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A B S T R A C T   

Sb-Bi alloys may be applied as positive electrode in liquid metal batteries. In this work, the material compatibility 
of two steels (SS 316L and T91), Kovar 4J29, and molybdenum with SbBi9, Sb2Bi8, and Sb3Bi7 is investigated in 
static corrosion tests for 740 h at around 450 ◦C. Kovar shows severe dissolution attack (800 µm depth for SbBi9), 
which is mitigated at higher Sb contents due to the formation of Fe-Sb compounds. Both steels exhibit moderate 
corrosion depths (10–20 µm) for all Sb-Bi alloys thanks to the additional formation of stable Fe-Cr-Sb compounds. 
Good corrosion resistance is obtained for molybdenum.   

1. Introduction 

Liquid metal batteries are intensely researched in recent years due to 
their potential for large-scale electrical energy storage [1–4]. LMB cells 
consist of a liquid metal negative electrode, a molten salt electrolyte, 
and a liquid metal positive electrode, which self-segregate due to density 
differences and mutual immiscibility. All-liquid systems provide fast 
kinetics at the electrode-electrolyte interfaces enabling operation at high 
current densities, low maintenance costs, and cycling without any 
structural changes or degradation of the electrodes, which permits a 
long service life. 

Heavily researched are LMBs with liquid lithium (Li) serving as 
negative electrode [2,5–9]. Lithium shows excellent electrochemical 
performance due to its high energy density, low melting point, and low 
solubility in the respective halide salt. Li may be combined with various 
positive electrode materials, but antimony (Sb) and Sb-containing alloys 
are favored due to its low cost and high cell voltage. The main disad
vantage of antimony is its high melting point, why it is typically alloyed 
with another metal to reduce the melting point of the positive electrode. 
To avoid the environmental issues related with lead, alloying with tin 
(Sn) is considered as feasible option [6]. However, Sn does not 
contribute to the electrochemical reaction and thus lowers the energy 
density of the LMB cell. In addition, Sb-Sn alloys are very aggressive 
towards structural materials respectively positive current collector ma
terials [10–13], which may significantly reduce the service life of the 
battery. Recently, bismuth (Bi) was researched as an alternative positive 

electrode material [7] or as an alloying element for Sb to form Sb-Bi [8] 
or Sb-Bi-Sn [9]. Bi participates in the lithiation/delithiation process and 
was even attributed self-healing effects. Additionally, Sb-Bi alloys not 
only perform well in Li-based LMB but also when combined with sodium 
as negative electrode [14,15]. Sodium is researched as alternative op
tion to Li because of its economic and environmental advantages due to 
its high abundance in the earth crust. 

Although Sb-Bi is expected to be less aggressive towards PCC mate
rials than Sb-Sn, little is known about the corrosion behavior of metallic 
materials in contact with liquid Sb-Bi alloys. Generally, corrosion of 
solid materials in liquid metals is mainly driven by the solubility of the 
material’s constituents in the liquid metal and the formation of inter
mediate compounds and/or solid solutions with the liquid metal at the 
interface between solid and liquid metal. In addition, impurities in the 
liquid metal such as oxygen and carbon may have a strong influence on 
the corrosion behavior. 

Regarding the material compatibility with pure liquid Bi, ferritic 
iron, low-carbon steels, and low-alloy steels have good corrosion resis
tance against bismuth up to their transformation temperatures (about 
700 ◦C), while nickel-containing austenitic stainless steels and high- 
nickel alloys have poor resistance to attack by bismuth [16,17]. This 
difference is caused by the high solubility of Ni in liquid Bi (7 mol% at 
400 ◦C) in contrast to the low solubilities of Fe and Cr (8e-4 and 4e-3 mol 
%, respectively, at 400 ◦C). Similarly, molybdenum (Mo) has a very low 
solubility in liquid Bi and shows good resistance against dissolution 
attack by bismuth at temperatures up to 1010 ◦C [16–18]. A common 
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corrosion mitigation strategy against dissolution attack of, e.g., 
Ni-containing steels is to add a specific amount of oxygen to the liquid 
metal to in-situ grow a protective oxide layer on the material surface 
that impedes the dissolution of the alloying elements into the liquid 
metal and the penetration of the liquid metal into the solid material 
[19]. This mitigation strategy, however, does not work in environments 
such as liquid metal batteries that do not allow the use of oxygen. If solid 
materials are covered by a pre-formed oxide layer prior to exposure, 
such a layer will decompose due to the presence of stronger oxide for
mers in the system (e.g., Li) that catch all available oxygen. Besides, the 
oxygen impurity introduced by pre-formed oxide layers is detrimental to 
the performance of LMB cells. 

Regarding pure antimony, corrosion data of course exist only for 
temperatures above its melting point (630 ◦C). For instance, Armco iron, 
cast iron, low-carbon steel, and cast steel have poor corrosion resistance 
to liquid Sb due to the formation of Fe-Sb compounds [16,17,20]. At 450 
◦C or 500 ◦C, feasible working temperatures of liquid Sb-Bi alloys, Sb can 
form stable intermediate compounds with Fe, Cr, Ni, and Co. On the 
other hand, the kinetics of their formation is expected to be reduced 
compared with the exposures to pure Sb at temperatures above 630 ◦C. 
Furthermore, it is unclear how the competing processes of dissolution 
(due to the presence of Bi) and formation of intermediate compounds 
(with Sb) interact with each other when considering the corrosion 
behavior in Sb-Bi alloys. Similar to an oxide scale, a compact solid layer 
composed of intermediate compounds and solid solutions may form 
during exposure at the sample surface and protect the material from 
dissolution corrosion or at least mitigate the dissolution process. 

To the best of our knowledge, no study of corrosion in liquid Sb-Bi 
alloys can be found in literature. However, the corrosion behavior in 
other Sb-containing alloys such as Sb-Pb, Sb-Sn, or Sb-Bi-Sn was inves
tigated. Static exposure to Sb3Pb7 at 450 ◦C for 500 h lead to an Fe-Sb 
corrosion layer (FeSb2), ~100 µm thick, on low-carbon steel and to an 
Fe-Cr-Ni-Sb, respectively Fe-Cr-Sb, corrosion layer of ~10 µm thickness 
on the stainless steels 301 and 430 [21]. It was concluded that in case of 
SS 430 the Fe-Cr-Sb corrosion layer mitigated dissolution and material 
recession. Since the solubility of Fe and Cr is much lower in Pb than in Bi, 
these results cannot be directly transferred to Sb-Bi alloys. In another 
study [22], after 500 h static exposure at 500 ◦C to Sb-Bi-Sn alloys, a 
distinct Fe-Cr-Sb layer was observed at the surface of austenitic stainless 
steel 304, which was also proposed to mitigate the dissolution of Fe. The 
thickness of the Fe-Cr-Sb corrosion layer was 16 µm for Sb50Bi20Sn30 and 
32 µm for Sb45Bi45Sn10. These results also can only give an indication 
but cannot predict the corrosion behavior in Sb-Bi alloys. However, they 
demonstrate the relevance of the alloy composition due to the 
competing actions of Sb and Bi in the corrosion process. 

Therefore, in the present work, the corrosion behavior of various 
PCC candidate materials is investigated in liquid Sb-Bi alloys with three 
different compositions, namely Sb3Bi7, Sb2Bi8, and SbBi9. By comparing 
the results of the exposure tests, the influence of the individual alloy 
components (Sb or Bi) on the corrosion behavior of the selected mate
rials is specified. Regarding the test materials, two different steels 
(austenitic SS 316L and f/m steel T91), Kovar alloy, and molybdenum 
are selected. Stainless steel 316L is a commonly used structural material. 
However, it contains a rather high amount of Ni, which may have a 
detrimental effect due to its high solubility in Bi. Therefore, also the Fe- 
Cr steel T91 is investigated for comparison. The selection of the Fe-Co-Ni 
alloy Kovar 4J29 is motivated by the design of an LMB cell and its ad
vantages for sealing. Finally, Mo is chosen as the most promising ma
terial because of its low solubility in Bi and the fact that is does not form 
intermediate phases with Sb. The materials and oxygen-poor conditions 
are motivated by the potential application as positive current collector 
in LMBs. However, the static corrosion study makes the results 
application-independent and valuable for all fields of liquid metal 
technology where corrosion cannot be mitigated by active oxygen 
control. 

2. Materials and methods 

2.1. Materials 

The test materials in this work were 316L austenitic stainless steel 
(SS 316L) from two different sources (EUROTRANS-DEMETRA [23] and 
from stock, KIT), T91 ferritic-martensitic steel (EUROTRANS-DEMETRA 
[23]), 4J29 Kovar alloy (Dongguan Saijing special alloy Co. Ltd.), and 
molybdenum (Mo) metal (Plansee SE). The compositions of the steels 
and Kovar are listed in Table 1, where SS 316L from the two different 
batches are denoted as A (EUROTRANS-DEMETRA) and B and deviate 
mainly in their Ni content. Specimens from SS 316L-A were exposed to 
SbBi9, while specimens from SS 316L-B were used for the corrosion tests 
in Sb2Bi8 and Sb3Bi7. All materials were cut into specimens of appro
priate size (max. 30 ×8×2 mm) and ground by sandpaper with a grit size 
of 800 and 1200, successively, prior to exposure. 

Sb and Bi were delivered by Haines & Maassen Metal
lhandelsgesellschaft GmbH. The Sb granular had a purity of 99.65 % and 
a granular size of 1–10 mm; the Bi possessed a purity of 99.99 % and a 
granular size of 1–3 mm. Because of a slightly oxidized surface of Bi, it 
was first melted in a stainless-steel crucible and the slag layer on top was 
removed. Then, the desired amount of molten Bi was poured into Al2O3- 
crucibles and cooled down to room temperature. Afterwards, the desired 
amount of granular Sb was added. Alloying of Sb and Bi took place under 
controlled Ar5%H2 atmosphere at 700 ◦C, see below. The Sb-Bi alloys 
contained a small impurity (<0.1 %) from arsenic (As), which is known 
to be a very typical impurity of Sb and, thus, most probably stemmed 
from the Sb raw material. 

2.2. Exposure tests 

The pre-conditioning of the Sb-Bi alloys and the corrosion tests were 
performed in the COSTA facility, which consists of tubular furnaces with 
quartz tubes as reaction chambers [24]. The gas atmosphere in the 
quartz tubes is controlled by a gas control system including flow meters 
and oxygen sensors. For the present experiments, a continuous flow 
(100 mL/min) of Ar5%H2 (mixture of argon and 5 vol% hydrogen, each 
with purity 6.0) was used, which resulted in an oxygen partial pressure 
<10− 34 bar at the test section. For melting and pre-conditioning of the 
Sb-Bi alloys, the alumina crucibles filled with about 100 g of Sb-Bi were 
placed inside the quartz tubes and exposed to the continuous Ar5%H2 
flow for several hours at 700 ◦C until the excess oxygen was removed 
from the alloys and an equilibrium between the oxygen activities in the 
gas atmosphere and in the liquid alloys was achieved (measured oxygen 
partial pressure reached a constant value). Then, the temperature was 
decreased to the test temperature (450 ◦C for tests in SbBi9, 420 ◦C for 
tests in Sb2Bi8, and 470 ◦C for tests in Sb3Bi7) and the test specimens 
were introduced. The test temperatures 470 ◦C and 420 ◦C were selected 
for the exposures to Sb3Bi7 and Sb2Bi8, respectively. These temperatures 
are 50 K above the respective melting temperatures of the alloys and, 
thus, represent reasonable working temperatures for an LMB. This 
reasoning results in a test temperature of 370 ◦C for SbBi9. However, to 
explore the effect of alloy composition rather than the influence of 
temperature, an exposure temperature of 450 ◦C was chosen for SbBi9. 

For loading and unloading the specimens, a glovebox was pre- 
conditioned with Ar5%H2 gas and connected to the quartz tube to 
maintain the atmosphere inside the tube. Each crucible was loaded with 

Table 1 
Composition of test materials as measured by SEM-EDS (in wt%).  

Specimen Co Cr Ni Mn Mo Si Fe 

T91 - 8.8  0.04  0.4 2.5  0.4 Bal. 
SS 316L-A - 17.2  8.6  1.8 3.0  0.7 Bal. 
SS 316L-B - 15.1  14.8  1.6 3.1  1.2 Bal. 
Kovar 4J29 17.6 -  28.1  0.1 -  0.4 Bal.  
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one test specimen. Each specimen was fixed to a sample holder by Mo 
wires to force the lower part of the specimen submerged in the liquid Sb- 
Bi alloy. The ratio of exposed specimen surface to liquid metal volume 
did not exceed 300 cm2/L. After 740 h of exposure, the specimens were 
extracted from the crucibles and cooled down to room temperature in 
the controlled atmosphere of the glovebox. During the entire exposure 
test, the oxygen partial pressure remained below 10− 34 bar at the test 
section. 

2.3. Post-test analysis 

The immersed part of all specimens was more or less covered by a 
layer of Sb-Bi alloy. Without further cleaning, all specimens were cut, 
embedded in resin, ground and polished to a diamond size of 1 μm. For 
cross-section examination, a scanning electron microscope (SEM, Zeiss 
LEO 1530 VP) equipped with an energy dispersive X-ray spectrometry 
(EDS) was used. 

3. Results 

3.1. Fe-Cr-Ni steel SS 316L 

The surfaces of all SS 316L specimens are corroded after 740 h 
exposure to the different liquid Sb-Bi alloys, see Fig. 1 for an overview. 
Hereby, the position of the original sample surface was confirmed at the 
boundary between the part of the specimen exposed to the Sb-Bi alloy 
and the unexposed part, the latter not showing any corrosion. In case of 
SbBi9/450 ◦C, some regions without corrosion attack are found. The 
corroded regions are composed of distinct layers (visible in the lower 
row of Fig. 1). The specific thicknesses and compositions of these layers 
depend on the exposure conditions, i.e., on the Sb-Bi alloy composition 
and exposure temperature, as discussed below. Sb-Bi alloy with corro
sion products sticks to the sample surface (except at the uncorroded 
regions after exposure to SbBi9). Hereby, depending on the exposure 
conditions, different corrosion products precipitated as solid phases on 
the sample surface. 

Fig. 2 shows a closer look at the typical corrosion layers for all three 
exposure conditions, together with their compositions measured by EDS 
along the respective specified lines. The corrosion layers are 

characterized by large penetration of Sb and of the impurity As and by 
minor penetration of Bi into the steel in two or three distinct layers. A 
small signal from oxygen was also detected by EDS everywhere on the 
specimen, in particular in the bulk material. It is attributed to oxidation 
of the cross-section sample after its preparation. Therefore, the oxygen 
signal is omitted in the further analysis. This also applies to the other 
materials presented below. 

Common to all exposures of SS 316L, an Sb- and Fe-rich layer forms 
at the corrosion front (denoted Cor1 in Fig. 2). In this layer, all steel 
alloying elements (Fe, Cr, Ni) are depleted compared with the bulk 
material. The Cr content shows a gradual decrease from ~12 at% at the 
corrosion front to ~5 at% at the end of this layer, Fe is either constant 
(~40 at%) or shows the opposite trend (increase from ~38–45 at%), 
and Sb has a roughly constant concentration of ~45 at%. Small amounts 
of Ni and Bi are found (~3 at%) in the entire layer, while As is detected 
only next to the adjacent corrosion layer and only in case of the exposure 
to SbBi9/450 ◦C where the adjacent corrosion layer contains large 
amounts of As (see below). Additionally, Bi is found in some locations in 
high concentration, namely along cracks, at small spots within the Sb- 
Fe-rich layer Cor1, or along the corrosion front. 

The atomic ratio of the elements Fe, Cr, and Sb in the first corrosion 
layer Cor1 suggests formation of the solid solution (Fe,Cr)Sb after all 
three exposure tests. At the given exposure temperatures, antimony is 
known to form the intermediate compounds FeSb (non-stoichiometric 
compound) and FeSb2 (stoichiometric phase). Like the Fe-Sb system, 
also the binary system Cr-Sb forms the two stable phases CrSb (non- 
stoichiometric) and CrSb2. Due to the similarity of Fe and Cr, the ternary 
system Fe-Cr-Sb exhibits solid solutions of the described binary com
pounds, i.e., (Fe,Cr)Sb and (Fe,Cr)Sb2 [25]. 

In addition to the composition, also the thickness of the layer Cor1 at 
the corrosion front is very similar for the different exposure conditions, 
see Table 2. In case of Sb3Bi7/470 ◦C, the layer shows lateral cracks. 

In contrast to the first corrosion layer Cor1, the different exposure 
conditions cause significant deviations in the composition and thickness 
of the second corrosion layer Cor2 that directly follows the (Fe,Cr)Sb 
layer (see Fig. 2). After exposure to SbBi9/450 ◦C, an As-rich layer is 
observed. Its thickness is typically below 4 µm (Fig. 2(a)), but it can 
reach in some areas up to 20 µm, see Fig. 3(a). This layer mainly consists 
of As (~35 at%), Fe (~40 at%), and Cr (~25 at%), with the latter even 

Fig. 1. SEM/BSE images of SS 316L after 740 h exposure to liquid Sb-Bi alloys with three different compositions as indicated. The upper row shows the entire bottom 
part of the sample that was submerged in the liquid Sb-Bi alloy, the lower row shows a typical section of the corroded sample surface together with adherent Sb- 
Bi alloy. 

R. Fetzer et al.                                                                                                                                                                                                                                   



Corrosion Science 233 (2024) 112115

4

exceeding the bulk value of the steel. The As-Fe binary system shows 
three stable intermediate compounds at the exposure temperature, 
namely Fe2As, FeAs, and FeAs2 [26]. Similarly, the As-Cr system forms 
stable intermediate compounds, including Cr3As, Cr2As, CrAs, and 
CrAs2, where the latter requires high pressure for formation [27]. The 
measured atomic ratio of the elements suggests formation of (Fe,Cr)2As, 
i.e., a solid solution of the intermetallic compounds Fe2As and Cr2As. 

In case of exposure to Sb2Bi8 at 420 ◦C, the layer Cor2 shows even 
higher Sb content than Cor1 and is followed by an As-rich third corro
sion layer Cor3 located at the sample surface, see Fig. 2(b). Although 
these two layers are typically rather thin (1–2 µm each), probably due to 
the lower exposure temperature, the elemental compositions indicate 
formation of FeSb2 and of the solid solution (Fe,Cr)As, respectively, in 
the intermediate layer Cor2 and in the top-most layer Cor3. In some 
locations, the (Fe,Cr)As layer Cor3 can reach up to 25 µm thickness, see 
Fig. 3(b). In such places, the intermediate FeSb2 layer Cor2 is not 
observed. 

Exposure to Sb3Bi7 at 470 ◦C leads to formation of a well-developed 
Sb-rich layer Cor2 that follows the (Fe,Cr)Sb layer Cor1 at the corrosion 

front (Fig. 2(c)). The layer Cor2 contains neither high As concentrations 
nor high amounts of Cr. Instead, a 5–11 µm thick layer with ~64 at% Sb 
and ~28 at% Fe is formed. The composition suggests formation of 
FeSb2. Although small As-rich precipitates are found along the sample 
surface (Prec1), the As-rich phase does not penetrate the steel as in case 
of SbBi9 and Sb2Bi8. Furthermore, no local deviations from the described 
behavior are observed, neither in composition of the distinct corrosion 
layers nor in thickness. 

As already mentioned, corrosion products are precipitated in the Sb- 
Bi alloy that sticks to the sample surface. After exposure to SbBi9/450 ◦C, 
many As-rich elongated “dendrites” with a composition of ~53 at% As, 
~35 at% Fe, and ~10 at% Cr are found (Prec1 in Fig. 2(a)). After 
exposure to Sb3Bi7/470 ◦C, on the other hand, large regions (tens of µm) 
of an Fe-rich Sb phase with ~70 at% Sb, ~25 at% Fe, and ~3 at% Ni are 
observed almost everywhere along the sample surface (Prec2 in Fig. 2 
(c)). Exposure to Sb2Bi8, i.e., the composition between the other two Sb- 
Bi alloys, results in some As-rich elongated “dendrites” and some large 
regions with the Fe-rich Sb phase, see Fig. 1. 

Fig. 2. Typical corrosion behavior of SS 316L after exposure to (a) SbBi9/450 ◦C, (b) Sb2Bi8/420 ◦C, and (c) Sb3Bi7/470 ◦C. For each exposure condition, an SEM/ 
BSE image is shown on the left and the EDS elemental composition along the specified line is displayed on the right. The position 0 on the x-axes corresponds to the 
original sample surface. The different corrosion layers are denoted Cor1 etc., while precipitates are named Prec1 etc. 

Table 2 
Proposed main compound and thickness (in µm) of distinct corrosion layers of SS 316L after 740 h exposure to Sb-Bi alloys. Values of local behavior in brackets.  

layer SbBi9/450 ◦C Sb2Bi8/420 ◦C Sb3Bi7/470 ◦C  

compound thickness compound thickness compound thickness 

Cor1 (Fe,Cr)Sb 6.5–9 (Fe,Cr)Sb 4.5–7 (Fe,Cr)Sb 4–7.5 
Cor2 (Fe,Cr)2As 0–4 (up to 20) FeSb2 1–2 (0) FeSb2 5–11 
Cor3 - - (Fe,Cr)As 1–3 (up to 25) - -  
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3.2. Fe-Cr steel T91 

Similar to the Fe-Cr-Ni austenitic steel SS 316L, also the Fe-Cr ferritic 
steel T91 shows a generally homogeneous corrosion attack after 740 h 
exposure to Sb-Bi alloys with different compositions, see Fig. 4. 
Although there are some local deviations, the thickness of the corrosion 
layer remains below a corrosion depth of 40 µm. The corrosion attack is 
composed of distinct layers. The homogeneity, thickness, and compo
sition of the corrosion layers depends on the exact exposure conditions 
as described in the following. 

A more detailed SEM/EDS analysis of the corrosion attack of T91 
after the different exposure tests is shown in Fig. 5. It reveals for all 
exposure conditions a diffusion zone (Diff) of antimony along preferred 
paths into the pristine steel at the corrosion front, followed by the 
already familiar Sb-Fe-rich layer Cor1. The thickness of the Sb diffusion 

zone depends on the exposure conditions and reaches a depth of 3 µm 
(see Table 3); it was not observed for SS 316L. The Sb-Fe-rich layer Cor1 
exhibits a rather homogeneous thickness and is mainly composed of Sb 
and Fe (each around 40–45 at%) and some Cr (<5 at%). As for SS 316L, 
this suggests formation of the solid solution (Fe,Cr)Sb of the two non- 
stoichiometric intermediate phases FeSb and CrSb, although the Cr 
content is lower (and the Fe content correspondingly higher) than in 
case of SS 316L. In contrast to SS 316L, the (Fe,Cr)Sb layer at the 
corrosion front of T91 is not cracked laterally after exposure to Sb3Bi7/ 
470 ◦C. 

The properties of the second corrosion layer Cor2 of T91 succeeding 
the (Fe,Cr)Sb layer Cor1 depend on the exposure conditions in a way 
similar to SS 316L. After exposure to SbBi9/450 ◦C, the second corrosion 
layer of T91 is generally rather thin and shows patches of different 
compositions, see Cor2 and Cor3 in Fig. 5(a). In some locations, an 

Fig. 3. Deviating corrosion behavior of SS 316L after exposure to Sb-Bi alloys, together with composition along specified lines. Further details as given in Fig. 2.  

Fig. 4. SEM images (first: SE, all others: BSE) of T91 ferritic steel after 740 h exposure to liquid Sb-Bi alloys with three different compositions. Further details as 
given in Fig. 1. 
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extended (Fe,Cr)2As layer Cor3 is obtained (as for SS 316L) with strong 
variations in thickness up to 18 µm (Fig. 6(a)). In these locations, the 
layer Cor2 is entirely missing. Compared with SS 316L, the ratio of Fe to 
Cr is shifted in case of T91 towards Fe. In addition, the (Fe,Cr)2As layer 
Cor3 of T91 is penetrated to a higher extent by Bi. In some locations, this 
even results in large corrosion regions with depths up to 30 µm (Fig. 6 
(b)). 

Exposure of T91 to Sb2Bi8 at 420 ◦C (Fig. 5(b)) leads to an inter
mediate FeSb2 layer (Cor2) and an (Fe,Cr)As layer at the sample surface 
(Cor3) as was observed for SS 316L. Again, the Fe content is higher at the 
expense of a lower Cr content compared with SS 316L. In contrast to SS 
316L, the (Fe,Cr)As layer remains below a thickness of 2 µm throughout 
the entire surface of T91. 

As for SS 316L, exposure of T91 to Sb3Bi7 at 470 ◦C leads to a second 
corrosion layer that consists of FeSb2, and small As-rich precipitates are 
found along the initial sample surface, see Fig. 5(c). 

On the sample surface, As-rich precipitates (Prec1) with ~50–55 at% 
As and ~40–45 at% Fe have grown after exposure to SbBi9 at 450 ◦C. As 

already observed for the (Fe,Cr)Sb layer at the corrosion front and the 
As-rich layers, also the As-rich precipitates Prec1 of T91 have a lower Cr 
content and a higher Fe content compared with SS 316L. After exposure 
to Sb3Bi7 at 470 ◦C, solid regions (Prec2) with ~70 at% Sb and ~30 at% 
Fe are attached to the sample surface. After exposure of T91 to Sb2Bi8, 
both features, i.e., As-rich precipitates Prec1 and the precipitated Fe-rich 
Sb phase Prec2, are found embedded in Sb-Bi alloy along the sample 
surface, although in lower amounts. 

3.3. Fe-Co-Ni alloy Kovar 4J29 

In contrast to the rather thin and compact corrosion layers observed 
for the steels, Kovar 4J29 exhibits a deep corrosion attack with a porous 
structure after 740 h exposure to liquid Sb-Bi alloys. As illustrated in  
Fig. 7, the depth of the corrosion attack and the size of the pores strongly 
depend on the exposure conditions, in particular on the Bi content of the 
Sb-Bi alloy. A corrosion depth of about 800 µm is observed after expo
sure to SbBi9/450 ◦C (only the region in the center of the specimen 

Fig. 5. Typical corrosion behavior of T91 after different exposure tests, together with elemental composition along specified lines. Diff denotes Sb diffusion into the 
steel. Further details as given in Fig. 2. 

Table 3 
Proposed main compound and thickness (in µm) of distinct corrosion layers of T91 after 740 h exposure to Sb-Bi alloys. Values of local behavior in brackets.  

layer SbBi9/450 ◦C Sb2Bi8/420 ◦C Sb3Bi7/470 ◦C  

compound thickness compound thickness compound thickness 

Diff  up to 2.5  up to 3  up to 1.5 
Cor1 (Fe,Cr)Sb 7–9 (Fe,Cr)Sb 3–4.5 (Fe,Cr)Sb 6.5–9.5 
Cor2 FeSb2 0–2 (0) FeSb2 0.5–3.5 FeSb2 6.5–10 
Cor3 (Fe,Cr)2As 0–4 (up to 18) (Fe,Cr)As 0–2 - -  

Bi-rich - (up to 30)      
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remains uncorroded), while the corrosion layer reaches only ~100 µm 
for exposure to Sb3Bi7/470 ◦C. However, in the latter case the sample 
surface shows a recession of ~50 µm (determined from the comparison 
with the unexposed part of the sample) in addition to the ~100 µm 
corrosion layer, while no recession is observed after exposure to SbBi9/ 
450 ◦C. For all exposures, the pores are smallest at the corrosion front 
and increase in size with increasing distance from the corrosion front. 
The largest pores are observed close to the sample surface after exposure 
to SbBi9/450 ◦C. In all three cases, Sb-Bi alloy with corrosion products 
sticks on the sample surface. 

A closer look by SEM at the corrosion attack of Kovar 4J29 by the 
different Sb-Bi alloys is presented in Fig. 8, including information about 
the composition of the different regions as determined by EDS. 

For SbBi9/450 ◦C exposure, the darkest regions in Fig. 8(a), denoted 
as Cor, show the remains of Kovar with a strong reduction of the Ni 

contents compared with the original material (28 at% Ni). Sb and Bi are 
hardly detected here. The bright regions in the corrosion attack are pores 
filled with Bi (Pore). Bi-filled pores are found throughout the entire 
corrosion attack. The medium-dark regions (Prec1), which appear only 
along the specimen surface both inside the pores and as precipitates on 
the sample surface, show high Sb (~55 at%) and Ni (~40 at%) content 
as well as some Fe (<5 at%). The binary system Ni-Sb is known to form 
the stable intermetallic compounds Ni3Sb, Ni7Sb3, NiSb (non-stoichio
metric), and NiSb2 at the given temperature of 450 ◦C. Thus, the 
measured composition of the Sb-Ni-rich phase Prec1 suggests presence 
of NiSb2 and NiSb. Arsenic is not found anywhere in the corrosion 
attack. 

After exposure to Sb2Bi8 at 420 ◦C, the corroded porous structure of 
Kovar 4J29 is 120–180 µm thick. The remaining Kovar material (Cor in 
Fig. 8(b)) shows a strong depletion in Ni in the entire corrosion layer 

Fig. 6. Deviating corrosion behavior of T91 after exposure to SbBi9 at 450 ◦C, together with composition along specified lines. Further details as given in Fig. 2.  

Fig. 7. SEM/BSE images of Kovar 4J29 after 740 h exposure to different liquid Sb-Bi alloys. Further details as given in Fig. 1. The lower left picture shows the 
corrosion front. 
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(~5 at% Ni) as was observed after exposure to SbBi9. In contrast to 
SbBi9-exposure, however, significant amounts of Sb (~5 at%, locally up 
to 20 at%) penetrated the Ni-depleted Kovar material Cor close to the 
surface. The pores show different characteristics in different depths: at 
the corrosion front, they are small and filled with Bi; at intermediate 
depths, in a band from ~60 to ~100 µm, the pores are still small but 
mainly empty; in the outer-most regions, larger pores are obtained, 
which are filled either with Bi or an Sb-Ni-rich phase (~45 at% Sb, 
~30 at% Ni, ~20 at% Fe, ~6 at% Co), see Pore in Fig. 8(b). The 
precipitated material that sticks on the sample surface comprises some 
darker patches (Prec1) embedded in a slightly brighter matrix (Prec2). 
The composition of the darker Prec1 patches (~55 at% Sb, ~40 at% Ni) 
resembles the medium-dark regions found along the sample surface after 
exposure to SbBi9/450 ◦C (Prec1 in Fig. 8(a)). The majority of the 
precipitated/solid material Prec2 that directly sticks on the sample 
surface after exposure to Sb2Bi8, however, shows a slightly different 
composition with even higher Sb content but less Ni (~70 at% Sb, 
~15 at% Fe, ~11 at% Ni). Regions with this composition were not 
observed after exposure to SbBi9. 

The corrosion layer of Kovar 4J29 after exposure to Sb3Bi7/470 ◦C is 
also composed of pores and remains of the original materials and rea
ches a depth of 80–120 µm, see Fig. 8(c). The remaining Kovar alloy is 
strongly depleted in Ni (~5–6 at%) compared with the uncorroded 
material as was observed for the other two exposures. Similar to the 
exposure to Sb2Bi8, Sb penetrates the Ni-depleted remains of Kovar; its 
content increases from 0 at the corrosion front to ~5 at% close to the 
sample surface. As for exposure to Sb2Bi8, not all pores are filled after 
exposure to Sb3Bi7. In the first ~20–40 µm along the corrosion front, 
mainly empty pores are obtained (except for one location where Bi 
penetrates the pores and accumulates at the corrosion front, most 

probably due to a crack in the material that sticks on the sample sur
face). In the remaining corrosion layer, the pores are filled with an Sb- 
rich phase with ~45 at% Sb, ~35 at% Ni, and ~10 at% Fe. The large 
continuous region attached to the sample surface (Prec2) shows ~70 at 
% Sb, ~18 at% Fe, ~6 at% Co, and ~3 at% Ni. This composition re
sembles, regarding the high Sb content, the patches Prec2 attached on 
the sample exposed to Sb2Bi8 (Fig. 8(b)). As for the samples exposed to 
SbBi9 and Sb2Bi8, no arsenic is found in/on the Kovar specimen after 
exposure to Sb3Bi7. 

3.4. Mo metal 

As shown in Fig. 9, Mo metal retains its original shape after exposure 
to liquid Sb-Bi alloys. However, Sb-Bi alloy sticks to its surface in most 
areas, which indicates some reaction between the liquid metal and Mo. 

Fig. 10 shows the interface between Mo and the Sb-Bi alloy at higher 
magnification, together with EDS elemental line scans across this 
interface. After all three exposures, an enrichment of As is found at the 
surface of Mo. For exposure to both SbBi9 and Sb2Bi8, the As content 
slowly increases from the Sb-Bi alloy side, has its maximum on the Mo 
side of the original interface (at about 0.3 µm depth), and then quickly 
decreases to zero. For Sb3Bi7 exposure, a clearly pronounced distinct 
Mo-As layer, about 1 µm thick, has developed along the entire sample 
surface. The asymmetry of the As profile and the broadened profiles of Bi 
and Mo at the Mo-alloy interface indicate interdiffusion of Bi and Mo. 
The As- and Mo-profiles at the penetration front of As into the Mo ma
terial are much steeper, possibly limited in steepness only by the limited 
spatial resolution due to the finite interaction volume of the penetrating 
20 keV beam electrons into the material. The non-zero Bi signal inside 
the bulk of Mo stems from the close proximity of the BiM (2.419 keV) 

Fig. 8. Corroded regions of Kovar 4J29 after exposure to different Sb-Bi alloys, together with composition along specified lines. Further details as given in Fig. 2.  
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and MoLa (2.293 keV) characteristic peaks in the X-ray spectrum. 

4. Discussion 

For all Sb-Bi alloys tested, Mo exhibits the best corrosion resistance, 
the steels SS 316L and T91 show moderate corrosion depths (in the 
range 10–20 µm after 740 h at ~450 ◦C), and the most severe corrosion 
attack with several 100 µm depth is found for Kovar. None of the ma
terials shows formation of an oxide on its surface. This confirms that, as 
intended, the oxygen content of the liquid Sb-Bi alloys was sufficiently 
low to have no influence on the corrosion process. This mimics the sit
uation in a hermetically closed liquid metal battery, where any oxygen 

impurity present during cell assembly, either in the gas atmosphere or as 
natural oxide layer on the materials’ surfaces, is consumed by the 
strongest oxide formers (typically Li) until an equilibrium of the oxygen 
potentials is achieved. After some potential influence of oxygen on a 
short timescale, oxygen does not participate in the corrosion process of 
PCC materials in an LMB cell. 

4.1. Kovar 

Kovar 4J29 is the only material that shows regions with total 
dissolution (Figs. 7 and 8). Responsible is the high solubility of both Ni 
and Co in Bi, two alloying elements with high concentration in Kovar 

Fig. 9. SEM images (first and second: SE, third: BSE) of Mo metal after 740 h exposure to different liquid Sb-Bi alloys as indicated. The pictures show the entire 
bottom part of the sample that was submerged in the liquid Sb-Bi alloy. 

Fig. 10. Mo/Sb-Bi interface after exposure to different Sb-Bi alloys, together with composition along specified lines. Further details as given in Fig. 2.  
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(Table 1). Calculations based on the solubility in Bi show that dissolu
tion depths of around 2 mm and 6 mm, respectively, are required to 
reach the solubility limits of Ni and Co in the Sb-Bi alloys at the given 
ratio of exposed specimen surface to Sb-Bi alloy volume. Thus, neither 
Ni nor Co reach saturation during the course of the experiment. For Fe, 
which has only moderate solubility in Bi, the situation is different and 
the solubility limit is reached after a rather short time. It is estimated 
that the Sb-Bi alloys are saturated in Fe for a dissolution depth of only 
around 0.1 µm. Nevertheless, dissolution of Fe proceeds beyond the 
solubility limit due to formation of solid Fe-Sb compounds (potentially 
far away from the sample surface). The observed porous structure of the 
corroded Kovar material (Fig. 8) suggests that the corrosion process 
starts with selective dissolution of Ni in the entire corrosion attack, 
followed by total dissolution of the remaining Ni-depleted Kovar ma
terial. The total dissolution begins at the corrosion front with a 
branched, dendritic-type growth of pores, which then increase in size as 
the exposure to the liquid Sb-Bi alloy proceeds. Depending on the Sb-Bi 
alloy composition, different scenarios occur in the pores and on the 
sample surface. 

In case of SbBi9, all pores are filled with Bi, which results in pro
ceeding pore formation at the corrosion front and pore growth in the 
entire corroded region. As a consequence, a corrosion depth of ~800 µm 
depth is obtained after 740 h at 450 ◦C. In some but not all regions along 
the specimen surface, a Sb-Ni-rich compound precipitates on the sample 
surface and in the pores. This compound forms individual patches that 
cannot prevent the transport of Bi into the sample and of dissolved Ni, 
Co, and Fe out of the sample. 

When Kovar is exposed to Sb2Bi8, an Sb-rich phase (Sb-Fe-Ni-Co 
compound, ~70 at% Sb) precipitates around the Kovar specimen in 
addition to some patches of the Sb-Ni-rich compound. The Sb-rich phase 
forms many small patches detached from the sample surface, but also a 
thin (~10 µm) continuous layer along the sample surface. This compact 
layer seems to act as barrier that mitigates the exchange of material. As a 
consequence, only few pores are filled with Bi and the corrosion attack is 
less deep (about 150 µm after 740 h at 420 ◦C). Note that the corrosion 
depth is additionally reduced by the slightly lower test temperature. An 
Sb-Ni-rich phase is found in the pores close to the sample surface. 

After exposure to Sb3Bi7, the Kovar specimen is surrounded by a 
400 µm thick layer of an Sb-rich phase (Sb-Fe-Ni-Co compound, ~70 at 
% Sb). This layer is compact in the first ~200 µm and becomes frag
mented further away from the specimen surface. The compact part is 
even more effective in mitigating material transport than the corre
sponding thin layer after exposure to Sb2Bi8. In case of Sb3Bi7, no Bi 
penetrates the pores and the depth of the corroded layer is with 
~100 µm (plus ~50 µm material recession) not larger than in case of 
Sb2Bi8, despite the higher exposure temperature of 470 ◦C. 

At higher temperature, the rate of both dissolution and compound 
formation is increased due to a higher solubility and accelerated ki
netics. Although the higher temperature of the Sb3Bi7/470 ◦C test could 
be, in principle, solely responsible for the thicker layer of the Sb-rich 
phase and, thus, better dissolution mitigation, the temperature effect 
cannot explain the significantly better corrosion resistance of Kovar 
4J29 in Sb2Bi8/420 ◦C compared with SbBi9/450 ◦C. 

To summarize, at temperatures around 450 ◦C, the content of Sb in 
the Sb-Bi alloy determines whether and to which extent a compact Sb- 
rich layer forms on the sample surface and mitigates the severe disso
lution attack of Kovar 4J29. The corrosion-mitigating Sb-rich layer 
contains some Fe, Ni, and Co, and ~70 at% Sb and is thicker and, thus, 
more effective for higher Sb content in the Sb-Bi alloy. The influence of 
the temperature variations in the range 420–470 ◦C is outbalanced by 
the described impact of the Sb content. 

The observed corrosion behavior of Kovar might well be influenced 
by the limited amount of Sb-Bi alloy used in the experiments, which 
results in Fe saturation as discussed above and facilitates the formation 
of solid Sb-compounds. An orders-of-magnitude lower ratio of exposed 
surface to Sb-Bi alloy volume could retard the formation of corrosion- 

mitigating Sb-compounds, thus leading to a more severe dissolution 
corrosion also in case of Sb2Bi8 and Sb3Bi7. Precondition for such an 
influence of the alloy volume, however, is a fast enough transport 
(diffusive or convective) of dissolved Fe in the Sb-Bi alloy to avoid local 
oversaturation. Note that the surface to volume ratio used in the current 
study roughly corresponds to the situation in a typical liquid metal 
battery. 

4.2. Steels 

Regarding the investigated steels, the corrosion attack by Sb-Bi alloys 
consists of two or three distinct layers with different compositions. 
Hereby, great similarities are found between SS 316L and T91 regarding 
the type and composition of these layers. For both steels and all three 
exposure tests, the Fe content of the distinct corrosion layers decreases 
stepwise from the bulk towards the Sb-Bi alloy. The Fe-Cr-Ni steel 316L 
is strongly depleted in Ni in the entire corroded layer. This suggests that 
the corrosion process of SS 316L involves strong selective dissolution of 
Ni into the Sb-Bi alloy, caused by the high solubility of Ni in Bi. As for 
Kovar, the solubility limit of Ni in the Sb-Bi alloy is not reached in the 
course of the exposure test. For SS 316L, dissolution to a depth of around 
5–7 mm would be required to reach this limit at the given surface to 
volume ratio. Despite the very dissimilar Ni contents of stainless steel 
316L and the Fe-Cr ferritic steel T91, similar corrosion depths are ob
tained for these two classes of steel (Tables 2 and 3). Likewise, no dif
ferences in the corrosion behavior of SS 316L could be identified that is 
attributable to the differences in Ni content between SS 316L-A and SS 
316L-B (Table 1). This indicates that Ni dissolution is not the rate- 
determining step of the underlying corrosion mechanism. Once SS 
316L is depleted in Ni due to selective dissolution into the Sb-Bi alloy, 
the main difference in composition between both SS 316L materials and 
T91 is the higher Cr content of SS 316L. Therefore, it does not surprise 
that the distinct corrosions layers of SS 316L (Fig. 2) contain a higher 
amount of Cr at the cost of a lower Fe content compared with the cor
responding corrosion layers of T91 (Fig. 5). Apart from the composition, 
austenitic SS 316L and ferritic T91 deviate in their microstructure. This 
explains the observed diffusion of Sb along preferred paths into the 
pristine material at the corrosion front of T91 and its absence in case of 
SS 316L. 

For all exposure conditions, the solid solution (Fe,Cr)Sb, i.e., an Fe- 
Cr-Sb compound, is found in a first layer at the corrosion front. This 
layer has a thickness in the range 3–9 µm, with the smallest values found 
for the exposure to Sb2Bi8/420 ◦C, most probably due to the slightly 
lower exposure temperature. Generally, this first layer is followed by a 
second corrosion layer composed of the intermetallic compound FeSb2. 
Its thickness and stability depend strongly on the exposure conditions, in 
particular on the composition of the Sb-Bi alloy. After exposure to 
Sb3Bi7, the second layer shows with 8±3 µm for both steels the highest 
thickness of all exposures. The thickness of the FeSb2 layer is strongly 
reduced to 2±1.5 µm after exposure to Sb2Bi8. Additionally, it becomes 
less stable, i.e., arsenic penetrates the steel (in case of SS 316L few local 
deeper attacks are observed, see Fig. 3(b)) and the solid solution (Fe,Cr) 
As replaces the FeSb2 layer. Taking into account the replacement by (Fe, 
Cr)As, the hypothesized thickness of the FeSb2 layer after exposure to 
Sb2Bi8 in the absence of As can be estimated as 3–4 µm for both steels. 
Finally, in the case of SbBi9, no (SS 316L) or weak (T91) remnants of 
FeSb2 are found. Both steels show several local deeper corrosion attacks 
(up to 30 µm) with strong penetration of As and/or Bi, see Fig. 3(a) and 
Fig. 6. The correlation between the existence and thickness of the FeSb2 
layer on the one hand and the occurrence of As and/or Bi penetration 
with deeper attack on the other hand suggests that the FeSb2 layer has a 
mitigating effect on the penetration of As and/or Bi. Its formation is 
promoted by a higher activity/concentration of Sb in the Sb-Bi alloy as 
discussed below. However, the comparison with Kovar leads to the 
conclusion that the most effective layer in mitigating dissolution 
corrosion is the Fe-Cr-Sb compound at the corrosion front. Even in 

R. Fetzer et al.                                                                                                                                                                                                                                   



Corrosion Science 233 (2024) 112115

11

locations where the FeSb2 layer fails, the corrosion depth does not 
exceed 30 µm thanks to a still intact Fe-Cr-Sb layer. Kovar, not con
taining any Cr, shows an 800 µm deep attack under the same conditions. 

Regarding the underlying corrosion mechanism of steels in Sb-Bi 
alloys leading to the described distinct corrosion layers (Fe-Cr-Sb com
pound at the corrosion front, FeSb2 intermetallic layer at the sample 
surface), one may think of several scenarios. One scenario is that the Fe- 
Cr-Sb layer grows inwards while the FeSb2 layer grows outwards, similar 
to a bilayer oxide scale consisting of an inward-growing spinel and an 
outward-growing magnetite scale. Precondition for such a scenario is 
that both layers are permeable for Sb, Fe, and Ni, but not for Cr. How
ever, the present experiments show high Cr content outside both 
corrosion layers (see As-rich compounds), clearly demonstrating 
permeability of the corrosion layers also for Cr. In addition, the interface 
between the two layers does not correspond to the original sample 
surface: firstly, it is not straight and precise but irregular and corrugated 
and secondly, it is not in line with the original sample surface still pre
sent at the part of the sample that was not exposed to the Sb-Bi alloy 
during the corrosion test. Instead, the surface of the FeSb2 intermetallic 
layer shows all mentioned characteristics of an original sample surface. 
Both observations, the position of the original sample surface and the 
presence of substantial amounts of Cr beyond the corrosion layers, agree 
with the following proposed scenario of inward-growing layers as 
schematically drawn in Fig. 11. The corrosion layers are permeable for 
Sb, Fe, Ni, and Cr. The steel constituents diffuse outwards and dissolve in 
the Sb-Bi alloy, while Sb penetrates and forms (Fe,Cr)Sb at the corrosion 
front where the Sb activity is low. Because the Sb activity increases to
wards the sample surface, the Sb activity is somewhere inside the 
corrosion layer high enough to form FeSb2 from the (Fe,Cr)Sb com
pound. The higher the Sb activity in the Sb-Bi alloy is, the further away 
from the sample surface this transition occurs, i.e., the thicker is the 
formed FeSb2 layer. Fe and Cr liberated by the transition from (Fe,Cr)Sb 
to FeSb2 also diffuse outwards and are dissolved in the liquid Sb-Bi alloy, 
where they form precipitates once the solubility limit is reached. As for 
Kovar, also for the steels the Sb-Bi alloy is saturated in Fe after total 
dissolution to a depth of around 0.1 µm. With partial dissolution, the 
required dissolution depths are accordingly larger. Nevertheless, the 
solubility limit is reached in the course of the exposure tests and for
mation of precipitates in the vicinity of the sample surface is promoted. 
In contrast to Kovar, however, these precipitates do not form a dense 
layer and are therefore not expected to have a strong influence on the 
proceeding corrosion process. 

The corrosion thickness of 10–20 µm of both SS 316L and T91 after 
740 h exposure to Sb-Bi alloys at temperatures in the range 420–470 ◦C 
compares well with the corrosion thickness of SS 301 and SS 430 in 
Sb3Pb7 at 450 ◦C (both ~10 µm after 500 h) reported in literature [21]. 
This further confirms that, although the solubilities of Fe, Cr, and Ni are 
much higher in Bi than in Pb, dissolution plays an inferior role even 
when exposed to Sb-Bi alloys with high Bi content because of the for
mation of a corrosion-mitigating layer composed of Fe-Sb and Fe-Cr-Sb 
compounds. The corrosion thickness in Sb-Bi alloys is also similar to 
results reported for ternary Sb-Bi-Sn alloys (16–32 µm after 500 h at 500 
◦C) [22]. In Sb-Bi-Sn, the concentration of Bi was found to have a strong 
influence on the corrosion thickness (doubling when Bi content is 

increased from 20 to 45 at%). In the present study, it is the occurrence of 
local deeper attacks that increases for higher Bi content in the Sb-Bi 
binary alloy. 

4.3. Molybdenum 

Mo metal shows good corrosion resistance to Sb-Bi alloys (Figs. 9 and 
10). The only effect observed after exposure is a minor interdiffusion of 
Bi and Mo and an enrichment of the arsenic impurity at the sample 
surface. It remains unclear whether the interdiffusion is mitigated by the 
enrichment of As. The As accumulation leads to formation of a distinct 
As-rich layer in case of Sb3Bi7 only. Since As is most probably an im
purity of the Sb raw material, the highest amounts of As are expected in 
the alloy Sb3Bi7. Therefore, it is reasonable that in this case the strongest 
influence of As on the corrosion behavior is found. Even with this in
fluence, the corrosion depth is with 1 µm after 740 h at a very low value. 

5. Conclusion 

In summary, the results of our work reveal that, among all test 
specimens, only Mo possesses good corrosion resistance against the 
liquid Sb-Bi alloys SbBi9, Sb2Bi8, and Sb3Bi7 at exposure temperatures 
around 450 ◦C. The only effect after 740 h exposure is a small inter
diffusion of Bi and Mo and an enrichment of As at the Mo surface, which 
stems from a small impurity of the Sb-Bi alloys. The corrosion behavior 
of class 316L stainless steels can be regarded as independent of their 
exact composition. Both the Fe-Cr-Ni steels SS 316L and the Fe-Cr steel 
T91 show moderate corrosion depths in the range 10–20 µm after 740 h. 
Locally deeper corrosion attacks (up to 30 µm) are observed mainly after 
exposure to SbBi9. The corrosion layers are composed of distinct layers 
with Fe-Cr-Sb and Fe-Sb compounds at the corrosion front and at the 
sample surface, respectively, which protect the steels from severe 
dissolution attack. The influence of the arsenic impurity on the corrosion 
behavior and the susceptibility to local Bi penetration increase as the Sb 
content of the Sb-Bi alloy decreases. This is explained by a thinner and 
less stable Fe-Sb layer at the sample surfaces for lower Sb activity in the 
Sb-Bi alloy. The Fe-Co-Ni alloy Kovar 4J29 shows the strongest corrosion 
attack among the tested materials. Kovar is locally entirely dissolved and 
a porous structure of corroded (Ni-depleted) material remains. The 
depth of this severe corrosion attack is with 800 µm after 740 h largest 
after exposure to SbBi9. With higher Sb content in the Sb-Bi alloy, a 
compact Sb-rich phase forms on the sample surface and mitigates the 
dissolution attack. However, this Sb-rich phase is less effective in miti
gating corrosion than the Fe-Cr-Sb compound formed in case of the 
steels. 
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Fig. 11. Proposed corrosion mechanism of steels in liquid Sb-Bi alloys.  
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