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Chemical Stability of Sodium Beta”-Alumina Electrolyte in
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ABSTRACT

Immersion of sodium g"-alumina electrolyte in sodium polysulfide and pure sulfur melts, at Na/S battery operation
temperatures, showed that the electrolyte was chemically attacked by the melts, and that the extent of degradation was
affected by a number of factors, including surface morphology and chemistry of the electrolyte, melt composition, impur-
ity contamination, etc. The corrosion reactions mostly initiated and concentrated on defected areas, and were catalyzed by
the presence of impurities such as water, moist air, oxygen, etc. The corrosion power of sodium polysulfide melts in-
creased with the sulfur content in the range of Na,S; to Na,S;. The reaction products, formed at the interface, were be-
lieved to be Na,S0,, NaAl(SO,),, AlA(SO,);, NaHSO,, Na,CO;, NaOH, etc. Precipitation of crystallized sulfates occurred on
preferred areas after saturation. Corrosion products of transition metals also deposited on the electrolyte surface. As a re-

sult, a partly insulating layer was formed on the electrolyte surface during immersion, which was a mixture of sulfates,

carbonates, and suifides of transition metals.

Degradation of the p"-electrolyte is one of the important
limitations which determine whether or not Na/S batteries
may be useful for energy storage and conversion systems.
There has been considerable effort in establishing the
mechanism of degradation of the electrolyte in contact
with the negative electrode (liquid sodium) (1). De J onghe
et al. have reported the degradation of the electrolyte in
contact with the positive electrode (sulfur/sodium polysul-
fide melts) (2), but much remained unknown concerning
the nature of the electrolyte/polysulfide melt interface. Re-
cently, Choudhury made an assessment of thermochem-
ical stability of B- and p"-alumina electrolytes in pure sul-
fur with carbon (3). In the present paper, the degradation
of the electrolyte in various environments, in different
melt compositions (from Na,S,; to NayS; to pure sulfur),
with or without impurity contamination (water, moist air,
oxygen, cell case material, and carbon), are reported and
the reactions between the solid electrolyte and the melts

under these conditions were proposed based on thermody-
namic estimations.

Experimental

Materials—Polysulfides—Four different polysulfides,
NayS,, NapSs, Na,S,, and Na,S;, and pure sulfur were used.
The pure sulfur was obtained from the Lawrence Liver-
more Laboratory. The disulfide Na,S, was prepared from
the monosulfide Na;S (from NAOH Chemicals) and from
pure sulfur in our laboratory, in a dry box (oxygen- and
water-free to less than 1 ppm). After the pure sulfur was
dried in the dry box for 3 days, the appropriate amounts of
NayS and dry sulfur powders were mixed and put in a
quartz tube, sealed at about 1072 torr. and then slowly
heated to 750°C to form Na,S,. The Na,S; was cooled to
room temperature and transferred to glass test tubes
within the dry box. The Na,S; was obtained from Brown-
Boveri and Cie (BBC) and stored in vacuum. The Na,S,
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Fig. 1. Scanning electron micrographs of the polished surface of the electrolyte before and after five week immersion in sodium polysulfide
melts with different compositions. (a) As-polished before immersion; (b) immersed in Na;S; (350°C); (¢} in Na,S3 (400°C); (d) in Na,S, (400°C); (e)

in Na,Ss (400°C); (f) immersed in pure sulfur (350°C).

was prepared by Dow Chemicals Company and stored in
the dry box. Na,S; was made from mixtures of either Na,S;
or Na,S, with pure sulfur.

B"-Alumina electrolyte—The polycrystalline electrolyte
consisted of bars with approximate dimensions of 45 X 10
x 4 mm, and was prepared by Ceramatec of Salt Lake City,
Utah (4). The chemical composition given by the manufac-
turer was 8.85 weight percent (w/o) NayO, 0.7 w/o Li,O, bal-
ance Al,QOs.

Specimen preparation.—Two different surfaces—
polished and as-sintered—were examined to determine
how the surface morphology affects the stability of the
electrolyte. Specimens were sectioned with a diamond
saw, ground with a-Al,O; and polished to a 1 um diamond
finish (Fig. la). Even though the polished surfaces were
very smooth, some imperfections, such as cavities and
large grains still remained. Mechanical damage, including
microcracks, may also be produced during polishing. As-
sintered surfaces are shown in Fig. 2a. Some workers have
reported that these surfaces might be covered by a thin,
glassy film, which would be formed during sintering (5).
Specimens have different surface morphologies were
washed with methyl alcohol in an ultrasonic cleaner, and
then heated up to 800°C for 12h to drive off absorbed water,

Impurity contamination.—Water.—Electrolyte speci-
mens were either exposed to 100% relative humidity or im-
mersed in distilled water at room temperature for one
week (168h) to pick up water. Then, the surface water was
removed by heating the specimens at 100°C for 5 min.

Oxygen—After vacuum-drying and before sealing, oxy-
gen gas was put into the test tubes to build up an oxygen
atmosphere of about 100 torr.

Moist air—The dried electrolyte was exposed to atmo-
sphere (moist air) at room-temperature for 1 week (168h).

Fe-Ni-Cr and C.—Cell container materials (stainless steel)
and current collector material (graphite felt) were put in
with some polysulfide powders, before sealing the glass
capsules.

Procedures—Because of the sensitivity of polysulfides
to moisture, the test must be set up in a water and oxygen
free glove box. Specimens and polysulfides were put into
glass test tubes in the dry box and sealed under mechani-
cal vacuum. The sealed tubes were placed vertically in a
box furnace at the desired temperatures (350° or 400°C).
After the specimens had been kept in molten polysulfides
for the desired period (5 or 10 weeks), the glass tubes were
cooled to room temperature and broken. The specimens
were removed, ultrasonically cleaned in methyl alcohol,
and dried, before characterization and analysis. Speci-
mens immersed in sulfur were cleaned in CS,.

Results

Morphological characterization.—Effect of composi-
tion.—Figures 1 and 2 show the changes in surface mor-
phology of electrolytes before and after 5 week immersion
in melts with compositions of Na,S;, Na;Sy, and Na,S;, at
400°C, and NayS; and pure sulfur at 350°C.

The surfaces of polished specimens are shown in Fig. 1.
Very little has happened to the polished surface immersed
in Na,S, and Na,S; melts. However, on the polished sur-
face in the NayS, melt, some compounds formed on areas
containing defects such as microcracks, pores, etc., which
were introduced by mechanical polishing. On the polished
surface immersed in Na;Ss, a nonuniform and discontinu-
ous, thin surface layer was formed and more corrosion
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Fig. 2. Sintered surfaces of the electrolyte (same experimental conditions and arrangement as in Fig. 1)

products were evident at areas containing flaws or irregu-
larities (Fig. le). The changes in surface morphology were
even more pronounced for the samples immersed in pure
sulfur, where the surface was completely covered by a cor-
rosion layer (Fig. 11).

The surfaces of sintered electrolytes are shown in Fig. 2.
After immersion, the surfaces were covered with a thin
product layer, while some compounds had accumulated in
the surface pores. The extent of the reactions apparently
increased from NayS, to Na,S; to pure sulfur.

Effect of impurity contamination.—Figures 3 and 4 show
the changes in morphology of polished and sintered sur-
faces before and after immersion at 400°C for 5 weeks in
Na,S; with the presence of oxygen, water, moist air, or
stainless steel (Fe-Ni-Cr) plus graphite felt (C). An Na,S,
melt was chosen because, without impurities, this melt
was among the least reactive ones, as shown in Fig. 3b and
4b. However, in the presence of impurities, the change in
surface morphology and chemistry can be dramatic.

Steel + carbon (Fig. 3¢ and 4¢).—The presence of transition
metals and graphite felt considerably affected the interac-
tion between the Na,S; melt and the electrolyte. A corro-
sion product layer covered the entirety of the surface, and
some octahedrally shaped crystals had formed.

Oxygen (Fig. 3d and 4d).—The effects of the presence of
oxygen contamination on the Na,Sy/electrolyte system are:
(i) creation of a corrosion layer on most of the areas of the
polished surfaces (Fig. 3d); (ii) considerable acceleration of
the reactions and increase of the deposition of corrosion
products; and (ii1) precipitation of crystallized compounds
on the sintered surface in addition to the overall thin prod-
uct layer that formed without oxygen present.

Water (Fig. 3e and 4e).—In the case of absorption of water
in electrolytes, there is an obvious etching effect; the grain

boundaries are clearly revealed and the altered surface to-
pology indicates chemical attack. Some corrosion prod-
ucts had been deposited between grains.

Moist air (Fig. 3f and 4f).—The exposure of the electrolyte
to moist air (H,O, Oy, CO,, etc.) had the combined effects of
water and oxygen contamination.

Time dependence.—Figures 5 and 6 show the changes in
surface morphology of electrolytes before and after im-
mersion for 5 and 10 weeks in molten Na,S;, at 400°C. This
composition was chosen in this case because Na,S; is the
most corrosive of the sodium sulfides and hence would
make the differences most obvious as immersion time in-
creased if the corrosion were time dependent.

Polished electrolytes (Fig. 5)—Figure 5a shows the surface
of an as-polished electrolyte before immersion. Five weeks
later, some corrosion compounds are nonuniformly dis-
tributed, and most of them are concentrated around im-
perfections (Fig. 5b). After 10 weeks. a uniform compound
layer, covering the whole surface, had formed and some
precipitation had occurred, leading to groups of plate-
shaped crystallites (Fig. 5¢). The high magnification micro-
graph (Fig. 5d) shows that the layer is porous but not en-
tirely uniform: more corrosion products had accumulated
in defect areas.

Sintered electrolytes (Fig. 6).—A comparison with virgin
materials clearly indicates that a compound layer, cover-
ing the entire surface, was well established after 5 weeks
immersion with some crystals just starting to grow (Fig.
6b). However, many more new crystals and compounds,
formed at grain junctions, were found on the surface after
10 weeks immersion (Fig. 6c and 6d). An even higher mag-
nification micrograph (Fig. 6e) shows the detailed mor-
phology of the flower-shaped crystal clusters and the thin
layer. The thin layer looks porous and developed deeper in
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the defected areas where precipitation of crystallized cor-
rosion products apparently had occurred.

Chemical characterization.—An Auger electron spec-
trum obtained from a polished surface of samples im-
mersed in the Na;S; melt for 10 weeks is shown in Fig. 7a.
The elements present in the spectrum should represent
the average composition of corrosion compounds. Figure
7b shows the profile of the impurities in the degraded layer
at different sputtering time. The quantity of sulfur de-
creases as sputtering time increases, clearly indicating that
a reaction or corrosion layer had formed on the electrolyte
surface. This layer was sputtered off in 10 min. The sulfur
probably was present as sulfates because a large quantity
of oxygen was also detected at the same time. Attempts to
identify the corrosion compounds by x-ray diffraction
were unsuccessful.

Discussion

Experimental observations indicated that the electrolyte
reacts chemically with Na,S, melts. To identify possible
reactions at the electrolyte/melt interface, thermodynamic
estimations were performed.

Thermodynamic considerations.—The p"-alumina elec-
trolyte investigated in the experiment has a chemical com-
position of (0.86Na,0 - 0.14Li,0) - 5.34A1,0;, with some
B-phase. As a reasonable approximation, the formula
Na;O - yAlO; is used to represent the majority p’-phase,
with y = 5.34, and the minoriy p-phase with y = 8. The data
on the Gibbs free energy of formation of an electrolyte
with composition of NayO - 8Al,0;, obtained by Weber with
electrochemical methods and calculated by Kummer (6),
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are used for the p-phase. These data were evaluated for
high temperatures, and extrapolated to temperatures
around 300°-400°C. The approximate Gibbs free energy of
formation of the p"-phase was based on the data for the
B-phase and the Na,O activities in - and p"-alumina, as re-
ported by Itoh (7). The Gibbs free energies of formation of
sodium polysulfides were calculated by Gupta (8) from
open-circuit cell voltage measurements. Other data were
obtained from the NBS tables of chemical thermodynamic
properties (9) and from the JANAF thermochemical tables
(10). The Aly,O; released in the reactions is assumed to be
a-Al;03, as proposed by Choudhury (3).

Based on these thermodynamic data (Table I) and the as-
sumptions, the standard Gibbs free energies for the reac-
tions between the solid electrolyte and sulfur/sodium poly-
sulfide melts are estimated from

ArGo = Z (Vi . AfGo)(product) - 2 (Vl : AfGO)(reactant) [40]

The chemical reactions that could occur on the surfaces
of the electrolyte are postulated as follows

1. Reactions between pure sulfur and the solid elec-
trolyte

(3x + 3

1)
NayO - yALO; + ——4—-— S— ;1_ Na,S,

1
+ Z Na,SO, + yAlzog [413]

Na2$ 3

d N32$ k + OXYGEN

f Na283 + AIR

Fig. 3. SEM micrographs of the polished surfaces of the electrolyte before and after five week immersion, at 400°C, in Na,S; melts, with or
without impurity contamination, (a) As prepared before immersion; (b) dry, uncontaminated samples immersed in pure NayS; (without impurity con-
tamination); (c) dry samples immersed in Na,S; with stainess steel (Fe-Ni-Cr) and graphite felt (C); (d) dry samples immersed in Na,S; melt with an
oxygen atmosphere of about 100 torr; (e) wet samples immersed in Na,S3 melt; (f) samples exposed fo moist air for one week before immersion.

Downloaded on 2015-03-08 to IP 138.251.14.35 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

Vol. 135, No. 3 SODIUM BETA"-ALUMINA ELECTROLYTE 745

S.S.
400°% 2pm
5 WEEKS

f
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23 23
Fig. 4. Sintered surfaces of the electrolyte (same experimental conditions and arrangement as in Fig. 3)

3x + 1)
Na,0 - yALO; + 3 S — NayS,

1 1
+ g AIZ(SO4)3 + (y - §) Aleg [41b]

(12x + 4) 2
NaZO . yA1203 + T S— E NaA].(SO;)g

+12NS+< 1)AIO [4.1c]
— Na,S, - dc
13 2 ) 13 23

When excess sulfur is available, as is the case when the
electrolyte is immersed in a sulfur melt, only NaySs may
form in the above reactions; however, Na,S, with x less
than five might form when the amount of sulfur available
is limited, as during charging a Na/S battery.

The chemical reactions between the electrolytes and
pure sulfur proposed by Choudhury (3) produce corrosion
products Na;S0;, NaySQy, SO,, and O,. Our estimation in-
dicates, however, that the thermodynamically stable cor-
rosion products are Na;SO,, Al(SOy),, NaAlSO,)., ete., be-
cause SOy/S0; and O, can react further to produce sulfates.
The formation of SO, and NaSO; is possible, but the for-
mation of SO; and Na,S0O, appears more favorable ther-
modynamically.

2. Reactions between Na,S, and the solid electrolyte

Bx - 2) 1
Na,O - yALO; + — Na,S, — 2 NayS0,

o 10 WEEKS

Fig. 5. SEM micrographs of the polished surfaces of the electrolyte
immersed in pure Na,S;, at 400°C, for different periods of time. a, Vir-

@z + 1) gin material as prepared before immersion; b, five week immersion; c,
+ Na,Se_1, + yALO; [4.2a] ten week immersion; d, a high magniﬁcutiop micro_graph showing the
detailed surface morphology after ten week immersion.
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» 5 WEEKS

1HM

Fig. 6. Sintered surfaces of the electrolyte (same experimental con-
ditions and arrangement as in Fig. 5). Fig. e is a high magnification
SEM micrograph showing the detailed morphology of the flower-shaped
crystal clusters and the degraded layer after 10 week immersion.

Bx - 2)

1
NayO - yALO; + NayS, — 3 Aly(504);

Bx+1) 1
+———NaySee-y + | ¥ — 9 ALO, [4.2b)
438x ~2) 2
Na,O - yAlO; + ————NapS, — G NaAl(SO,),
2202 D s +( I)AIO [4.2¢]
——— NagdS - - — 2c
13 2z 1) Y 3 2U3

The reactions with negative Gibbs free energies, see
Table II, are the ones thermodynamically possible, al-
though some may not be fast enough to be significant.

The reaction mechanism could involve at first a partial
Na™ depletion of the electrolyte, described by

Na®y, (E) = Na" (M) + V' (E) [4.3a]

where E and M refer to the solid electrolyte and to the
melt, respectively

March 1988

AN/dE

T T T i t +
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Kinetic Energy, kev

7 ; : B T
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relative to Ta O v
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w
-
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Fig. 7. (A) Auger electron spectrum of a polished surface of the elec-
trolyte after ten week immersion in pure Na;Ss at 400°C. The corres-
ponding morphology is shown in Fig. 5 (c) and (d). (B} Profile of the im-
purities in the degraded (corrosion) layer formed on the electrolyte
surface during ten week immersion in pure Na;Ss at 400°C (concentrao-
tion of impurities vs. sputtering time).

(-1
NarNa (E) +e + NaZSx (M)

x
i —2— NapSe M) + V' (E) [4.3b]
Qr

x 1
Na "y, (B) + e’ + 3 S QD) — 3 Na S, M) + V' (E)

Table 1. The extrapolated standard Gibbs free energies of formation
of the compounds involved in the reactions between the electrolyte
and sulfur/sodium polysulfide melts

(kcal/mol)
Compound 350°C 400°C Source
NagSs -95.8 ~95.7 Gupta
NasS, -95.1 ~95.1
NayS; -92.7 -92.2
NayS, -38.4 87.2
B-AlLOs -2,963.9 -2,930.4 Kummer
(y=8
B"-AlyO3 -2,018.9 —1,995.8 Ttoh
(y = 5.34)
NagS -80.2 -79.6 JANAF
a-AlyOs —353.9 —-350.1
H,0 -50.9 -50.3
CO,, -94.5 ~94.5
NaOH -78.4 -77.0
S0, —80.2 -76.5
H,S -10.3 -10.4
NayS0, ~272.1 —267.4
NayCOs —-228.4 -225.1
Aly(SO4)3 ~700.6 —669.9 a
NaAl(SOy). —486.4 ~474.2
NaHSO, -225.5 -201.7

2 Estimated from the relevant data in NBS and JANAF.
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Table i{. The estimated standard free energies of the reactions
between the electrolyte and sulfur/Na,S,(M) (without impurity
contamination)

{kcal/mol)
(A.G3s0c (AG)a00c
x
as in B B B g
Equation no. Na,S.. y=38 y =534 y=28 ¥ = 5.34
Eq.[4.1a) 5 -6.8 -10.5 -9.1 -12.4
4 ~6.3 -10.1 -8.7 -11.9
3 ~4.6 -8.3 —6.5 -9.8
2 -13 -5.0 -2.8 -6.0
1 4.9 1.1 2.9 -0.3
Eq. [4.1b] 5 ~-1.3 -5.0 -1.8 -5.0
4 ~(.6 —-4.3 -1.2 -4.4
3 18 -2.0 1.7 ~-15
2 6.1 2.4 6.7 3.5
1 14.3 10.6 14.3 11.1
Eq.[4.1c] 5 ~3.0 -6.7 -4.9 -8.1
4 -2.4 -6.1 -4.3 ~-7.6
3 -0.2 -3.9 -1.7 -4.9
2 3.8 0.1 3.0 -0.3
1 11.4 7.6 10.0 6.7
Eq.[4.2a] 5 —4.2 -8.0 —-6.8 —10.0
4 1.4 ~-2.4 0.7 -~2.5
3 6.3 2.6 6.0 2.8
2 13.0 9.3 10.5 7.3
Eq. [4.2b]) 5 2.2 -1.6 14 -1.9
4 9.7 5.9 11.4 8.2
3 16.3 12.5 18.4 15.2
2 25.2 21.5 24.5 21.2
Eq. [4.2¢] 5 0.2 -3.6 -2.0 -5.2
4 7.1 3.4 7.3 4.0
3 13.2 9.5 13.8 10.5
2 21.5 17.7 19.3 16.1

Electroneutrality requires that the crystal release the ex-
cess oxygen (Eq. [4.3¢c]). This oxygen can react with Na,S,
(M) to give SO; (Eq. [4.3d])

. 1
0%, (E)—> V, (E) + 5 02 QD) + 2’ [4.3¢]

2 2 2
Oz (M) + g Na2Sx (M) = g NaZS(x_l) (M) + —3— SO3 (M)

[4.3d]

The SO; can react further to produce corrosion products
Na;S0,, NaAl(SOy),, Al (SOy), ete., through the reactions

SO3 + Nazo . yA1203 g Na2304 + yA1203 [436]

@-~-1D

1 1
SOa + Z NazO . yAlgO;; — 5 NBAI(SO4)2 + Aleg

1
SOg +—_— NazO . yA1203 —

y
———— Al(SO
1 +3p) (1 + 3 80

+ — NaZSO.;
1+ 3y)

The combination of these reactions gives the over-all re-
actions in Eq. [4.1] and [4.2].

In brief, (i) chemical reactions initiate at surface imper-
fections; (i) since the degraded layer is porous, the reac-
tion will continue to develop into the solid electrolyte,
preferentially at these areas of imperfection; (iii) only the
sulfates are thermodynamically stable corrosion products,
while the O, and SOj; are intermediate compounds during
degradation.

B- or f"-alumina electrolytes, used in the as-sintered
state, may be covered by a very thin, soda-rich, glassy sur-
face film (5). Such a film would not be as stable as the crys-
talline electrolyte. Therefore, the reactions [4.1] and {4.2],
are expected to be more favorable initially on the sintered

SODIUM BETA"-ALUMINA ELECTROLYTE 747

surface compared to the polished surface from which such
films have been removed.

Both experimental observations and thermodynamic
calculations, summarized in Table II, indicate that the cor-
rosion power of sodium polysulfide melts increases as the
content of sulfur increases from Na,S; to Na,S;, the normal
composition range of a practical cell operation.

Influence of impurity contamination.—Oxygen.—With
the participation of oxygen, the chemical reactions can be
written as follows

2x— 1)
+ ——— Na,O - yAlL,Os + ————
Bx+1 Bx+ 1)

2ylx - 1)
azs 4 Y

-~ N A [4.4a]
Bx + 1) Bx + 1)

(x-1) 2
NazO . yA1203 + -

7+ —— —— Na,S,.
28x + 1) Bx+1)

(x—-1
—- ————NaAl(SO); + ————
Bx+1) (3x + 1)

Na,S0,
x-Dy-1
+

ALO;  [4.4b
2B+ [4.4b)

[Bx — 2)(x — 1) + 12y]
2 Ao,

6(8x + Dy

2x -1

+————Na;O - yAL,O
3Gz + Ly 2V YALU;

2x - 1) (-1
T AISOy, +
3Gz D) #5045

Na;S(;-y

[(x - 1) + 12y]
+

Na,SG,
6@x + Dy

[4.4c]

Obviously, these reactions are much more favorable
thermodynamically in the presence of oxygen, since they
have a large, negative A,G°, as shown in Table III. Experi-
mental results agreed very well with this calculation. A sig-
nificant reaction, evidenced by the deposition of corrosion
products, and precipitation of crystallized products were
found on the electrolyte surfaces when some free oxygen
had been introduced into test tubes before sealing (see
Fig. 3d and 4d). This further supports the assertion that the
O; released during degradation is an intermediate product
and will react further to produce sulfates.

Water.—When water has intercalated in the electrolyte, the
reactions between polysulfides and the electrolyte
changed and the corrosion products expected here were
NaHSO, and NaOH, which could cause continued dissolu-
tion of the electrolyte

x(Bx — 2) -1
Nazo . yAIZO3 + T— NaZSx

+-———H,0
x — 1) 4x -1

Bx + D
e NapSie-y) +

— T NaHSO,
(4x— 1) 4x - 1)

(x—2)

———— NaOH + yAlLO
@xr— 1D YALL O3

[4.5a]

If water and oxygen coexist, the reaction should be
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Table 11l. The estimated standord free energies of the reactions
between the electrolyte and Na,5,{M) with impurity contaminations

{kcal/mol Og)
(A.G")s50¢ Ao
x
as in B B” B g
Equation no.  NasS, y=28 y = 5.34 ¥=8 y =534
Eq.[4.4a] 3 -91.6 -93.4 -90.4 -92.0
4 -91.4 -93.1 -90.1 -91.6
3 -91.5 -93.0 -90.2 -91.5
2 -92.2 -93.3 -90.9 -91.8
Eq. [4.4b} 5 -82.8 -83.2 -80.0 —-80.4
4 -83.3 -83.7 806 —-81.0
3 -84.5 -84.8 ~81.9 -82.2
2 -87.2 -87.5 -85.0 -85.2
Eq. [4.4¢c] 5 -579.3 -406.9 -574.3 -4019
4 -445.8 -319.6 -438.8 -3134
3 -314.1 -233.9 -306.5 ~227.4
2 -190.6 -154.2 -186.3 -150.2
(kcal/mol H;0)
(AG)zs0°c (A,Ghnorc
Equation no. x B B B B
Eq. [4.5a] 5 —4.2 -22.0 8.3 -71
4 23.7 5.0 47.2 31.0
3 52.9 32.4° 81.5 63.7
2 1153 89.2 136.4 113.7
Eq. [4.5b] 5 -166.1 —168.9 -138.6 -141.0
4 -181.7 -184.2 -1520 ~-154.1
3 -213.7 -215.6 -179.9 -181.6
2 -311.8 -311.8 -265.9 -265.9
(kcal/mol CO; or H;0)
(A:G*M3s0°c (AG)g00c
Eguation no. x B B” B B”
Eq.[4.6a) 5 -318.4 -301.0
4 -238.8 -225.1
3 —161.0 -151.5
2 -85.1 ~80.0
Eq. [4.6b] 5 -652.0 -685.7 -578.3 -581.5
4 -537.1 -540.8 -472.3 —475.5
3 —423.9 —427.6 —368.6 ~371.8
2 -312.6 -316.4 -267.0 -270.2
Eq. [4.6c] 5 -669.7 -676.2 —610.0 -615.7
4 -548.9 —-554.5 —493.4 —498.3
3 -429.8 -4344 3792 -383.2
2 -312.6 -3164 —267.0 ~270.2
Eq. [4.6d] 5 -722.4 -7374 —672.2 —685.1
4 —584.0 —-595.2 -534.9 —544.6
3 —447.3 —-454.8 —-399.9 —406.4
2 -312.6 -316.4 —-267.0 -270.2
1,0 + &2 Na,0 - yALO Na,S
+ a. ‘ + a.
2 @1 2 YynlkUs @—1) 23D
Bx+ D(x —2) x
+ g > NaHSO,
(x —~ D2x -4 x-1
(@x-2) x— 2y
+ NaOH + Al,O4 [4.5b]
(x—1) (x—1)

The additional presence of oxygen makes the reactions
possible, as it is evident in Table II1.

Moist air—If some O, CO,, and H;O are present by ab-
sorption from moist air, which is almost unavoidable, the
following initial reactions are quite favorable, as follows
from an examination of their A,G° values listed in Table ITI

x - 1)
Na,S, + HyO + CO, + ——2— O,

— NayCO; + HyS + (x — 1) SO [4.6a]

The H,S and SO; can react further with the electrolyte to
form sulfates: NaHSQ,, Al,(SO,)s, NaAI(SOy),, ete.

March 1988

3x+1
NayS, + Na,O - yALO; + (—2—) O,

+ Hzo + COZ il N«'izCO;; + 2N3HSO4

@2 -x+ 3y (x—-2)
" ALO, + AL(SOy;  [4.6b]
2B+ 1)
NayO - yAlLO3 + ————
+2)
+ [Na,S, + HyO + CO,] 4 Na,CO
gD, -> a:
@+ 2) 2 y) 2 @+ 2 2 3
Xy -1 +2y+1
+ NaHSO, + W D2 U o
(x +2) (x+2)
(x - 2)
+2 NaAl(SO,), [4.6¢)
(x + 2)
Na,O - yALO +(3x+1)
2,0 - el
2 YahUs 2 - 1)
+ Na,S, + H,0 + CO;] — Na,CO
(x—l)[ 2 2 21 x-1 2 3
(x - 2)
+ NaHSO, + Na,SO; + yAlL,Os [4.6d]
(x—-1 (x-1-

Coupled with oxygen or even carbon dioxide, which
could come from the absorption of moist air on the electro-
lyte surface during cell construction, water does make the
polysulfides more susceptible to corrosion. The possible
reaction products now include NaHSO, and NaOH, whose
melting points are 320° and 317°C, respectively. Thus, the
presence of water can lead to an increased reaction of the
electrolyte in the polysulfide melts at about 350°C (see Fig.
3e and 4e).

Fe-Ni-Cr and C.—An important aspect of sulfur side-
degradation in practical Na/S cells is deposition of metal
sulfides originating from container corrosion. The deposits
formed on the electrolyte surface, as shown in Fig. 3¢ and
4c, have been identified as FeS,, CryS; NizS, NiS,,
(Ni,Fe)S, and NaCrS., etc., and are similar to those re-
ported by Park (11) and Battles (12). The possible reactions
can be written as follows

Fe + 2NayS, — 2NayS;-), + FeS, [4.7a)
TFe + 8Na,S, — 8NayS.,-, + FerSg
3FeS; + 4S0; + TNayS, — 3FeSO, + TNaxS+1,
Ni + NayS, — NayS(,-;, + NiS [4.7b]
3Ni + 2Na,S, — 2Na,S(;-y) + Ni3S;
2Cr + 3NayS, — 3NazS;-1) + CreSs {4.7¢c]

3Cr + 2C — Cr;Cy
7Cr + 3C — Cr;Cs

The reactions between the electrolyte and carbon have
also been studied recently by Choudhury (3). The pro-
posed reaction products include NayCOs and CO.

Dissolution/precipitation.—As shown in Fig. 5 and 6,
after five weeks immersion, the sulfates produced by the
reactions described above, had not yet saturated the Na,S,
melts, and not much precipitation was found at that time.
After 10 weeks immersion, however, the melts were satu-
rated with the sulfates, and a lot of precipitation of crystal-
lized products was found on all the surfaces of the electro-
lyte. The flower-like crystals, as clearly seen in Fig. 6, are
believed to be sodium sulfates.
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It appears, see Fig. 1 and 2, that more chemical reactions,
deposition and or precipitation of corrosion products oc-
curred in sulfur-rich melts, i.e., Na,S; and pure sulfur, and
that more dissolution of corrosion products occurred in
sulfur-poor melt, i.e., Na,S,. This is perhaps due to the
changes of the solubility of the sulfates in the sulfide melts
as the composition of the sulfides changes.

Conclusions

Sodium g’-alumina electrolytes are chemically attacked
by Na.S, melts and pure sulfur during immersion at high
temperatures. The likely reactions can be written as de-
scribed in Eq. [4.1]{4.7], and occur preferentially on surface
imperfections of the solid electrolyte.

The thermodynamically stable corrosion products are
N32804, NaAl(SO4)2, Alz(SOq)g, NaHSO4, Nach3, and
NaOH. Most of these have high melting point and deposit
on the electrolyte surface. Some have a low melting point
and can be dissolved in the polysulfide melts, leading to
dissolution or etching of the electrolyte surface.

There is a limited solubility of sodium sulfates in sodium
sulfide melts. Precipitation of the crystallized sulfates oc-
curred after prolonged exposure to sulfide melts and oc-
curred preferentially at imperfections such as boundaries
of large grains, or surface steps on the electorlyte surface.

The degree of corrosion increased as the content of sul-
fur increased in the range of Na,S; to Na,S; to sulfur.

In addition to the reactions between the electrolyte and
Na,S, or sulfur, the corrosion products of transition met-
als, and current collector material (graphite), also deposit
on the electrolyte surface.

All of the corrosion reactions were greatly accelerated by
contaminations of impurities, such as water and oxygen,
and transition metals.

In a practical cell, the environment that the electrolyte
will be exposed to is expected to be a combination of the
above situations to some degree. The degraded layer
formed on electrolyte surfaces in an actual Na/S cell would
be expected to be a mixture of (i) sulfates and carbonates,
produced by reactions [4.1] through [4.6], and (ii) corrosion
products of cell parts, by reactions [4.7]. This layer may
block sodium-ion transport, cause inhomogeneous current
distribution, and could spall off when new compounds
form underneath it, leading to a progressive degradation of
positive electrode contact interface of the electrolytes.
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Since the corrosive power of the polysulfide melts in-
creases at a composition corresponding to the fully
charged state and is enhanced for free sulfur, it would
seem advisable to avoid heterogeneous electrode reactions
that expose the electrolyte surface for unnecessarily long
periods to the most corrosive sulfide melts that may occur
at the end of charge.
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Development of Low Chromium Substitute Alloys for High
Temperature Applications

Je M. Oh*
United States Department of the Interior, Bureau of Mines, Albany Research Center, Albany, Oregon 97321

ABSTRACT

_ The oxidation of a base-line Fe-8Cr-16Ni (weight percent) composition was compared to that of alloys with small addi-
tions of Al, Si, Mo, and Mn. Oxidation was done in air over the temperature range of 600°-1000°C for up to 1000h. Alloys that
contained Al and Si showed excellent oxidation resistance because of the formation of a layer containing Si at the scale-
metal interface. Small additions of Al seemed to form oxide nuclei during a transient oxidation period, aided the forma-

tion of a layer containing Si and/or a chromium oxide, and provided better oxide adherence.

Molybdenum and manganese

additions stabilized a tully austenitic microstructure at room temperature. The oxidation behavior of these alloys was
compared to that of 304 stainless steel and some commercial superalloys. Reaction kinetics, oxide morphologies, and oxi-

dation mechanisms of the substitute alloys are described.

One of the Bureau of Mines research goals is to minimize
the requirement for domestically scarce minerals through
substitution and conservation. Chromium, in particular, is
the element which provides the characteristics of oxida-
tion and corrosion resistance to stainless steels (SS) by
forming a protective chromium oxide scale. Because the

*Electrochemical Society Active Member.

United States has no commercial chromium deposits,
chromium is considered to be a particularly vulnerable
strategic metal. Therefore, there is interest in developing
low chromium alloys that could substitute for stainless
steels in some applications. A significant fraction of the
stainless steel used in the United States is used in applica-
tions where resistance to high termperature oxidation is
important.
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