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The corrosion of AISI 316 steel has been investigated in sodium polysulphide melts in the region 
between 300 and 410~ which is of  interest with respect to the Na/S battery. Although AISI 316 is 
not suitable as a corrosion-resistant casing material, it can serve as a model material for the elucida- 
tion of  basic mechanisms. Both anodic and cathodic potentials were applied in order to represent the 
conditions in a cell. The corrosion products formed multilayer scales, the inner one consisting 
primarily of chromium sulphide which acted as a corrosion barrier. The corrosion reaction had an 
activation energy of  105 kJ mo1-1 . In the higher temperature region the scale dissolved partially in the 
melt due to a change in the scale morphology. Possible mechanisms for anodic and cathodic corrosion 
reactions are discussed. 

1. Introduction 

Molten sodium polysulphides Na2Sx with x from 3 to 
about 20, are used in the cathode compartment of 
sodium-sulphur cells. The container of these cells 
must be electrically conductive and corrosion resistant 
with respect to Na2Sx at the operating temperature 
of about 350 ~ There are candidate materials for 
such a casing, e.g. chromized steel, superalloys or 
inorganic compounds [1-10], but most have certain 
drawbacks. The developers of Na/S batteries presently 
use proprietary materials. 

Testing of the candidate casing materials has so 
far been carried out mostly under static conditions 
(i.e. without applied potential). However, this has 
sometimes led to wrong conclusions. So aluminium, 
magnesium and titanium were considered to be stable, 
whereas in real cells they corrode considerably. Gen- 
erally, the electrochemical aspects of corrosion in 
polysulphide melts have been somewhat neglected. 

In this paper, we present some results of dynamic 
testing (i.e. with applied potential), with emphasis on 
the temperature dependence of corrosion. As 'model 
material', a standard stainless steel (AISI 316) was 
used. Although this steel cannot be used as an actual 
casing, it is suited for corrosion experiments because 
of its relatively large corrosion rates. Also, AISI 316 
can serve as a basis for the development of more 
suitable alloys. 

2. Experimental details 

In previous investigations on the reaction mechanisms 
in molten polysulphides, very pure sodium polysul- 
phide was prepared in situ by the electrochemical 
reaction between sodium and sulphur [I l, 12]. How- 
ever, in preliminary corrosion experiments it turned 
out that for this purpose there is no need for such a 
high-purity material. Therefore, commercially avail- 
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able Na2S 4 (Degussa, Knapsack, FRG) was used. The 
electrochemical cell consisted of a glass tube with 
the working electrode and the counter electrode of the 
same material for which the corrosion rate was to be 
measured. Thus, in a single experiment, both anodic 
and cathodic rates could be determined. The reference 
electrode consisted of a graphite rod which shows 
sufficient stability. The cell was sealed with Viton 
gaskets (in the colder region of the furnace) and was 
operated in a glove box, flushed with nitrogen. 

The test specimens were rods of 5 mm diameter and 
about 35mm length. They were positioned about 
15 mm deep in the melt, exhibiting a surface area of 
about 2 cm 2 to corrosion attack. Prior to insertion into 
the melt, the specimens were polished to about 1/~m. 
This appears satisfactory regarding the uniformness 
of diameter. The composition, as measured by X-ray 
fluorescence analysis was 10% Ni, 16.5% Cr, 2% Mo, 
1% Si, 2% Mn, bal. Fe. This is a 1.4571 (German) 
steel, corresponding to AISI 316 (US). 

The specimens were charged by a constant anodic 
or cathodic current of 100mA cm -2 which corres- 
ponds to the values in a real Na/S cell. The anodic 
(purely ohmic) overpotential was about 300 mV with 
respect to the reference electrode, while the cathodic 
values scattered between - 1.8 and - 2.2 V. The anodic 
process is the oxidation of Na2S 4 to sulphur, the 
cathodic process the reduction of Na2S 4 to Na2S2. 
Because N%S2 forms a solid film on the electrode, 
the overpotential shows relatively high values [11]. 
Compared to the relatively high redox currents, the 
superimposed corrosion currents, which are in the 
range of a few/tA cm -2, could not be measured sepa- 
rately. During operation, the overall melt composition 
remained unchanged. 

After an operation time of 500 h the specimens were 
removed from the melt and rinsed with distilled water. 
The cathodically operated specimens showed a shiny 
surface with no scale. A few samples were corroded 
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Fig. 1. Evaluation of  results after cathodic and anodic operation. 

also above the melt due to the melt meniscus. This 
effect was found mainly at higher cathodic current 
densities. The corrosion rate, x0, was calculated by 
directly measuring the decrease in diameter and inde- 
pendently by determining the weight loss Am and 
calculating the corrosion rate (see Fig. 1), using 

4Am 
x0 = (1)  

D~6(D + 4H)  

where 3 is the density of the test material. 
The anodically operated specimens showed a metal 

sulphide scale, resulting in a weight gain (Fig. 1). 
No corrosion at the melt meniscus was observed. In 
this case the corrosion rate, i.e. the actual material 
loss, was calculated as the amount  of  material conver- 
ted to metal sulphide. By analogy to Equation 1 the 
material loss is 

4f~Am 
x0 = (2)  

D~6(D + 4H)  

wheref~ = nmMm/nsMs, Mm and Ms being the atomic 
weight of metal in the alloy and of sulphur, respectively, 
and n m and n s the reaction numbers for the formation 
of  the metal sulphide. As an average between FeS, 
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Fig. 2. Corrosion rate after 500h operation at 100mA cm 2. 
Activation energy: 105 kJ rnol -~ . 

Fig. 3. Corrosion layer at 325~ (500h anodic operation). 

FeS2, NizS3 and Cr2S3, f~ - 1.3. The increase in 
thickness due to the scale can be calculated as 

4Am f2/P - f~/6 
x,  = (3)  

~z D(D + 4H)  

where P is the porosity of  the scale (100% = 1) and 

f2 = f~ 1 _ + ~ (4) 

where 6s is the density of  the sulphide, f2 is the ratio of  
the volume increase A V t6 the mass increase Am. The 
average value off2 for the scale sulphides is about 0.35. 
x s was determined by the increase in thickness, x0 + xs 
was obtained from cross sections (e.g. Figs 3 and 4) 
and x0 by the weight change according to Equation 2 
and, in addition, geometrically after mechanically 
removing the scale. Inconsistencies between these 
measurements indicate a loss of scale material (either 
by spalling or by chemical dissolution). 

3. Results 

The corrosion rate as a function of  temperature 
between 300 and 410~ is shown in Fig. 2. It can be 
seen that the anodic corrosion under the described 
conditions is an activated process with an activation 

Fig. 4. Corrosion layer at 410~ (500 h anodic operation). 
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Fig. 5. Thickness of the anodic corrosion layer formed after 500 h 
operation with a current density of 100mA cm 2. Open circles: 
outer, Fe-rich scale; full circles: inner, Cr-rich scale. 

energy of 105 kJ tool- ~. The activation energy of  the 
cathodic corrosion rate is essentially the same as in the 
anodic case, except at very high temperatures. 

Figures 3 and 4 show examples of  anodic corrosion 
layers at 325 and 410 ~ C. There are two distinct scales 
to be discerned: an inner one, consisting of a chrom- 
ium sulphide and an outer one, consisting mainly of 
an iron sulphide at lower temperature and an iron -4- 
chromium sulphide at higher temperatures. The thick- 
ness of these scales depends on the temperature as 
is shown in Fig. 5. Whereas the inner chromium sul- 
phide layer increases continuously with temperature 
(70 kJ mol ~ ), the outer iron sulphide-rich layer shows 
a discontinuity at medium temperatures. This behav- 
iour becomes clearer when the total layer thickness 
(chromium + iron sulphide) is compared with the 
corrosion rate, as in Fig. 6. The theoretical behaviour 
could be calculated from Equations 2 and 3 and at 
lower temperatures there is good agreement with the 
experimental data. However, at higher temperatures, 
there is a steep increase in the corrosion rate. This 
indicates that in the high temperature range parts 
of the scale dissolve in the melt. Chemical analysis of 
the melt will be carried out in the course of  further 
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Fig. 6. Corrosion rate as a function of the total (Cr-rich plus 
Fe-rich) thickness of the anodic corrosion layer. 

investigations, in order to gain more insight into this 
behaviour. 

It should be noted that the corrosion rate without 
applied potential is at least a factor of 20 smaller than 
the values presented here. Also, we could identify 
alloys which show considerably smaller corrosior~L rates 
than those for the AISI 316 which served only as a 
'model material' for the determination of  fundamental 
behaviour. 

4. Discussion 

The mechanism of  the corrosion during anodic opera- 
tion is relatively straightforward. As in systems with 
sulphur vapour [13] at temperatures above 600 ~ C, an 
inner chromium sulphide layer (Cr2S 3 or Cr31~4) iS 
formed, which acts as a barrier against rapid corrosion. 
Through this barrier iron and nickel ions are migrating, 
forming an outer layer with the corresponding com- 
position. The influence of potential can be under- 
stood by assuming the following reaction for the iron 
corrosion: 

2Fe + 3S4 2 > 2FeS + 2S~- + 2e- (5) 
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Fig. 7. Na2S/S phase diagram and EMF at different temperatures (after [14]). 
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Thus,  by applying a potential,  the sulphidation o f  iron 
can be accelerated. An  increase in temperature may  
cause a corresponding increase in the rate constant  
o f  the iron migrat ion th rough  the ch romium sul- 
phide, thus accelerating the above reaction. As an acti- 
vated process, this will depend exponentially on the 
temperature  (Arrhenius),  as was observed here. 

Dur ing  cathodic  operat ion no corrosion scale was 
observed. Therefore the corrosion reaction must  be 
quite different f rom Equat ion  5. As the cathodic  
potential is in the far cathodic  region, sodium ions can 
be reduced [11]. Thus,  the following reactions can be 
assumed: 

Fe + 3Na + + 2e + S 2- (6) 

, Na3FeS3 + 1/2S 2 

Cr + 3Na + + 2e-  + S 2 (7) 

, NaCrS2 + Na2S + 1/2S 2 

The existence o f  Na3FeS3 and NaCrS2 was shown in 
post-test examinat ions o f  Na /S  cells [9, 15] (nothing 
has been published about  the corresponding nickel 
compounds) .  As no corrosion scales could be found, 
these products  obviously dissolve in the melt. In the 
(anodic) two-phase region the EM F changes very little 
with temperature,  as can be seen f rom Fig. 7 (after 
[14]). However ,  in the (cathodic) one-phase region the 
E M F  varies within b road  limits. By plott ing the cor- 
rosion rate vs the E M F  at the end of  the single-phase 
region (where the E M F  becomes constant  because 
o f  the transition into the two-phase region: NazS2 + 
liquid). Fig. 8 is obtained. 

It can be seen that  a kind of  Tafel line with a slope 
o f  about  6 0 m V  decade 1 results. This value corres- 
ponds  to a two-electron step (n = 2) with: 

i -~  exp - ~-~ (8) 

where i is the corrosion current  and U the electrode 
potential.  Therefore,  the corrosion seems to be a 

Fig. 8. Cathodic corrosion rate (and the corrosion cur- 
rent density calculated from the rate) as a function of the 
EMF at the end of the single-phase region (see Fig. 7). 
Dotted line: calculated for n = 2 (RT/nF ~ - 6 0 m V  
decade l). 

potential-determined, two-electron process such as 
React ion 6 and/or  7. Confi rmat ion o f  this mechanism 
requires experiments carried out  in complete Na/S  
cells where it could be shown that  the corrosion rate 
is increased considerably with increasing depth dis- 
charge. This means that  the corrosion rate depends 
on the electrode potential in the cathodic region 
(discharge direction). However,  for a full understand- 
ing more  investigations are necessary, e.g. potentio- 
static operat ion mode  and chemical analysis o f  the 
melt for corrosion products.  
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