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ABSTRACT 

Degradation of ,S"-electrolyte is one of the important limitations which deter-

mine whether or not Na/S batteries may be useful for energy storage and conver

sion systems. While there has been considerable effort in establishing the mechan

ism of degradation of the electrolyte in contact with the negative electrode (liquid 

sodium), much remains unknown concerning the nature of the 

electrolyte/polysulfide melt interface and the degradation of the electrolyte in 

contact with positive electrode sulfur/ sodium polysulfide melts. This work aims 

at filling in the gaps in this area. 

Immersion of sodium {J' 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, impurity contamination, etc. The interfacial 

phenomena and reactions between the electrolyte and the melts, with or without 

participation of impurities, were postulated in terms of thermodynamic calcula-

tions and compared to experimental observations. 
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The corrosion reactions mostly initiated and concentrated on defect areas, 

and were catalyzed by the presence of impurities such as water, moist air, oxygen, 

etc.. The corrosion power of sodium polysulfide melts increased as the content of 

sulfur increased in the range of Na2S2 to Na2SS' 

The reaction products, formed at the interface, were believed to be 

Na2S04, NaAI(S04h, AI2(S04h, NaHS04, Na2C03 , NaOH, etc. Recrystalli

zation of the sulfates occurred on preferred areas after saturation. Corrosion pro

ducts of transition metals also deposited on the electrolyte surface. As a result, a 

corrosion layer, which was a mixture of sulfates, carbonates, and transition metal 

sulfides or carbides, formed on the electrolyte surface during immersion. 

Degraded sodium p'-alumina electrolytes, removed from four commercial 

cells, were characterized in great detail to examine the nature of the degraded 

layer and to search for evidence responsible for initiation and development of 

degradation of the electrolyte in contact with sulfur electrode. Observations indi

cated that during cell operation a protective layer formed on the electrolyte sur

face. This layer, similar to that found in the static tests, spalled off when inho

mogeneous ionic currents cause the non-uniform formation of compounds under

neath it during cell operation, leading to continued electrochemical degradation. 

The intergranular regions were corroded preferentially due to local current con

centration. 

The influence of the microstructure of the electrolyte, impurity contamina

tion, cell construction, and cycling conditions on electrolyte degradation are dis

cussed. 

-2-
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CHAPTER 1. 

INTRODUCTION 

1.1. The Sodium/Sulfur Battery 

The increasing demand for new power sources, energy storage, and conver

sion systems has led to a considerable investigation of Na/S batteries. The 

interest in this secondary battery arises from its high energy and power density 

(180 Watt-hr /kg, 150 Watts/kg), efficiency, achievable current densities, and the 

availability and cost of the electrode components [FI 81]. 

The Na/S battery (Fig 1.1), first demonstrated by Kummer and Weber at 

The Automotive Engineering Congress in Detroit in 1967 [KU 67], is based on a 

solid electrolyte cell which is composed of a molten sodium negative electrode 

separated from a molten sulfur /polysulfides positive electrode by an ionically con

ducting ceramic membrane of sodium f3 "alumina. The relevant electrode reac

tions are 

At the negative electrode: 

At the positive electrode: 

xS + 2Na+ + 2e- = Na2Sz 

(x-1)Na2Sz + 2Na+ + 2e- = XNa2S(Z_1) 

(lola) 

. (LIb) 

(1.1c) 

In the discharge cycle of the battery, sodium is oxidized at the anode and the 

~odium ions move through the solid ion conductor to the catliode compartment 

and react electrochemically with sulfur (or higher-sulfides) to form polysulfides (or 

lower-sulfides). I.e.,the equations lola, b, and c are driven from left to right, 

under the influence of the E"MF generated by the two electrode materials. At the 
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same time, electro-neutrality requires· that electrons are passed through the exter

nal circuit from the sodium to the sulfur electrode, thus creating useful electricity. 

When the cell is recharged, the electrode processes are reversed, i.e., the 

equations 1.1a, b, and c are driven from right to left, under the influence of an 

external counter electromotive force. Lower sulfides are first oxidized to higher 

sulfides and finally decomposed into the reactants as sodium ions move back to 

the negative electrode. 

1.2. Relevant Properties of Sulfur and Sodium Polysulfides 

1.2.L Elemental Sulfur 

Pure elemental sulfur is a bright yellow solid and has no odor. Though it is 

sold in many different commercial forms and grades which differ in physical and 

chemical form and in purity, it is readily obtainable pure by sublimation. 

Solid sulfur can exist in at least twelve different forms at room temperature. 

These and other allotropes and polymorphs have been reviewed by Meyer [ME 

76a and b]. 

The complexity of liquid sulfur was clearly recognized by Dumas [DU 27] and 

Deville [DE 56], who gave an excellent physical description of the system. Liquid 

sulfur has different appearance and molecular composition in three distinct tem

perature ranges, which have been reviewed in detail by Meyer [ME 77] and Poulis 

[PO 56]. The physicochemical properties at 3500 C are summarized in Table 1.1. 

Pure liquid sulfur is an electronic and ionic insulator, has a high viscosity, but 

becomes slightly ionically conducting when ionic solutes, such as sodium 

polysulfides, are dissolved in it. 

Sulfur forms ions and radicals with ease; thus, it can participate in all kinds 

of nucleophilic, electrophilic and free radical reactions. In an aqueous medium, 

.. 
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sulfur forms negative hydrogen sulfide and disulfide ions, and reactions are 

catalyzed by nucleophiles. Some reviews of sulfur chemistry appeared in a book 

series edited by Emeleus [EM 77]. 

1.2.2. Sodium Polysulfides [CL 83] 

Molten sodium polysulfides are dark brown, viscous liquids which smell 

strongly of sulfur. They are extremely chemically active. Even brief exposure to 

moist air results in formation of oxyanions such as sulfate, sulfide, thiosulfate, 

and hydroxide, which greatly enhance the already considerable corrosive power of 

the melts. The impure melt will attack glass, silica, and most metals including 

platinum and gold. 

1. Preparation 

Sodium polysulfides can be made directly from sodium metal and sulfur. 

However, an indirect method is preferred because direct mixing of the two dry 

elfments cause evolution of so much heat that the container is attacked by the 

reactant and the product is contaminated by corrosion compounds. Commonly 

used indirect routes include: (a) Reaction of sodium metal with sulfur in an 

organic liquid (dispersing sodium metal in an organic solvent with which it does 

not. react but that is capable of dissolving sulfur, such as, toluene, xylene, etc., 

and adding sulfur gradually), (b) Discharging a sodium/sulfur cell in a controlled 

manner, and (c) Combination of sulfur with anhydrous sodium monosulfide. 

The polysulfidesused in this experiment were prepared by the third method, 

i.e., Na2Sz ( 1 <x<4 ) powder is mixed with sulfur and the mixture is heated up 

to high temperature in an evacuated sealed tube. The reaction is 

(1.2) 
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2. Phase Diagram 

The system Na28z - S was studied by Gupta and Tischer[GU 72] using open 

circuit voltage measurements on the sodium/sulfur cell, and by Oei rOE 73a and 

b] using DTA. Fig 1.2 shows the proposed phase diagram, which determines many 

of the cell characteristics. 

It is preferable to operate within the liquid region of the phase diagram dur.,. 

ing cell operation and this puts a lower limit on the operating tem·perature of 

285 0 C , the upper temperature limit is determined by vapor pressure of sulfur 

and by increasing corrosion reactions. 

The phase diagram at temperature higher than 285 0 C is constituted of two 

liquid regions: a sodium-rich, one-phase region in which the composition changes 

continuously from Na282 to Na28S and a sulfur-rich, two-phase region containing 

two immiscible liquids, Na28S saturated with sulfur and sulfur saturated with 

Na28S' 

According to Cleaver [CL 83], sulfur saturated with Na28S at 3000 C was 

found to contain only 0.013 atom % sodium. The conductivity of the saturated 

solution is about six orders of magnitude lower than that of the sodium 

polysulfide melts. That is why the sulfur rich region near the {J' electrolyte sur

face during charging could cause serious polarization. The combinations of the 

properties of low conductivity, high viscosity, and immiscibility with sodium 

pentasulfide determine the design and performance of the sulfur electrode. 

3. Composition or The Melts [AI 83] 

The existence or absence of Na283 as a discrete species in polysulfide melts is 

still a subject of investigation [BR 85]. Experimental results [JA 76] suggest, but 

do not prove, that the polysulfide ions that are present at significant levels in 

molten polysulfides in the range Na282-Na28s are 8 2-, 8 4-, 8 S- ; the ion 
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The conductivity, viscocity, density, melting point and surface tension of 

sodium polysulfides at 3500 C are studied by Cleaver et al. [CL 73a, band c] and 

summarized in Table 1.1. Sodium polysulfides are good ionic conductors, have 

relatively low viscosity and are more dense than sulfur. 

1.3. The Sulfur Electrode [SU 83] 

The sulfur electrode determines many important characteristics of the Na/S 

cell, such as capacity,- charge time, and the dependence of these on cycles life, and 

has an effect on the cell resistance. The electrode though simple in construction is 

complex in operation. 

The sulfur electrode consists of pure sulfur or sulfides and contains porous, 

conductive graphite or carbon felt. This felt is in contact with the ceramic electro

lyte and with the external container electrode to overcome the low electronic con

ductivity of the cathodic compound. Although, in principle, the cell can be assem

bled in any state of charge, it is usual to fill the sulfur electrode with pure sulfur, 

which has a resistivity of 108 ohm cm at 3500 C . 

1. Discharging 

Since the electrochemical reactions only occur at the surfaces of an electroni

cally conducting matrix (carbon or graphite felt) at the beginning of discharge, 

initial reduction of the insulating sulfur can only occur where the graphite felt is 

in contact with the solid electrolyte, i.e., the solid electrolyte/carbon interface. It 

is generally accepted that the initial reaction product is pentasulfide and the for

mation of the polysulfide, which is a good electrolyte, will increase the reaction 

area. Further reduction of the sulfur can now occur at any site on the carbon 
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matrix, which is connected to the solid electrolyte by an ionically conducting 

path of sodium pentasulfide. 

Limit of Discharge [WE 74, 75] 

If the current density is not too high or the operating temperature too low, 

the production of solid NazSz can be avoided, provided that the overall composi

tion of the electrode always has a sulfur content as great as Na2S3 . This 

represents complete discharge, and any further discharge will make the overall 

composition of the cathodic compartment reach the point (x < 3 ) where forma

tion of NazSz starts. This would cause a tendency for the cathodic material to 

freeze, since NazSz has a high melting point [SO 72] . 

. 2. Recharging 

On recharge, the low sulfides are first oxidized to higher sulfides, but when 

the composition NazSs is reached, any further electro-oxidation of polysulfide 

melts will produce non-conductive sulfur at locations where electrochemical reac

tions are taking place, i.e., the solid electrolyte/ conducting mat interface. The 

high sulfur resistivity would then prevent further passage of ionic current [SO 75]. 

At this point, the cell may polarize or continue to charge almost to pure sul

fur, depending on the electrode structure and current density or charge voltage. 

The polarization of the sulfur electrode, which· terminates the charging of a 

cell, is due to the effective blocking of the transport of sodium ions by formation 

of a film of free sulfur on the solid electrolyte surface, which can be effectively 

avoided by electrode design [SO 75]. 

The ability to charge well into the two-phase regIOn is essential if a high 

specific energy is to be obtained. As discussed before, even though the discharge 

of a Na/S cell can be accomplished easily, a satisfactory charge is only feasible for 

cells with an appropriately constructed sulfur electrode. In poorly constructed 

.. 
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devices, the cell voltage during charge becomes relatively large as the end of the 

one region is approached and the operation in the two-phase region (Le., where 

Na2SS is further converted to sulfur) is severely inhibited. Thus, cells with inade

quate sulfur electrode design can only be cycled in the one- phase region and less 

than 50% of the reactants are utilized. Such poor cycling behavior is usually 

apparent during the first cycle [BR 7ga and b]. 

The successful performance of a cell, especially the rechargeability and, 

therefore, the utilization of reactants critically depends upon the design of the 

sulfur electrode. The appropriate design of the sulfur electrode can be found else

where [KA 85a and b]. 

1.4. The Electrolyte 

A key element of the Na/S battery is the unique solid state electrolyte, the 

ceramic membrane of {3" alumina which funct;ons to separate physically the two 

active electrode materials. It provides a high conductivity sodium ion conductor 

which completes the internal battery circuit. The {3" alumina material has a very 

low electronic conductivity and an ionic mass transport number of 1 for the 

sodium ions. These properties result from its sp£cial crystal structure. 

Basically, there are two principal forms of beta-alumina, f3- and {3"- alumina. 

For Na/S cell applications, the {3" form is preferred because it tends to be more 

conductive. 

1.4.1. Stability of Beta- and Beta"-Alumina 

The phase diagram for the binary system Na20-A1203 proposed by Le 

Cars et al [LE 72] is shown in Fig 1.3. The shaded area represents region of coex

istence of f3 and {3" alumina, which are both nonstoichiometric phases of compo

sition between Na20 5.3A120 3 and Na20 8.5A120 3 [CO 78]. 



8 

Sodium j3 alumina has a variable composition which is represented by 

(1+X)Na2011AI203' where 0.15<X <0.30, while the ideal formula is 

Na20 llAi2 0 3. Sodium jJ' alumina, with an ideal formula Na2D 5A120 3, is evi

dently metastable as a binary compound of Na20 and At2 0 3 and tends to 

transform irreversibly to the less conductive j3 -crystalline form in the tempera

ture range above 1500° C [HO 831 . A stable structure can be obtained by 

replacing a fraction of the AI ions in the spinel blocks with a monovalent or 

divalent cations (e.g., Li+ or Mg2+ ). Thus, the binary system Na20-At203 is 

changed to a ternary system Na20-MO-AI203 , with M being the stablizing ele

ments [HA 81]. 

1.4.2. Crystal Structure 

1. j3 -Alumina 

The crystal structure of .B-alumina was determined in 1931 by Bragg et al 

[BR 31J and in 1937 by Leevers et al. [BE 37]. The symmetry is hexagonal. The 

space group is P63 Immc, and the lattice constants are a = 5.59A, c = 22.53A 

(with ideal formula Na20 llAl20 3 ). It proved to be a layer structure, with 

non-conductive blocks of aluminum and oxygen ions separated by layers contain

ing mobile Na ions (Fig 1.4a). The non-conductive blocks have four close-packed 

layers of oxygen ions with aluminum ions occupying both the octahedral and 

tetrahedral interstices in the same position as in the MgAl204 spinel structure. 

These blocks are modulated by partially oxygen -vacant planes at every fifth 

close-packed plane in the c direction, and are bonded together by the sodium 

ions and At-O-Ai bonds (Fig 1.5). 

2. j3 "-alumina 

jJ'alumina was first identified by Yamaguichi [y A 68] and independently 

determined by Bettman and Peters[BE 69]. The symmetry is rhombohedral, the 
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space group is R3m , and the lattice parameters are a = 5.59 , c = 33.95 A (for 

the ideal composition Na205.33Al203 ). The structure of (3" alumina (Fig 1.4 b) 

is similar to that of f3 alumina. The only difference between the two structures is 

their stacking sequence of the spinel blocks. This, in turn, leads to some difference 

in the coordination of the sites available to sodium ions. 

The stacking sequences of f3 and (3" are 

ABCAB'ACBA C' ABCAB'A CBA ..... . 

and 

ABCAB' CABCA' BCABC'ABCA ..... . 

respectively. A, B, and C indicate the stacking position of the close packed 

planes as commonly used and A' , B' , and C' , indicate the oxygen-deficient 

planes, which modulate the spinel structure of the FCC packing A, B, C, A, B, .... .. 
There are three spinel blocks per unit cell in f3 "-structure compared with two in 

the f3 -structure. 

1.4.3. Defect Structure and Conduction Mechanism 

The details of the structures of the conduction planes are important in 

understanding the high ionic conductivity of f3 and (3" alumina. The oxygen

deficient planes in the f3 structure are mirror planes and in which only one out of 

four oxygen sites is filled by oxygen atoms and 3/4 oxygen sites are empty. Na 

ions can occupy three types of sites in the plane (Fig 1.6): one is the Beevers-Ross 

(BR) site, another alternative position is the anti-Beevers-Ross (aBR) site in which 

Na ion sites are the position which has an oxygen atom immediately above and 

below it approximately 2.4 A away, a third available site is halfway between two 

oxygen atoms in the mirror planes known as "mid-oxygen" (mO) site [CH 81]. The 

sodium ion-oxygen (Na-O) distance is approximately 2.9 A for a BR site, 2.8 A for 

a mO site, and 2.4 A for an aBR site. An analysis of neutron diffraction data [RO 
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761 shows that at room temperature the site occupancies for the Na ions are 0.66, 

0.36, and 0.01 for the BR, mO, and aBR sites, respectively. This model predicts 

that, when Na ions are added to the conduction planes, the BR sites are filled 

first. When the number of ions exceeds the number of the BR sites (2 per cell), 

interstitial pairs of ions are formed in which each member of the pair is located 

on a rnO site. Thus, if there are X extra Na ions, then 2 X paired ions occupy mO 

sites, and (2-X) Na+ ions occupy BR sites, but theaBR sites are unoccupied. 

The high mobility of Na+ ion in (J alumina results from the cooperative motion of 

the paired ions: one member of the pair displaces an ion on a BR site to form a 

new ion pair, while the other member of the initial pair falls into the vacated BR 

site [BA 84a]. At high temperature, the structure is highly disordered, and this 

plane behaves like a two-dimensional "liquid- like" lattice [CO 78]. 

In (J"-alumina, the relative displacement of the adjacent oxygen layers 

removes the mirror symmetry of the conduction r1ane, and the two speCial posi

tions, which correspond to the BR and aBR sites in sodium /3, are now equivalent 

(Fig 1.7a). The special positions for Na+ ions are riot fully occupied. In Mg-

stabilized crystals, with. the composition Na1.67 MgO.67 Al lO.33 0 17 

(0.84Na200.68MgO 5.16Al20 3), about 17% of th~ sites are vacant, while in Zn

stabilized crystal (Na1.57 ZnO.57 A11O.47 0 17), about 22% of the sites are vacant 

[BR 81]. 

Due to relaxation of the Na+ ions toward neighboring vacant sites and to the 

high ionic mobility, appreciable Na+ ion density is observed near the mO posi

tions [BR 81]. As a consequence of their high concentration and effective strong 

coulombic interaction, the vacancies in (3" alumina tend to order on a superlattice 

[BO 80] (Fig 1.7b). At finite temperature, some of the vacancies are excited out 

of their special superlattice positions and form Frenkel-like defects (vacancy 

excess regions). Conduction at low temperatures is mainly due to motion of these 

.. 

., 
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Frenkel defects [WA 80 and 83]. At high temperature where the ion-ion correla

tion length is vanishingly small, conduction is due to the hopping motion of 

l "f" . near y ree vacanCIes. 

1.5. Electrolyte Degradation 

Since it was first described, the Na/S battery has reached a fairly advanced 

state of development [FI 81, SU 83]. However, the performance must be improved 

in order to achieve the required long life needed for electric vehicle and loading. 

leveling application. Basically the lifetime is limited by 

(1) Electrolyte breakdown; a more or less sudden decrease of cell voltage, or 

nonfaradaic behavior. 

(2) An inadmissibly high decrease in cell capacity, due to reduced sulfur 

utilization and sulfur loss by corrosion. 

(3) Too high a rise in cell resistivity. 

These deteriorations of cell performance are a consequence of many effects, 

such as impurity contamination or cracking of the electrolyte tube, impediment 

of electrochemical reactions by corrosion products in the sulfur compartment, loss 

of good contact between conducting felt and container or electrolyte, leakage of 

seals, change of wetting properties on the solid electrolyte/melts interface, etc [FI 

81]. 

One of the most frequent reasons of failure is the formation and propagation 

of cracks in the electrolyte tubes due to electrolyte degradation during cell 

cycling. 

Degradation of the electrolyte on the sodium-side has been substantially stu

died and is well understood. Two modes were distinguished by De Jonghe [DE 

8la]. Mode I is the electro- mechanical propagation of pre-existing microcracks in 
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the surface of the electrolyte. Mode II involves darkening of the electrolyte and 

internal sodium deposition with associated microcracking. 

With improvement of electrolyte properties and achievement of longer life

times based on understanding of Na-side degradation, degradation of the electro

lyte from its sulfur-side, as found in actual Na/S cells cycled for extensive periods 

of time, becomes important, Fig 1.8, 1.9 and 1.10 show the observations of the 

sulfur side degradation of electrolytes removed from a few advanced cells. 

Unfortunately, however, to date, very little is known about the processes 

which occur on the sulfur-side of electrolyte surface, the kinetics of ion transfer, 

the sulfur chemistry, and the interfacial characteristics. 

1.6. Objectives 

The purpose of this research is to study 

(1). The factors affecting sulfur-side degradation, including: surface morphology 

(as-sintered, polished, and cut) and microstructure of the electrolyte, impur

ity contamination (water, moist air, transition metals, etc.), melt composi

tion (Na2Sz, x=2, 3, 4, 5) , cell construction, cycling conditions and operat

ing temperatures (350 0 C, 400 0 C). 

(2). The mechanism of electrolyte degradation in contact with sodium polysulfide 

melts/electrode, and the nature of the melt/ electrolyte interface, the chemi

cal reactions involved in the electrolyte degradation, the regions where degra

dation initiates, the cause of the initiation, and the route through which 

degradation develops into the electrolyte. 

.. 
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Figure Captions 

Fig 1.1 Schematic cross section of the sodium/sulfur cell. 

Fig 1.2 Na 2S-S phase diagram. 

Fig 1.3 Phase diagram of the A12 0 3 - rich portion of the system 

Fig 1.4 

Fig 1.5 

Fig 1.6 

Fig 1.7 

A1203-Na20. ,B"-alumina exists as a metastable phase in the shaded 

region. 

Crystal structure of sodium (a) f3 and (b) f3 " alumina. 

Schematic representation of the II Roth Defect ". 

Arrangement of ions in the conduction planes of sodium f3 alumina. 

(a) The mirror plane in the crystallographic direction 110 showing 

the three possible sites for sodium ions. The top and bottom rows 

of spheres indicate the close-packed position in the spinel block. 

(After Galli and Garbassi 1973). 

(b) Conduction plane of sodium f3 alumina. 

Sodium ions are shown in preferred Beevers-Ross (d) sites. Addi

tional mobile ion. sites are the mid-oxygen (m.o.) and anti

Beevers-Ross (b). 

Arrangement of ions in the conduction planes of sodium f3 " alumina 

(a) Conduction plane of sodium f3 II alumina. 

Sodium ions are shown in the preferred sites, which are separated 

by the mid-oxygen (m.o.) positions. 



Fig 1.8 

Fig 1.9 
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(b) Schematic diagram of the conduction layers of sodium (3 " 

alumina as viewed down th c-axis. The small circles represent 

Na-ions. The large shaded circles represent bridging oxygen-ions. 

The open circles (solid and dashed lines) represent oxygen-ions 

in the adjacent close- packed layers above and below the plane. 

The heavy solid lines show the planar cell of the average struc

ture. Na + on sites 1 are above the plane (darker circle) and Na

ions on sites 2 are below the plane(lighter circle) The open boxes 

denote vacant Na-ion sites. The dashed line shows the superlattice 

cell. 

Silver decorated, optical micrographs of cross sections of the cycled (3 " 

electrolyte, removed from BBC cell 23QQ, showing severe degradation 

of the electrolyte from the sulfur-side of the cell. 

Silver decorated, polished cross sections of the cycled (3 " electrolyte 

removed from cell BR-C. 

(A) a localized severely degraded area. 

(B) a uniformly degraded layer. 

Fig 1.10 . Optical micrographs of cross-sections of the degraded electrolytes 

removed from other cells. 

• 
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The physico-chemical properties of sodium polysulfides and sulfur 

at 350°C. 

Melting Point (TO C) 
S 115.3 

Na2SS 258 

Na2S4 285 

Na2S3 235 

Density (g lem3) 

S 1.66 

Na2S4 .8 1.86 

Na2S3.7 1.91 

Na2S3 1.87 

Viscosity (cP) 

S 500 

N~2SS.2 18.6 

Na2S4 18.0 

Na2S3.1 18.5 

Conductivity (ohm-1ern- l ) 

S 10-7 

Na2SS .2 0.39 

Na2S4 0.48 

Na2S3 0.69 

Surface Tension (Mn/m) 

S 46 

Na2SS .2 114 

Na2S4 .1 127 

Na2S3 172 



. " 

.. 

.. 

. 0' 

CHAPTER 2. 

ELECTROLYTE CHARACTERIZATION 

TECHNIQUES AND PROCEDURES 

27 

Virgin and degraded electrolytes were investigated in great detail by the 

techniques of microscopy (Optical, SEM, TEM), spectroscopy ( EDS, Auger, 

XPS), and diffraction (SAD, X-Ray, Microdiffraction) to characterize the morpho

logical, chemical and structural features of these electrolytes. 

2.1. Optical Microscopy(Silver Decoration) 

Specimens for post-test-analysis were sectioned with a diamond saw, ground 

with diamond plate and polished to a one micron diamond finish. They were then 

stained in a saturated silver nitrate solution at 80 0 C for 20 minutes. Polished 

surfaces of specimens from static tests were directly silver stained. 

Metallic silver is deposited in degraded regions and the cracks when staining 

the electrolyte. The details of the degradation and crack networks show up clearly 

when viewed with crossed polarizers (DE 81 b) because metallic silver is dark 

against a light background. 

2.2. Scanning Electron Microscopy and Microanalysis 

An ISI-DS 130 SEM was used for regular or high resolution morphological 

. investigation to characterize surface morphologies, cross section features, internal 

microstructure and grain boundary morphology . 

An AMR-lOOO SEM, equipped with an EDS (energy dispersive X-ray analysis 

unit), was used for impurity analysis of the degraded surfaces and the cross

sections. The cross-section specimens were either notched and fractured or sec

tioned and mounted carefully, then ground gently by hand on an a-Al2 0 3 plate 
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and polished with one micron diamond paste. 

The samples were carbon coated using an "evaporator" to eliminate charging 

effects during EDS analysis and SEM observation. Gold was not used in this case 

because the energy (2.26ev) of the X- ray emission line (M) of gold is very close to 

the energy (2.30ev) of the X-ray emission line (K) of sulfur. 

2.3. Scanning Auger Microscopy (SAM) 

In addition to the EDS analysis performed on SEM, high resolution impurity 

analysis (impurity distribution on electrolyte surface and on clean, fractured cross 

sections) were performed by Auger spectroscopy. A SAM (made by Physical Elec

tronics Inc.) equipped with a stage which permits in-situ fracturing of specimen, 

was used for this purpose. 

Bars, about 2 x 3 x 25 mm, were cut from electrolyte tubes and notched at 

the desired point of fractuf(. using a diamond saw. The specimens were inserted 

in the SAM microscope stage and fractured in ultra-high vacuum to obtain a 

clean fractured surface. The constituents of the first atomic layers of the exposed 

intergranular fractured cross-section of the degraded layer and the transgranu

lady fractured cross-section of the un-degraded layer were examined. 

The impurities present in the first few atomic layers of the degraded electro

lyte surfaces were obtained by 100second ion sputtering removing surface contam

ination. 

The sulfur distribution on the top surface was obtained by Auger electron 

mapping. 

The depth profile of "sulfur" and other impurities into the degraded layer 

was obtained by Auger ion sputtering to strip off atomic layers at a constant 

sputtering rate of 100 A 0 Imin. (with respect to Ta20S ) . 

.. 
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The spectra, at different sputtering stages, were obtained to identify which 

impurities were diffused-in. 

Unfortunately, since ,8"-alumina is not an electronic conductor, an electric 

field will be built up on the surface by the electron beam, and mobile ions, such 

as Na+ , will migrate during observation. This makes it difficult to analyze these 

ions properly. 

2.4. Transmission Electron Microscopy(TEM) 

TEM was used to examine the grain boundary structure, morphology, and 

compounds. 

2.4.1. Specimen preparation 

Specimens for TEM were sectioned to a proper size, ground to abod 0.50 

mm thick. Then small discs, having a 3 mm or 2.3 mm diameter, were cut with 

an ultrasonic cutter. Since the degraded layer of the electrolyte had a cylindrical 

geometry (from tubes, see Fig 5.1 b and d), the cut discs had to be thinned 

further down to about 50 microns from the undegraded side by a dimpler. Then 

they were glued on a copper, oval-shaped specimen holder with silver paste and 

thinned by ion milling at 5-6 kv (about 0.5 rnA gun current and 30 rnA specimen 

current) and at a 25 tilting angle, until perforation occurred. Thinning was then 

continued at 5kv and at a 15 tilting angle for 3 hours to minimize the damage 

caused by ion sputtering. 

a. 1-sided ion milling and finishing 

Specimens for investigating the surface morphology and for identification of 

the phases present in the degraded surface layer were prepared by I-sided ion mil

ling and finishing to sputter off material from the undegraded side only. The 

other side was left just as virgin degraded surface. 
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h. I-sided ion milling and 2-side finishing 

Specimens for studying the grain boundaries structure and chemistry of the 

top layer of the degraded surface were obtained by I-sided ion milling until per

foration occurred. This was followed by 2-sided sputtering to clean the specimens 

from both sides at low voltage, small current, and at a low tilting angle. 

c. 2-sided ion milling and finishing 

Specimens for studying the internal grain boundary structure and chemistry 

of the interior of the degraded layer were obtained by 2-sided ion milling to 

remove material from both sides at the same time. Still, most material removed 

was from the undegraded side to make sure that the thin foil sampled the interior 

of the degraded layer near the interface between degraded and undegraded layers. 

2.4.2. Microscopy 

Microscopes used in this investigation included a high voltage transmission 

electron microscope HV650 (U. C. B. campus), a ultrahigh - voltage HV 1500 EM 

(at the National Center for Electron Microscopy, L. B. L.), a Philips 301 and an 

analytical E.M. Philips 400 ( U. C. B. campus) 

(1). High Voltage TEM: To avoid artifacts, high voltage microscopes - the 

Hitachi 650 kv EM and the HV 1500 kv EM - were used to examine the thick ( up 

to 5 microns) regions of these foils to perform microstructural characterization. 

Diffraction methods were used in these microscopes to identify the com

pounds formed at grain boundaries and to determine the structure changes of the 

individual grains on the surface after degradation. 

(2). Analytical TEM: In order to identify the reactant compounds formed 

on grain boundaries in the degraded layer, analytical transmission electron 

microscopy was also performed on some thinner regions (up to 0.2 microns), using 

a Philips 400 EM. The microscope can .be focussed to a beam size about 0.2 

.. 
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microns, and the focussed beam can be directed at any desired portion of the 

sample so that very high resolution energy dispersive X-ray analysis could be 

done. The resulting X-rays were detected and analyzed to determine the relative 

amounts of the elements present. Coupled with micro-diffraction, this method is 

a very powerful tool to identify species on grain boundaries . 

2.5. X..;Ray Diffraction 

The Siemens X-ray diffractometer, with 40 kv, 30 rnA and copper as target, 

was used to determine the phases present in the degraded layer and the changes 
'-. 

in crystallographic structure after degradation. 

Samples from static test were used directly for X-ray diffraction and com

pared with the diffraction pattern of virgin jJ'- electrolyte. 

Samples for post - test analysis were sectioned to the proper size, and the 

degraded layer was examined. Then, the degraded layer was polished away to 

obtain diffraction pattern from the un-degraded electrolyte. 
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Immersion of sodium f3 "-alumina electrolyte in Na2Sx melts with different 

compositions, in test tubes kept at high temperatures (350 0 C , 400 0 C) for desired 

periods of time (5 Weeks, 10 Weeks), was performed to investigate the chemical 

stability of the electrolyte. 

3.1. Experimental 

3.1.1. Materials 

(1) Polysulfides 

Four different polysulfides, Na2S2 , Na2S3 , Na2S4 , and Na2SS , and pure 

sulfur were used in the experiment. 

The pure sulfur was obtained from the Lawrence Livermore Laboratory. 

The disulfide Na2S2 was prepared from the monosulfide Na2S (from NOAH 

Chemicals) and from pure sulfur, within dry-box (oxygen and water f~ee to less 

than 1 ppm) in our laboratory. After the pure sulfur was dried in the dry-box for 

3 days, the appropriate amount of NazS and dry sulfur powders were mixed and 

put in quartz tube, sealed under forepump vacuum, and then slowly heated to 

750 0 C to form Na2S2' The formed Na2S2· was cooled to room temperature and 

transferred to glass test tubes within the dry box. 

The Na2S3 was obtained from Brown and stored in a vacuum tube sealed 

under Argon. 

The NazS 4 was prepared by Dow Chemicals Co. and stored in the dry box. 

.. 
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NazSs was made from either NaZS3 or NaZS4 plus pure sulfur. 

An impurity analysis of the sodium monosulfide is shown in Table 3.1. 

(2). /3 "-Alumina Electrolyte 

33 

The polycrystalline electrolyte used in the test was in the form of bars with 

approximate dimensions 6f 45xlOx4mm, and was prepared by Ceramatec of Salt 

City, Utah. The chemical composition given by the manufacturer was 8.85 wt% 

NazO 0.7 wt% LizO, balance Alz0 3 . Processing was described by Miller et al. 

for the manufacture of the electrolyte [MI 79]. The surface morphologies of as

polished, sintered, and cut specimens are shown in the micrographes numbered 

( a) in Fig 3.3 to 3.5. 

3.1.2. Specimen Preparation 

Three different surfaces, polished surface (PS), cut surface (CS), and sintered 

surface (SS) were prepared here to determine how the surface morphology affects 

the stability of the electrolyte. 

(1) Polished Surface (PS) 

Specimens were sectioned with a diamond saw, ground with a - Alz0 3 

plate and polished to an 1 micron diamond finish to obtain polished surface (Fig 

3.1.a). Even though the polished surface is very smooth, some imperfections, such 

as cavities and large grains still show up. Mechanical damage, including micro

cracks may also be produced during polishing. 

(2). Cut Surface (CS) 

Sectioning specimens with a fine diamond saw directly gives a cut surface 

(Fig 3.5a). The cut ·surface looks very rough and has a high effective surface area. 

In addition, the mechanical damage in cut surfaces, produced during cutting, also 

increases the surface area. As a result, this surface is chemically more active. 
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. (3). Sintered Surface (SS) 

As-sintered surfaces are shown in Fig 3.2a. Most of the surface areas are cry

stalline with a thin glass film, which is formed during sintering process [SI 84]. 

Specimens having different surface morphologies were washed with methyl 

al.cohol in an ultrasonic cleaner, and then heated up to 800 0 C for 12 hours to 

drive off absorbed water. 

3.L3. Impurity Contamination 

Water: Specimens were either exposed to 100% relative humidity of water 

vapor or immersed in distilled water at room temperature for one week (168 

hours) to pick up water. Then, the surface water was removed by heating the 

specimens at 100° C for 5 minutes. 

Oxygen: Mter vacuum-drying and before sealing, oxygen gas was put into 

the test tubes to build up an oxygen atmosphere of about 100 torr. 

Moist Air: The electrolyte was exposed to atmosphere (moist air) at room 

temperature for 1 week (168 hours). 

Fe-Ni-Cr and C: Cell container materials (stainless steel) and current col

lector material (graphite felt) were put in with some polysulfide powders, before 

sealing the glass capsules. 

3.1.4. Procedures 

Because of the sensitivity of polysulfides to air and especially 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. 

Then they are sealed under mechanical vacuum. The sealed tubes were placed 

vertically in a box furnace at the desired temperatures (350 0 C or 400 0 C ). Mter 

the specimens had been kept in molten polysulfides for the desired period .(5 

weeks or 10 weeks), the glass tubes were cooled to room temperature and broken. 
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The specimens were removed and ultrasonically cleaned in methyl alcohol, and 

dried, before characterization and analysis. The specimens immersed in sulfur 

were cleaned in CS2 • 

3.2. RESULTS 

3.2.1. Morphological Characterization 

1. Effect of Composition 

Figs 3.1 and 3.2 show the changes in surface morphology of electrolytes 

before and after 5-week immersion in melts with compositions of Na2S3 , Na2S4 

, and Na2SS , at 400 0 C, and Na2S2 and pure sulfur at 3500 C. 

The virgin materials, before immersion, are shown in the Figs 3.1a and 3.2a. 

The surfaces of polished specimens are shown in Fig 3.1. Very little has hap

pened on the polished surface immersed in Na2S2 and Na2S3 melts. However, on 

the polished surface in Na2S4 melt, some compounds formed on areas containing 

defects, such as microcracks, microholes, etc, which were introduced by mechani

cal polishing .. On the polished surface immersed in Na2SS , a non-uniform and 

discontinuous thin surface layer was formed, and more compounds were concen

trated on. the defected areas (Fig 3.1e). The changes in surface morphology 

became even more clear on the polished surface immersed in pure sulfur, where a 

thick corrosion layer formed on the whole surface and more corrosion compounds 

accumulated (Fig 3.If). 

The surfaces of sintered electrolyte are shown in Fig 3.2. After immersion, 

the surfaces are covered with a thin layer and some compounds are 

formed/trapped in the concave areas. The· thickness of the thin layer and the 

quantity of the formed compounds increases from Na2S2 to Na2SS , to pure 
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sulfur. 

2. Effect of Impurity Contamination 

Figs 3.3 to 3.5 show the changes in morphology of polished, sintered, and cut 

surfaces before and after immersion at 400° C for 5 weeks in Na2S3 with the 

presence of oxygen, water, moist air, or stainless steel (Fe-Ni-Cr) plus graphite 

felt (C). 

The virgin materials before immersion are shown in micrograph (a)'s in Figs 

3. 3 to 3.5. 

For clear comparison, the melt Na2S3 was chosen because, without impur

ity, this melt had the least corrosive power as shown in Figs 3.3b to 3.5b. How

ever, with the presence of impurities, the change in surface morphology and 

chemistry is dramatic, depending on the type of impurity. 

(1)0 Steel + Carbon (Figs 3.3c to 305e) 

The presence of transition metals and graphite felt in the melt made the 

electrolyte surfaces look dirty and messy. It is clear that a lot of corrosion com

pounds were deposited on the electrolyte surfaces. Not only had some deposition 

layer coverred the entirety of the surface, but also some octahedrally shaped cry

stals had formed. 

(2). Oxygen (Figs 3.3d to 3.5d) 

The noted effects of the presence of oxygen in the system are: (i) creation of 

corrosion layer on most of the areas of the polished surface (Fig 3.3d); (ii) consid

erable acceleration of the reactions and increase of the deposition of the corrosion 

products and of the recrystallization of the flower-shaped crystals on the cut sur

face (Fig 3.4d); and (iii) recrystallization of some crystals on the sintered surface 

in addition to the overall thin product layer that formed without oxygen present. 
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(3)0 Water (Figs 303e to 305e) 

In the case of absorption of water in electrolytes ( wet samples), there is an 

obvious etching effect: the grain boundaries are clearly revealed and some 

material appeared missing. Besides, some corrosion products formed/trapped 

between grains. 

(4). Moist Air (Figs 3.3f to 305f) 

The absorption of moist air ( H 20, 02 , CO2 , etc) in electrolyte had the 

com bined effects of water and oxygen. 

30 Time Dependence 

Figs 3.6 to 3.8 show the changes in surface morphology of electrolytes before 

and after immersion for 5 and 10 weeks in molten Na2S 5 ,at 4000 C. 

Again, for clarity, NazSs was chosen in this case simply because this compo

sition has the most powerful corrosion e~rect and hence would make differences 

most obvious as immersion time increases, if corrosion time dependent. 

(1}0 The surfaces of polished electrolyte are shown in Fig 3.6. 

Fig 3.6a shows the surface of as polished befo.re immersion. 5 weeks later, 

some corrosion compounds are non-uniformly distributed and most of them are 

concentrated around the defect areas (Fig 3.6b). 

After 10 weeks, a uniform compound layer, which covers the whole surface, 

was formed and recrystallization occurred (Fig 3.6c). 

The high-magnification micrograph (d) shows that the layer is porous but 

not quite uniform: more compounds formed or were trapped in defect areas. 

Fig 3.6 (e) clearly shows where the flower-shaped crystals were grown on the 

polished surface. 
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(2). The surfaces of sintered electrolyte are shown in Fig 3.7. 

A comparison with virgin materials clearly indicates that a compound layer, 

covering the entire surface, was well established after 5 weeks immersion with 

some crystals just starting to grow (Fig 3.7b). 

However, many more new crystals and compounds, formed at grain junc

tions, were found on the surface after 10 weeks immersion (Figs 3.7c and d). 

An even higher magnification micrograph (e) shows the detailed morphology 

of the recrystallized crystals and the thin layer. The crystals grow in different 

directions on the coni pounds formed at grain junctions. The thin layer looks 

porous and developed deeper· in the defected areas where crystallization occurred. 

(3). The surfaces of cut electrolyte are shown in Fig 3.8. 

A noted phenomenon was the recrystallization and deposition of compounds 

on defected or concave areas. 

After 5 weeks of immersion, some compounds recrystallized on concave 

areas, kinks or at boundaries of large grains. (Fig 3.8b). 

10 weeks immersion showed much wore deposition and recrystallization (Fig 

3.8c). 

Fig 3.8d shows that the overall surface was covered by a compound layer. 

4. Dissolution/Recrystallization 

It appears that there is a little dissolution of all the surfaces. Also recrystali:" 

zation of flower-shaped crystals concentrated on compounds, concave areas, or 

kinks, especially at boundaries of large grains of cut surfaces after 10-week 

immersion (Fig 3.8). 
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The solubility of sodium sulfate in sodium sulfide melts was tested by immer

sion of sulfate crystals in the sulfide melts at 3500 C and 4000 C. It is found that 

the solubility is very limited: only the sharp edge of the sulfate crystal was dis

solved in the melts. Also it seems that the solubility increases as the content of 

sulfur decreases in the melts. 

3.2.2. Chemical Characterization 

An Auger electron spectrum obtained from a degraded polished surface of 

samples immersed in the Na2SS melt for 10 weeks is shown in Fig 3.ga. The ele

ments present in the spectrum are the composition of corrosion compounds. 

Fig 3.9b shows the profile of the impurities in the degraded layer at different 

sputtering time. The quantity of sulfur decreases as sputtering time increases, 

clearly indicating that a reaction or corrosion layer had formed on electrolyte sur

face. This layer was sputtered off in 10 mins. The sulfur possibl~T was in the state 

of sulfates because a large quantity of oxygen was also present at the same time. 

3.2.3. Structural Characterization 

The motivation to do X-ray. analysis is to identify the phases present on or 

near the surface and to determine the structural changes after immersion. Unfor

tunately, the resolution of the X- ray diffraction apparatus available (siemens x

ray diffractometer) is not good enough to detect the changes on the surface, and 

the diffraction patterns obtained from the virgin materials before ~mmersion and 

the degraded electrolytes after immersion turned out to be quite similar. This sug

gests that the chemical reactions between electrolyte and melts be restricted only 

to their interface, i.e., the degradation layer is very thin and no bulk structural 

changes occur during immersion. 
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3.3. DISCUSSION 

Experimental observations indicated that the electrolyte reacts chemically 

with Na2Sz melts. In order to find out which reactions possibly occurred on the 

electrolyte/melt interface, thermodynamic calculations were performed. 

3.3.1. The Sources of Thermodynamic Data Used. 

The Gibbs free energies of formation of sodium polysulfides, tabulated in 

Table 3.2, were calculated by Gupta [GU 72] from open circuit cell voltage meas

urements. 

The only thermodynamic data concerning the Gibbs free energy of forma

tion of the electrolyte, with composition Na208Al203 , available are those ob

tained by Neill Weber with electrochemical methods, and calculated by Kummer 

(Iill 72). 

The data calculated by Kummer are for high temperatures from 10270 C to 

1627 0 C , and have to be converted into values for temperatures around 

350-4000 C. These have been tabulated in Table 3.2. The conversions were made 

by extrapolation. 

Other data are from the NBS tables of chemical thermodynamic properties 

and JANAF Thermodynamic tables. Some data for 350 0 C and 400 0 C were calcu

lated from the data at 25 0 C. 

The reactions involving the liberation of free Al2 0 3 should probably consider 

the formation of metastable Al2 0 3 phases (the decomposed structure of f3 "-A l2 0 3 

- "spinel like") "rather than a-A12 0 3 phase. However, we have to assume that the 

reactions considered here will produce a-Al2 0 3 because neither free energy 

nor structural data are available for the metastable Al2 0 3 decomposition pro

ducts. 
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Based on these thermodynamic data and assumptions, the standard Gibbs 

free energies for the reactions between the solid electrolyte and sodium polysulfide 

melts are calculated as follows: 

t1 r Go = E (Vj· t1,GO)(product) - E (Vj· t1,GO)(reactant) (3.0) 
j j 

3.3.2. The Influence of Surface Morphology and Chemistry 

1. PS: Surface of polished electrolyte 

The chemical reactions probably occurred on the surfaces of polished elec-

trolyte are postulated as follows: 

(1). Reactions Between Pure Sulfur and f3 "Alumina 

(3x+1) 3 1 
(3.1a) Na208Al203 + S - -Na2Sz + -Na2S04 + 8Al20 3 .44 4 

X (t1GO)400C (t1Gohsoc Unit 

5 - 55.519 - 36.635 KJ/mol 
4 - 53.634 - 34.593 KJ/mol 
3 - 44.562 - 27.164 KJ/inol 
2 - 28.819 - 13.528 KJ/mol 
1 - 4.980 + 12.017 KJ/mol 

(3.1 b) 
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X (~GO)400C (6.Gohsoc Unit 

5 - 24.601 - 4.690 KJ/mol. 
4 - 22.088 - 1.967 
3 - 9.991 + 7.938 
2 + 10.999 + 26.120 
1 + 42.784 + 60.446 

(3.1c) 

X (6.GO)400C . (6.Gohsoc Unit 

5 - 37.272 - 20.960 KJ/mol 
4 - 34.953 - 18.446 
3 - 23.786 - 9.303 
2 - 4.411 + 7.480 
1 + 25.114 + 39.166 

(2) Reactions Between NazSz and f3 II Alumina 

X (6.GO)400C (L~Gohsoc Unit 

5 - 45.467 - 25.743 KJ/rnol 
4 - 14.319 - 2.402 
3 + 7.913 + 18.291 
2· + 26.805 + 45.934 
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(3.2b) 

X (AGO)400C (AGohsoc Unit 

5 - 11.199 + 9.833 KJ/mol. 
4 + 30.333 + 40.955 
3 + 59.976 + 68.545 
2 +85.542 +106.214 

(3.2c) 

x (~ GO)400C (~Goh50C Unit 

5 ~ 24.901 - 7.554 KJ/mol. 
4 + 13.435 + 21.174 
3 + 40.789 + 46.642 
2 + 64.049 + 81.413 

The reactions with negative Gibbs free energies are the ones thermodynami-

cally possibl~, and mayor may net be fast enough to be significant kinetically. 

However, observations indicated that reactions had occurred, and mostly localized 

on the defected areas, such as microcracks and micropores, introduced during 

mechanical polishing . 

. The reaction mechanism could be proposed as follows: since the Na+ is very 

mobile in the conduction planes in the electrolyte (3.3a), it is quite possible that 

these ions could be pulled out of the crystal near interface by the thermodynami

cally favorable reactions, Eq 3.3b: 
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(3.3a) 

(3.3b) 

or 

Thus, the depletion of Na+ will create Na-vacancies and leave extra oxygen 

in the electrolyte crystal. Electro-neutrality requires that the crystal release the 

excess oxygen (3.3c). This oxygen actually reacts with Na28z melts to give 803 

(3.3d). 

(3.3c) 

(3.3d) 

The 803 react further to produce corrosion products: sulfates- Na2804 , 

NaAl(80 4h ,Al2(8Q4h ,etc, through the reactions: 

(3.3e) 

.. 
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In fact, reactions 3.3a, b, c, d, and e should happen at the same time and the 

combination of these equations gives the general reactions: Eq 3.2a, b, and c. 

In brief, then, on the polished surfaces, (1) chemical reactions first initiate at 

and concentrate on defected areas; and (2) since the degraded layer is porous, the 

reaction will continue to develop into the f3 " alumina, preferentially on these de- . 

fected areas. 

2. SS: Surface of Sintered Electrolyte 

In practice, f3 It alumina electrolyte is used in the as-sintered state, either in 

the shape of tubes or discs. The virgin surfaces of as-sintered electrolyte (Fig 3. 

2a) were investigated by Singh [SI 84] using variety of characterization methods. 

It was reported that a glassy, soda rich thin film is formed during the sintering 

process. The surface film would be quite thin, probably submicron, and tran

sparent to the electron beam of SEM. The soda rich glass film would not be as 

stable as the crystalline electrolyte. Besides, the sintered surface is easily contam-

inated during processing and handling. Therefore, the above reactions, Eq 3.2 and 

3.3, are much more favorable initially on the sintered surface then polished sur

face. 

Furthermore, it is thought that the NazO in the gl~ film would not be 

tightly bound and its high concentration, about 14 wt%, of NazO makes it possi

ble that NazO would react directly with pure sulfur or NazS:r; melts as follows: 

(1) Reactions with Pure Sulfur 

(3.4a) 



X (~GO)400C (~Gohsoc Unit 

5 - 388.350 - 360.032 KJ/mol. 
4 . - 384.580 - 355.948 
3 - 366.436 - 341.090 
2 - 334.950 - 313.818 
1 - 287.272 - 262.728 

{
Na 0 + -1-Na 08Al 0 }+ 24(3x+l) s _ 

2 71 2 23 71 

x 

5 
4 
3 
2 
1 

(~GO)400C 

- 302.260 
- 299.710 
- 287.444 
- 266.159 
- 233.925 

(LlGohsoc Unit 

- 291.518 KJ/mol. 
- ~88.756 

- 278.730 
- 260.274 
- 225.464 

{
_I_Na 08Al 0 + 103 Na o}+ (12x+4) S _ 
104 2· 2 3 104 2 13 

2 () 12 -NaAl 804 2 + - Na 2Sx 
13 13 

X (.6. GO )400C (~Gohsoc Unit 

5 - 314.946 - 307.925 KJ/mol 
4 - 312.605 - 305.387 
3 - 301.329 - 296.156 
2 - 281.766 - 279.210 
1 - 251.955 - 247.216 
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"'. 

(3.4b) 

(3Ac) 
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(2). Reactions With Na2Sx Melts 

X (AGO)400C (AGohsoc Unit 

5 - 368.246 - 338.248 KJ/mol 
4 - 305.950 - 291.566 
3 - 261.486 - 250.471 
2 - 223.702 - 194.285 

{ 
1 } 24(3x-2) 

Na"O + -Na208A120a + Na2Sx -+ 
- 71 71 

~Al (SO) + 24(3x+1) Na S 
71 2 4 3 71 2 (x-I) 

x 
5 
4 
3 
2 

(A GO)400C 

- 288.669 
- 246.552 
- 216.492 
- 190.566 

(AGohsoc Unit 

- 276.790 
- 245.229 
- 217.254 
- 179.052 
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(3.5b) 



{ 
103 1 } 4(3x-2) --NazO + --Naz08Alz0 3 + NazSx ~ 
104 104 13 

x 

5 
4 
3 
2 

(AGO)400C 

- 299.547 
- 261.211 
- 233.848 
- 210.597 

2 NaAl(SO) + 4(3x+1} 7\T S 13 4 2 13 1YaZ (x-I) 

(A GOhsoc Unit 

- 291.559 KJ/mol. 
- 262.831 
- 237.363 
- 202.592 
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(3.5c) 

This assessment indicate that the soda rich phases (x NazO + y 

Naz08Alz03 ) on polished surface are far more unstable thermodynamically than 

j3" phase ( Naz08Aiz03 ) in the environment of sulfur/sodium polysulfide melts. 

3. CS: Surface of Cut Electrolyte 

The chemistry of the reactions occurring on cut surface is similar to those on 

polished surface. However, due to the difference in morphology between these two 

surfaces, the locations on which these reactions initia.te and concentrate are 

different. Unlike on polished surface, reactions, depositions, and recrystallizations 

on cut surface mostly initiate and concentrate at boundaries of large grains and 

surface steps. 

3.3.3. Influence of melt composition 

Both experimental observations and thermodynamic calculations indicate 

that the corrosion power of sodium polysulfide melts increases as the content of 

sulfur increases in the range of Na2S2 to NazSs (the normal composition range of 

a practical cell operation), and pure sulfur being the most corrosive. 

.. 
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3.3.4. Influence of Impurity Contamination 

1. Oxygen 

With the participation of free oxygen in this system, the chemical reactions 

should be proposed to be the following: 

X 

5 
4 
3 
2 

5 
4 
3 
2 

2x N 16(x-l) 
( ) a2S04 + ( ) AI2 0 3 3x+l 3x+l 

(3.6a) 

(~rGO)400C (~rGoh50C 

-458.693 -456.608 KJ/mol.°2 
-456.944 -455.615 
-456.063 -455.465 
-456.698 -457.549 

2 Na SO + 7(x-l) Al 0 
(3x+l) 2 4 2(3x+l) 2 3 

(3 .. 6b) 

-408.227 KJ/mol. O2 
-410.360 
-415.691 
-428.130 

o + [96+(3x-2)(x-l)! Na S + (x-I) Naf)08AI 0 _ 2(x-l) AI (SO) + 
2 48(3x+l) 2 x 12(3x+l) - 2 3 3(3x+l) 2 4 3 

(x-I) N S + [96+(x-l)! N SO 
48 a2 (x-I) 48(3x+l) a2 4 (3.6c) 



5 
4 
3 
2 

-385.483 
-388.766 
-396.606 
-414.274 

KJ/mol. 0 
2 
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Obviously, these reactions are much more favorable thermodynamically 

(large number of negative ~rGo ) in the presence of oxygen. Experimental results 

agreed very well with this calculation. A pretty heavy reaction, deposition of cor-

rosion products, and recrystallization were found on the electrolyte surfaces when 

some free oxygen had been introduced into test tubes before sealing (see Figs 3.3d 

to 3.5d). 

2. Water 

When water has intercalated in the electrolyte, the reactions between /3" 

alumina and polysulfides change and the corrosion products produced here wer~ 

NaHS04 and Na(OH), which caused continued dissolution of the electrolyte. 

(1) Reactions with P' alumina 

Na OSA! 0 + x(3x-2) Na S + (x-I) H 0 _ (3x+l)x Na S + 
2 2 3 (4x-l) 2 x (4x-l) 2 (4x-l) 2 (x-I) 

x N HSO· (x-2) 
( . ) a 4 + ( ) NaOH + 8Al20 3 4x-l 4x-l 

(3.7a) 

(~rGO)400C = + 19.188 KJ/mol.(J' 

= + 91.143 KJ/mol. H 20 

for x = 5. 

.. 
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(2) Reactions with soda-rich phases 

(4x-l) {N 0 AI 0 N O} (3x-2)x x N HSO 
HzO + ( ) a2 8 2 3 + a2 + ( ) . NazSx -+ ( ) a 4 + 2 x-I x-I x-I 

(x-2) N OH + (3x+I)x N, S + 4(4x-I) At ° 
(x-I) a . (x-I) az (x-I) (x-I) z 3 

for x = 5. 

(3) If water and oxygen coexist, the reaction should be: 

(x-2) 1 (3x+1)(x-2) 0 
HzO + ( ) Na z08Atz 0 3 + ( ) NazSx + ( )( ) 2-+ x-I x-I x-I 2x-4 

x N HSO (x-2) N OH 8(x-2) 
( ) a 4 + ( ) a + ( ) AIZ 0 3 
X~ . X~ X~ 

.(Ar GO)400C = - 752.329 kJ/mol. HzO 

= - 376.164 KJ/mol. 0z 

for x = 5. 

Again, the presence of oxygen makes the reactions much easier. 

3. Moist Air 

(3.7b) 

(3.7c) 

If some 0z , COz , and HzO are present by absorption from moist air, 

which is almost unavoidable, the following reactions are quite favorable: 



(A r GO)400C 

X KJ/mol. CO2 / H20 

5 - 1528.982. 
4 - 1171.853 
3 - 824.307 
2 . - 485.655 

kJ/mol. O2 

- 254.830 
- 260.412 
- 274.769 
- 323.770 
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The H 28 and 803 react further with the electrolyte to form sulfates: 

(A r GO)400C 

X KJ/mol. H2O/CO2 KJ/mol. O2 

5 - 3070.890 - 383.861 
4 - 2519.749 - 387.654 
3 - 1978.192 - 395.638 
2 - 1445.529 - 413.008 

8 NaHSO + (7x+18) Ai 0 + 2 (x-2) NaAl(SO ) (3.8e) 
(x+2) 4 (x+2) 2 3 (x+2) 4 2 

(A r GO)400C 

X KJ/mol. CO2 / H2 O KJ/mol. O2 

5 - 1374.087 - 400.775 
4 - 870.012 - 401.544 
3 - 412.783 - 412.783 
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2 N HSO (x-2) N SO· 
) a 4 + ( ) a2 4 + 8AlZ 0 3 (x-l x-I 

(3.8d) 

(~rGO)400C 

X KJ/mol. HzO / COz KJ/mol. 0z 

5 - 3515.704 - 439.463 
4 - 2816.262 - 433.271 
3 - 2124.564 - 425.313 
2 - 1445.430 - 412.980 

Coupled with oxygen or even carbon dioxide, which could come from the ab- . 

sorption of moist air on the electrolyte surface during cell construction, water 

does make the polysulfides more susceptible to corrosion. The reaction products 

now include NaHS04 and Na(OH), whose melting points are 3200 C and 317 0 C, 

respectively. Therefore it is the presence of water that causes the dissolution of 

electrolyte when immersed in the polysulfide melts at about 350 0 C (see Figs 3.3e 

to 3.5e). 

4. Fe-Ni-Cr and C 

An important aspect of sulfur side-degradation in a Na/S cell is deposition of 

metal sulfides originating from container corrosion. The deposits formed on the 

electrolyte surface, as shown in Figs 3.3c to 3.5c, have been identified as FeS2 , 

CrZS3 , Ni3S Z ,NiSz, (Ni,Fe)S and NaCrSz , etc., similar to work done by Park 

[PA 84] and Battles [BA 84b]. The possible reactions can be written as follows: 



Fe + 2Na2Sz - 2Na2S(Z_1) + FeS2 

7 Fe + 8Na2Sz -+ 8Na2S(Z_1) + Fe7SS 

3FeS2 + 4S03 + 7 Na2Sz -+> 3FeSO 4 + 7 Na2S(z+1) 

Ni + Na2Sz - Na2S(Z-1) + NiS 

3Ni + 2Na2Sz - 2Na2S(Z_1) + Ni3S2 

2Cr + 3Na2Sz - 3Na2S(Z_1) + Cr2S3 

3Cr + 2C - Cr3C2 

7Cr + 3C .... Cr7C3 

54 

. (3,9a) 

(3.9b) 

(3.9c) 

The standard free energies of reactions between metal oxides and sodium 

polysulfides at 3500 C have been calculated by Wroblowa et al. [WR 84], and are 

tabulated in Table 3.3. 

The reactions between the electrolyte and carbon have also been studied 

resently by Choudhury [CR 86). The proposed reaction products include Na2C03 

and CO, with following postulated reactions; 

3Na20nAl203 + C - 3nAl203 + Na2C03 + 4Na+ + 4e

Na20nAl203 + C - nAl20 3 + CO + 2Na+ + 2e-

3[Na20] + C - Na2C03 + 4Na+ + 4e

[Na20] + C -+> CO + 2Na+ + 2e-

The [ Na20 ] represents Na20 in the electrolyte. 

(3.9d) 

(3.ge) 

.. 
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3.3.5. Dissolution/Recrystallization 

As shown in Fig 3.6 to 3.8, after 5 weeks immersion, the sulfates produced 

by reactions described above, had not yet saturated the Na2Sz melts, and not 

much recrystallization was found at that time. Mter 10 weeks immersion, how

ever, the melts were saturated with the sulfates, and a lot of recrystalization was 

found on all the surfaces of the electrolyte. The recrystallized, flower like, cry

stals, as clearly seen in Fig 3.8, are believed to be sodium sulfates. 

It appears, see Fig 3.1 and 3.2, that more chemical reactions, deposition and 

or recrystallization of corrosion products occurred in sulfur-rich melts, Le., Na2SS 

and pure sulfur, and that more dissolution of corrosion products occurred in 

sulfur-poor melt, i.e., Na2S2' This is perhaps due to the changes of the solubility 

of the sulfates in the sulfide melts as the composition of the sulfides changes. 

3.4. Conclusions 

Sodium P' alumina electrolytes are chemically attacked by Na2Sz melts and 

pure sulfur during immersion at high temperatures. The corrosion reactions can 

be written as described in Eq.3.1 though Eq.3.9, which mainly concentrated on 

defect areas. 

The corrosion products are believed to be sulfates: Na2S04 , NaAl(S04h , 

AI2(S04h , NaHS04 , etc., Na2C03 and NaOH. Most of them have high melting 

point and deposit on the electrolyte surface. Some have low melting point and 

are dissolved in melts and could lead to dissolution or etching of the electrolyte 

surface. 

There is a limited solubility of sodium sulfates in sodium sulfide melts. 

Recrystallization of the sulfate occurred after prolonged' exposure to sulfide melts 

and occurred preferentially at imperfections such as boundaries of large grains, 
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junctions of grains, or surface steps on the electrolyte surface. 

The degree of corrosion increased as the content of sulfur increased in the 

range of Na2S2 to Na2SS' 

In addition to the reactions between /3" alumina and Na2Sz or sulfur, the 

corrosion products of transition metals, and current collector material (graphite), 

also deposit on the electrolyte surface. 

All of the reactions appeared in the system were greatly accelerated by con

taminations of impurities, such as water, air, transition metals, etc. 

3.5. Prediction 

In a practical cell, the environment the electrolyte will be exposed to is a 

combination of the above situations. Therefore, the degraded layer formed on 

electrolyte surface in a real cell is a mixture of 

(1) sulfates and carbonates produced by reaction between ,B"alumina and 

sulfur / sodi um polysulfides, 

(2) corrosion products of cell parts, such as cell container (stainless steel), 

electrode (Al, Mo, Ni, etc.), glass seals, and current collector (carbon). 

(3) free sulfur and solid Na2S2or Na2S , due to cathodic and anodic deposi

tion at ends of discharging and charging. 

Since the corrosive power of the polysulfide melts increases at composition 

corresponding to the full charged state and is enhanced by free sulfur, it would 

seem advisable to avoid heterogeneous electrode reactions that expose the electro

lyte surface for unnecessarily long periods to the most corrosive sulfide melts. 

+ 
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Figure Captions 

Fig 3.1 

Fig 3.2 

Fig 3.3 

Scanning electron micrographs of the polished surface of the electrolyte 

before and after 5-week immersion in sodium polysulfide melts with 

different compositions. 

(a) as-polished before immersion. 

(b) immersed in NazSz (350° C). 

(c) in NaZS3 (400° C). 

(d) in NaZS4 (400°C). 

(e) in NazSs (400°C). 

(f) immersed in pure sulfur (350° C). 

Sintered surfaces of the electrolyte (same experimental conditions and 

arrangement as in Fig 3.1) 

SEM micrographs of the polished surfaces of the electrolyte before and 

after 5-week immersion, at 400° C , in NaZS3 melts, with or without 

impurity contamination. 

(a) as prepared before immersion. 

(b) dry, uncontaminated samples immersed in pure NaZS3 (without 

impurity contamination). 

(c) dry samples immersed in NaZS3 with stainless steel (Fe-Ni-Cr) 

and graphite felt (C). 

(d) dry samples immersed in NaZS3 melt with an oxygen atmosphere 

of about 100 torr. 

(e) wet samples immersed in NaZS3 melt. 



Fig 3.4 

Fig 3.5 

Fig 3.6 
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(f) samples exposed to moist air for l-week before immersion. 

Sintered surfaces of the electrolyte (same experimental conditions and 

arrangement as in Fig 3.3). 

Cut surfaces of the electrolyte (same experimental conditions and 

arrangement as in Fig 3.3)~ 

SEM micrographs of the polished surfaces of the electrolyte immersed 

in pure Na2SS' at 4000 C , for different periods of time. 

(a) virgin material as prepared. 

(b) 5-week immersion. 

(c) lO-week immersion. 

(d) and (e) high magnification micrographs showing the detailed sur

face morphology after lO-week immersion. 

Fig 3.7 Sintered surfaces of the electrolyte (sa:;ne experimental conditions and 

arrangement as in Fig 3.6). 

Fig 3.8 Cut surfaces of the electrolyte (same experimental conditions and 

Fig 3.9 

arrangement as in Fig 3.6). 

(A) Auger electron spectrum of a polished surface of the electrolyte 

after lO-week immersion in pure Na2SS at 400 0 C . The 

corresponding morphology is shown in Fig 3.6 (c), (d), and (e). 

(B) Profile of the impurities in the degraded (corrosion) layer formed 

on the electrolyte surface during lO-week ;mmersion in pure 

Na2SS at 4000 C (concentration of impurities vs sputtering time) 
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XBB 850-8969 

Fig 3.6 
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2mB 850-9043 

Fig 3.6(e} 
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Fig 3.7 
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Tables 

T able 3.1 

Impurities in sodium monosulfide 

Ag Al Cr Cu Fe 

< 0.001 0.002 0.002 < 0.001 0.002 

Mn Mo Si Zr 

< 0.001 < 0.001 < 0.001 <0.001 

Table 3.2 

The standard Gibbs free energies of formation of 

sodium polysulfides, a-alumina, sodium oxide 

and j3 "-alumina (KJ/ mol.) 

Compound 300 0 e 350 0 e 400 0 e Source 

Na'!,Ss - 401.85 - 400.810 - 400.600 Gupta 

Na2S4 - 398.926 - 398.08 - 398 .087 

Na'!,S3 - 398 .717 - 388.182 - 385 .990 

Na'!, S'!, - 375 .066 - 370.000 - 365.000 

Na 2S - 338.133 - 335 .674 - 333 .215 JANAF 

a-A120 3 - 1496 .50 - 1480.86 -1465.221 

Na'!,O (s) - 340.-147 - 333 .316 - 326 .186 

Na 20 (I) - 307.744 - 302 ..169 - 297.192 

j3 "-AI203 -12 ,608 .71 7 -1 2 ,466 . 993 -12,325 .269 Kummer 
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Table 3.3 

The standard free energies of reactions between 

metal oxides and sodium polysulfides at 3500 C 

Metal oxides + Sodium tetrasulfide -+ 

Metal sulfide + Sodium sulfate + Sodium pentrasulfide 

(KJ/ g-atom oxygen) 

Metal Oxide Metal Sulfide ~rG350C 

Cr203 Cr2S3 + 63.209 

FeZ03 FeS2 - 25 .116 

Fe304 FeS? - 28 .883 

TiO'!. TiS? + 66.557 

Tiz0 3 TiS2 + 37.255 

TiO TiS? -114.278 
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CHAPTER 4. 
.. 

DEGRADATION OF ELECTROLYTE IN CONTACT 

WITH SULFUR ELECTRODE 

Degradation of electrolyte in a functioning Na/S cell is a function of many 

factors. The most important phenomena will be briefly discussed in the following 

sections. 

4.1. The Ceramic Electrolyte 

In practice , j3 or (1' alumina, as solid electrolyte, is generally used in the form 

of sintered polycrystalline tubes or plates. 

4.1.1. Composition 

The lifetime of experimental cells greatly depends on the composition of the 

ceramic electrolyte. It is reported that lithia-stablized materials give better per

formance than other methods of stabilization of the conductive structure. Mag

nesia additives used as stablizers for certain ,B-alumina composition had a detri

mental influence on electrolyte lifetime [ LA 75, FA 73a and b]. Many impurities 

could segregate at grain boundaries and influence the properties of the electro

lyte. High impurity levels are the cause of the poor results obtained with com

mercial j3 al umina. 

4.1.2. Fabrication/Processing 

(1'-alumina electrolyte can be made by a variety of processes, such as isos

tatic pressing, electrophoretic deposition, batch or continuous sintering. Other 

process may be also applicable. 

Certain process steps, especially hot pressing, may orient the j3 al umina crys

tallites, produce tubes with anisotropic properties, thereby influencing properties. 
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4.1.3. Surface Morphology and Chemistry [SI 84] 

The surface plays an intimate role in crack nucleation and growth, and in 

degradation initiation and development. The interface between the ceramic elec

,trolyte and liquid sulfur-Na2Sx melts in Na/S batteries can make a substantial 

contribution to the cell resistance and is a potential site of high electrical stress 

and current density. 

Degradation mostly originates and concentrates at defects or flaws existing in 

the surface layer, see Chapter 3, many of which are located at grain boundaries 

intersecting the surface and maybe induced during manufacturing, such as when 

cooling from the sintering temperature. 

The composition in the surface is often very different from that of the inte

rior. The presence of a resistive film on the surface may produce high resistance 

and lead to local high current density. 

Surface conduction processes of the microcrystallites may be important In 

the characteristics of the final materials. 

4.1.4. Grain Size 

Grain size and its distribution may be important in the conduction processes, 

In strength, and in crack initiation and impurity accumulation in grain boun

daries. A large grained electrolyte is more subject to electrolytic degradation than 

a small grained material [MA 781. However, fine-grained material has a higher 

resistivity than coarse-grained material because grain boundaries contribute to 

the resistivity. Therefore, an electrolyte with a narrow distribution of a uniform, 

moderate grain size could be a. good compromise between conductivity and resis

tance to degradation. 

4.1.5. Grain Boundaries (G.B.) 
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The effects of grain boundaries on conduction, strength, impurity distribu

tion, etc., and the factors which control the conduction mechanism in the polycry

stalline electrolyte are not present in those in single crystals. 

The grain boundary structure is very important for conductivity. For exam

ple, grains of ,8"alumina tend to grow with facets parallel to the basal plane, and 

such faceted boundaries block current flow because Na+ion cannot move perpen

dicular to the basal plane [DE 7ga]. Besides, low angle tilt boundaries also could 

create local high current density, as shown in Fig 4.3a [DE 76]. 

Ceramic ,8"-aluminas invariably contain impurities which potentially affect 

their properties. Grain boundaries in particular may be susceptible to impurity 

segregation or inter granular phase formation (DE 7gb). 

4.2. Electrolyte Contamination by Impurities 

It is well known that impurity contamination has a significant effect on the 

electrolyte performance since they can raise resistivity dramatically and cause 

chemical degradation. The impurities which could contaminate electrolyte are. 

classified as, (1) initial impurities from raw materials and/ or fabrication, (2) 

absorption/adsorption of impurities from the atmosphere/environment, and (3) 

impurities from polysulfide melts during cell operation. 

4.2.1. Initial Impurities 

Various impurities (K, Ca, Si, etc) in raw materials or from fabrication 

have the tendency to either segregate or concentrate, or to form second phase on 

grain boundaries. 

The presence of Ca++ ions in sodium ,8" alumina has been found detrimental 

to its electrical properties[JA 81]. Yasui and Doremus [YA 78] reported that a 

small concentration (0.5 w /0) of a calcium impurity caused a large increase in the 
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electrolyte impedance, and calcium concentrated at the grain boundaries of the /3" 

alumina. 

It is observed [DE 77 and 79c] that in sintering at 1700° C to 1720° C, the 

Ca++ concentrated mainly near grain boundaries, giving rise to extremely high 

grain boundary resistivity. But, for high temperature sintering, above 1750° C, 

evidences were seen for Ca ++ entering the electrolyte bulk more significantly, 

while liquid phase formation led to exaggerated grain growth. SiOz leads to the 

formation of an intergranular glassy phase, a sodium-alumina-silicate, which also 

blocks Na+ ion transport. 

Additives used to improve sintering properties, such as Zn, and stablizers 

may also have a tendency to segregate on grain boundaries or to form intergranu

lar phases. 

4.2.2. Absorption/Adsorption Impurities 

Exposure of materials and tubes to atmosphere employed cart occur during 

fabrication, handling, storage, and cell assembling. The impurities 

absorbed/adsorbed from the environment are very detrimental to chemical stabil

ity of the electrolyte. 

1. Water 

Absorption of water, from moisture in the air, reduces local motion of ions 

and decreases ionic conductivity considerably [DU 81al. The hydration of single 

crystal of sodium and lithium f3 alumina was first reported by Kummer [KU 71]. 

This, and a later study [BA 80] provided strong evidence that water would enter 

the material on an molecular scale, locating near the aBR site in the conduction 

planes (Fig 4.1). 

The plane of the water molecule is perpendicular to the conduction plane so 

that hydrogen bonds can be formed with the oxygen ions directly above and 
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below the aBR site. Saturation of water occurs when the number of water 

molecule equals the number of aBR sites minus the number of excess oxygen ions. 

This leads to a saturation limit of water content of approximate two water 

molecules per formula unit. Other species, such as (H30)+, (HS02t, HO- , 

are also formed. A complete and quantitative description of the hydration reac

tion, which is an reversible exothermic intercalation reaction, was given by Dud

ney [DU 8Ib]. 

F.G.Will [WI 761 reported that two processes occur simultaneously when 

polycrystalline f3 alumina was exposed to water or water vapor: one is the 

rapid, exothermic occlusion of water through micropores and cleavage planes, as 

described above, and the other is the slow diffusion of (H30t ions into the 

conduction planes together with surface/grain boundary adsorption. However, it 

is the (H30)+ diffusion into sintered f3 alumina along grain boundaries, not 

water occlusion, that significantly raise grain boundary resistivity. 

The reason why exposure to water vapor had the same effect on resistivity 

as immersion in liquid water is that multi-molecular adsorption and capillary 

condensation in micropores are necessary precursors for (H30)+ exchange [KA 

79). 

The excess resistance can be removed by heat treatment at 250 0 C. Heating 

up to 600 0 C in dry air restores the resistivity reversibly without any indication of 

interfacial polarization [DU 8Ia). 

The presence of water also accelerate chemical reactions on the electrolyte 

surface, see section 3.3.4 (2) in Chapter 3. 

2. Carbon Dioxide 

The presence of CO2 as a surface absorption layer was identified by mass 

spectroscopy. Kummer [KU 72) stated that when powdered f3 alumina is 
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exposed to moisture in the presence of carbon dioxide, Na2C03 is produced 

on the surface. Dunn [DU 8Ia] found strong evidence that atmospheric expo

sure of f3 and f3 " alumina tubes led to the formation of a carbonate species. The 

reactions in which carbon dioxide might participate are described in Chapter 3. 

3. Oxygen 

Oxygen absorbed on the surface during exposure to air could cause decompo

sition of (3" alumina [JA 83], consumption of sulfur, and acceleration of the reac

tions between f3 " alumina and polysulfide melts. Section 3.3.4, (1), in Chapter 3, 

gives a good description. 

4.2.3. Contamination during Cell Operation 

Contamination of the electrolyte during cell operation includes (1) impuri

ties diffusing into electrolyte along grain boundaries, (2) impurity ions exchanging 

with Na+ ions in the crystal lattice, and (3) deposition of corrosion products of 

cell parts upon electrolyte surface. 

1. Diffused-in Impurities 

High grain boundary diffusion coefficients make it possible for foreign ions to 

diffuse into the electrolyte along grain boundaries. According to Yasui [YA 81], 

when K+ ions were introduced into (3" alumina, only the grain boundary resis

tivity increased while the .c.d. capacitance stayed constant. The treatment of (3" 

alumina in nitrate melts containing Ca++ ions resulted in a selective sharp 

increase of grain boundary resistance [BR 84]. These effects were interpreted in 

terms of a blocking effect caused by K+ and Ca ++ at grain boundaries (commer

cial Na2Sz contain K+,Ca++, etc.) 

2. Ion-Exchanged Impurities 

Since ,B"-alumina has an open structure and there is a lot of defects (vacan

cies) present on conduction planes, Na+ ions in f3 alumina can be readily 
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exchanged with numerous ions from molten salts [KU 71]. 

3. Deposition of Corrosion Products [P A 84, BA 84] 

The corrosion products of cell containers (stainless steel), electrode materials 

(AI, Mo, Ni, etc), current collector (carbon), and glass seals can deposit on the 

electrolyte surface and influence the performance of the electrolyte, section 3.3.4, 

(4), in Chapter 3. 

4.3. Inhomogeneous Current Flow in Polycrystalline Electrolyte 

Consideration of the crystal structure of !3 and (3" alumina would lead one to 

conclude that diffusion of the Na+ ions would occur two-dimensionally in a 

. direction perpendicular to the c- axis. The motion of the sodium ions in the 

direction parallel to the c axis, through the close-packed oxygen layers, is many 

orders of magnitude slower than that perpendicular to c-axis. Polycrystalline !3 

aluminas have a wide range of intergranular grain boundary transport properties 

and are non-homogeneous, strongly anisotropic conductive media. Therefore 

grain orientation and local grain boundary geometry strongly affect how Na+ ions 

are transported through the polycrystalline electrolyte. 

4.3.1. Current Concentrating at Grain Boundaries 

Fig 4.2 represents a uniform distribution of orientations of grains (a) shows 

the directions of current flow in each individual grains are nearly parallel, and 

perpendicular to electrolyte surface, and (b) shows the directions of current flow 

in each single grain are random. Shown in Fig 4.3 (1) is an ideal current flow 

pattern often used in the literature for model calculations. However, even 

though the distribution of grain orientation is uniform, current density still may 

concentrate at grain boundaries, as shown in Figs 4.3 (2) to (4) [LI 79]. 

.. 
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4.3.2. Local High Current Density Due to 

Microstructural Inhomogeneities 

79 

Fig 4.4 represents a number of current flow patterns proposed for a practical 

electrolyte, in which there exist low angle grain boundaries, facets, preferred grain 

orientation, extra large grains, and microstructural imperfections. Since Na+ ion 

transport is restricted to conduction planes, an inhomogeneous current flow 

could be created due to a particular local grain boundary structure, as shown in 

(a). Local ordering of orientation of grains could cause local highly concentrated 

current flow and create large cracks as in (b) and holes as in (c). (d) shows the 

current flow due to abnormal large grains on surface which could create porous 

grain boundaries and hence lead to " intergranular corrosion ". 

4.3.3. Inhomogeneous Current Distribution 

Due to insulating phases (Fig 4.5) 

Since the corrosion compounds ar~ neither electronic conductor nor good 

sodium ion transporters, the diffusion of sodium ion through the corrosion layer is 

very limited (conductivity of Na2S0 4 is 4 to 5 order lower than that of /3" 

alumina. Those of NaAI(S04h and AI2(S04h are even lower). Once the protec

tive layer gets thick enough locally, by deposition of corrosion products, recry

stallization of sulfates, or deposition of sulfur or monosulfide, sodium ion tran

sport through will be strongly inhibited and ionic flow has to concentrate on low 

resistance regions, as schematically shown in Fig 4.5. Therefore, severe local 

electrolytic effects and inhomogeneous current distribution also arise from 

unfavorable distribution of non-conducting phases (Figs 4.5a and b) (such as, 

sodium ion depleted-phases, free sulfur, solid Na2S2 or Na2S ,sulfates from the 

reactions between f3 and Na2Sx melts, and the corrosion products from con

tainers, electrodes, glass seals, etc.), from uneven distribution of impurities in 

electrolyte, from the formation/ dissolution of compounds at grain boundaries 
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(Fig 4.5 c), from inhomogeneities in the sulfur electrode, from the geometry of 

the current collector or from the changes of its geometry through degradation 

(Fig 4.5 d). 

4.4. Interfacial Properties 

Wetting is considered to be critical for long life tubes, since good wetting of 

the sulfur-side interface is essential for ion and electron transfer. It might be 

possible that processes occur at the end of charging or discharging that lead to 

non-wetting surface structures, through build-up of new surface compositions. 

Chemical reactions, dissolution, and deposition occurring on interface could 

change the chemistry and morphology of the electrolyte surface and affect electro- . 

lyte performance, see Chapter 3. 

4.5. Polarization 

The polarization could occur due to the formation of an insulating film on 

the electrolyte surface. Such film could be formed as a result of anodic deposition 

of free sulfur and cathodic deposition of solid sulfides, of deposition of non

conductive corrosion products, or of conversion of f3 " phase into a Na+ 

-depleted phase. 

Intergranular polarization could result from impurities, corrosion products, 

and formation of intergranular phases. 

In addition to these factors, electrochemical cycling conditions and the 

nature of the construction of the sulfur electrode also strongly affect the perfor

mance of the electrolyte. 

.. 
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Figure Captions 

Fig 4.1 (a) Location of H20 in the conduction plane of Li j3 -alumina from 

neutron diffraction measurements. 

(b) Diffusion mechanism for H 20. The large circles are oxygens, the 

small black dots are protons, and the shaded circles are Li+ ions 

on BR sites. 

Fig 4.2 Uniform distribution of grain orientations 

Fig 4.3 

(a) Orientation of each individual grain is parallel. 

(b) Orientations of the grains are random 

Current concentrating at grain boundaries (from E.Lilley and J.E. 

Strott) 

(1) Model of easy paths through grain boundaries and the equivalent 

circuit. 

Rb - bulk resistance 

Rp - passage resistance 

Re - constrictive resistance 

(2) Adjacent grains showing three different types of contact. 

a-spinel block in contact with spinel block. 

(3) 

b-highly conducting plane in contact with spinel block. 

c-intersection between two highly conducting planes 

Narrowing of field lines 

Schematic representation of the flow lines through a pas

sage across a grain boundary 

(4) Electrical analogue for the restricted passage of Na-ions 

into and out of a single fast conducting plane in a grain of 
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sodium f3 " alumina 

Fig 4.4 Local high current density due to microstructural inhomogeneities 

(a) A low angle grain boundary. 

The conduction planes of the two subgrains join the boundary. 

The ions moving along the conduction planes all flow into the 

grain boundary and create a high local current density. 

(b) and (c) 

Inhomogeneous current flow due to ordering of orientations of 

grains create a crack in (b) and a hole in (c) 

(d) Inhomogeneous current distribution due to abnormal large grains 

on electrolyte surface. 

Fig 4.5 Inhomogeneous current distribution due to insulating phases formed 

on the electrolyte surface. 

(a) Blocking effect of insulating phases. 

(b) Blocking effect of thick protective layer formed by non-uniform 

deposition/recrystallization of corrosion products. Current flow 

concentrate at low resistance (thin layer) region. 

(c) Blocking effect of impurities or intergranular phases formed at 

grain boundaries near the interface of the electrolyte and 

sodium poly-sulfides. 

(d) Inhomogeneous current flow' due to the geometry of current collec

tor. 
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Fig 4.1 



Fig 4.2 Uniform Distribution of Grain Orientations 

(a) Orientation of each individual grain 

is parallel. 

(b) Orientations of the grains are random 

84 
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(1) Model of easy paths through 

grain boundaries and the 

equivalent circuit. 

R6 • bulk resistance 

R p - passage resistance 

Rc • constrictive resistance 

1/ 

(3) Narrowing of Field Lines 

Schematic representation of the 

.flow lines through a passage 

across a grain boundary 
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b 

(2) Idealized Twist Boundary of Two 

Adjacent Grains Showing Three 

Different Types of Contact. 

a-spinel block in contact with 

spinel block. 

b-highly conducting plane in 

contact with spinel block. 

c-intersection between two 

highly conducting planes 

(4) Electrical analogue for the restricted 

passage of Na-ions into and out of a 

single fast conducting plane in a grain 

of sodium beta" alumina 

Fig 4.3 Current Concentrating at Grain Boundaries 
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( a) A low angle grain boundary 

The conduction planes of the two subgrains 

join the boundary. The ions moving along 

the conduction planes all flow into the 

grain boundary and create a high local 

current density. 

Fig 4.4 Local High Current Density Due to 

Microstructural Inhomogeneities 
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(b) 

(c) 

Inhomogeneous current flow due to ordering 

of orientations of grains create a crack 

in (b) and a hole in (c) 
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(d) Inhomogeneous current distribution due to 
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(a) Blocking effect of insulati~g Phases 

Fig 4.5 Inhomogeneous Current Distribution Due to 

Insulating Phases Formed on The Electrolyte 
Surface: 
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Region of increased probability 
of current concentration 

Thin Layer Region 

(b) Blocking effect of thick protective layer formed 

by non-uniform deposition/recrystallization of 

corrosion products. Current flows concentrate on 

low resbtance ( thin layer) region. 
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(c) Blocking effect of impurities or intergranular 

phases formed at grain boundaries near the 

interface of the electrolyte and sodium poly

sulfides. 
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(d) Inhomogeneous current flow due to the geometry 

of current collector. 
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CHAPTER 5. 

POST-TEST ANALYSIS: 

CHARACTERIZATION OF DEGRADED ELECTROLYTES 

Degraded electrolytes removed from four commercial cells, which had 

different cell construction and underwent a variety of electrochemical cycles, were 

investigated in detail to characterize the nature of the degraded layer and to 

search for evidence responsible for the initiation and development of degradation 

of electrolyte in contact with sodium polysulfides. 

5.1. Experimental 

5.1.1. Data on degraded electrolytes 

1. Cells 23gg and 3853, From Brown-Boveri and Cie (BBC) 

(1) Electrolytes 

The f3 "-alumina electrolytes were Magnesia stablized and had a chemical 

composition of 8.9 wt% Na20 , 2.25 wt% MgO , and the rest Al20 3 , with 3% of 

f3 -phase. 

(2) Cell Construction 

The cells had a central sodium construction, as shown in Fig 5.1 (a). 

Sodium was inside and sulfur/polysulfides was outside the electrolyte tubes. 

Polysulfides contact container directly. The corrosion of the container (Fe, Ni, Cr) 

could introduce impurities into the electrolytes by diffusion through the 

polysulfide melts. 

The effective area of the electrolyte tube was about 130 em 2• 

(3) Cycling Conditions 
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Cyelin?; Conditions (BBC) 

Cell# Total Ahrs Number of Days 
Passed Cycles on Test 

(Ahrs/em 2
) 

2399 310 1832 610 
3853 100 410 137 

The cells were cycled at 350 0 C at a current density of 150 mA / em 2 , in 

discharge and 75 mA / em 2in charge, at the rate of about 3 cycles per day. The 

theoretical capacity was 40-45 Ah. 

2. Cells BR .. A and BR-C, From British Rail (BR) 

(1) Electrolytes 

The electrolytes were Lithia stablized and had a chemical composition of 8.9 

wt% Na20, 0.7 wt% L;20 , balance Al20 3 , and were more than 90% f3 "- phase. 

The tubes were fabricated by isostatic cold-pressing, and were sintered in closed 

crucibles of high thermal capacity, in an electrical kiln [AR 80J. 

(2) Cell Construction 

The cells had a central-sulfur construction, as shown in Fig 5.1.( c). The 

liquid sulfur/polysulfide is in contact only with the f3 "-electrolyte, the central 

current collector and glass seals, but not with the container. 

(3) Cycling Condition 

Cvelin?; Conditions (BR) 

Cell# Total Ahrs Number of Days 
Passed Cyeles on Test 

(A.hrs / em 2) 

BR-A 539 1~36 673 
BR-C 567 1333 673 

'I 
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The cells were subjected to an average current density of 50 mA/em 2 ,with 

current density as high as 100 mA / em 2 on some discharge cycles. 

The BR-C electrolyte tube was exposed to 984 hrs of 100% relative humidity 

between cycles 387 and 388. 

5.1.2. Procedures 

The degraded electrolyte tubes removed from the cells were cleaned in ethyl 

alcohol, dried in a furnace and stored in a dry- box in our laboratory. Specimens 

were sectioned from the tubes (Fig 5.1b and d) and prepared for microscopy, 

spectroscopy, and diffraction, as described in Chapter 2. 

5.2. Results 

The morphology, chemistry and structure of the surfaces of degraded electro

lyte, and cross sections of fractured and of polished, as well as the interior of the 

degraded layer of electrolytes removed from cells, were investigated. The follow

ing sections describe the results obtained from each cell. 

5.2.1. CELL 2399 ( 1832 cycles, 310 Ahrs/em'2, 610 Days) 

1. Surface Morphology 

The SEM and TEM examination of the morphologies developed on the sur

face of the electrolyte after cell operation revealed a number of interesting 

features. 

(1). Crack Networks 

SEM micrographs shown in Fig 5.2 were taken from most of the degraded 

electrolyte surfaces and represent the most commonly observed feature of this 

surface: crack networks. Fig 5.2 (a) is a low magnification and (b) a high 

magnification picture of cracks formed on surface. Fig 5.2 (c) is an image of a 

, 
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crack, where grains on the edges of the crack are about to fall off the matrix. Fig 

5.2 (d) shows an area, where the grains are difficult to distinguish because they 

were covered uniformly with a thin film of a deposited compounds; more corro

sion products were deposited on concave areas or trapped between grains. Fig 5.2 " 

~(e) shows a porous area where grain boundaries had been dissolved away, and (f) 

is the corresponding EDS spectrum of the degraded surface. 

SEM-stereo images in Fig 5.3 show the degraded electrolyte surfaces in 3-

dimension. In fact, the crack networks described above are more like valleys and 

hills in these pictures. 

It is clear that a lot of material was removed from the surface, more likely 

grain by grain, to form this morphology and still it can be seen that some grains 

in the bottom of the valleys are going to fall off the surface. 

(2). Large Cracks and Holes 

Large cracks and holes observed on a degraded surface are shown in Fig 5.4; 

(a) is a low magnification SEM micrograph of crack networks and pores, (b) is a 

high magnification micrograph of a big pore, (c) shows an area of cracks, and (d) 

shows a large hole and the cracks around. Again, around these cracks and big 

noles, are heavy deposits of compounds. 

(3). Uniform Deposition/Spallation 

Fig 5.5 (a) shows a uniform, thick corrosion layer formed on a small area of 

degraded surface where no spallation occurred; Fig 5.5 (b) shows a thin corrosion 

layer which is about to spall ofT the surface; and Fig 5.5 (c) shows a clean electro

lyte surface produced by spalling of the protective corrosion layer. 

(4). Contact Area of Electrolyte with Current Collector 

Shown in Fig 5.6 is the morphology developed at a point of contact between 

electrolyte and graphite current collector. Fig 5.6 (A) is a low magnification SEM 

, 
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micrograph showing a contact point and its surroundings. The contact area is at 

the center of the picture; it is much deeper than its surroundings, indicating a lot 

of material was missing here. Fig 5.6 (B) is the contact area, where the grains and 

grain boundaries are clean, and not much corrosion compounds could be seen 

there. Fig 5.6 (C) is a high magnification micrograph of the contact point. It 

shows that not only the grain boundaries were dissolved away, but also that the 

grains were attacked by polysulfide melts. The evidence is that some compounds 

did form on the grain surface (though very little). Fig 5.6 (D) is a high 

magnification SEM micrograph of the surroundings, which have the commonly 

observed feature of the degraded surface: corrosion compounds lightly formed on 

grain surfaces and heavily trapped between grains. 

(5). TEM Observation 

The degraded surfaces, prepared by I-sided ion milling and finishing, were 

also studied with TEM to have a close look (at high resolution) at the surface, 

and to identify the phases present on the surface. Unfortunately, however, this 

later purpose was never achieved due to the complexity of the compounds formed 

there (a number of ring patterns were obtained, but it was difficult to index 

because there were too many possibilities owipg to too many impurities present). 

Fig 5.7 (A) shows that corrosion compounds were deposited on the surface 

of the electrolyte and trapped between grains and at grain triple points. Fig 5.7 

(B) shows the random arrangement of grains, degradation is easy to develop into 

electrolyte from these porous grain boundary regions. 

2. The Morphology of Cross Sections 

Optical Micrographs, after silver decoration, as shown in Fig 1.8, indicate a 

severe sulfur side degradation. The degraded layer has a wave-like shape. 
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Fig 5.8 shows the most commonly observed morphology of fractured cross 

sections, which correspond to the surface with crack networks shown in Fig 5.2 

and Fig 5.3. The detailed morphologies of the areas marked arrows "1" and "2" 

are shown in Fig 5.9 (a) and (b) respectively. The porous layer just beneath the 

hill marked "3" is shown in Fig 5.9 (c) and (d). 

Similar cross-section morphologies from different specimens are shown in Fig 

5.10. Arrows marked on the micrographs indicate the path of the degradation. 

A uniform intergranularly fractured layer near the interface of electrolyte 

and polysulfides is shown in Fig 5.11. 

Fig 5.12 is the cross section of porous, degradation layer. The porous grain 

boundary layer near the interface clearly shows an " intergranular corrosion effect 

" in this region. 

Fig 5.13 shows the cross section of a very thin porous degraded layer, whose 

corresponding surfa-:e morphology is similar to Fig 5.5 (c), the clean surface area 

after spallation of the deposited layer. EDS analysis shows that very little impuri

ties were present on this cross section. 

Fig 5.14 is the cross section of an undegraded electrolyte layer. Obviously, 

the undegraded layer fractured transgranularly, while the degraded layer frac

tured intergranularly. The fracture surfaces are actually the cleavage planes. The 

EDS spectrum shows that no impurity is detectable in this area. 

3. Chemical Characterization 

(I). Degraded Surface 

EDS analysis of most of the area of the degraded surface are shown in Fig 

5.2 (f). The major impurities detectable by EDS are Si, K, Ca, CI, S. 
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Auger electron energy spectra of the degraded electrolyte surface at different 

sputtering times were shown in Fig 5.15 (the sputtering rate used here was 100 

A o/min relative to Ta20S in most cases). 

Fig 5.15 (A) shows the spectrum after I-min sputtering (100 A 0 deep). Ele

ments present are Mg, AI, Si, P, S, CI, C, Ca, K, N, Na. Fig 5.15 (B) is the spec

trum after 2-min sputtering (200 A 0 deep). Compared to spectrum (A), impurity 

peaks are smaller, indicating the quantity of impurities decreases with continued 

sputtering. 

Element mapping, applied to determine the sulfur distribution on a degraded 

surface, was obtained after 3-min sputtering (300 A 0 deep). Fig 5.15 (C) shows 

the area analyzed and (D) is the corresponding sulfur map, showing that the sul

fur is mostly concentrated on large imperfection areas on the surface, such as 

cracks, holes, and valley networks shown in Fig 5.2 and 5.3. 

Fig 5.15 (E) is the spectrum of spot analysis on a high-sulfur area or large 

imperfection. A large sulfur peak shows up here. 

Fig 5.15 (F) is the spectrum of spot analysis on a low-sulfur area or the tops 

of the hills or islands. Sma:! I quantity of sulfur present here is a evidence of thin 

film of sulfur compound formation on grain surface. 

Fig 5.15 (G) is the spectrum after 6-min sputtering (600 A 0 deep), where the 

impurity peaks are much smaller, indicating much less impurity is present at this 

stage. 600 A 0 deep sputtering will remove the thin film formed on the grain sur

face, so when analyzed by SAM, most areas hit by electron beam were clean 

grains and hence only the compounds trapped in grain boundaries made a contri

bution to the impurity peaks on the spectrum. 

Fig 5.15. (H) shows the spectrum after 5000 A 0 sputtering, where impurities 

are no longer detectable. Since the compounds trapped between grains are easier 
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to be sputtered off than the electrolyte grains, not only the thin film formed on 

grain surfaces but also the compounds trapped between grains were sputtered 

away after 5000 A 0 sputtering and the surface analyzed by electron beam is at 

this stage actually clean, as shown in spectrum (H). 

(2). Cross Section 

Fig 5.8 (b) and Fig 5.10 (d) represent the EDS spectra of a typical cross sec

tion of degraded layer. The major impurities present are Si, CI, K, Ca, Mn, Fe, 

Zn. 

Fig 5.11 (B) is the spectrum obtained from an early stage of degraded cross

section and Fig 5.12 (B) is the spectrum from a cross-section of a porous degraded 

layer. Fig 5.13 (B) is the spectrum of a cross section of a thin porous degraded 

layer near the interface at the area where spallation of corrosion compounds just 

occurred. Not much impurities were present. 

Fig 5.14 (B) is the EDS spectrum of a cross section of an un- degraded layer, 

which has a transgranular fracture mode. No impurities were detectable by EDS . 

In order to avoid contamination, clean cross sections were obtained by in-situ 

fracturing in the specimen chamber of the SMt Spectra from different portions 

of the cross section are shown in Fig 5.16. 

Fig 5.16 (1) is the spectrum of the right edge of the cross section. Since the 

degraded layer had an intergranular fracture mode, this spectrum actually was 

from the grain boundaries of the degraded layer. Impurities detectable were Si, S, 

Cl, C, N. 

Fig 5.16 (2) is the spectrum of the area just next to the edge. Sulfur is still 

detectable as well as a lot of carbon. 

Fig 5.16 (3) is the spectrum of the area on the interface between the 

degraded and the undegraded layers. 
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Fig 5.16 (4) is the spectrum from the center of the cross section, the 

transgranularly fractured undegraded layer. No impurities were detected here. 

4. Grain Boundary 

In order to clarify further how degradation develops into the electrolyte, the 

internal grain boundary structure and chemistry were characterized by High Vol

tage and Analytical TEM. 

(1) Grain boundaries in the outermost grain 

layer of the degraded electrolyte 

Ion milling from one side with a finishing treatment from both side of the 

specimen was used to prepare specimens from the outermost grain layer at surface 

of the exposed electrolytes. 

Shown in ~ig 5.17 are the junctions between 3 or more grains. Fig 5.17 (A) is 

a small area where grains misfitted. The grain in the center was severely degraded 

due to the local geometry (current was concentrated there). (B) is a grain triple 

point, where reaction products were trapped. The porous portion in the picture 

was likely to be the path of mass transport for sodium polysulfides and for reac

tion compounds. 

Shown in Fig 5.18 are the grain boundaries between two grains. Fig 5.18 (A) 

shows a triple point and two grain boundaries, where compounds were formed 

and trapped. (B) shows a short grain boundary which was filled with reaction pro

ducts. Fig 5.18 (C) shows a long grain boundary, opened to width of about 0.1 

micron, which could be the path of mass transport and where the grains are 

significantly degraded. Fig 5.18 (D) is a high magnification TEM micrograph of a 

long grain boundary. 

Diffraction analysis III the TEM indicated that the compounds trapped 

between grains were amorphous in some regions but crystalline in other. The 
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diffraction patterns obtained from most of the crystalline compounds were ring 

patterns and were usually different from area to area, so that it was difficult to 

identify these compounds .correctly. 

Very high resolution elemental analysis of small areas from triple points, 

grain boundaries, and single grains was performed by analytical TEM. The spec

tra from these small areas are presented in Fig 5.19. 

Spectrum (1) represents the elements detectable by EDS on a triple point 

marked "1" in Fig 5.18 (A). A large amount of Si with very little Al was present. 

In addition, significant quantities of Na and CI were detected as well. 

Spectra (2), (4), and (7) were from the compounds formed at grain boun

daries in different areas, as shown in 5.18 (A), (B) and (C). The quantity of sili

con in (4) and (7) still dominates and exceeds that of aluminum. 

Spectrum (3) is from a very clean grain, which shows that very little Na and 

impurities were present. It suggested that (i) some j3 " grains be converted into 

Na+ depleted phases and (ii) impurities mostly concentrated on gram 

boundaries/triple points and very slightly exchanged ions with the crystalline 

grains. 

Spectrum (6) is from a small, dirty-looking area, marked "6" in Fig 5.18 (C), 

on a grain which was heavily degraded. Impurities including Si, S, Cl and K did 

show up and much more Na was found here than in other undegtaded grains 

(marked "3" in Fig 5.18). 

Obviously, according to EDS analysis, the degradation compounds formed at 

grain boundaries should have the constituents of Na, Si, AI, K, Ca, Cl. (the other 

peaks represent Cu, Cr and Fe. Most of them are from contamination in ion mil

ling, in which Cu retainer rings and stainless steel specimen holders were used. 

However, the transition· metals present in degraded layer, as detected by Auger on 

.. 
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in-situ fractured cross section, could make a contribution to these peaks as well). 

(2). Internal grain boundaries within the degraded layer 

2-side ion milling was used here so that the thin foils investigated were from 

the interior of the degraded layer. 

Fig 5.20 (A) and (B) show the morphology of internal grain boundaries. It is 

obvious that new compounds were formed at some grain boundaries. Yet, some 

grain boundaries were clean (A), i.e., no new compounds formed there, although 

the grains had separated. 

Fig 5.20 (C) is a high magnification TEM micrograph showing the com

pounds formed at grain boundaries. The upper diffraction pattern- is from the 

compounds and the lower diffraction pattern is from the grain. 

Fig 5.20 (D) shows some clean grain boundaries, on which no compound had 

formed, in addition to grain boundaries where there were corrosion products. The 

upper diffraction pattern is from the compounds formed at the -grain boundary 

and the lower pattern is from the grain. 

5.2.2. CELL 3853, From Brown-Boveri and Cie (BBC) 

(100 Ahrs/cm2 , 410 Cycles, 137 Days) 

Even though the chemical composition of the electrolyte, cell construction 

and the operation/cycling conditions of cell 3853 were the same as in cell 2399, 

the rate at which sulfur-side degradation developed into electrolyte turned out to 

be much faster in cell 3853 than in cell 2399. A possible explanation would be the 

difference between the microstructures of the two electrolytes of the two kinds of 

cells. 

From the corrosion resistance point of view, electrolyte used in cell 3853 had 

a worse microstructure: large average grain size and non-uniform distribution of 

abnormal, large grains, as shown in Fig 5.21. 
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Shown in Fig 5.22 is the morphology of the degraded surface. Obviously, 

more material was removed from the surface since the cracks or crevices are 

larger and deeper than those found on cell 2399. 

The SEM micrographs in Fig 5.23 show the morphology of cross- section of 

fractured electrolyte. Obviously, the fracture mode of the degraded layer is inter

granular, the grain boundaries look very porous, i.e., more severe intergranular 

corrosion showed here than was the case in cell 2399. It is clear that the degra

dation had developed into electrolyte along grain boundaries. 

Fig 5.24 is a high magnification SEM micrograph of a cross- section which 

shows that some grains on the exposed surface are about to fall off. Their grain 

boundaries were etched away and very porous. Yet, some other grain boundaries 

were not porous, perhaps current was not concentrated there due to grain orienta

tion. Arrows indicate the path of the expected high-density current flow. 

Owing t':) the large average' grain size and the non-uniformly distributed 

extra-large grains in the electrolyte of cell 3853, degradation was much quicker 

and worse than for cell 2399. 

5.2.3. British Rail C (BR-C, 567 Ahrs/cm2, 1333 Cycles, 673 Days) 

Unlike the Brown-Boveri cells 2399 and 3853, the cells from British Rail 

Research were Lithia-stablized electrolytes and had a central-sulfur construction. 

Also, the current density passed through these electrolytes was much smaller. As 

expected, the degradation of the BR-C electrolytes was different both in morphol

ogy and chemistry from those of BBC cells. 

(1). The surface morphology (Fig 5.25) of the degraded electrolyte from BR-, 

C is similar to that of the degraded electrolyte from BBC cell 2399, except that in 

this case, (i) less corrosion compounds deposited on the surface and (ii) less 

material was removed from the surface (the cracks and cavaces are smaller and 

., 
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shallower than those in BBC cell 2399). 

(2). Also, the cross-sectional morphol6gy is a little bit different from that of 

BBC 2399. Nevertheless, the manner in which degradation developed into the 

electrolyte. was similar, i.e., by intergranular corrosion. Several cross-sectional 

features as well as the corresponding degraded surfaces are shown in Figs 5.26, 

5.27, and 5.28. 

The cross section of a thick, uniformly-degraded layer is shown in Fig 5.26 

(A) and (C). The corresponding surface is shown in (B). Some compounds trapped 

between grains can be clearly seen in (C). (D) is the EDS spectrum of the cross 

section. 

Fig 5.27 (B) shows the area where the surface was covered with a thin film of 

deposit; its corresponding cross-section is shown in (A) and (C). The EDS spec

trum of the cross-section is shown in (D). 

Fig 5.28 (B) shows the area where the surface was covered with more depo

sited compounds; the grains on the surface are difficult to distinguish. The cross

section (A) shows very little degradation. No sulfur was detected on the cross

section as shown in (C). 

(3). The most important feature of the degraded electrolyte from BR-C IS 

the severe, local degradation. 

Optical micrographs (Fig 1.9) of polished cross-sections show (A) a localized 

severely degraded area and (B) a uniformly degraded layer. 

The detailed surface morphology of a locally severely degraded area is shown 

in Fig 5.29: (A) is a low magnification picture. The EDS spectrum (B) of the area 

indicates that a large amount of sulfur is present. Big holes (C) and large cracks 

(D) were filled with corrosion compounds. 
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The cross-sections just across a hole and a crack are shown in Fig 5.30 (A) 

and (B), respectively. Fig 5.30 (C) is a EDS spectrum of the cross sections. 

(4) Impurity analysis indicated that none of transition metals (Fe, Ni, Mn, 

etc ) were present in the electrolyte, which means that the corrosion of the cell 

container did not participate in degradation of the sulfur-side of the electrolyte. 

However, the presence and the influence of other impurities on electrolyte degra

dation are essentially the same as in BBC cell 2399, i.e., they have diffused in 

along and are located at grain boundaries. 

Shown in Fig 5.31 are Auger electron energy spectra of a degraded surface" at 

different sputtering time. 

Auger spectra from different areas on a in-situ fractured cross- section are 

shown in Fig 5.32. 

(5). The degraded electrolyte surfaces and interior of the degraded layer also 

were studied by high voltage and analytical TEM. The grain boundary structure 

and chemistry are similar to those of BBC cell 23g9. 

TEM micrographs in Fig 5.33 represent the degraded surface. 

Fig 5.34 shows the areas where high resolution EDS analysis was performed 

with an analytical TEM and the corresponding EDS spectra are shown in Fig 

5.35. 

5.2.4. British Rail A ( BR-A, 539 Ahrs/cm 2 , 1236 cycles, 673 Days) 

BR-A is very similar to BR-C, except that the electrolyte in BR-A was not 

exposed to moisture during cell operation. 

The morphologies of surface and the cross-section observed here, as shown in 

Fig 5.36 and 5.37, are quite similar to those of the electrolyte from BR-C (Fig 

5.25 and 5.26). Yet, the only difference between these two degraded electrolytes is 

that there was no local, severe degradation, as found in the BR-C electrolytes. 

.. 
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The optical micrographes taken from a polished cross-section show a uni

formly degraded layer (Fig 5. 38). 

5.3. Discussion 

5.3.1. Current Flow Patterns 

The morphological analysis of surfaces, cross-sections, and grain boundaries, 

indicated that the ionic current flow in the electrolytes is strongly inhomogeneous, 

and that the current flow patterns proposed in Chapter 4, shown in Figs 4.4 and 

4.5, are the proper patterns of ionic transport in these electrolytes. 

5.3.2. The Corrosion Products 

Chemical analysis indicated that impurities present at electrolyte / Na2Sx 

melt interface are Si, P, S, CI, K, C, Ca, N, and Fe, which are the constituents of 

the corrosion products. 

Transition metals, such as Fe, Mn, Cr, Zn, etc, were found on surfaces and 

cross sections of degraded layers of the electrolyte from BBC cell 2399. This is 

evidence that corrosion of cell parts participated in degradation by depositing cor

rosion products on the electrolyte surface or by diffusing these into the electro

lyte along grain boundaries. The corrosion products of the container or electrode 

are believed to be metal sulfides or sulfates or other complicated compounds (see 

Eq 3.9 in Section 3.3.4 (4) in Chapter 3 ). 

The sulfur present at grain boundaries/triple points, probably come from the 

sulfates, Na ZS04 , NaAl(S04b Alz(S04h , etc., produced by reactions between 

the electrolyte and the sodium polysulfide melt, see Eq 3.1 through 3.8 in Section 

3.3, Chapter 4. 

Carbon can come from the carbonates formed by carbon dioxide contamina

tion (see Section 3.2.2) or by carbon current collector corrosion (see Section 3.3.4). 
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In addition to sulfur and carbon, other impurities, such as Si, K, Ca, and CI, 

also showed up in the EDS spectra. Besides, impurities undetectable by EDS 

but detectable by Auger, N, 0, etc., are present at grain boundaries/triple points 

as welL It is highly likely that all of these impurities can be involved in electrolyte 

degradation. 

Though the compounds formed on grain boundaries were difficult to identify 

exactly, elemental, morphological, and diffractional analysis indicated that these 

compounds are a mixture of sulfates, carbonates, silicates, and other complicated 

compounds involving all the impurities localized on grain boundaries. 

The attempts to identify other compounds have not yielded unambiguous 

results. However, it is considered certain that they are related to impurities and 

NazSz diffusing into electrolyte along grain boundary and to intergranular polar

ization, and inhomogeneous current distribution. 

5.3.3. Proposed Mechanism of Degradation 

1. Reactions Occurred on Melt/Electrolyte Interface 

The electrolyte reacts chemically with molten sodium polysulfides. The reac

tions, described by equations 3.1 through 3,9 in Chapter 3, initiate and, mostly, 

concentrate on defected areas. 

2. Formation of Protective Layer 

The reaction products are slightly formed on gram surfaces and heavily 

trapped between grains. Some f3 "-phase in contact with Na2Sz melts, either on 

the exposed surface or between grains, is simultaneously converted into a non

conductive, Na+ depleted phase by some of the corrosion reactions. In addition, 

the deposition/recrystallization of corrosion products of cell parts, anodic deposi

tion of free sulfur, and cathodic deposition of sodium monosulfide, on the electro

lyte surface, also create insulating layers. All of these corrosion products form a 
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protective layer on the surface, as schematically shown in Fig 5.39 (a). 

Fig 4.5 and Fig 5.41 (a) represent non-uniform, protective layers formed on 

electrolyte surface due to local surface geometry or deposition of corrosion pro

ducts on preferred areas (imperfections), such as cracks, holes, or long grain boun

daries intersecting the surface. 

Fig 5.39 (b) schematically shows the possible transport paths of sulfur-ion 

(S;-) in the protective layer. 

3. Spallation of The Protective Layers 

(1) Due to microstructural inhomogeneities 

Local high current density (Fig 4.3), due to local grain boundary geometry, 

grain orientation, or abnormal large grains on surface, accelerate diffusion of 

sulfur-ion S;- through the areas where ionic current flow concentrates (Fig 

5.40a). These sulfur ions react chemically with the sodium ions or the (3 It alumina 

electrolyte just beneath the protective layer where sulfur ions concentrate. This 

results in a non-uniform formation of new corrosion products/liquid sodium 

polysulfides at the interface between the protection layer and the electrolyte. 

Obviously, the higher the local ion current density, the thicker the new compound 

layer. It is these new compounds that create stress or dis-attachment, which 

finally leads to spallation of the already formed protective layer, as schematically 

shown in Fig 5.40 (b). 

(2) Due to non-uniform distribution of insulating phases 

Local, highly-concentrated sodium ion flow in low resistance (thin corrosion 

layer) regions, as shown in Fig 4.5, due to inhomogeneous distribution of non

conductive phases, enhances the diffusion of sulfur-ion S;- through the thin 

layer regions into the interface and leads to the formation of new compounds 

underneath the thin layer and finally results in spallation, as schematically 
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shown in Fig 5.4l. 

4. Repetition 

After spalling of the degraded layer, formation and spallation of a new corro

sion layer will be repeated as a cell is cycled, leading to a continued electrochemi

cal degradation. 

5. Intergranular Corrosion 

Since the high current density always concentrates on gram boundaries, as 

discussed in Section 4.3.1 and shown iIi Fig 4.3, most dis-attachment or spallation 

of corrosion products occurs on these regions and leads to "intergranular corro

sion", as schematically shown in Fig 5.42. 

6. Falling-off of Grains 

Grains will fall off after their boundaries have been etched away (Fig 5.43). 

A lot of material was removed from the degraded surface, grain by grain, owing 

to the ''intergranular corrosion" effect. 

5.3.4. Evidence for the Proposed Process 

1. Surface 

As shown in Fig 5.4, it is very likely that current flow was concentrated on 

the cracks and crevices. As a result, the crevices and cracks developed deeper and 

deeper as the cell was cycled while the deposits around those defects were still 

present. 

As shown in Fig 5.6, a lot of material was removed from the contact point 

between electrolyte and current collector. This is because a large current density 

was passed through this area, and reaction compounds formed on the surface, if 

present, would be spalled off immediately by formation of new compounds under

neath, as a consequence of the large current flow. This greatly increased the rate 

of dissolution of the grain boundaries, and finally led to the removal of grains. As 
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a result, valleys and hills, as shown in Fig 5.3, were developed on the electrolyte 

surface due to non-uniform current distribution. 

From the surface morphology of BBe cell 3853, it can be seen that the crack 

or crevice networks were formed by removal of large grains from the surface. 

Since extra-large grains could cause current to concentrate at grain boundaries 

and increase the rate of corrosion of these regions, the grains would fall off the 

surface after their boundaries were etched away. 

2. Cross Section 

From Figs 5.8 and 5.3.(D), it is clear that the degradation initiated in, and 

developed into the electrolyte from, the areas marked with arrows 1 and 2 on Fig 

5.8, i.e., the crevice positions on the surface; see also the areas marked 1 and 2 on 

Fig 5~3 (D). The portion marked 3 is an isolated hill with surface grains covered 

by a thin film of insulating compounds. It is thought that the high density of 

Na+ transport was carried through the arrows 1 and 2, extended to the area just 

beneath the hill, and created a porous layer there. If the hill or the top layer 

marked 3 above the porous layer is spalled off due to some local effects, what is 

left is the morphology shown in Fig 5.13. There, only a very thin porous, 

degraded layer was left on the exposed surface. Furthermore, if the cell was still 

cycled after the spaIling of the outermost layer, the grains in the porous, degraded 

layer would fall off the surface and degradation then resume. 

At the earlier stage of degradation, just the top layer of the electrolyte was 

weakened by current concentration and intergranular polarization. The electro

lyte had a uniform, intergranularly fractured layer near the exposed surface, as 

shown in Fig 5.8 to 5.13. 

3. Grain Boundaries 
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Fig 5.17, 18, 20 and 24 show that the intergranular regions are corroded pre

ferentially due to local current concentration. 

5.3.5. Factors Affecting Electrolyte Degradation 

1. Influence of impurities 

Observations indicate that most of the impurities detectable inside the elec

trolyte are localized at grain boundaries of the degraded layer, and are supplied 

by the environments, either by absorption from the atmosphere before or during 

cell construction, or from the polysulfide melts during cell operation. These 

impurities could cause the following effects responsible for electrolyte degradation: 

(1). Accelerating corrosion reactions at grain boundaries 

Some impurities increase the possibility or the rate of the reactions between 

the melt and the electrolyte. These impurities include water, moist air, metal ions, 

etc., as discussed in Chapter 3. 

(2). Intergranular polarization 

All the impurities present at grain boundaries (including those which do not 

accelerate or participate in corrosion reactioris) will increase the resistance consid- . 

erably and lead to ''intergranular polarization", and weaken or even "widen" grain 

boundaries. 

(3). Dissolution of Grain Boundaries 

Impurities increase the probability of dissolution of electrolyte at grain boun

daries since the compounds, containing impurities H, CI, N, C, etc., could have 

a low melting points ( < 350 0 C ) and would be liquid at the cell operation tem

perature (see Chapter 3 ). 

(4). Inhomogeneous current distribution 

Impurities concentrated on grain boundaries and impurity-related inter

granular compounds will block sodium-ion transport and result in high local 

.' 
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Current density, especially non-uniform current density on grain boundaries, 

whether initiated by blocking from reaction products or by the heterogeneous 

structure of the carbon collector, can lead to diffusion and precipitation of harm

ful impurities on and in the electrolyte tube, and ultimately to tube failure. High 

local current density is one of the most important factors which determine how 

often the protective layer will spall off and hence how fast and how severe the 

degradation will develop into electrolyte. 

Because a higher current density was passed through the cells from Brown

Boveri (75-150 rnA /crn 2 ) than the cells from British Rail (50-100 rnA /crn 2 ), it is 

not surprising that more severe degradation was found on the Brown-Boveri elec

trolytes even though much more total Ahrs/crn 2 were passed through British Rail 

cells ( 567, 539 Ahrs/crn 2 
) than Brown Boveri cells (310-100 Ahrs/crn 2 

). 

3. Cell Construction 

In the cells which had a central-sodium construction, i.e., the positive elec

trode in contact with the cell casing, transition metals (Fe, Mn, Cr, etc) were also 

observed in the degraded layer. Therefore the corrosion of the cell casing did 

make a contribution to electrolyte degradation. 

4. Water take up 

It is believed that "the local, severe degradation" found in the electrolyte 

from British Rail cell C (BR-C) was a consequence of the uptake of water, see dis

cussion in Section 4.2.2, Chapter 4. The BR-C electrolyte was exposed to 100% 

relative humidity for 984 hours between the cycles 387 and 388. During the expo

sure time, water and 0'2 were absorbed heavily at microstructural imperfections. 

The absorbed water had two effects responsible for degradation: 
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(1) accelerate the reactions between electrolyte and sodium polysulfide melts. 

(2) increases the resistance and lead to surface and intergranular polarization 

and inhomogeneous current distribution. 

5. Stablizer 

It has been reported that the stablizer do affect degradation of the electrolyte 

(LA 75, FA 73). According to the EDS analysis done here, more Mg showed up on 

the cross section of the degraded layer ( intergranular fracture model ) than on 

that of un- degraded layer ( transgranular fracture model ). " Mg " is therefore 

suspected to segregate on grain boundaries, and decreases the stability of f3 "

phases under the influence of polarization, current flow, and the presence of 

chemical reactions between electrolyte and melts. 

6. Surface Morphology 

From the experimental results (Fig 5.2 to 5.5) and the discussion in section 

4.1.2, it is clear that the large amount of imperfections on electrolyte surface are 

the regions where degradation initiates and concentrates. 

7. Microstructure 

As discussed in Chapter 4, grain orientation, local geometry of grain boun

daries, grain size and large grains are important factors which determine inhomo

geneous current distribution and hence the rate of degradation .. Degradation 

-developed into the electrolyte at the area where current flow concentrated. 

Grain Size Effect: More severe" intergranular corrosion" was observed in 

the degraded layer of large grained electrolyte removed from cell 3853, which was 

cycled only for a small number of cycles and carried only to about 100 Ahrs/cm'2. 

8. Grain Boundaries 

Grain boundaries play an important role in electrolyte degradation. Degrada

tion developed into the electrolyte along grain boundaries. 
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5.4. Conclusions 

Chemical reactions, between sodium f3 "-alumina electrolyte and sodium 

polysulfide melts, initiate and concentrate at microstructural imperfections and 

produce a protective sulfate corrosion layer on the electrolyte surface. 

In addition, the deposition/recrystallization of corrosion products of cell con

tainer, electrode, glass seal, and current collector materials, such as transition 

metal sulfides, carbides, carbonates, etc., also create a non-uniform insulating 

layer on the electrolyte surface. 

Furthermore, most of the impurities detectable in the system, either diffuse 

along and locate at grain boundaries, or react with the electrolyte to produce 

intergranular phases, which also block Na+ ion transport. 

In consequence, inhomogeneous current distribution and local, 

interfacial/intergranular polarization, near the interface of the electrolyte and the 

melts, arise from the blocking effect of the non-uniformly formed sulfate corrosion 

layer, deposition/recrystallization layer, and the second phases and impurities at 

grain boundaries. 

It is the local, highly concentrated ionic current flow, and the polarization 

. that lead to non-uniform formation of new corrosion compounds underneath the 

layer and finally result in the spallation of the protective layer and to continued 

degradation. 

Intergranular regions are corroded preferentially due to local current concen

tration. 

Grains, on the exposed surface, fall off after their boundaries are etched 

away. 
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Figure Captions 

Fig 5.1 

Fig 5.2 

Fig 5.3 

Fig 5.4 

Fig 5.5 

Fig 5.6 

Fig 5.7 

Fig 5.8 

Cell construction and electrolyte geometry. 

(a) a tubular central sodium cell. 

(b) the geometry of the electrolyte removed from BBC cells. 

(c) a tubular central sulfur cell. 1977). 

(d) the geometry of the electrolyte removed from British Rail cells. 

Commonly observed morphologies developed on the surface of the elec

trolyte (removed from BBC cell 2399). 

3-dimensional stereo images of the degraded electrolyte surface. 

Large cracks and holes observed on the electrolyte surface. 

SEM micrographs showing formation and spallation of protective layer 

on the electrolyte(2399) surface during cell operation. 

(a) a protective layer formed on the electrolyte, probably by deposi

tion /recrystallization of corrosion products. 

(b) a protective layer which is about to fall off the electrolyte. 

(c) a clean surface (very lit.Cle corrosion products) left after spalling of 

its protective layer. 

SEM micrographs showing the morphology of a point of contact 

between the electrolyte and current collector and its surroundings. 

High ionic current density had been present in the small area. 

TEM micrographs show the morphology of the degraded surface at 

high magnification. 

Commonly observed cross-section morphology and its corresponding 

EDS spectrum. 
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(A) a porous· layer created just underneath the protective layer 

formed at the interface of the electrolyte and polysulfide melts. 

(B) the EDS spectrum of the cross-section. 

Detailed morphology of the fractured cross-section shown in Fig 5.8. 

(A) and (B) the cross-section of the protective layer. 

(C) and (D) the porous layer right underneath the protective layer. 

Fig 5.10 Morphology and EDS analysis of cross-sections, similar to Fig 5.8. 

Fig 5.11 SEM micrographs, (A) and (C), showing that the degraded layer frac-

tured intergranularly. (B) is the EDS spectrum of the intergranularly 

fractured cross-section. 

Fig 5.12 Porous, degraded layers, (A) and (C), showing an 

intergranular corrosion effect. The corresponding EDS spectrum (B) 

indicating the impurities present at the cross-section. 

Fig 5.13 Morphology and EDS spectrum of the cross-section of an area where 

spallation of protective layer just occurred. 

Fig 5.1'1 Morphology and EDS spectrum of the cross-section of an un degraded 

electrolyte. 

Fig 5.15 Auger electron spectra and element mapping, at different sputtered 

depths, of the degraded surface of the electrolyte removed from BBC 

cell 2399. 

(A) -100 A 0 deep (I-minute sputtering). 

(B) -200 A 0 deep. 

(C) the morphology of a degraded surface after 3-minute sputtering 

(about 300 A 0). 
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(D) the corresponding sulfur map of the area shown in Fig 5.1.5 (C). 

(E) the spectrum of a spot analysis at a high sulfur area. 

(F) the spectrum of a spot analysis at a low sulfur area. 

(G) -600 A 0 deep. 

(H) about 5000 A 0 deep. 

Fig 5.16 Auger electron spectra obtained from different portions of a clean 

cross-section, in-situ fractured, of the electrolyte from BBC cell 2399. 

(1) on the right edge (intergranularly fractured). 

(2) next to the edge. 

(3) on the interface of degraded and undegraded layers. 

(4) on the center (undegraded portion). 

Fig 5.17 TEM micrographs show the morphologies of gram junctions, triple 

point, and intergranular phases in the outmost g,'a:in layer of the 

degraded electrolyte. 

Fig 5.18 TEM micrographs show the morphologies of gr'ain boundaries. 

(A) a triple point and short boundary. 

(B) a short boundary filled with corrosion products. 

(C) a long grain boundary, opened to width of about 0.1 micron . 

. (0) a high magnification micrograph of a long grain boundary. 

Fig 5.19 High resolution EDS spectra of triple points, grain boundaries and sin

gle grains shown in Fig 5.18. 

(1) from compounds trapped at a triple point. 

(2), (4) & (7) 

from compounds formed at grain boundaries. 
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(3) from a clean grain. 

(6) from a dirty (degraded) grain. 

Fig 5.20 TEM micrographs show the morphologies of internal grain boundaries 

and intergranular corrosion compounds, as well as corresponding 

diffraction patterns. 

(A) and (B) 

internal grain boundaries. 

(C) corrosion compounds formed at grain boundaries. 

(D) dirty and clean grain boundaries. 

Fig 5.21 Micrograph shows that abnormal, large grains are distributed non

uniformly on the degraded surface of the electrolyte removed from 

BBC cell 3853. 

Fig 5.22 Large crevices formed on the electrolyte surface due to the fact that 

large grains fall off surface. 

Fig 5.23 Cross-section morphology of the electrolyte removed from cell 38.53. A 

thick, porous, degraded layer was well established on the electrolyte 

surface . 

. Fig 5.24 High magnification micrograph of the fractured cross-sections show an 

intergranular corrosion effect. Some grains are about to fall off the 

surface after their boundaries are etched away. 

Fig 5.25 Common'ly observed morphologies developed, during operation, on the 

surfaces of the electrolyte removed from British Rail cell C. 

Fig 5.26 A thick, uniformly degraded layer. 

(A) the cross-section. 
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(B) the corresponding surface morphology. 

(C) a high magnification micrograph of the cross-section showing 

some intergranular compounds trapped between grains. 

(D) an EDS spectrum of the cross-section. 

Fig 5.27 A area covered with a thin film of corrosion products (thin protective 

layer). 

(A) the cross-section. 

(B) the surface morphology. 

(C) a high magnification micrograph of the cross-section. 

(D) an EDS spectrum of the cross-section. 

Fig 5.28 A thick, protective layer formed on electrolyte surface. 

(A) the cross-section showing very little degradation. 

(B) the surface morphology. 

(C) an EDS spectrum of the cross-section. 

Fig 5.29 SEM micrographs show the detailed surface morphology of a locally 

severely degraded area. 

(A) a low magnification micrograph. 

(B) the corresponding EDS spectrum. 

(C) a big hole. 

(D) a large crack. 

Fig 5.30 Morphologys of cross-sections corresponding to the surfaces shown in 

Fig 5.29. 

(A) across a hole. 
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(B) across a crack. 

(C) an EDS spectrum of the cross-sections. 

Fig 5.31 Auger electron spectra, at different sputtered depths, of the degraded 

surface of the electrolyte removed from British Rail cell C. 

(A) -100 A 0 deep. 

(B) -200 A 0 deep. 

(C) -300 A 0 deep. 

(D) about 2000 A 0 deep. 

Fig 5.32 Auger electron spectra obtained from different portions of a clean 

cross-section, in situ-fractured, of the electrolyte from BR-C. 

(1) right on edge (degraded layer). . 

(2) near the edge. 

(3) at the center (undegraded). 

Fig 5.33 TEM micrographs show the morphologies of the degraded surfaces at 

high magnification. 

Fig 5.34 TEM micrographs showing the morphologies of grain boundaries of the 

BR-C electrolyte. 

Fig 5.35 High resolution EDS spectra of triple points and grain boundaries 

shown in Fig 5.34. 

Fig 5.36 Cross-section morphology and EDS spectrum of the electrolyte 

removed from British Rail cell A. 

Fig 5.37 A uniformly degraded layer. 

(A) a low magnification micrograph of the cross-section. 

(B) a high magnification micrograph of the cross-section of the 

degradecllayer. 
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(C) the corresponding surface morphology. 

(D) a cross-section of the portion near the interface of degraded and 

un degraded layer. 

Fig 5.38 Optical micrographs of a silver decorated, polished, cross-section show

ing a uniform degraded layer. 

Fig 5.39 

(a) The protective layer formed on the electrolyte surface. 

(b) A schematic diagram of the possible transport paths of sulfur-ions 

in the protective layer. 

Fig 5.40 The spallation of a uniform protective layer. 

Fig 5.41 The spallation which occurred in a thin layer region 

Fig 5.42 II Intergranular corrosion " due to ionic current concentration at inter

gran ular regions. 

Fig 5.43 A schematic diagram showing that some grains are about to fall off 

after having their boundaries etched away. 
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Fig 5.3 
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Fig 5.4 
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XBB 858-6894 

. :Fig 5.5 
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XEB 858-6896 

Fig 5.6 
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XBB 858-6886 . 

Fig 5.7 
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Fig 5 . 10 
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Fig 5.11 
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Fig 5.12 
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XBB 858-6898 

Fig 5.13 
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ELEMENT "EIGHT ATOMIC PRECISION: 
& LINE PERCENT PERCENT 2 SIGMA 

NA KA 14.06 16.05 1 .15 
"6 KA 3. ,70 3.99 0.72 
Al KA 82.24 79.96 1.32 

XBB 858-6895 

Fig 5.14 
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