Corrosion of stainless steel is slightly enhanced under cycling conditions.
• The steel is protected by thin oxide layer when statically exposed to Na-Sb-Bi.
• Mo shows very good corrosion resistance both in static and in cycling conditions.
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A B S T R A C T

Material compatibility is a major challenge in the development of liquid metal batteries. In this study, the 
corrosion behavior of two candidate positive current collector materials, austenitic stainless steel and molyb
denum, in Na//SbBi9 liquid metal batteries is investigated. In-situ corrosion in operating cells is compared with 
static corrosion in SbBi9 (corresponding to the fully charged state) and Na0.30Sb0.07Bi0.63 (representing the fully 
discharged state) at 450 ◦C. Stainless steel shows a much better corrosion resistance in Na-Sb-Bi alloy (corrosion 
depth below 1 μm after 750 h static exposure) than in SbBi9 (7–9 μm corrosion layer) thanks to the formation of a 
thin oxide layer. The corrosion under cycling conditions shows similar characteristics (formation of solid Fe-Cr- 
Ni-Sb compounds), though accelerated, as static exposure to SbBi9. Molybdenum exhibits a very good corrosion 
resistance both in static and in cycling conditions, showing merely a minor dissolution into the adjacent alloy.

1. Introduction

Liquid metal batteries (LMB) are an emerging technology for grid- 
scale stationary energy storage [1–4]. Due to the liquid nature of the 
electrodes and the electrolyte, rapid kinetics is achieved at the electro
de/electrolyte interfaces and the LMB cells do not suffer from structural 
degradation upon cycling. Furthermore, good scalability, easy temper
ature management, and low costs offer attractive options for large scale 
devices. However, due to the elevated working temperature, corrosion 
issues are enhanced and may substantially limit the service lifetime of 
LMB cells. Therefore, the material compatibility of each specific cell type 
and, in particular, corrosion of the positive current collector (PCC) in 
contact with the liquid positive electrode, need thorough investigation.

Corrosion of structural or PCC materials exposed to liquid metals is 
driven by the mutual solubility of the alloying elements and by the 

formation of intermetallic compounds and solid solutions at the inter
face between solid material and liquid metal. Steel alloying elements Fe, 
Cr, and Ni, for instance, have considerable solubility in liquid metals 
such as lead, tin, or bismuth [5]. Especially at high temperature, the high 
solubility results in severe dissolution corrosion [6,7]. Differences in the 
solubility of different steel alloying elements lead to selective dissolu
tion, facilitating penetration of liquid metal into the steel. Some liquid 
metals (e.g., antimony or tin) form solid intermetallic compounds with 
steel alloying elements. If such compounds and other solid corrosion 
products build a compact layer on the steel surface, they can mitigate 
diffusion and material exchange and thus slow down dissolution 
corrosion considerably. However, when solid compounds form detached 
from the surface, they can enable continuous dissolution even beyond 
the solubility limit [7]. In contrast to static exposure conditions, a pos
itive current collector in an operating LMB cell is exposed to the liquid 
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positive electrode under cycling conditions. During cycling, the con
centration of the negative electrode metal in the positive electrode 
continuously varies. In addition to the dynamically changing chemistry, 
electric currents, potential differences, and fluid flow may influence the 
corrosion process.

In recent years, LMBs based on lithium (Li) as negative electrode 
were widely researched [8–11]. Li provides high energy density, low 
melting temperature, and low solubility in Li halide salts. Therefore, it 
does not surprise that also corrosion studies on PCC materials in cycling 
conditions are reported for Li-based LMBs only. A study on Li//Sb-Pb 
LMB cells [12] showed that corrosion layers composed of Fe-Sb and 
Fe-Cr-Ni-Sb compounds that formed on low-carbon steel and stainless 
steel (SS) 301, respectively, during static exposure to Sb-Pb were 
destroyed when the steels were employed as PCC under cell operating 
conditions. The Fe-Cr-Sb corrosion layer formed on SS 430 was stable 
even in cycling conditions. The destruction of the corrosion layers was 
attributed to the variation in Li concentration of the positive electrode 
during cycling and the preferential alloying of Li with Sb. Similarly, a 
study on corrosion of SS 304 in Li//Sb-Sn LMBs found no Fe-Sb corrosion 
products in cycling conditions and after static exposure to Li-Sb-Sn alloy, 
corresponding to the fully discharged state, although static exposure to 
Sb-Sn alloy resulted in formation of an Fe-Sb layer on the surface of SS 
304 [13]. It was reasoned that alloying of the positive electrode with Li 
leads to destruction of the Fe-Sb compounds and to formation of a solid 
Li-Sb alloy due to the preferential reaction of Li with Sb, leaving behind 
liquid Sn that directly contacts the steel and causes enhanced corrosion. 
Finally, cycling conditions in Li//Sb-Bi-Sn cells at 500 ◦C led to 
destruction of the solid Fe-Sb and Fe-Cr-Sb compounds that formed and 
protected the steel when 304 was statically exposed to Sb-Bi-Sn alloys 
[14]. Upon discharging, Li reacted first with Sb and formed solid Li3Sb, 
followed by the reaction with Bi and formation of solid Li3Bi. As in the 
Li//Sb-Sn system, the lithiation process leaves behind liquid Sn, a 
strongly corrosive liquid metal in contact with steels. Common to all 
these studies, the reported effects of cycling conditions on corrosion are 
related with and attributed to a dynamically changing composition of 
the positive electrode. To the best of our knowledge, there is only one 
study that reports other effects of cell cycling on corrosion: The authors 
of Ref. [15] investigated the applicability of titanium, molybdenum, and 
tungsten as PCC material in Li//Sb-Sn cells. In case of W, cycling con
ditions were supposed to increase flow-induced erosion and cavitation 
corrosion. Mo showed considerable dissolution in Sb-Sn already in static 
conditions (about 8 μm in 1000 h).

As an alternative option to Li-based LMBs, sodium (Na) was 
researched in recent years as negative electrode metal because of its high 
abundance and related economic and environmental advantages over Li. 
The major concern of Na used as negative electrode in an LMB is its high 
solubility in Na halide salts. This issue could be mitigated recently by 
using the multi-cationic salt mixture LiCl-NaCl-KCl as electrolyte. With a 
low amount of NaCl (around 5 mol%) added to eutectic LiCl-KCl 
(59.2–40.8 mol%), both the melting point and the Na solubility of the 
electrolyte could by reduced to reasonable values while keeping a suf
ficiently high Na+ ion conductivity [16,17]. Combined with the 
antimony-bismuth alloy SbBi9 as positive electrode, Na-based LMB test 
cells demonstrated very promising electrochemical performance [17,
18]. The Sb-Bi alloy was selected because of its lower corrosivity to
wards potential PCC materials compared with Sb-Sn alloys [19–22]. This 
concerns not only Fe-based materials but also Mo. Despite the lower 
corrosivity of SbBi9, when stainless steel was used as positive current 
collector (PCC), the cell performance declined significantly after 800 h 
of operation [18]. Preliminary investigation of the cell components after 
cell operation showed that the stainless-steel PCC suffered from corro
sion where it had been in direct contact with the positive electrode 
during operation.

The aim of the present study is to investigate corrosion of PCC ma
terials in a Na//Sb-Bi LMB under cycling conditions and to evaluate 
whether the corrosion observed after operation is caused solely by the 

composition variations of the positive electrode during cycling. In 
contrast to the previous studies on Li-based cells, the amount of Na used 
in the present Na-based LMBs is lower relative to the total amount of 
positive electrode. This means that the positive electrode remains liquid 
during the entire discharge process; there is no separation of solid and 
liquid phase, the latter being more aggressive towards PCC materials 
than the positive electrode alloy in fully charged state.

To shed light on the influence of cycling conditions of Na-based LMBs 
on the corrosion of PCC materials, the present study employs LMB test 
cells with the active components Na/LiCl-NaCl-KCl/SbBi9. Corrosion 
experiments representing three different situations are compared. (1) 
Static corrosion of PCC materials exposed to the positive electrode alloy 
SbBi9 not containing any Na. This corresponds to the fully charged state 
of the respective LMB cell. (2) Static corrosion tests in Na-Sb-Bi alloy 
with 30 mol% Na added to SbBi9, corresponding to the fully discharged 
state of the present LMB with 0.2 mol Na, 0.065 mol Sb, and 0.585 mol 
Bi. (3) Corrosion of the PCC in a fully operational LMB test cell under 
cycling conditions. These three situations are compared for two different 
classes of PCC materials, stainless steel and molybdenum. Stainless 
steels are the most commonly used structural materials. They show 
moderate corrosion rates both in static exposures to SbBi9 [22] and in 
preliminary investigations of the material after its service as PCC in an 
operating cell [18]. The second material selected for this study, mo
lybdenum, has high static corrosion resistance to SbBi9 [22] and is 
therefore a very promising material to be used as PCC in Na//SbBi9 cells.

2. Materials and methods

2.1. Materials

The candidate PCC materials tested in this work were three different 
austenitic stainless steels (304, 316L, 316Ti) and molybdenum (Mo) 
metal. The stainless steels were obtained from the KIT inventory. 
Respective compositions are listed in Table 1. The Mo sheets (purity 
>99.97 %) for the static exposure tests were obtained from Plansee SE. 
The custom-made Mo crucible (purity >99.95 %) employed as PCC in 
the operating cell was delivered by BeamTec GmbH.

Antimony (purity 99.99 %, granular size 1–6 mm) and bismuth 
(purity 99.99 %, granular size <5 mm) were obtained from HMW 
Hauner GmbH & Co. KG. Sodium (purity 99.8 %) was delivered by 
Haines & Maassen Metallhandelsgesellschaft GmbH as blocks.

2.2. Static corrosion tests

All specimens used for the static corrosion tests were cut to appro
priate size, ground by sandpaper down to a grit size of 1200, and cleaned 
with ethanol prior to exposure.

For preparation of the Sb-Bi alloy, Sb granules and Bi granules were 
mixed in alumina crucibles in a molar ratio of 1:9. Melting and pre
conditioning (removal of remaining oxides) of the SbBi9 alloys as well as 
the static exposure tests in molten SbBi9 took place in the COSTA fa
cility, which consists of a quartz glass tube inside a tubular furnace and a 
gas control system [7]. The alumina crucibles containing Sb and Bi 
granules were placed inside the glass tube. Then, the glass tube was 
purged with 100 mL/min flow of an Ar-H2 gas mixture (argon, purity 
6.0, mixed with 5 % hydrogen, purity 6.0) and the temperature was held 
at 700 ◦C until complete melting and removal of excess oxygen from the 
Sb-Bi alloy was obtained. Finally, the temperature was reduced to the 

Table 1 
Composition of tested stainless steels as measured by SEM-EDS (in wt. %).

Material Si Mn Cr Mo Ni Ti Fe

304 0.8 1.7 18.6 – 7.6 – Bal.
316L 1.2 1.6 15.1 3.1 14.8 – Bal.
316Ti 0.7 1.1 17.3 3.3 9.8 0.3 Bal.
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test temperature of 450 ◦C and a glovebox with oxygen-poor atmosphere 
was connected to the glass tube for loading the test specimens. Each 
crucible contained only one specimen. Specimens from stainless steel 
316L and from molybdenum were tested, see Table 2. The ratio of 
exposed sample surface to liquid metal volume was below 300 cm2/L. 
The oxygen partial pressure in the gas atmosphere was between 10− 36 

and 10− 34 bar during the entire exposure test, which corresponds to an 
oxygen potential RT ln

(
pO2

)
between − 500 and − 470 kJ/mol O2. After 

the test duration of 740 h, the specimens were extracted and cooled 
down to room temperature under controlled atmosphere in the glove
box. For further details on the static exposure experiments to liquid 
SbBi9 we refer to our previous publication [22].

For preparation of the Na-Sb-Bi alloy, first SbBi9 alloy (120 g) was 
prepared in an alumina crucible and preconditioned in the COSTA fa
cility as described above. After cooling down under controlled atmo
sphere, the alumina crucible with the preconditioned SbBi9 alloy was 
transferred to a glovebox (Ar atmosphere with O2 < 1 ppm, H20 < 0.5 
ppm) for further steps. Inside the glovebox, liquid Na was purified in a 
specially designed sodium sink. The preconditioned SbBi9 alloy was 
melted and poured into a heated stainless-steel crucible. Then, 4.1 g of 
liquid Na from the purification sink was added to obtain Na-Sb-Bi alloy 
with 30 mol% Na, i.e., Na0.30Sb0.07Bi0.63. The readily prepared Na-Sb-Bi 
alloy was evenly distributed into six Mo crucibles and each crucible was 
loaded with one specimen to be tested. Specimens from all materials 
were used for these exposure tests, see Table 2. The exposed sample 
surface to liquid metal volume ratio was around 800 cm2/L. After 
cooling down to room temperature, the Mo crucibles were set inside 
tailor-made stainless-steel containers, Zr foil was added as sealing, and 
the containers were closed and hermetically sealed, see Fig. 1a. Finally, 
the sealed containers were transported to a special COSTA facility 
equipped with a stainless-steel tube inside the tubular furnace. During 
the exposure test, the containers remained sealed and the gas atmo
sphere inside the tube was controlled by a continuous flow of Ar-5%H2 
gas. The static exposure experiment in Na-Sb-Bi alloy was performed at 
450 ◦C for 750 h. The described procedure using sealed containers is 
required to avoid evaporation of Na and because the enthalpy of for
mation of the Na oxide Na2O (− 640 kJ/mol O2) is below the oxygen 
potential achieved by the Ar-5%H2 gas mixture. Continuous exposure to 
such an atmosphere would thus result in continuous oxidation of Na.

2.3. Corrosion tests under cycling conditions

Cycling conditions were provided by a fully operational Na-based 
LMB cell with SbBi9 alloy serving as positive electrode. Details on the 
preparation and electrochemical performance of the cells can be found 
in Ref. [18]. Fig. 1b shows the design of the cell, in which the cell body 
served as positive current collector. It was made of stainless steel 316Ti, 
the material to be tested under cycling conditions. Assembly of the test 
cell took place in the glovebox (Ar atmosphere with O2 < 1 ppm, H20 <
0.5 ppm). The cell body was filled with 130 g of SbBi9 alloy, which was 
prepared and preconditioned beforehand in the COSTA facility as 
described above. The ratio of exposed PCC material to positive electrode 
volume was around 2700 cm2/L.

The negative electrode, about 5 g of liquid Na, was hosted by a Ni 
foam. Sodium from the purification sink was poured into a glass 
container and the Ni foam was submerged. Vacuum conditions were 
used to force the liquid Na into the pores of the Ni foam. After cooling 

down, the foam with the solidified Na was fixed to a foam holder with 
Mo wires and screwed to the negative current collector, which was 
connected via a feedthrough with the cell cover (Fig. 1b).

The salt mixture LiCl-NaCl-KCl (61-3-36 mol%) was prepared in a 
stainless-steel container and dehydrated at 150 ◦C and 300 ◦C, succes
sively, for 30 min each. Then, the salt was melted at 600 ◦C and poured 
into the cell body that already contained the positive electrode. Finally, 
the cell cover (including feedthrough, negative current collector, and 
negative electrode) was added and the cell was hermetically closed.

For testing the corrosion behavior of Mo under cycling conditions, a 
cell was assembled with an additional Mo crucible placed inside the cell 
body. The SbBi9 alloy was poured into the Mo crucible, which served as 
positive current collector. All other assembly steps were adapted from 
the previously described cell design.

For cell operation, the test cells were put in heating sleeves and 
heated from below to the specified operation temperature. Due to an 
existing temperature gradient inside the cells, the set temperature of 
500 ◦C corresponded to a positive electrode temperature of ~435 ◦C, an 
electrolyte temperature of ~430 ◦C, and a vapor temperature close to 
the cell cover of ~350 ◦C. These values resulted from measurements 
using a cell with implemented thermocouples.

The cell with stainless steel 316Ti as PCC material was at working 
temperature for 1500 h in total, thereof 1336 h under continuous 
charge-discharge cycling with constant-current constant-voltage (CCCV) 
charging and CC discharging. The cell was charged with 2.83 A (cor
responding to 100 mA/cm2 related to the interface between positive 
electrode and electrolyte) to a terminal voltage of 0.98 V. Then, at this 
voltage limit, the cell was further charged until the current dropped 
below 1.0 A. After a short relaxation step without current, the cell was 
discharged at a constant current of − 2.83 A to the lower voltage limit of 
0.5 V. Typical cycles are shown in Fig. 1c. From the open circuit voltages 
after charging and discharging, it is deduced that the Na content of the 
positive electrode varied between 5 and 22 mol% during operation. 
After 550 cycles, the operation of the cell was stopped deliberately (the 
cell was still fully functional). During disassembly, the molten salt 
electrolyte and the liquid positive electrode were poured out of the cell 
body. After cooling down under controlled atmosphere, the cell body 
was cut without further cleaning in appropriate pieces for analysis.

The cell containing Mo as PCC material was operated for 1200 h in 
total. After some other tests with different currents, the continuous 
cycling test (CC charging and CC discharging) started about 300 h after 
the cell was heated to its operation temperature. The cell was charged/ 
discharged with ± 4.93 A (corresponding to 200 mA/cm2, note the 
reduced surface of the positive electrode due to the introduction of the 
Mo crucible into the cell) to the voltage limits 1.2 and 0.45 V, see Fig. 1d 
for typical cycles. There was no particular reason for using different 
charging methods for the different cells. The positive electrode of the 
cell with Mo PCC contained 6–20 mol% Na during cycling, as deter
mined from the open circuit voltages after charging/discharging. The 
charge-discharge cycling test was stopped after 680 cycles and around 
900 h, which sums up to a total operation time of 1200 h.

2.4. Post-exposure analysis

The specimens from all corrosion tests were cut in appropriate pieces 
without removal of adherent Sb-Bi or Na-Sb-Bi alloy. Then, all pieces 
were cold-mounted in resin, ground, and polished down to 1 μm di
amonds for cross-section analysis. Due to shrinkage of the resin during 
curing at normal pressure, a small gap appears in some locations be
tween sample and attached alloy. Scanning electron microscopy (SEM, 
Zeiss LEO 1530 VP, accelerating voltage 20 kV) with an energy disper
sive X-ray spectrometer (EDS) was used for examination of the cross- 
sections.

Table 2 
Summary of exposure tests and test conditions.

Material static test in Sb-Bi static test in Na-Sb-Bi in-situ test in cycling cell

304 – 750 h @ 450 ◦C –
316L 740 h @ 450 ◦C 750 h @ 450 ◦C –
316Ti – 750 h @ 450 ◦C 1500 h @ 435 ◦C
Mo 740 h @ 450 ◦C 750 h @ 450 ◦C 1200 h @ 435 ◦C
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3. Results

3.1. Static corrosion in Na-Sb-Bi alloy

All three austenitic stainless steels show a very mild corrosion attack 
after 750 h static exposure to Na-Sb-Bi alloy at 450 ◦C, see Fig. 2. Note 
that the low Sb content (around 3–5 at%) of the Na-Sb-Bi alloy is caused 
by decomposition of the alloy upon cooling to room temperature. As 
shown in Fig. 3b, large (10–20 μm), kidney-shaped regions enriched in 
Sb (~20 at%) were found embedded in the Sb-poor matrix that is visible 
in Fig. 2. The low Na content (around 5–8 at%) of the Na-Sb-Bi alloy is 
explained by the contact of the cross-section samples with water during 
their preparation. If not prevented by a strong chemical bond, Na reacts 
with the water and is washed away.

Common to all steels, the following observations are made.

(1) Bi penetrates into the sample. The concentration of Bi smoothly 
decays over a distance of 0.5–1 μm into the sample, indicating a 
diffusive process. In some locations, this smooth decay is super
imposed by a local accumulation of Bi in a subsurface layer 
(shoulder in EDS concentration profile), also visible as bright 
contrast in the SEM-BSE (backscattered electrons) image, see 
label “Cor” in Fig. 2a. Very similar observations are made for Sb 
and Na, though less visible in the EDS data due to their generally 
lower concentration. Nevertheless, also Sb and Na penetrate into 

Fig. 1. (a) Design of sealed container for static exposure tests to Na-Sb-Bi alloy. (b) Design of LMB cell used for in-situ corrosion tests. (c, d) Typical charge-discharge 
cycles of the cells during the in-situ corrosion tests of 316Ti (c) and Mo (d).

Fig. 2. SEM-BSE cross-section images of the stainless steels 304 (a), 316L (b), and 316Ti (c) after static exposure to liquid Na-Sb-Bi alloy, together with EDS 
elemental composition along specified lines (in wt%). Corroded regions are labelled “Cor”, oxide scale formation is marked with “Oxide”. (d) EDS elemental line scan 
at location with gap between specimen and Na-Sb-Bi alloy (concentration given in at%; data of O, Mn, and Mo are not shown). Data in the gap are meaningless and 
therefore masked in grey.

Fig. 3. SEM-BSE cross-section images of Mo after static exposure to liquid Na- 
Sb-Bi alloy, together with EDS elemental composition along specified lines. (a) 
Location with adherent alloy, (b) location with small gap between Mo and alloy 
(O signal not shown) and with Sb-enriched regions formed during cooling.
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the steels. In some locations, the concentration profile of Sb 
shows a shoulder in a subsurface layer in some locations, see 
Fig. 2c, while the penetration of Na becomes visible when the 
data are presented in at%, see Fig. 2d. The data of Fig. 2d also 
confirm that the penetration of Na-Sb-Bi alloy components into 
the steels (and the outward diffusion of Fe and Cr, see observation 
(2)) is not an apparent effect caused by the limited lateral reso
lution of EDS analysis (finite interaction volume).

(2) The main steel alloying elements Fe, Cr, and Ni are dissolved into 
the adjacent Na-Sb-Bi alloy. Both Fe and Cr show a significant 
content in the adjacent Na-Sb-Bi alloy next to the sample surfaces 
(see Fig. 2d in particular), which smoothly decays over a distance 
of around 0.5 μm. Ni is found homogeneously distributed in Na- 
Sb-Bi alloy. On the sample side, all three main alloying elements 
show a smooth decay towards to sample surface, complementary 
to the increasing Bi content. In addition to the smooth decay, Cr 
and Ni are depleted close to the sample surface. Finally, Cr shows 
a local enrichment at the sample surface, which coincides with a 
local oxygen enrichment.

(3) A clear enrichment of oxygen is found at the sample surface (dark 
contrast in BSE images, peak of oxygen signal in EDS concen
tration profiles), which indicates formation of an oxide layer. The 
thickness of this oxide layer ranges from below 100 nm to around 
400 nm. The oxygen enrichment coincides with the local 
enrichment in Cr, which suggests formation of a Cr-rich oxide.

(4) The minor steel alloying elements Mn (all stainless steels) and Mo 
(316L and 316Ti) show deviating behavior. While Mn is found 
homogeneously dissolved in the Na-Sb-Bi alloy and depleted in 
the corroded surface layer, Mo is not found in the Na-Sb-Bi alloy 
but is, in some locations, slightly enriched at the sample surface.

The described results apply to all three stainless steels tested. Hereby, 
the variation of the corrosion layer characteristics and thickness within 
each sample is larger than the variation between the different steels.

Fig. 3 shows the Mo specimen after static exposure to Na-Sb-Bi alloy 
at 450 ◦C. Apparently, a small, slightly asymmetric interdiffusion of Bi 
and Mo is observed at the interface, see Fig. 3a, suggesting that the 
dissolution of Mo into the adjacent alloy is more pronounced than the 
diffusion of Bi into Mo. To confirm that the diffusion-like concentration 
profiles are not caused by the limited spatial resolution of SEM/EDS 
analysis only, Fig. 3b shows the elemental signals across a gap between 
the Mo specimen and the adjacent Na-Sb-Bi alloy in units of signal in
tensity. Mo is clearly found in the Na-Sb-Bi alloy, confirming a minor 
dissolution of Mo and its diffusion into the liquid metal. No other signs of 
corrosion are detected along the entire surface of the Mo specimen, in 
particular no oxide formation. The small oxygen signal in the Mo 
(Fig. 3a) most probably stems from oxidation of the cross-section sample 
after preparation.

3.2. Static corrosion in Sb-Bi alloys

The results of the static corrosion tests of SS 316L and Mo in liquid 
SbBi9 alloy at 450 ◦C are published in Ref. [22]. Due to their relevance 
for the present study, the main results are summarized here. It should be 

noted that Sb with lower purity (99.65 %) was used in the previous 
study. As a consequence, the SbBi9 alloy contained a small impurity from 
arsenic, which accumulated in some locations in large concentration and 
formed As-rich corrosion products on the specimen surfaces.

Fig. 4a shows a typical cross-section image of SS 316L after 740 h 
static exposure to SbBi9 at 450 ◦C. No oxide layer is found on the sample 
surface. Instead, a corrosion layer (light grey) of around 7–9 μm thick
ness is observed, which contains ~45 at% Sb, ~40 at% Fe, ~9 at% Cr, 
and low amounts of Ni and Bi (~3 at% each). It is supposed that this 
layer is mainly composed of the stable intermediate compounds FeSb 
and CrSb (both are non-stoichiometric compounds), which form a solid 
solution (Fe,Cr)Sb. The solid solution might also contain a minor 
contribution from the non-stoichiometric compound NiSb. Directly at 
the specimen surface, an additional up to 4 μm thick dark grey layer 
appears, which contains ~35 at% As, ~40 at% Fe, and ~25 at% Cr. The 
specimen surface is decorated with As-rich precipitates (~53 at% As, 
~35 at% Fe, ~10 at% Cr). Since both the dark grey layer and the pre
cipitates on the sample surface consist of As-rich compounds, they will 
not form in As-free SbBi9 alloy. It can be further assumed that the light 
grey homogeneous corrosion layer forms irrespective of the presence or 
absence of As. Since its thickness does not noticeably deviate from the 
7–9 μm even in locations without the As-rich dark layer on top, it is 
concluded that the As impurity has no significant influence on the 
growth rate of the Fe-Cr-Sb corrosion layer during static exposure to 
liquid SbBi9 alloy.

Mo shows good corrosion resistance to liquid SbBi9 in the static 
corrosion tests, see Fig. 4b. After 740 h at 450 ◦C, a small accumulation 
of the As impurity is found at the interface between Mo and Sb-Bi alloy. 
Additionally, some diffusion of Mo into the Sb-Bi alloy is observed. It 
remains unclear whether the diffusion is influenced by the presence of 
As at the interface. As in case of the stainless steel, no oxidation of the 
sample surface is observed after static exposure to SbBi9.

3.3. Corrosion under cycling conditions

Figs. 5 and 6 show the corrosion attack of the PCC material 316Ti at 
various locations at the bottom of the cell after 1500 h at operating 
temperature (1336 h continuous cycling). Although the observed 
corrosion layers look different on a first glance, common features and 
similar compositions of the various regions are identified. Common to 
all, both Cr and Ni show a sharp decline in concentration at the corrosion 
front, i.e., at the interface between the pristine material and region A 
(Fig. 5). The Fe content, on the other hand, transitions more (b, c) or less 
(a) smoothly in region A from its bulk value to the much lower value 
found in region B. This decrease in Fe concentration is accompanied by 
an increase of the Sb content and the presence of low amounts of Bi. The 
laterally deviating thickness of region A in Fig. 5a is directly related with 
a locally varying Cr content of the 316Ti base material as visualized in 
the corresponding elemental mapping images shown in Fig. 6a. Note 
that the inhomogeneous composition of 316Ti observed in Fig. 6a (Cr- 
rich, Ni-depleted regions: δ-ferrites) and Fig. 6b (Ti-rich precipitates: 
TiN and TiC) is caused during the manufacturing process; the distribu
tion of these features is random. The Ti-rich precipitates do not seem to 
have any influence on the corrosion behavior.

Fig. 4. SEM cross-section analysis of SS 316L (a) and Mo (b) after 740 h static exposure at 450 ◦C to SbBi9 alloy with a small As impurity. Data published in Ref. [22].
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Fig. 5. SEM cross-section analysis (SEM-BSE image and EDS elemental composition along selected line) of corrosion layer of SS 316Ti after 1500 h service as PCC in 
an operating cell. (a) and (b) at central part of cell, (c) next to cell edge. Signals from Na, K, Cl, and Ti are very low everywhere along the lines and are, therefore, not 
shown for better clarity.

Fig. 6. SEM-EDS elemental mapping of SS 316Ti after exposure to cycling conditions in a Na//SbBi9 LMB cell at the cell center (a) and at the cell edge (b).
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In region B (Fig. 5), when omitting the penetrated Bi, the ratio of the 
elements Sb, Fe, Cr, and Ni is quite stable with ~48 at% Sb, ~39 at% Fe, 
~9 at% Cr, and ~4 at% Ni. At all three locations shown in Fig. 5, region 
B is penetrated by Bi from the positive electrode side, though to different 
extents. The Bi penetration generally increases towards the edge of the 
cell and finally dominates the entire region B at the cell edge, see Figs. 5c 
and 6b.

Another common feature observed throughout the entire PCC sur
face is a chain of distinct Sb-rich precipitates (region C), see Figs. 5 and 
6. They are separated from region B by a more or less thick layer of 
positive electrode alloy (mainly Bi). The composition of the Sb-rich 
precipitates of region C (~51 at% Sb, ~34 at% Fe, ~9 at% Cr, ~5 at 
% Ni) resembles the one of region B, though region C shows a slightly 
higher Sb content and a slightly lower Fe content. In contrast to region B, 
region C is not penetrated by Bi. Directly below the chain of Sb-rich 
precipitates, a small oxygen enrichment is observed (Figs. 5 and 6), 
indicating the remains of an earlier oxide layer at the original sample 
surface. In Fig. 6b, these remains are found along two lines, which are 
separated by penetrated Bi (positive electrode alloy).

The molar ratio of the elements Sb:(Fe + Cr + Ni) of about 1:1 in both 
region B and region C indicates formation of the non-stoichiometric 
compounds FeSb, CrSb, and NiSb, forming a solid solution (Fe,Cr,Ni) 
Sb. Based on the phase diagrams of the binary systems Fe-Sb, Cr-Sb, Ni- 
Sb and of the ternary systems Fe-Cr-Sb [23] and Fe-Ni-Sb [24], the 
measured compositions suggest additional formation of the solid solu
tion (Fe,Cr)Sb2, in particular in region C. Note the asymmetric compo
sition of the compound FeSb with homogeneity range 43–45 at% Sb/(Sb 
+ Fe).

Concerning the corrosion depth, the regions A, B, and C sum up to a 
total corrosion layer thickness of around 12–18 μm at the cell bottom 
and up to 40 μm at the cell edge (Fig. 6b). With 1500 h at operating 
temperature, an average corrosion rate of 0.008–0.012 μm/h is deduced 
(0.027 μm/h for the cell edge). This does not consider the Bi penetration 
shown in Figs. 5b and 6b, which leads to a separation of region C from 
the corroded steel (regions A and B).

The typical appearance of Mo after its service as PCC in a Na//SbBi9 
LMB cell operating for 1200 h is presented in Fig. 7. The line scan reveals 
diffusion of Mo into the positive electrode alloy (note the clear asym
metry of the Bi and Mo profiles at the surface of the Mo specimen).

4. Discussion

Molybdenum shows generally a very good corrosion resistance when 
exposed to (Na-)SbBi9 alloys at temperatures around 450 ◦C, both in 
static (Figs. 3 and 4) and in cycling conditions (Fig. 7). In all cases, a 
minor diffusion of Mo into the adjacent alloy occurred. In none of the 
experiments, the corrosion process is affected by the presence of small 
amounts of oxygen. Cycling conditions have no measurable influence on 
the corrosion of Mo.

In contrast to Mo, the corrosion of stainless steels is crucially affected 
by the presence and action of oxygen, in particular regarding the static 
exposure to Na-Sb-Bi. No signs of an oxide layer could be found after 
static exposures to SbBi9 (Fig. 4). Instead, the corrosion attack of 316L is 

characterized by a 7–9 μm thick, compact corrosion layer of Fe-Cr-Sb 
compounds, namely the solid solution (Fe,Cr,Ni)Sb. With an exposure 
time of 740 h, an average corrosion rate of 0.009–0.012 μm/h is 
deduced. Since similar corrosion layers were observed even for the 
ferritic steel T91 [22] after static exposure to SbBi9, no significant dif
ferences regarding the composition of the corrosion layer or its thickness 
are expected for 316Ti either. Although the oxygen potential during the 
exposure was high enough for oxidation of Cr to Cr2O3 from a thermo
dynamic point of view, the kinetics of oxygen supply and/or of oxide 
formation is obviously not fast enough to form a continuous oxide layer 
that can mitigate the other corrosion processes such as the dissolution of 
steel alloying elements and the penetration of Sb.

The situation is different for static exposure to the ternary alloy 
Na0.30Sb0.07Bi0.63. Here, all tested stainless steels (304, 316L, 316Ti) 
show a thin oxide layer on their surfaces (Fig. 2). In addition to the oxide 
layer, some dissolution of steel alloying elements and penetration of Bi 
and Sb into the steels is observed. However, the amount of penetrated Sb 
is not high enough to form a compact layer of Sb-compounds as corro
sion products.

Inside the sealed exposure chambers, the initial oxygen content in 
the gas phase above the molten Na-Sb-Bi alloy (up to 1 ppm) is much 
larger than for the exposure experiments in the open crucibles con
taining SbBi9 (below 10− 34 bar). Similarly, also the initial amount of 
oxygen dissolved in the ternary alloy, though limited by the oxidation 
potential of Na, is much larger than the amount of oxygen dissolved in 
SbBi9. Since the free enthalpy of formation of Na2O is close to the one of 
Cr2O3 and clearly above the one of ternary oxides such as CrNaO2, 
formation of Cr-rich oxides at the sample surface are thermodynamically 
enabled. Indeed, a Cr-rich oxide (in some locations also enriched in Mo) 
is found on the sample surfaces after exposure to Na-Sb-Bi alloy (Fig. 2). 
Oxide scale formation continues until all available oxygen in the sealed 
reaction chambers is consumed and an equilibrium is reached.

The comparison of the static exposure tests in Na0.30Sb0.07Bi0.63 with 
the ones in SbBi9 leads to the conclusion that the addition of Na to SbBi9 
strongly mitigates the corrosion of stainless steel thanks to the presence 
of oxygen. Na enables and facilitates the formation of ternary oxides on 
the sample surface, which mitigate diffusion and thus dissolution 
corrosion, penetration of Bi and Sb, and formation of Fe-Sb corrosion 
products (solid Sb-compounds).

The situation in a cycling cell is once again slightly different. As in 
the static exposure to Na-Sb-Bi, a rather large but limited amount of 
oxygen is present in the sealed LMB cell. During cycling, Na is alloyed 
with the positive electrode and enables formation of ternary oxides on 
the surface of the PCC. As time proceeds, however, stronger oxide for
mers present in the cell (in particular Li) catch the available oxygen, 
including the oxygen bound in oxides at the surface of the PCC. The 
described scenario regarding the distribution of oxygen in the test cell 
and its temporal evolution closely resembles the oxygen situation in 
real-scale liquid metal batteries. Small deviations might occur due to the 
differences in size. In particular, the transition from initially oxidizing 
conditions to the stage when the oxygen is bound by stronger oxide 
formers (Li) might be retarded in larger cells. After 1500 h exposure in 
the Na//SbBi9 LMB test cell at operating temperature, thereof 1336 h 
under continuous cycling conditions, SS 316Ti shows a corrosion layer 
composed of different regions (Figs. 5 and 6). The steel is depleted in Cr 
and Ni at the corrosion front and penetration of Sb (strong) and Bi (mild) 
is observed (region A). Adjacent is a more compact layer composed of 
Fe-Cr-Ni-Sb compounds (region B), which is more or less penetrated by 
Bi from the positive electrode side. Finally, a layer of stable precipitates 
is found detached from the specimen surface (region C). Remains of a 
previously formed oxide layer are found directly below region C. They 
suggest that region C formed above the original sample surface. The 
solid solution (Fe,Cr,Ni)Sb, presumably with some additional (Fe,Cr) 
Sb2, identified in the corrosion layer (regions B and C) of 316Ti after 
exposure to cycling conditions resembles the layer of solid solution (Fe, 
Cr,Ni)Sb found after static exposure to SbBi9. As the layer of (Fe,Cr,Ni) 

Fig. 7. SEM cross-section analysis of Mo after its service as PCC in a Na//SbBi9 
LMB cell operating for 1200 h.
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Sb in static corrosion, also the layer of (Fe,Cr,Ni)Sb + (Fe,Cr)Sb2 formed 
under cycling conditions is supposed to mitigate the corrosion attack by 
Bi. Precondition for corrosion mitigation, however, is the formation of a 
compact layer that does not easily detach from the sample surface. These 
conditions are fulfilled neither by region C (detached, Fig. 5b) nor by 
region B, in particular at the cell edge (not compact, Figs. 5c and 6b). As 
a consequence, dissolution attack and Bi penetration are enhanced and a 
significantly deeper attack is obtained at the cell edge (factor 2).

Regarding the average corrosion rate of SS 316Ti under cycling 
conditions, values between 0.008 and 0.012 μm/h were deduced for the 
central part where a compact and adherent layer of Fe-Cr-Ni-Sb com
pounds is formed. This corrosion rate compares very well with the 
average static corrosion rate in SbBi9 (0.009–0.012 μm/h). Additional 
effects not found in static corrosion and thus attributable to the cycling 
dynamics are the locally large penetration of Bi into the space between 
region B and region C, the detachment of region C, and the higher 
corrosion depths towards the cell edges.

Corrosion-enhancing processes in an LMB cell under cycling condi
tions could be the dynamically changing composition of the positive 
electrode, applied electric currents and potential differences across the 
interface, or liquid metal flow. Flow of the positive electrode alloy is 
typically driven by electromagnetic forces or density differences due to 
inhomogeneous temperature and concentration fields [25–29]. Con
vection is expected to increase the mass transport and homogenize the 
concentration of dissolved PCC species in the Na-Sb-Bi alloy. However, 
the anticipated velocities in the lab-scale LMB cells of this study are too 
low to cause erosion-corrosion. Regarding electric currents and the 
dynamically changing composition of the positive electrode, Fig. 8
presents simulation results that demonstrate the inhomogeneity of these 
effects during cell operation. The current density in the positive elec
trode has its maximum values at the upper edges (three-phase contact 
line between positive electrode, molten salt, and PCC) and its smallest 
values at the lower edges (cell edge). Thus, the enhanced corrosion 
depth at/next to the cell edge cannot be explained by an enhanced 
electric current or potential drop across the interface at this location. 
The inhomogeneous current density distribution in the molten salt, on 
the other hand, results in a higher Na-alloying/dealloying activity of the 
positive electrode in the cell center, which might well cause different 
corrosion conditions at the surface of the PCC in the cell center and at 
the cell edge.

Despite the deviating conditions in a cycling cell, the static corrosion 
tests in SbBi9 give a good indication of the corrosion behavior in an 
operating Na//SbBi9-LMB cell with Na concentrations up to 22 mol% in 
the positive electrode.

5. Conclusion

Static material compatibility tests of stainless steel and molybdenum 
in liquid Sb-Bi and Na-Sb-Bi alloys at 450 ◦C showed that the presence of 
30 mol% Na in the liquid metal alloy mitigates the corrosion attack. For 
stainless steel, which exhibits a 7–9 μm thick corrosion layer composed 
of Fe-Cr-Ni-Sb compounds after 740 h exposure to SbBi9, a corrosion 
depth below 1 μm is observed after 750 h exposure to Na0.30Sb0.07Bi0.63. 
Reason for the better corrosion resistance is the formation of an oxide 
layer due to the higher oxygen activity and the presence of Na in the 
ternary alloy. Cycling conditions with a Na content between 5 and 22 
mol% in the positive electrode, however, lead to corrosion rates similar 
to the ones of static exposure to Na-free SbBi9. After its use as PCC 
material in an operating Na/LiCl-NaCl-KCl/SbBi9 liquid metal battery, 
stainless steel 316Ti exhibits a corrosion layer composed of different 
regions showing Sb penetration, Bi penetration, and formation of Fe-Cr- 
Ni-Sb compounds. Additionally, some remains of a previously formed 
oxide layer are found. The presence of stronger oxide formers (Li) in the 
cell prevents the formation of a stable, corrosion-mitigating oxide layer 
on the surface of the PCC. Dissolution of steel alloying elements, pene
tration of liquid metal, and formation of solid corrosion products result. 

Compared with static corrosion, dynamic cycling conditions cause 
additional corrosion features and an accelerated corrosion process. 
Further experiments (e.g., systematic variation of the current density) 
are required to pinpoint the cause of the enhanced corrosion in cycling 
conditions.

Corrosion enhancement in cycling conditions is not observed for Mo. 
Although Mo does not show the formation of an oxide layer in any of the 
experiments, it exhibits a very good corrosion resistance when exposed 
to Sb-Bi or Na-Sb-Bi alloys. A minor dissolution/diffusion of Mo into the 
adjacent liquid metal alloy is found both in static and in cycling 
conditions.

The good performance of Mo as positive current collector material 
still needs to be confirmed in long-term cycling tests, since the study 
presented here concerns tests of two months duration only, which is 
much shorter than the envisaged service life of LMB cells.
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