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FACTORS .CONTRIBUTING TO THE BREAKDOWN OF SODIUM BETA ALUMINA
SOLID ELECTROLYTES

Andrew C. Buechele
Materials and Molecular Research Division =
Lawrence Berkeley Laboratory.

University of California
Berkeley, California 94720

ABSTRACT

Clarification of the breakdown process occurring during charge
transfer in sodium beta alum1na solid electrolytes was derived from: |
1) studying the effects of molten sod1um contact at 350 C on s1ngle R
crysta] sodium beta alumina and polycrysta111nevsod1um beta" alumina;
_ 2)‘determination of critical current density by mdhitoring acodstic
emissionsvaccbmpanying crack growth in sodium/sodium beta" alumina/
sodium cells subjected tdxlinear-currentvramping at 1 mA cm"2 secfl;
3) failure anaiysis conducted on cycled electrolytes, some from commer-
eia] sodium/sulfur cells, which had been subjected to up to 703 Ahr cm‘2
of charge transfer

Gray co]orat1on deve]opwng in beta aluminas in contact with molten
sodium was found to be a consequence of format1on, through reduction
- by sodium, of oxygen vacaﬁciesvcherge compensated by'electrons. Elec-
tronic conductivity of the electrolyte increases as a result. No |
second phase format1on was detected Colored e]ectfdiytes from sodium/
sulfur cel]s show ev1dence of a newly recogn1zed degradat1on mechan1sm

in wh1chvfracture occurs when sodium is reduced and deposited ‘internal-

1y under pressure as metal in regions where an electronic conductivity

xvii



gradient exiSts. The new mechanism is herein called mode IT to
distinguish it from the more familiar mechanism (herein, mode I) based
on tﬁe enlargement of surface cracks by Poiseuille pressure. Heating
cd]oréd beta aluminas in air produces reoxidation and b]eaching. Kin-
etics and other properties of the coloration and bleaching processes
were determined.

Qritica] current densities determined here by acoustic emission
methods were substantially lower than those reported by other in-
! vestigétors. Critical current density was found to bear an inverse
relation to average electrolyte grain size.' Evfdence of enhanced
degradation-was.frequént]y found at 00.1 faceted boundariés of very:
large grains in cycled electrolytes. Evideﬁce was also found in the
cycled electrolytes for a slow crack growth mechanism and a progres-
sive mode of degradation advancing from the sulfur electrode interface.

Implications of the findings for'the construCtibn and operation of

sodium/sulfur battery systems are discussed.
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1. THE SODIUM/SULFUR BATTERY

1.1 Introduction.

An increased interest in developing high efficiency energy storage
systems for use in powér uti]fty load 1e9e1ing appTications and for
vehicle propulsion is One result of a recognition of the need for
hefficient energy management. The sodium/sulfur battery was first
proposed as a system with promising potential in this area by Kummer
and Weber of Ford Motor over ten years ago (Ku 68).

The battery is based on a cell in which sodium and sulfur in their
molten state are the reactants. An ionically conducting ceramic mem-
brane of sodium beta aiumina sepafates the reactants, but permits
sodium ion transfer so that the reaction can take place when the
| external circuit is completed. Sodium polysulfides are formed during
discharge as chemical eﬁérgy is converted into e]ectricity. The cell
can then be recharged by the application of an externa] counter elec-
tromot1ve force.

Much work has gone into developing the system from theory to
_practica] application, bdt many serious obstacles remain to achieving
the necessary long term re11ab111ty. A recent article in Physics
Today, rev1ew1ng the status of several high techno]ogy energy storage

systems for veh1c]e propu1s1on, noted that in spite of the high desir-
ab111ty of the sod1um/su1fur system, the greater re]at1ve d1ff1cu1ty
of the problems fac1ng 1ts use makes its application 1ess 11ke1y than
some competing systems (wa 80). Some of the requ1rements of a vehicle

propulsion system are difterent from those of a load leveling system,



but the one requirement in common which has not been realized yet is a
low failure rate.

The major problems facing the sodium/sulfur system can be placed
in three categories: 1) corrosion problems in the container and its
seals, 2) proper functioning of the polysulfide electrode and its
associated current collector, and 3) electrolyte degradation proc-
esses. Extensive research and testing is underway at General Electric
and at Ford Motor in this country and at a number of places worldwide
to solve these problems so that production of a practical system can
begin. This thesis will focus on certain aspects-of the electrolyte .
degradation problem, but some preliminary discussion on the theory of -
opefation ahd construction of the sodium/sulfur battery will be

necessary as background.

1.2 The Electrolyte

| The history of the discOvéry and determinatibn of the properties
of the beta'a]hmfnas has been treated in some detail by the author.in
another thesisr(Bu 78, pp. 14-41), and only such items aé are relevant
to the presént work will be repeated,dr expanded here. Beta alumina
was first reported in the literature and named by Rankin (Ra 16) in -
1916. Determination of the structure, and even of the composition,
was not made until 1936 by Beevers and Ross (Be 36); and recognition
and investigation of ionic conduction properties began only in the
late 60's, largely upon the observations of Yao_and Kummer (Ya 67).
There are two phases which are of commercial importance, referred to
as sodium beta alumina and sodium beta" alumina. The beta structure

is hexagonal and belongs to the space group P63/mmc while the beta"



structure is rhombohedral and belongs to the épace grdup R3m. The
Structures are closely related as can be seen from their representa-
tion in Figure 1.1. In both there are units of fogr‘cubic closest
packed ]ayeré of oxygen atoms, containing the a]umtnum atoms in a
Spine1 type arrangement, referred to as spinel blocks. These units_

are inter;persedhalternate1y with loosely packed layers of oxygen

atoms in which the sodium ions are contained. The sodium ion contain-

ing layers in the beta structure are mirror planes, and are referred

to as the conduction p]anes since the rap1d movement of the sod1um
ions is str1ct1y conf1ned to them. There are two conduct1on planes
and two sp1nel blocks per conventional unit ce]] in the beta struc-v
ture, the [c] 1att1ce parameter is 22.6 A. The convent1ona1 un1t cell
of the beta" structure conta1ns three spinel b]ocks and three conduc-
t1on planes, and has a [c] lattice parameter of 33. 85 R. The loosely

packed layers 1nvthe1beta" structure are not mirror planes, and the

sodium positions arevé1ight1y offset on alternate sides of the plane

center resuTting:invan undulating movement of the ions through the |
plane.’ | - | a

>LThe idea1varrangement of ions in the conductiondplanes of beta and
beta" alumina, as well as the arrangement in the vicinity of point

defects,.is illustrated in Figure 1.2. It can be seen that more sodium

~is present in the ideal structure of beta" than in that of beta. But

both compounds’normally have'high defect concentratipns inherent in
their actual structures. As a result, beta is sodium rich and beta"

is sodium deficient_with reference to their ideal structures.‘ The

actual structure of beta" still contains a higher percentage of sodium

than that of beta. The nature of the defects has been probed with
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neutron diffraction by Roth, et al. (Ro 76), and the fo]]owing defect
Configurations have been proposed on the basis of it. In beta alumina
an oxygen interstitial in the conduction plane, in the approximate
| normal sodium position, is coordinated by two aluminum interstitials
and two aluminum vacancies, arranged in the two adjacent spinel blocks.
Two interstitia]lsodiums in the conductidn plane complete the defect
which is indicated schematica]]y in Figure 1.3. The atomic arrange-
ment in the conduttion plane has been indicated in Figure 1.2A. In
beta" alumina, some of the normal sodium‘positions.are vacant result-
ing in the diép]acement of the three adjacent sodium ions about 0.4 A
toward the vacant position. This was indicatéd in Figure 1.2B. No
'cohductioﬁvp1ane oxygén interstitials appear to be involved in defect
formation in the beta" structure.

The'conductivity of polycrystalline sodium beta alumina is about
15-20 ohm cm at 350°C and that of po]ycrysfa]line beta" alumina is
'abouf 3-4 ohm cm at 350°C. Botﬁ materials have an activation enthalpy
for ion conduction of about 4 kcal mo]e’l. These unusual propertieé
are a consequence both of loose oxyéen ion packing in -the tonduction
planes and of the very large concentration of defects in the structure.
The rapid conductivity is strictly confined to two dimensions. The
close packed structure of spiﬁe] blocks effectively prohibits movement
of sodium jons in a direction parallel to the [c] axis. This has been

\demonstrated convincingly in an.exper{ment aone by Yao and Kummer
(Ya 67) in which they irradiated a single crystal of beta alumina with

neutrons converting some of the 23Na+ to 24

24

Na'. The immediate gamma
decay of the Na© provides sufficient recoil energy to drive some of

them into the spinel blocks. The high mobility of the sodium ions
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‘remaining in the conduction planes makes it possible to totally

exchange them for 23Na+ simply by placing the crystal in a melt of a

23Na+ salt. It is then possible to determine the percentage of ions
trapped in the spinel block by measuring the re]9tive radioactivity of
the melt and the crystal. It was found that virtually none of the o
trapped ions could be released from the spinel b]ock until the temper-
ature of the exchange‘system was raised above 1000°C. Total recovery
of trapped ions oc;urred only after 1/21hour at 1100°C. Under normal
conditions, all sodium iOns are mobile and afe present only in the
éonduction planes of the beta aluminas. | |
This contrasts sharpiy with the structurally analogous compounds
in the Na2046a203 system. These have been eXamined-by Foster, gg;_l.
(Fo 80), and they exhibit many properties quite similar to those of the
beta a]umfnas including high ionic conductivity. However, 10-15% of
the sodium present in these gallates is not readily éxchangeab1e, and
is assumed to be located somewhere in the spinel blocks. The lattice
parameters of these compounds are about 3 to 4% greater than those of
the corresponding'beta aluminas, which may account'fdr the greater ease
of accommbdating sodium in the spinel blocks than in the beta éluminas.
Po]ycrystal]ine ceramics of the béta—aluminas having near theo-
retical density can be reédi]y fabricated by sintering. Beta" alumina
requires the prééence of an aliovalent ion, usually lithium and/or
magnesium, in the spinel block to stabilize the structure and insure
the production of a single phase material. Otherwise, either a mixture
of beta and beta" or a single phaée beta will be produced,. depending on

the sintering temperature. Conversion of unstabilized beta" to beta

occurs above 1400°C. Even in beta alumina, incorporation of magnesium

fad ]



or lithium leads to a higher percentage of sodium and a higher con-
ductivity in the finat product (Ch 76). Sintering of both beta and
beta" must be done in an oxidizing atmosphereerich in Na20. Other-
wise, loss of soda from the méteria]awf]] resu1t in lower conductivity
and/or partial conversion to a]pha a]um1na Melting df the beta
aluminas is 1ncongruent and occurs around 1900 C. . The mechanical
strength of the properly prepared po]ycrysta]11ne electrolyte is
usua11y around 300 MPa in air and about 200 MPa in liquid sodium at
350°C as measured by Dav1dg 3 1 (Da 79a) in diametral.compression
fracture of ring specimens. Chemical stabi]ity in contact with the
components pf the sodium/sulfur e]ectroehemi;al'system js acceptable,
but perhaps not as good as previously assumed as wt11 be shown sub-

sequently in this thesis.

1. 3 Relevant Aspects of the Chem1stry and Propert1es of Sod1um

~and Su]fur

The abundance of sod1um and su]fur is a strong mot1vat1ng factor
for the deve]opment of a battery us1ng them as low cost storage -
e]ectrodes | : »

A phase d1agram)of the sod1um/su1fur system is shown 1n F1gure 1.4
(Mo 78). Full ut111zat1on of the energy ava11ab1e from the, couple
~would require a system which cycled between the”extremes of pure
sodium and pure sulfur atlfu]1 charge, and pure NaéS at full dis-
charge. This ts impractical because: a) pure sulfur. is essentially
an electronic non—conductdr_and thus power density would vanish at
full Charge,.and b) the me]ttng point of NaZS 1s'9787C. A system

operating at‘this_temperature would encounter almost insuperab1e
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11
obstacles to efficient economical'construction and operation. Further-
more, as can be seen from the phase d1agram, two 1mm1SC1b1e liquids are
present in the system between the pure sulfur and NaZS5 11m1ts of compo-
sition. Na255 is a]most tota]ly 1nso]ub1e 1n sulfur, and so the sulfur |
rich phase remains nonconduct1ng through th1s ent1re compos1t1on range ”
(the so-called two phase reg1on of ce11 operat1on) Some. comprom1ses
' w1th 1dea1 operat1on have to be made to arr1ve at a workab]e system.
If one chooses to operate from the eutect1c po1nt between Na254 and
NaZS2 (usua]]y referred to as Na S3) to near the pure sulfur, a temper-
ature of 300-350 C will suff1ce to keep all reactants in the mo]ten
state.: By operat1ng on]y between Na253 and Na255, one cou]d avoid the
prob]ems assoc1ated w1th the product1on of free su]fur 1n the cell.
Th1s is not usual]y done because one then sacr1f1ces too much energy
dens1ty._ In pract1ce the pos1t1ve electrode reservo1r is f111ed with
an e]ectron1ca11y conduct1ng matrix of some form of carbon, usually a |
carbon fibre felt This serves to facilitate‘e]ectron extract1on and
to keep the sulfur d1spersed in the positive e]ectrode, so that it can
react at a fairly rap1d rate even near the fully charged state. By
carefu] des1gn of th1s positive current collector, exper1menta1 cells
have been successfu]]y operated we]] 1nto the two phase region with-
out the format1on of 1ayers of free su]fur which do not react readily.
Such chem1ca1 po]ar1zat1ons have been responsible for progress1ve
decline of the capac1ty in cells of an o]der des1gn . If the positive
e]ectrode, at 350°C, 1s d1scharged much beyond the Na253 compdsition,
solid Na252 wy]] be formed,bpo]ar1z)ng the cell and poss1b1y'cracking

the electrolyte.
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In thé négative electrode the sodium metal is highly reactive, and
any cell must be hermetically sealed to prevent rapid and violent
oxidation by contact with the atmosphere. Sodium/oxygen chemistry.is
indirectly impoftant to cell operation as well., The partial pfessure
of oxygen in equilibrium with liquid sodium and Na20 at 350°C is on

- the order of 10'60

-atm. Nevertheless, as can be seen from Figure 1.5
(after E1 65 in which curvés are réferencéd: 1. from Tr 55; 2. from
No 58), the solubility of oxygen in sbdiuh ié Surpr{singly high (about
250 ppm by weight) at 350°C. So unless extreme measures are taken,
sodium is 1ikely to be partially dr cqmp1ete1y‘$atdrated'with oxygen
when introduced to thé cell; consequent]y,.precipitatidn of sodium
oxide in the negative electrode compartmént could occur on discharge.
On the basis of these proberties of tﬁe sodium/sulfur system, the
| f0110wing points should be noéed for f&ture reference in'judging
battery performance and problems..
’1. Polarization is likely to arise as a major problem owing to:
a) prodUcfion éf nonconducting'free sulfur in the positive
electrode,'ovef'a large portion of the operating cycTé.
b) the possibil{ty of forming sb]id'NaZS2 ih the positive
electrode, if discharge is carried.beyond~Na253.
c) the possibility of forming a nonconducting layer of
.sodium oxide at the sodium e]ectrode/electfo]yte
interface. |
2. Inhomogeneity in the system may retard the establishment of

equilibrium, and lead to unusual 1bca1 effects which could

accelerate cell degradation.
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1.4 The Engineering and Design Problems of the Sodium/Sulfur Cell.

A schematic of an actual sodium/sulfur cell is shown in Figure 1.6.
In this scheme, the‘sodium is present in the interior of the electro-
lyte tube and the sulfur on the outside. The sodium is gfavity fed
into the tube from a reservoir, generally made of steel or aluminum,
located at the top of the cell. A certain amount of expansion space
is provided iaithe sulfur/polysulfide compartment to allow for the
volume to be occupied by the increasing proportion of polysulfides as
discharge proceeds. |

SeVera] design problems exist for the positive electrode. The
necessity of a carbon felt currenf collector has a]feady been men-
tioned.  An electrical connection must be made between this collector
and the external circu{t. This can be done by using a metal container
for the positivé.é]ectrode. Sulfur and polysulfides are very corro- -
éive at 350°C; and so a resistant metal must be found within the con-
straint of economical fabrication. 'Ordinary stainless steel is
attacked very severely, but the application of.a more resistant metal
coating can make its pérformance acceptable. Chromium plating, proper-
1y applied, is one apbrdach that has met both durability and cost
requirements (Mi 78, p. L-12). |

Corrosion is a prbbiem for reasons other than the destruction of
the posifive electrode container. Solid corrosion products may build
up to an insulating layer betweén the container and fhe current collec-
tor. Soluble corrosion prbducts may degrade cé]l_performance byvcon-
taminating the sulfur/polysulfide electrode as well as the ceramic

electrolyte.
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It is possible to reduce the container corrosion problem by design-
ing the cell wifh the sulfur electrode on the inside of the electrolyte
tube. This design is.used almost exclusively on cells produced in
England by British Rail Corporation. One must still make Qood electri-
cal contact with the current collector; but, as a much smaller elec-
trode is réquired for this than fof avcontainef, it is economical to
use more resistant méferia]s such as molybdenum. Gravity feeding of
éodium to the eleﬁtro]yte surface is more difficd]t in this design.. A.
capillary feed is usually emp]oyed utilizing mgta] gauze as a sodium
wick. The capi]]ary feed, which could also be employed in the sodium-
inside deéign, has the advantage that the ceiT can be operated in any
position.

Some probTems are common. to all designs.. A certain amount of
expansion sDaée husf be preéeht in the cell at full charge to accommo-
date the larger vé]ume'of ;he'p61ysu1fides formed during discharge.
This amounts to some 40% of the vp]dme of the sulfur éompartment
(Jo 77). Some current collector materials degrade, as‘a result of the
expansion-contraétion occqrring during the normal cell Operating cycle,
causing a loss of capacity (Ch'80). Seals must be made between the
iﬁsd]atinévheader and the electrolyte and between the header and the
containers. The reliability of these sea]é is critical, and one of
the principal reasons for a tube electrolyte design rather than, say,

a flat plate éTéctro]yte design, ié the much smaller seals required in
the tube design relative to cei]'capacity. The headers themSe]ves,
usually alumina, must be rééistantAtoAcorrosion, and some types of
alumina have been found to be subject to attack by sodium (Mi 78).

The minimum operating temperature of the‘syétém is about 320°C, because
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eQen though all phases are molten abovev285°c, low diffusivity of the
~sulfur. leads to undercharg1ng below 300°C (Iw 80). Insulation mhst be
provided around the .cell to conserve the heat required to maintain a]]
reactants in the molten state and some -method of supplying heat for
initial startup and for restarts must be provided a]so In normal cell
operation, heat generated during discharge and recharge by the inherent.
inefficiency of thé_ce]] will keep the system in a.molten state, and it
may in fact be necessary to provide some means of coo1ing‘at certain
times in the operatihg'cycle. “

The respective wetting characteristics of sulfur and poiysu]fides
- are just about the reverse of what is desired. Su]fur'preferentially
wets the carbon fe]t and polysulfides preferentially wet the metal -
surfaces. This can ]ead to an effective blocking of the react1on sur-
face ef the felt when the.cell is in the two phase reg1on of operat1on.
The use of a meta]licvcurrent collector instead of carbon felt wouid
actually be preferable because of this, but economic practicality
exc1udes those choices which are suitably resistant td corrosion.
Several methods of imprcring the wetability of the felt have been tried
experimentally. Adding’aboat 500 ppm of Fe;53 improves’wetting of
the fe]t by the po]ysu]fides, and results in an ihcrease in cell capac-
ity, but at the cost of:an increase in cell impedance developing during
the.earlyAstages of ce]thcycling. Other techniques are also beihg
tested in an attempt tofimprove the wetting characteristics of the
carbon fe]t“ For 1nstance, if the felt is soaked in a solution of
aluminum n1trate and then baked at 1000°C, a porous depos1t of alumi-
num oxide remains wh1ch_acts as a wick improving the wetability of the

felt (Fo 77, p. 13-40),? It has even been suggested that it might be



worthwhile to introduce a systeﬁ to circulate the sulfur-polysulfide
melt, -but it’is unlikely that the expense and bulk’of shch-a system
would: be offset by the improvement in operating efficiency;

when“the cell is recharged, the natural tendency is fbr suifur to
form first on the positive electrode/beta alumina interface. The for-
mation of this layer must be supressed, or tﬁe charge process will be
inhibited. One way this problem has been handled is by introducing.a
resistance gradient in the carbon fe]ti A'1owerbdensity (and thds
higher resistance) felt is used adjacehf to the electrolyte surface.
x-radiography studies of actual cells,-made at various points in re-
peated operating cycles, have shown that squurvis not formed in the
region filled with the highervresistance felt, even near full charge
(Mi 78 pp. C-10, J-19).

This brief survey of design problems and some methods which have
been used for their solution is far from exhaustive. ‘But ﬁhen design
problems are of importance in this study only as they relate to the
reliability of the beta alumina electrolyte. Characteristics of elec-
trolyte degradation‘and the models proposéd to explain it thus far will
bé treated in considerable detail in the next chapter. The design
“considerations covered here suggest that the fo11ow1ng factors can be
significant in the electrolyte degradation process:

- Contamination of the eiectro1yte by corrosion products from the
containers, seals, or current.collector, or by impurities origin-
“ally present in the reactants.

- Current inhomogeneities in the electrolyte due to the geometry of

the current collector or alteration of its geometry through
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degradetion, or to unfavorable distribution of non-conducting

| phases (free sulfur, or solid Na252 or NaZS).

- Corroéive effects of the reactants or:seal materials on the elec-
trolyte. |

-'Local electrolytic effects arising from inhdmogeneities in the
sulqu electrode, especial]y‘atﬁpoint§‘of contact between the
electrolyte and the carbon current collector.

- Mechanical degradation at the seals due to thermal cycle fatigue,

possibly combined with chemical effects.

\ 1.5 Failure Modes.

There are three obeerved modes of failure in operating
sodium/su]fur-;e]]s. The first is sudden and catastfophic‘and is
caused by rupture of the electrolyte tube or failure .of the seal
between the two comparfments of the cell. In either case, the cell is .
short circuited interndl]y(and violently destructs;‘ The second. is a
sudden failure of the cell to accept a charge or to deliver power,v
usually caused by severe .polarization in the su]furvelectrode. The .
third is a gradual increase in cell internal resistance reducing the
power capa;ity and overall efficiency of the cell. In the succeeding
chapters of this thesis, degradation modes .in the electrolyte will be
considered and their'coefﬁibution to cell failure of decline in

performance assessed.



2. ASPECTS OF ELECTROLYTE DEGRADATION

2.1 Physical Characteristics of Degraded Electrolytes.

Examination of electrolyte tubes removed from many cycled sodium/ - -
sulfur cells has shown thét the electrolyte mayIUndergo a number of
changes during cell operation. A diffuse darkening of the electro- _ 'b;
]yte,.s1ow1y propagat{ng into the ceramic from the surface in contact
with 1iquid sodium, is invariably detected in ¢e1ls after a few days.
Frequently, sodium filled dendrites are found in the electrolyte or-
appéar tQ have initiated and grown from fhe surface in contact with
the sodium. These dendrités sometimes extend through the enfi?e thick-
ness of the electrolyte in cells which have been operated for extended
periods of time and/or have failed. In cells which have failed catas- -
trophically, the e]ectfo]yte is extensively cracked and even
fragmented.

Pitting and pinhole corrosion of the electrolyte surface has been
observed in electrolytes from cells cycled extensively. It appears
first on the sodium surface of the electrolyte but is eventually found
on the sulfur side as well (Iw 80). Local corrosion or imprinting
(seg Chapter 6) is found where the carbon felt of the current collec-
tor in the polysulfide electrode contacts thé electrolyte surface.

Finally, it is quite common to observe a gradual increase in the
resistivity of the electrolyte during cell operation. An increase in:
the internal resisfante'of the cell may be largely or wholly due to
polarization phenomena, and therefore is not always an indication of a
true increase in electrolyte resistivity. -Still, even when polariza-

tion is taken into account, there appear to be true increases in the

20
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resistivity of the electrolyte which can probably be attributed to
chemical changes occurring in it during cell operation, or to incor-
poration of detrimental impurities into the electrolyte from the

electrodes.
2.2 Causes of Degradation

2.2.1 Intrinsic Stability of fhe Electrolyte.

An exéminatipn of the sodium—a]umipum oxide phase diagram (Figure
~ 2.1) in the fangé'where the beta aluminas are found will show that it
is reasonable to expect that beta aluminas in contéct with molten

.o~

sod1um may show some decompos1t1on into sodium a]um1nate. Weber noted
th1s possibility but failed to find any. evidence for its actua] occur-
rence in beta" alumina electrolytes which had become severely darkened
in experimental heat enbine service with operating temperatures as
high a§'900°C (We 74):u It is occasionally reported that x-ray dif-
fréction reveals a slight decrease in the [c] lattice pérameter in
e1ectro]ytes which have been in contact with sod1um 1n operating
sodium/sulfur cells, but no ev1dence for second phase formation (Iw 80).
It is well documented that cation. exchange of Na can readily convert
one form'of beta aluﬁ%narinto.another (Ku 72), and 56 any exchangeable
impukitieﬁ in . the MOlten e]ectfodes can be expected‘to readily enter
‘the conduction p]anes; fhe differing mobilities and 5onic radii of
entrant impurities will necessarily affect the lattice parameters and

_res1st1v1ty of the e]ectro]yte (Bo 77). A few‘impurities such as

11th1um and poss1b1y magnes1um, may enter either the conduction planes
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or the.spinel blocks, but most other elements will not entertthe spinel
blocks at cell operating temperatures. o | |

Nh11e no detectable second phases are formed when the beta alumi-
nas are in contact with mo]ten_sod1um at temperatures up to 900 C or
so, it is c]ear that some change in the electrolyte does take place to
produce the darkening wh1ch occurs under these conditions. In the
absence of evidence for second phase format1on, po1nt defects may be
suspected aS'the cause of darkening. It has been reported that an
elevated concentrat1on of sodium develops in e]ectro]ytes in the
reg1on near the e]ectro]yte/sod1um 1nterface (Ch 80)

No observable changes have been reported to occur in beta aluminas
in simple contact with‘molten su1fur or polysu1fides. Degradation
occurring at the po1ysu1f1de/e1ectro]yte 1nterface must therefore be

'exp1a1ned 1n,other terms. Impurities introduced w1th the sulfur or by
corrosion of the container,'or carbon felt interacting with the elec-
trolyte in cell operation, and the effects of contact ot the carbon
fe]t with the electro]yte'have to be ranked of greatest importance in
formu]at1ng explanations of degradatlon

When an electric f1e]d is app11ed to a beta a]um1na polycrystalline
electrolyte, an ion current will f]ow.1n every gra1n 'so oriented that
there is a component of the local electric field perpendicular to the
[c] direction,x If a source of ions exists at the positive terminal,‘
and a sink for them at the negative terminal, then the current flow
will continue. If these: cond1t1ons do not app]y, that is if 1on1ca11y
b]ock1ng cond1t1ons exist, then the current will decay as a charge
separation occurs at the b1ock1ng 1nterface(s). The potent1a1 drop

associated with the app]ied’field will be opposed by the field in this
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charge separated 1ayer Sihce the separation 6f charge at this inter-
face is small, the f1e1d strength will be re]at1ve1y large; and there-
fore application of modest potent1als may be suff1c1ent to cause
breakdown. |

The exiétence of a suffﬁcient1y strong electric field anywhere in
the beta alumina will cause breakdown by oné of a number of possible
modes. Beta a]uminasuare wide bahd gap insh]étohs. Direct electronic
breakdown in such.materia1s usually requfres fields on the order of
109 ) m'1 to susta1n e]ectron avalanche effects or to generate suf-
ficient electromechanical stress to initiate fracture. It is further
necessary that the field, E, exist Qvér a region.of width, &, such that
§ E > Vg’ where Vg is the électronic bandgap, or no breakdown will:
occur. This condition‘would not normally be encountered.in cell
operation. | |

It is rare that any insulator fails due to intrinsic electronic
avalanche breakdown. It is usually impurity content or local condi-
tions of geometfy of composition that facilitate breakdown in applied
fields.. The electronic bandgap}iﬁ beta alumina is estimated to lie
between 9 and 11 eV (Sh 77), so that direct electron 1nje¢tion or ther-
mal activation of electronic carriers is difficult. But the presence
Qf defects or impurities in the material will create donor or accéptor :
states in the bandgap, and increase the electronic componenf of con-
ductivity. If appropriate conditions exist when Sbth jonic and elec-
tronic currents are flowing in the e]ectrolyte, electrons may combine
with sodium ions internally resu1ting {n the deposition of metallic

sodium under pressure in the electrolyte.
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Electric fields in the e]eétro]yfe and at its surface can be
infTuenced strongly by conditions of local geometry. vInterfacial
po]arizatfon, mutual misorientation of crystal axes between adjacent
grains, forejgnyinc]usions at grain-boundaries, are a few of the more
- important geometric effects thét méy intgnsify the electric ffe]d in
the electrolyte leading to discharge and breakdown. The concentration
of currgntAassociafed with such fields may further contribute to
degradation through the establishment of extreme.local temperature

gradients.

2.2.2 E]ectromechahjca] and Related Effects

The first'ana1ytica1 approach to the failure of,beta alumina
ceramic by dendritic penétration was prqposed by Armstrong, Dickenson
and Turner (Ar ?4). In their model, pre—existent'cfacks,or pores in
the surface of the ceramic are extended by étress,generated by the
capillary back pressure of sodium flowing out of fhe narrow flaw.
This will be referred_to’as mode I failure fo11owing»De Jonghe, et al.
(De 81a). “In sgdiQm/suffur cell operation, sodium is cathodica]]y
deposjted fnto;craCks at the sodium/eTectro1yte interface during the
recharge cyg]e‘of cell operation. Armstrong, et al. offéred a very
simple angiysis in which a typical crack was.mbdeled as a hemispheric-
ally capped circu]ar}cylinder perpendicular to the»electro]yte surfaée.
The conc]usiqp reached wéﬁlthat the crack 1ength.wou1d increase expo-
nentially with respect to fime; but that relaxation 6f the stress in
the crack, following fracture and crack extension, would moderate the

process somewhat, so that immediate penetration of the ceraﬁic would

not occur.
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Armstrong, et al. offered some experimental support fof the den-
dritic growth mechanism of failure. Sodium/sodium cells constructed
with e1ecfrolytes having polished, or po]iShed and glass fi]]ed‘sur-
faces (to reduce initial crack population), were shown to have longer
lifetimes than those constructed with as-sintered electrolytes. A
large sca]é analog mechanical model, constructed to electrically simu-
late penetration of tﬁé electro]&te by metal-filled dendrites, showed
resistance versus time behav{or similar to an actual sodium/sodium
cell for a uniform rate of advance of the simulated "dendrites",
except at early time. The initial behavior of the actual sodium/
sodium cell showed very ]itf1e resistance change for a time as would
be expected if crack growth rate were actually ekponentia]. |

Back pressure generated by the flow of a viscous fluid in a con-
- fined channe] is described in fluid mechanics by the_?oiseui]]e law. -
It is customary to refer to pressures so generated as Poiseuille
pressures.

Furthererfinements in the analytical treatment of the process of
dendritic penetration havé'beénAoffered by a number of people. The
original treatmént of Armstrong, g}_gl, was only semiquantitétiveAin
character and included no calculation of a degradation tﬁreshbld or
critical current density be1ow which degradation would not be expected
to occur. In addition, current f0cusinb,.which would occur at the tip
of a metal filled cfack in the ceramic, was only 1mp1fcit1y‘inc]Uded
in their preliminary treatment. Richman and Tennenhouse (Ri 75) took
a slightly different approach by replaéingvthe circular cy]ihdrical
crack geometry with a more realistic flat rectangular one, by

considering the role of possible solute fluxes and stress corrosion in
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the crack as the major cause of crack grthh, and by making an

exb]icit estimate of the current focusing effect at the crack tib.

The groundwork was thus laid for,a'§tress-corrosion‘model of crack

eniargeﬁent at subcritical tip ffacture stress which predicted a

critical current density for crack growth. The calculation of this.
criticd] currenf density was pdséib]e, and could be reconciled with

experimehta] data'(Te 75) through assumptions about electrolyte
solubility and suitable choice of adjustable parameters.

| However, the choice of adjustable parameters, espécia]]y crack-

width;-has been criticized as unrealistic in view of'the fact that -

" crack width and Poiseuille bressure within the créck are interdepen-
dent quantities (Sh 78): Furthermohe, dé]ayed fraCfUrektésts done to
evaluate the'degree to which stress corrosfon is Opérativévin the
deterioration of the beta aluminas h&Ve either indicated no evidence
of stress corrosion (Da 79a), or a-small effect which can be virtually

~eliminated by favorab]e.choice of electrolyte compoéitioh (Sh 78, Li
79). Shetty, et al. (Sh 78) have pointed out that'fhe-de1ayed
fracture tests may not brovide valid evidence for digcounting the
operation of stress corrdsion mechanism undef conditﬁons of
electrolytic cycling, but it can still be said that ho éonvincing
evidence has been pfoduced thus far to establish stress corrosion as a .
significant factor in thé electrolytic breakdown of beta aluminas.

A more refined development of the original Armstfong model was
made by Shefty, et al. in which crack entension was taken to occur
only when the Poiseuille pressure in the crack exceeded the critical

(Griffith) fracture strength. From an initial assumption of a linear
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increase in pressure from crack opening to crack tip, a self-consistent
crack shape profile was calculated by an iterative procedure. The cal-
culated profile was nearly constabt in width to about half the depth
of the crack, and then the width decreased gradually to form a rounded
tip. Applying the critical fracture concept to this crack shape, the
authors calculated a critical cdrrent density oflabout 1500 A cm'2 |
for a crack initially 25 um ih length. Previous'experimenta11y ob-
served critical current densities had been reported to be in the neigh-

2 representing quite a discrepancy.

borhood of 1 A cm™
,Thevtreatment of Shetty, gﬁhgl, was in need of some further refine-
ment. The actual current density distributibn around the crack was not
calculated, and without such a.ca1cu1ation.the effect of current focus- .
ing can only be estimated. The actual current_density will affect the
_pressure distribution in’the crack, and this will in turn affect the
shape, so that all three quantities are interactive. The primary cur-
rent distribution around the crack can be found, if its geometry is
known, by solving Laplace's equation fofAthe system. A further compli-
cation enters the calculations because, as pointed out by Brennan“(Br
80b, Br 80c), an electrochemical counter'potential is generated in
sodium under pressure. Thus, there aré at least four interdependent
‘quantities that must enter the calculations if one desires to obtain
the true, or secondary, current distribution around a crack in the |
ceramic. A complicated iterative procedure would have to be used to
assure attainment of the desifed accuracy in solving this problem.
Feldman and De Jonghe (Fe 81) of this group approach the problem
by solving Laplace's equation to.calculate the primary current distri-

bution around the crack. They choose an elliptical profile for the
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ucrack which seems realistic in view of the crack shape generated by
the more approximate treatment of Shetty, gt_gl., and which makes the
exact solution of Laplace's equation possible in terms ofielementary
functions. The dependence of crack opening‘displacement as a function
~of current distributioncis also included in the analysis. This treat-
ment gives critical current densities which'are even larger than those
calculated by‘Shetty, gt_gl., The existence of aipressure gradient
induced electrochemical counter-EMF,'as suggested by Brennan, would
tend to counteract somewhat the effects of current foCusing and lead
to still larger critical current densities.

Modification of the theories, holding that extension of pre-
eXistent cracks by POiseu111e pressure is solely responSible for
degradation of beta a]umina solid e]ectroiytes, must clearly be made
if the predicted critical current denSities are to be reconc11ed with
those actually observed in practice

VIrkar, et al. (vi 80) proposed that the discrepancy couid be.
reconciled by con51dering the current concentrations which will develop
around unwetted areas or other current b]ockingiconditions. Such con-
centrations may be one orﬁtwo orders of magnitude larger than the |
average current den51ty in the bulk of the eiectroiyte. Evidence in
}support of their prop051tion is Cited from experiments done at room
temperature in which_breakdown was reported to be initiating at the
edges of simulated'unwetted regions at the sodium exit surface of the
e]ectroiyte. vHoweuer, 1ack of correspondence between the results of
room temperature and high temperature experiments oone by Feldman and

Buechele:(De 80d) brings into question the vaiidity‘of‘extrapolating
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results from room.témperature experiments into the temperature range
abové the melting point of sodium. |

Bﬁt a more serious objection tb the pfbposal of Virkar et a]._can
be offered on the basfé of ca]chafions done by Fe]dhan, et al. (Fe 81)
of the actual size of zones of cufrent enhancement around blocking
obstacles. Thesevcalcu]ations were made by solving Laplace's equation
exactly for_piocking flaws or unwetted regions of realistic geometry
and dimensions. The ca]cu]ated sizes Qf zones of significant current
enhancement are much too small to play an important role in growth of
any flaws. | |

Perhaps of greater merit in helping to reconci]e the discrepancy
between calculated and observed critical éurrent densities is the work
of Brennan (Br 80b) which predicts that small changes in the inter-
'facial transfer resistance at the sodium/beta alumina interfacg proQ
duce large changes in critical crack geometry. The predictfon is
supported in part by the observation that ;e11s in whiéh polarization
devé]ops fail prematurg]y (Br 80a), but a quantitative assessment of
the contribution of po]ariéation phenomena to the breakdown process
has not yet been made experimenta11y. The incorporation of impurities
from the melt into the ceramic or the depositionvof a sodium oxide
layer on the ceramic due{to oxygen dissolved in thé sodium are probably
the 1ikely ways that interfacial charge transfer resistancé would be
increased. vModification of the surface layer of the céramic by water
absorption before cell assemb]} is also a possible cause; although, in
this case the modification would probably cease to have much effect
after the crack had propagated beyond the surface of the electrolyte.

Other factors certainly contribute to inhdmogeneities in the local
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current dens1ty wh1ch make a precise ca1cu]at1on of cr1t1ca1 current
densities for crack propagat1on d1ff1cu1t. One of these 1s the hlgh |
anisotropy of conduct1v1ty in beta alumina 1tse1f In so1v1ng
'Laplace s equat1on to ca1cu1ate the pr1mary current d1str1but1on around

a crack,gthe assumption is made that one is dealing w1th an 1sotrop1c
conductor. As long as the crack is large compared to the average grain
size in the e]ectro]yte th1s is a reasonab]e assumption. But even in
a long crack, the rad1us of the tip 1s usually well under one micro-
meter, and average gra1n sizes in hlgh qua11ty e1ectr01ytes are rare]y
less than 1 micrometer. Th1s means that 1n the reg1on of the crack
tip, where the most cr1t1ca1 effects of current focus1ng occur, the
actua1 current d1str1but1on is subJect to wide variation. Some grain
geometr1es and mutua] or1entat1ons will be very favorab]e for feed1ng
current to crack t1ps to very sma]] cracks or to gra1n boundar1es,
and others may 11m1t such current f1ow severely.

The an1sotropy certa1n1y must also lead to local var1at10n in the
cr1t1ca1 stress 1ntens1ty factor, K 1c’ SO that cracks in some regions
may start to grow at much 1ower relative current densities, until they
arrest in regions of h1gh loca] KIC It is observed, for instance,
that single crysta} beta a]um1na cleaves through itsfbasa1 planes at a:
much 1ower stress than is required to fracture the polycrystalline
ceramic; The gra1n boundar1es can also be expected to have widely
varying strengths accord1ng to the mutual crystal axes or1entat1ons of
adjacent grains. Impur1t1es or second phases, present at grain bound-
| aries, will further aggravate such variation in'strength. _These'vari—
ations may cpntribute to deflection and branching of the crack network,

further complicating the treatment of propagation of'breakdown Which,
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SO far; has only been done for a single crack propagating parallel to

the current flow.' Branching may s]ow:the'progress of the crack network |

by dividing the availabTe current anong several crack tips, while

“deflect1on of a s1ng1e crack may accelerate crack progress because one .

side of the crack w111 be more effectively fed by the current

2.2. 3 Mod1f1cat1ons of the E]ectromechan1ca] Breakdown Theory’
Mode I Versus Mode II Breakdown |
Even when all the above factors are taken 1nto account howerer,
there st111 seems to remain quite a d1screpancy between the calculated
and observed cr1t1ca1 current dens1t1es. Th1s d1screpancy led Feldman,
.gt_gl, (Fe 81) to propose that the critical stress intensity factor, |

K for mechanical testing, which is employed in the'ca1cu]ations of

Ic’
critical current density, is not the same one which appTies in electro-

B8 L

lytic degradation. They cite the observation of De Jonghe, ;3 _1.

(De 79a) that the'crack tip radius can be as small as IOIA, which would

lead to a ioca] fie1d at the crack tip of 105 \y’-cm'1 for a,crach length

of 10 um at an average electric field intensity of id v c}m'1 in'the bulk

of the e]ectrotyte; The high field in the vicinity of the crack tip

could lead to a substantta1 degree of local electron injection which

would increase the electron1c conduct1v1ty of the ceramic in this

region. Under these c1rcumstances, sod1um may depos1t in the ceramic

under pressure}Just ahead of the crackvt1p. Th1s result of electro- - .

Tytic cycling may modify the mechanica1 properties of the ceramic to | /
Eff

produce an effective critical stress intensity factor, KIC , which is

much lower than the KIC determined by simple mechan1ca1 testing.
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The proposed modification of'thé'cerahic around fhe crack tib by
electron injection, leads to a local e1ectronic'conductivity gfadient ‘
which may‘make possible the neutralization of sodium ions and the
deposition of sodium metal ther pressure within the bulk of the
cerahic. The possibility of a similar proéess occUrring as a result of
an e]ectrohic conduct{Vity‘gradient induced by chemical modificafion’of
the beta alumina thrdugh contact with Tiquid sodium, has already been ’
mentioned. Thé‘wokk done for this thesis has produced substantiai
evidehée for degradation by internal sodium deposition, and has 1ed'De
Jonghe, et al. (De 81a)_to ‘propose that degradation by this mechanﬁsm
be referred to as mode fI degradation.. Mode I degfédation would be the
mechanism described above.in which Poiseuille pressdre, due to cathodic
deposition, propégafes individua] cracks. Further cbmmént on the

nature ovaOde I1 béhavfor will be made in Chapter 6 of this thesis

wherevévidéhce for its operation will be presented.'

2.2.4 Possible Current Induced Thermal Effects

A resistive heating éffect wi]]koccur’in the e1éctr61yte as current
flows through if.‘ In opération of the Sodium/squur cell, part of the
heat produced wil] servé‘the usefuT'purpose of keepfng the reactants
in a mo]tén state. But iniview of the probab]e 1ar§é,variations in
current density and of severe local anisotropy in thé¢e1ectro1yte
a]keady discussed, Tocal i?R heating should be examiﬂéd as a possi-
ble source bf'diffgrentiafvthermai expansion which may itseTf produce
cracking and electrolyte failure. The beta aluminas have excellent
resistance to thermal shock. Imai (Im 80) reports a critical tempera-

ture step for thermal shock failure of about 300°C:_ His results were
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obtained by quénching samples from e]evated temperatures in kerosene
at 20°C and reéording fﬁevminimum temperaturé difference which produced
a decline in fracture strength,due to cracking. In a rectangular slab
or electrolyte 2 mm thick whose surfaces are held at 350°C; simple .
calculations show that a current density_of between 50 and 100 A cm'2
would be required to maintain a pemperature at the center of the slab
which was 300°C above.that at the surface. Under normal operating
conditions of, say, 0.1A cm'2 average current density, the temperature -
in the center ofvsuch a slab will be only about 0.003°C ébove}that of
the ﬁurface. A calculation, which is ouf]ined in Appendix 1, was done
for a "worst case" situation of current focusing into a crack 20 A
wide and 100 wm long using a simplified geometry in which Poisson's
equation could be easily solved. The current density at‘the tip of
such a crack, when the average current density in the electrolyte far

2, would be on the order of 10* A cm2,

from the crack tip is 0.1 A cm
v Thevcalculation predicts a temperature maximum of only a fraction of a
degree above the temperature at the crack tip and at a distance of
about 0.3 um from the fip into the electrolyte. This resuft indicates
that it is highly unlikely that éurrent induced thermal stresses will

produce failure at normal operating current densities.

2.2.5 Contribution of the Polysulfide E]ectrqde to Breakdown

Extensive work has been done on development and optimizatjon of
the polysulfide e1ectrode. These studies can be broadly divided into
two categories: thosé relating to the properties of the pd]ysulfides
and their e]ectrochemistry (Ar 75, C1 73a to e, Gu 72, So 72), and

- those relating to the design and operation of the polysulfide electrode
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(Br 79a to d, Gi 74, Ka 76). No studies have appeared of the effects
of the design or operation of fhe pb]ysdlfide electrode on the beta
é}umina electrolyte, largely pecause very few éffétts haQe beén
élaimed. ‘Those effects which Have been réported, imprinting from the
carbon felt (Fo 77), minor'cracking (Fa 73b), and pinhoie pitting and
corrosion (Iw 80), have not been considered to be a sefious enough
threat to acceptab1e cell ]ifetimes to warrant any sort of extensive
examinatioﬁ and study. But it:cou]d simply be that other more serious
cell problems have limited cell lifetimes to an eXtent whi ch has not
permitted the §u1fur eleétrode problems to dévé1op sufficiently to
need consideration. Clear signs of electrolyte dégradation at the
polysulfide e]ectrode/e1ectro]yte interface have.been'observéd and

studied in the course of the work done for this thesis.

2.3' Objectives of this Work

The following objeétives were formulated:

- To examine cérefﬁ]]y electrolytes removed from‘commercially
produced and cycled sodium/sulfur cells; and to search for evidence of
chemical modification from contact}withv]iquid sodium; for evideﬁce of
Mode Ii breakdown, for eVidence of sulfur surféce degradation; and to
characterize these phenomena. | | |

- To study the chemica1 modificatidn produced by éontactvof beta
alumina electrolytes with mo]tén sodium. |

- To explore the feésibi]ity of using acoustic emission mbﬁitoring
to determine the critical current density for the onset of mode I more
accurately;.and to Qse this method to.eva1uate the dependence of that

critical current denéity on electrolyte average grain size.



3. MATERIALS AND GENERAL EXPERIMENTAL METHODS

3.1 Méteria]s and Equipment

Polycrystalline e]ectro]ytes used in tHese experiments were in the
form of.tuﬁes of lithia stabilized sbdium beta" alumina manufactured
'by Ceramateé of Salt Lake City, Utah. The approximate dihensions of
the tubes were 200 mm Tong by 15 mm inside diaﬁeter with a wall thick-
" ness of about either 1.3 mm or 1.6 mm. The composition of the tubes
was specified by ﬁhe manufacturer as 8.85 wt% Nay0, 0.75 wt% Li,0,
balance A1203. Three different microstructures were'supplied by specia]v
request so that grain_size effects could be studied. The tubes were
stored under dry argon. | |

Large single crystals of sodium beta alumina, grown at Union
Carbide, Linde Division, Sén Diego, Ca]ifofnia,.were also ﬁsed in the
experimgnts. These were storéd in an evacuated dessicator and cut up |
into smaller pieces as required. |

Sodium for thé experimepts was ACS certified grade obtaihed from
Fisher Scientific Company, Santa Clara, California. |

‘Experiments-requiring the use of molten sodium Qere perfqrmed in
an argon atmosphere,_maintained'in a VAC HE 43-2 Dri-LaB élove box
equipped with a HE-493 Dri-Train to hold the oxygen and water vapor
levels in the argon atmosphere around the. 1 ppm level. Precision
sensors for oxygen and water vapor were not available; but in a stand-
ard, practical test 25 watt light bulbs with their glass envelopes
removed were‘maintained in a lighted sfate for periods of a month or
more without burning out, verifying that there were no mbre than a few

ppm of oxygen or water vapor in the glove box. ‘Furthermofe, periodic

36



LAl

37

checks were made with a helium leak detector to inoure the integrity
of the seals and critical areas of the glove box. In spite of these
precautions, the slow formation of sodium oxidejaround the mo]ten
sodium indicatedathe oonstant’presence of some oxygen orvweter vapor.
Most of th1s probab]y entered by d1ffus1ng through the neoprene g1oves.
Therefore 1t must be assumed that the sod1um used in these exper1ments
was saturated with oxygen. Th1s puts the oxygen fugac1ty in the
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sodium metal at about 10 atm at 350°C.

3.2 Characterization of the Ceramatec Material

 3.2'.1 Fabrication \
The fabrication of the Tithia stabilized s‘odiumvbeta" alumina tubes
supp11ed by Ceramatec has been descr1bed 1n the 11terature (Mi 79).
The green tubes are produced from a spec1a11y prepared powder of the
proper compos1t1on by wet bag 1sostat1c pressing at 55 KPSI (380 MPa)
on a po11shed steel mandr11 The green tube is then s1ntered for a few
minutes at 1550 C and annealed for 1 to 2 hours at 1475°C. The tube
is.sealedvtn-a p]atinum bag during sintertng and annea]ing to prevent
soda loss. - Full converéion to beta" alumina only takes place during :

the sintering and annealing operation.

3:2 2 Mtcrostructure

Tubes were supp]1ed by the manufacturer both with a norma] fine
grain structure and, by spec1a1 order, with abnorma]]y large gra1n
microstructures produced through high temperature anneal1ng. The fine

grain tubes are identical to those supplied to the Ford Motor Co. and °
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used by them in'expérimentalvsodium/sulfuf cells. The speciél]y
treated large gfain tubes were specified by thé manufacturer to have
average grain sizes of 300 um, 150 yn, and 10 ym. A]T were examined

. carefully befdre being used to determine relevant microstructural and
electrical characteristics. In the course of this exahination it was
found that the 10 um §verage grain size material was esséntia]]y.
identical in microstructure to the fine grain material and both will
be referred to hereafter as "10. ym" material.

Figure 3.1 shows cross sections of the various grain size tubes
which have been polished -and then etched for 15 to 60 seconds in boil-
" ing concentrated phosphoric acid. The grains in all of the'specimeﬁs
are platelet shaped with the sectioned surfaces of the grains showiqg
‘aspect ratios of up to about ten. | |

It was clear that the "average grain éizes" of 300, 150, and 10 um
quoted by the manufacturer were not representative of the actual aver-
age grain sizes of the tubes. Therefore an independént assessment of
micfostructure was made_by drawing several random lines on scanning
electron micrographs of each specimen, counting the‘nUmber of grain
boundaries intersected, énd dividing the total length of the lines by
this nuhber. This is not a rigorous determination of grain size since
grain geometry was not taken into account, but is the average grain
boundary spacing;' The manufacturer's designations of the grain sizes
as "300", "150" or "10 ym" will still be used nominal]y in this work
to identify the various microstrhctures. These désjgnations appear to
be approximately correct in referénce to the maximum grain dimension |

observed in the respective materials.
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XBB 813-2321

Low (left) and high (right) magnification views of
polished etched electrolyte tube cross sections:
A. "10 ym" B. "150 pm" C. "300 um".

Fig. 3.1
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Al11 of the microstructures are bimodal in grain size, although
this is least evident in the "10 wyn" material. The fine grain
component of the "300 yn" material is nearly identical to the overall
grain structure of the "10 ym" material. The fine grain component of
the "150 ym" material is, on the average, larger than that of the
"10 ym" material, and more equiaxed. The large grains in the "300 um"
material form a continuous network enclosing isolated regions of fine
grain material, in contrast to the opposite situation in the "150 ym"
material where the large grains are scattered throughout a continuous
matrix of fine grain material. Table 3.1 summarizes the results of

the microstructural measurements.

3.2.3 Surface Features

Since it has been postulated that surface features are especially
significant in the initiation of breakdown, a special effort was made
to find and record such flaws. The following characteristics were
noted for their potential importance in the breakdown process. The
outer surface of the tubes, especially that of the "10 ym" tubes, was
significantly rougher and more highly populated with flaws than the
inner surface (Figure 3.2A and B). Surface flaws consisted of:
1) cavities, usually about 3 to 10 um across at the surface and ex-
tending about the same distance below the surface (Figure 3.2C), but
occasionally extending much deeper (Figure 3.2D); 2) features appear-
ing in crossection as if the surface had folded over on itself (Figure
3.2E), possibly arising from surface irregularities like the one shown

in Figure 3.2F; and 3) curvature of the basal planes in some of the
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Table 3.1

Microstructural Data for Beta" Alumina Electrolytes

from Ceramatec

Nominal Grain size (um)

Random line grain
boundary spacing (um)

Large grain fraction
(longest dimension > 10 um)

Average large grain
size (um)

Average fine grain
size (um)

Average longest dimension
of largest grain (um)
(measured on the 20
largest grains in a

200 ym square)

10

1s1

1%

2.4

0.94

14.0

150

5.4

59%

15.4

2.8

38.2

300

5.2

83%

20.4

1.1

54.3
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XBB 817-6530

Fig. 3.2 Surface features of "10 ym" beta" alumina tubes:

A. inside surface B. outside surface C. cavity,
inside surface D. cross section of deep cavity,
outside surface E. cross section of "foldover"
flaw, outside surface F. adherent agglomerate,
inside surface.
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grains near the surface (Figure 3.3). Note also that the grains near
the surface are more uniformly small sized and equiaxed than those near
the center of the tube. The roughness of the outer surface is probably
due to the inability of the rubber bag used in the isostatic pressing
operation to smooth fully the particle agglomerates that are present in
the powder as it is poured into the mold. The "foldover" flaws are
1ikely due to the compaction of especially large agglomerates in the
tube surface. The curved grains near the surface may be caused by
stresses generated near the surface during sintering. Loss or uptake
of soda at the surface during sintering may be responsible for such
stresses. A composition gradient over the tube cross section would
result, and could account for the difference in microstructure at the
surface and in the bulk. The tubes reportedly have a resistivity that
is about 25% higher measured radially than measured axially, and the
microstructural variation observed here is undoubtedly a contributing
factor. It should be added that when polishing large grain size
materials for microscopy, pullouts along the boundaries of large

grains near the surface were fairly common (Figure 3.4) indicating

that areas adjacent to large surface grains might be expected to act

as sites of easy crack initiation. Evidence of enhanced breakdown at
the boundaries of anomalously large grains near the surface in cycled
electrolytes has been found and will be presented later, but the other
surface flaws noted here have not been connected to consistent patterns

of electrolyte breakdown in this or other studies so far.
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BAKELITE g

XBB 817-6531

Fig. 3.4 Pullouts from large grain boundaries near surface
in "300 ym" material.
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3.2.4 Internal Irregularities

In addition to these surface features, two types of interior voids
were found: isolated single voids up to about 10 wm across (Figure
3.5A) and patches of small intergranular voids extending over regions

about 5 to 50 um in size (Figure 3.5B).

3.2.5 Electrical Properties

The complex conductivity of one of the tubes was measured by apply-
ing blocking gold electrodes to a sample cut from it and by employing a
frequency sweep method discussed by the author elsewhere (Bu 78). A
microprocessor control was designed to automatically step the frequency
through 35 values from 1 hz to 10 Mhz at each of six temperatures from
50°C to 425°C. Figure 3.6 shows the curves generated from these
measurements at 200°C, 275°C and 350°C. Here the rightmost intercept
of the complex conductivity curve with the conductivity axis gives the
D.C. conductivity of the sample. A calculation from the plotted data
gives a resistivity value of 4.1 ohm cm at 300°C which compares favor-
ably with the manufacturer's reported value of 4.5 ohm cm at that

temperature. The activation energy is 5.14 kcal mo]e'l.

On inquiry,
the manufacturer said that their measurements had also been done using
A.C. techniques, but with sodium nitrite/nitrate eutectic electrodes
at 300°C and at 30 khz or some other frequency in the uniform response

portion of the dispersion curve.

3.3 Silver Decoration
Small cracks in cycled electrolytes are often impossible to detect

without some form of decoration. Some of the cracks are so small as
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XBB 817-6528

Fig. 3.5 Fracture surfaces of "10 um" material showing the
two types of interior voids.
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Fig. 3.6 Admittance plots for "10 um" material at 200°C,
275°C, and 350°C.
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to resist penetration by conventional dye penetrants. Complete silver
exchange, such as used to examine the effects of sodium immersion,
usually obscures rather than reveals the cracks because of the intense
darkening which occurs in the electrolytes which have been exposed to
sodium. A technique of decoration developed by De Jonghe and Feldman
(De 80a) was used in which the samples are immersed for 15 minutes to
an hour in a 1 molar aqueous solution of silver nitrate held at about
90°C. The sodium or sodium oxide residue in the cracks is readily
replaced by silver, and only a slight enhancement of darkening occurs
in the bulk of the electrolyte. Cracks not formed by electrolytic
degradation, and surface scratches, contain no sodium residue and do
not decorate in this treatment. The decorated cracks are readily ob-
served in the metallographic microscope when viewed in dark field il-

lumination, or through crossed polarizers to reduce surface reflection.

3.4 Microscopy and Microanalysis

Many specimens of electrolyte from sodium/sodium cells made in this
lab, and from sodium/sulfur cells manufactured commercially, were pre-
pared for microscopic examination. Low power optical microscopy was
used to examine the surface features of the electrolytes. Higher mag-
nification was used on specimens which had been sectioned and polished.
Etching and silver decoration/exchange were used as necessary to high-
light features of interest.

Other specimens were examined in the AMR scanning electron micro-
scope equipped with an EDAX energy dispersive x-ray analysis unit.
Microstructure determination and impurity analysis were generally done

in the SEM. Specimens were prepared for microstructural analysis by
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sectioning with a diamond saw, and polishing and etching in boiling
concentrated phosphoric acid for 5 to 30 seconds. Specimens analyzed
for impurity content were simply cut or broken to the proper size.

A few specimens of electrolyte taken from sodium/sulfur cells were
examined in a scanning Auger microscope (Physical Industries, Inc.,
Springfield, New Jersey). The microscope was equipped with a stage

which permitted in situ fracturing of specimens. Bars about 3x1 mm

and 20 mm long were cut from electrolyte tubes and notched at the
desired point of fracture using the diamond saw. The bars were then
clamped into the specimen holder, inserted in the microscope stage,
and fractured after the system had been pumped down.

Foils were also prepared for transmission electron microscopy by
ion thinning samples taken from sodium/sodium cells and from sodium/
sulfur cells. Thick (up to 5 um) regions of these foils were examined
using the Hitachi 650 kv electron microscope at the Berkeley Campus of
the University of California. Thinner regions (up to 0.2 um) were
examined using 100 kv microscopes: either a Siemens 102 for high reso-
lution work, or a Phillips model 400 scanning transmission electron
microscope. The latter instrument could be used easily for very high
resolution energy dispersive x-ray analysis, since it had a beam size
of about 0.2 um, and the beam could be directed at any desired portion
of the sample. The resulting x-rays were detected and analyzed to
determine the elements present. Although the instrument can also be

used in the STEM mode, this was not found to be needed here.

3.5 A.C. Dispersion Analysis

Rectangular bar specimens of sodium immersed and of as-prepared
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electrolytes were subjected to A.C. dispersion analysis using methods
and equipment described in detail by the author elsewhere (Bu 78 pp.
50ff). Some single crystal material was also examined by this method.
One sodium/sodium cell was subjected to A.C. dispersion analysis
during D.C. cycling. An A.C. component was superimposed on the D.C.
current level using a current control amplifier. This system was then
coupled to the gain-phase meter used in the A.C. dispersion measure-
ments. Maximum frequency had to be Timited to 10 khz owing to the
response of the amplifier and the capacitance and inductance of the

relatively long interconnections required.



4. CHEMICAL COLORATION OF THE BETA ALUMINIA

4.1 Introduction

A light gray darkening is produced in sodium beta or beta" alumina
by contact with molten sodium. The darkening is a chemical effect,
since it appears even in the absence of charge transfer through the
electrolyte. Weber (We 74) has noted the coloration, and has shown it
to be associated with a factor of 102 - 103 increase in the electronic
conductivity of the ceramic; but no other studies of the properties of
darkening have appeared. This lack of interest has probably been due
to the assumed unimportance of darkening in comparison to the more
widely studied mode I process. The cycled electrolyte failure analysis
done for this thesis shows the existence of a slow degradation mechan-
jsm in electrolytes taken from sodium/sulfur cells. A gradient in the
electronic conductivity of the ceramic plays an important part in this
mechanism (De 8la). The effects become evident after prolonged cycling.
A clarification of the nature of chemical darkening is therefore neces-
sary to determine its possible role in this slow degradation process.
A series of experiments was performed using single crystals of sodium
beta alumina, and polycrystalline sodium beta" alumina electrolytes of

various microstructures, to promote such clarification.

4.2 Experimental

Experiments requiring the use of molten sodium were carried out in
a glovebox, under argon containing less than 5 ppm oxygen. Still, the
sodium must be considered as being saturated with oxygen and this

places the oxygen fugacity in the sodium at about 10'58 atm at 350°C,

52
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the temperature used for most of these experiments. Temperatures were

controlled to * 1°C between 250°C and 450°C.

4.2.1 Single Crystal Experiments

Figure 4.1 follows schematically the basic steps of the coloration
and bleaching experiments. Single crystals of sodium beta alumina
were prepared for use by subjecting them to a crack healing process.
Such single crystals tend to cleave partially or totally through the
basal planes in a spontaneous manner after being exposed to air for a
period of days. It is believed that this is due to the effects of
absorbed moisture. The crystals used in these experiments were stored
in an evacuated dessicator, but cleavage cracks still developed. Most
of these cracks can be healed by high temperature annealing; and so
after cutting the crystals to the desired size, they were annealed for
two hours at 1600°C while packed in coarse beta alumina powder of the
same soda content to prevent soda loss.

Several of these crystals were then immersed in molten sodium at
300°C and 350°C for periods of time ranging between 30 and 250 hours.
Despite the crack healing procedure, it was found that sodium had
infiltrated some of the remaining cleavage cracks (Figure 4.2) in all
but one case. Since the cracks which were infiltrated had to be very
narrow, it would appear that the problem of wetability of beta alumina
by molten sodium is less significant than some workers have suggested
(Vi 79). The crystals were weighed before and after sodium immersion
to detect any weight change that might accompany a possible second

phase formation.
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Fig. 4.1 Basic steps in coloration and bleaching experiments.



Fig. 4.2

XBB 815-4065

Single crystal of beta alumina after immersion in
molten sodium showing souium which has infiltrated
basal plane cracks. [c] direction is perpendicular
to plane of figure.
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A1l crystals developed a light grey coloration during sodium
immersion. An immersed crystal is compared with a virgin crystal in
Figure 4.3 where the darkening is quite apparent. When immersed single
crystals are ion exchanged in molten silver nitrate at 325°C, they
darken severely. A crystal exchanged without having undergone prior
sodium immersion does not darken at all. Measurements of the progress
of coloration were assisted by enhancement of darkening through silver
ion exchange.

Cross sections through the darkened crystals revealed that the
coloration progresses into the crystal in a layer like fashion with a
rather sharply defined interface. Kinetics of the darkening were
studied by immersing single crystals in sodium for various lengths of
time at 300°C and 350° and measuring the thickness of the darkened
layer. The cross sections cut from the darkened crystals were rough
polished, and micrographed at a suitable magnification; the thickness
of the darkened layer was computed from measurement on the micrograph.
Other sections from the darkened crystals were heated in air for vari-
ous lengths of time at temperatures between 250°C and 600°C before
silver exchange. This produced bleaching; below 400°C this bleaching
also proceeded as a discrete layer from the surface of the crystal.
Kinetics of the bleaching process were also studied by measuring the
thickness of the bleached layer.

The role of oxygen in the bleaching was investigated by an experi-
ment in which a darkened single crystal and a piece of vanadium foil
were sealed together in an evacuated quartz ampoule. The vanadium
foil was selectively heated to about 700°C so that it could react with

any oxygen remaining. This established an oxygen partial pressure
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XBB 800-14681

Fig. 4.3 Comparison of beta alumina single crystals showing
darkening produced by immersion in molten sodium.
[c] direction is vertical in plane of figure.
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about about 10—37 atm in the ampoule. The ampoule was then heated to
400°C for 24 hours, cooled, and opened; and the crystal then removed and
silver exchanged.

To see if low oxygen fugacity alone would cause darkening of beta
alumina, several evacuated ampoules were prepared as above, each con-
taining a single crystal and a vanadium foil getter. These ampoules
were then heated, each at a different temperature/time combination.
Temperatures ranged from 350°C to 800°C, and times ranged from 50 to
350 hours.

A single crystal was coated with IN-3 sealing glass (Owens-I1linois,
Electronics Products Division, Toledo, Ohio), leaving only a portion of
a cleaved 00.1 face exposed as shown schematically in Figure 4.4, and
then immersed in sodium at 350°C for 34 hours. After immersion the
crystal was sectioned and stained by silver exchange, and the pattern
of coloration was examined. This experiment helped to answer gquestions
about coloration defect diffusion paths and possible coloration
anisotropies.

To explore the possible effects of water on the coloration process,
a single crystal of sodium beta alumina was placed in a warm 9 molar
sulfuric acid for 5 minutes to partially exchange the Na+ with hydronium
ion (H30+). It was then immersed in molten sodium at 350°C for 48 hours
along with a crystal, which had not been exchanged, to act as a control.

There was a very rapid initial bleaching to a depth of about 15 um
which developed in all single crystals in about 15 minutes. About one
hour would have been required if this layer had bleached at same rate
measured in the remainder of the bleaching process. De Jonghe has

reported (De 77, pp. 5-42f.) that beta alumina exposed to cool, moist
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Fig. 4.4 Schematic cross section showing method of fabrication
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air very rapidly adsorbs a monolayer of water on its surface, and then
continues to absorb water into its bulk at a much slower rate. It was
thought that this surface monolayer might be diffusing into the crystal
during the heating to produce the rapid initial bleaching. To test
this theory, two single crystals were exposed to 33% relative humidity
at 25°C for 1 hour. One was bleached for 2 hours and the other for 1
hour at 350°C. The former was then silver exchanged and the latter

was exposed to the same conditions of temperature and humidity for an
additional hour to allow the adsorption of another monolayer of water.
This latter crystal was then bleached another hour at 350°C and finally
silver exchanged. Since the bleaching time was the same for both
crystals, it was reasoned that if the water were responsible for the
rapid bleaching, the crystal exposed twice to the humid air should show
a greater depth of bleaching.

Because the bleaching rate did not show a steady increase with
temperature, but an apparent maximum around 250°C, the following dual
temperature phase bleaching experiment was done to clarify the differ-
ence between possible oxygen transport mechanisms. Three single crys-
tals were cut from a parent crystal which had been immersed in sodium
for 266 hours at 350°C. The first was bleached 96 hours at 350°C.

The second was bleached 24 hours at 350°C and then an additional 72
hours at 250°C. The third was bleached 96 hours at 250°C. Then the
three crystals were silver exchanged, and the thicknesses of the
darkened layers were measured and compared.

Weight changes were recorded in the process of silver ion exchang-
ing uncolored, colored, and bleached single crystals, and used to cal-

culate exchangeable soda content.
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Complex A.C. conductivity measurements were made on uncolored
colored, and bleached single crystals. These measurements were done

to determine approximate ionic conductivity in the conduction planes.

4.2.2 Polycrystalline Material Experiments

Polycrystalline specimens of soidum beta" alumina were also sub-
jected to sodium immersion testing. A large specimen (about 2 grams)
of the "10" um material was immersed in molten sodium at 350°C for 100
hours. It was weighed both before and after immersion, and after
bleaching in air for 54 hours at 800°C.

Five sets of polycrystalline tube pieces, each set containing a
piece each of the "300", "150", and "10 um" material were immersed in
sodium at 350°C for periods of 1, 2, 4, 8, and 16 days. After being
removed, they were washed in methanol to remove the adherent sodium.
The surfaces of the samples showed only slight and irregular darkening
after immersion, as can be seen in the bottom half of Figure 4.5. The
samples were then silver exchanged. They darkened in a graded fashion,
as is evident in the top half of Figure 4.5. Darkening increased with
increasing time of immersion and with decreasing average grain size.
Weight changes during silver exchange were recorded and used to calcu-
late exchangeable sodium contents.

The samples were next sliced and polished in cross section. This
revealed a layer of darkening which increased in thickness as time of
immersion increased for samples of a given grain size (Figure 4.6).
Measurement of the advance of the colored layer in polycrystalline
samples was done by making optical micrographs at a suitable magnifi-

cation of the polished, cut cross sections of the sodium immersed,
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XBB 807-8892

Fig. 4.5 Surfaces of immersed polycrystalline electrolyte
specimens before (bottom) and after (top) silver
ion exchange. Nominal grain size in um indicated
at left of rows on top. Same order on bottom.
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XBB 807-8887

Fig. 4.6 Polished cross sections of silver exchanged colored
polycrystalline electrolytes. Days immersed in
sodium are indicated adjacent to each specimen.
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silver exchanged electrolyte tube segments, and scanning the negatives
of these micrographs on an optical microdensitometer to produce plots
of the optical density. Darkening at the surface became more intense
with time (Figure 4.7), but the plots were normalized by assigning a
concentration of 1.0 to the optical density at the surface of the
electrolyte. The position of the relative density of 0.5 was then
used to measure the advance of the colored layer. This position was
plotted against the square root of time, and a linear dependence indi-
cated diffusion control of the coloration process. The system was
treated as a semi-infinite medium with a surface concentration Co'

The solution of the diffusion equation for this case is (Cr 56, p. 19):
C = Co(l—erf(x/Z /Dt)) 4.1

Letting C = O.SCO, the effective diffusion coefficient follows from

equation 4.1:
D = x2/0.92t 4.2

It was not possible to determine the exact relationship between
the concentration of the coloration defect and the optical density of
the micrograph. A proportionate relationship should exist, however,
allowing reasonably accurate determination of diffusion rates.

Specimens of polycrystalline silver and sodium beta" alumina were
partially masked, and placed in a beam of intense ultraviolet 1light.
The silver beta" alumina was produced by ion exchange, and the surface

was polished before exposure to insure that effects observed were not
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due to surface residue of silver nitrate from the ion exchange treat-
ment. Photon energies in the beam ranged up to about 12 eV, so that
electron-hole pairs could be created directly in the exposed electro-
lytes. The experiment was done to seek clarification of the role of
free electrons and holes in the coloration process.

The effect of sodium immersion and bleaching on complex conduc-
tivity was investigated. A small rectangular bar about 1x1x5 mm was
cut from a tube of 10 um material, and evaporated gold electrodes
were applied for the dispersive A.C. conductivity measurements. A
precision jet of alumina abrasive from an industrial abrasive blast
unit (S.S. White Co., Model F) was used to prepare the surface for
electrode application as well as to remove the electrodes before the
sample was subjected, first to coloration by immersion, and finally to
bleaching. Three pieces cut from the same tube were subjected to
silver exchange, one at the outset, one after coloration by immersion,
and one after bleaching, in order to monitor the exchangeable sodium

content at each stage of the process.

4.3 Results and Discussion

4.3.1 Preliminary Analysis

Extensive examination by transmission electron microscopy of foils
made from darkened electrolytes has failed to reveal any feature that
can be attributed to the chemical coloration. It is highly likely,
therefore, that the coloration results from the creation of point

defects rather than from second phase formation.
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The results of the weighings done in the course of the coloration
and bleaching experiments also failed to provide any evidence of second
phase formation.

In single crystals immersed for 100 hours, an average weight gain
of 300 ppm was noted, slightly more than the 200 ppm uncertainty in
the weighing. The gain was attributed to sodium infiltration because
no independent evidence of second phase formation (e.g. increased
cleavage tendency, clouding, or disintegration of the crystals) was
observed. Second phase formation or sodium metal precipitation would
undoubtedly produce severe strains in the single crystals, leading to
fracture. Chemically colored crystals examined under the optical
microscope in a small, strong transverse light beam showed no evidence
of the Tyndall effect which could be expected to be observed if col-
loidal sodium were present in the crystal.

Exchangeable soda contents, measured in specimens of as-received,
colored, and bleached single crystals, all fell within the range of
6.4 £ 0.3% Na20, the high uncertainty being due to the fact that
small (25 - 100 mg) specimens had to be used to conserve scarce single
crystal material. Within these 1imits of uncertainty no statistically
significant differences were found in the three classes of single
crystals. A.C. dispersive conductivity methods also showed that no
significant changes in the ionic conductivity were brought about by
coloration or bleaching.

Weight changes for the large polycrystalline specimen were within
the 20 ppm uncertainty in weighing both after coloration and after
bleaching. Neither was there any statistically significant change in

exchangeable sodium content or resistivity of the polycrystalline
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material after coloration, regardless of the duration of sodium immer-
sion up to 384 hours, or after bleaching.

Al1 of the evidence above favors an interpretation of the darkening
in terms of point defects. Therefore, the results of the experiments

have been approached from this point of view.

4.3.2 Penetration of Darkening and Enhancement by Silver Exchange

in Single Crystals

Penetration of darkening into the crystal is almost isotropic with
perhaps slightly deeper penetration along the conduction planes than
through the spinel blocks.

Figure 4.8 shows two views of a cross section cut from an immersed
and exchanged single crystal; points of deeper penetration are due to
basal plane cracks. The upper micrograph in the figure was taken with
transmitted polarized light, while the lower was taken with unpolarized
light. The darkened portion of the crystal polarizes light strongly.
The specimen is completely opaque when viewed parallel to the [c] axis
but transparent when viewed perpendicular to it (Figure 4.9). It can
be deduced, therefore, that the metallic silver responsible for the
blackening is deposited in filaments or platelets, lying in the con-
duction planes, leaving the spinel blocks clear to transmit light.
This also accounts for the polarization of 1light passing through the
darkened part of the crystal, since conduction and optical absorption
can occur only along the length of the platelets or filaments but not
along the width which is presumably only one silver atom's diameter.

The precipitation of silver in the conduction planes requires that

electrons be supplied to the silver ions so that they can be reduced.
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Fig. 4.8 Cross section of silver exchanged darkened single
crystal viewed in polarized light (top) and
unpolarized light (bottom) to show that the layer
of darkening polarizes light and that it penetrated
the crystal almost isotropically.
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XBB 807-8884

Fig. 4.9 Anisotropy of 1ight transmission by silver exchanged
darkened single crystal.
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The point defects responsible for the darkening must therefore have

this reducing property.

4.3.3 Kinetics of the Advance of the Darkened Layer in Single
Crystals

The darkening proceeded more slowly, and appeared to be slightly
less dense, at 300°C as compared with 350°C. Figure 4.10 is a plot of
the results of the darkened layer growth measurements. A parabolic
time dependence was found to apply indicating that the darkening
process is under diffusion control. The sharpness of the interface
between darkened and undarkened portions of the crystal suggests that
the process involves a saturated layer growth such as would occur in
tarnishing. In this kind of diffusion process, one cannot obtain the
self diffusion constants of the defect components directly from layer
progression measurements without a knowledge of a detailed defect re-
action, of the fraction of the diffusing species in the reaction pro-
duct, and of the concentration of the diffusing species at the outer
surface of the solid. When these parameters are known, a relationship
can be established between the scaling constant, determined from layer
thickness measurements, and the self diffusion constants of the various
defects involved (cf. Kr 74, pp. 72ff.). The system is described by

an equation of form:

) 1/2
XL = (ZKLt) 4.3

where X, is the layer thickness, KL is the scaling constant and t

L
is time. In tarnishing a major change in composition occurs in the
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tarnished layer as compared to the substrate. In beta alumina only
point defects are involved in the darkening, but the sharpness of the
interface indicates a strong concentration dependence for the diffu-
sion constants of the active species. Since the defect reaction is
not known in detail, all that can be determined from layer thickness
measurements is the scaling constant which is tabulated in Table 4.1.
An activation energy has been calculated which is about half that
measured for electron transport in the beta aluminas (Wh 71a, We 74)
suggesting that electron transport is not the rate determining factor
in the progress of darkening. It was mentioned above that sodium ion
transport through the spinel blocks has been demonstrated to be effec-
tively nonexistent below 1000°C (Ya 67), and aluminum jon mobility is
also expected to be very Tow. Oxygen transport, therefore, either by
oxygen vacancies or hydronium ions, appears to be the prime candidate
to explain the progress of darkening. Oxygen vacancies would be
created in the reducing conditions of sodium immersion. Hydronium
jons would be absorbed from the air as the crystal was being prepared

for an experiment.

4.3.4 Other Aspects of Single Crystal Coloration

The role of water in the coloration process was discounted by the
results of the experiment in which a partially H30+ exchanged crystal
was immersed in sodium along with a crystal which had not been ex-
changed. The depth of the darkened layer was the same in both speci-
mens indicating that water in low concentration has no effect on the
coloration process, contrary to what has been suggested by other

workers (Te 80).
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Table 4.1. Single Crystal Coloration Kinetics Data

Temperature KL
300°C 1.13x10710 ¢m? sec™!
350°C 3.41x10710 cm@ sec™!

Activation Energy = 15.7 kcal mo]e'1
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A11 single crystals heated at oxygen partial pressure of 10'37 atm
were visibly darkened by the procedure, but the darkening did not
intensify or even persist when the crystals were silver exchanged.
From this result it is concluded that substantial reduction of sodium
beta alumina in a gas phase system is probably impossible. This is
probably due to kinetic hindrances, since the mean free path of the

oxygen is very large at the low pressures involved here.

4.3.5 Kinetics of the Advance of the Bleached Layer in Single
Crystals

In Figure 4.11 several single crystals, all cut from the same
parent crystal, are shown after bleaching at the temperatures and for
the times indicated. They are viewed parallel to the [c] direction.
The parent crystal had been immersed in sodium for 73 hours at 350°C.
Several things can be noted here. Comparing the 24 hour bleached sam-
ples, there is a local maximum in the rate of bleaching at 250°C. At
a given temperature (350°C is shown) the bleaching advances inward
along the conduction planes as a function of time. The interface
between the bleached and unbleached crystal is very sharp up to 350°C
and then becomes more diffuse for bleaching done at higher tempera-
tures. The rate of bleaching again increases above 400°C, and at
600°C bleaching was complete in less than 24 hours. The bleached
layer is wider at the narrow ends of the crystals in Figure 4.11, but
this is an artifact of crystal preparation. The narrow end is part of

the surface of the crystal that was exposed to air before sodium
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jmmersion. The wide surfaces were produced when the parent crystal
was sectioned after sodium immersion, and it was these surfaces that
were used for measurements of bleaching kinetics to be reported next.
The width of bleached 1ayer was measured for several bleaching
times in two sets of crystals: one bleached at 250°C, the other at
350°C. The results are plotted in Figure 4.12. As with the colora-
tion, a parabolic time dependence is shown by the bleaching indicating
diffusion control. The values of KL were calculated from the slopes of
the plots and are Tisted in Table 4.2 where the values of KL from the
coloration are repeated for comparison. The bleaching proceeds much
more slowly than the coloration at 350°C, but at 250°C the bleaching

is faster than the coloration at 300°C.

4.3.6 Other Aspects of Single Crystal Bleaching

The two plots in Figure 4.12 are corrected since they originally
extrapolated back to x = 15 ym at t = 0. The failure to extrapolate
to the origin is due to the rapid bleaching effect mentioned above.
It was thought that the rapid bleaching in this layer might be due to
water absorbed from the air when the parent crystal was being sawed
up, but the single crystals exposed to moist air for different periods
of time developed bleached layers of the same depth (about 25 wnm).
Therefore, it can be said that moisture has little or no effect on the
bleaching process at the levels it was present here.

The cause of rapid initial bleaching remains unknown. It may be
due to minor delamination of the spinel blocks at the edge of the

crystal occuring during the sawing process.
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Table 4.2. Single Crystal Bleaching and Coloration Kinetics Data

Temperature K. (cm2sec-1)
Bleaching Coloration
250°C 1.74x10-10
300°C 1.13x10-10

350°C 5.90x10-11 3.41x10-10
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Figure 4.13 compares the edge of the crystal heated in low oxygen
partial pressure with the edge of the one heated in air under the same
conditions (24 hours at 400°C). No bleaching has occurred at the ex-
posed edge of the crystal sealed in the ampoule, while, in contrast,
the one heated in air has developed a bleached layer about 50 um wide.
The role of oxygen in the bleaching is thus convincingly established.

While coloration occurs in an almost isotropic fashion, bleaching
progresses only along the conduction planes. Figure 4.14 shows cross
sections of several crystals, the top one unbleached and the rest sub-
jected to the bleaching treatments indicated. It is apparent that no
bleached layer develops from the spinel block side of the crystal under
any bleaching treatment. Therefore, it can be said that virtually no
oxygen can penetrate the outer spinel blocks of the crystal under
normal atmospheric bleaching conditions.

Because the spinel blocks in beta alumina are reported to be fairly
impervious to transport of any ionic species at the temperature at
which darkening was observed, and because of the anisotropy of the
bleaching, the first explanation considered for the coloration/
bleaching phenomena involved only ionic transport in the conduction
planes. It was initially postulated that oxygen ions were removed from
the crystal at its conduction plane edges in liquid sodium. The oxygen
vacancies created were believed to be compensated by electrons, and
electron transport through the spinel block would then be the rate
1imiting factor in such a case. The electronic short circuit provided
by the sodium in contact with the crystal surfaces would permit the
compensation required for isotropic darkening. Bleaching done in air

could then propagate only through the conduction planes. If the
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TEMP. BLEACHED HOURS
25 C

250°C

350°C

40 o°c{

450°C

500°C

* IN AMPOULE
10 mm

XBB 815-4304

Fig. 4.14 Cross sectional view of darkened single crystals
subjected to various bleaching treatments before

silver exchange.
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explanation was correct, it was reasoned that the crystal could not
darken if the conduction plane edges of the crystal were sealed off,
even if the other surfaces of the crystal remained in contact with
molten sodium.

A single crystal, with all but a portion of its 00.1 face covered,
was prepared as described earlier and immersed in sodium for 34 hours
at 350°C. After the immersion period, the entire specimen was immersed
in molten silver nitrate and then removed, washed, and sectioned. At
this point no enhanced darkening was observed anywhere in the sectioned
crystal indicating that the assembly had been leak tight and that no
modification of the spinel blocks had occurred, during sodium immer-
sion, which would permit them to be penetrated by silver ions. One of
the sections with exposed spinel blocks was then reimmersed in silver
nitrate, and the area under the exposed surface of the crystal darkened
(Figure 4.15) showing that the defect responsible for the darkening can
be transported across the spinel blocks, in the [c] direction.

Transport of the coloration defects in the [c] direction is evident
in another way in the series of crystals shown in Figure 4.14. The
time of immersion in sodium was such that the darkening did not pene-
trate the crystal entirely, and a narrow clear band is just visible in
the center of the unbleached crystal at the top of the figure. In the
crystal heated for 24 hours at 400°C in the low oxygen partial pressure
ampoule, the coloration has begun to penetrate the central clear band
near its middle. After 24 hours at 450°C and 500°C, the darkening
penetrated and totally obliterated the central clear band. At high
temperatures it is clear that the coloration defects are propagating in

the [c] direction.
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At 250°C, however, a substantial amount of bleaching has occurred
in the central clear band widening it considerably. This suggests that
a change takes place in the oxygen transport mechanism in the 250-300°C
temperature range. It would be consistent with the observed results if
relatively rapid oxygen transport in the conduction planes were possible
below this transition temperature, and a much slower transport above.
There are two possible ways this might come about: a simple, reversible
change in the conduction plane oxygen diffusion mechanism, or a reac-
tion or structural change taking place at the transition temperature
which permanently alters the conduction plane oxygen mobility. The re-
sults of the dual temperature phase bleaching experiment as shown in
Figure 4.16 support the existence of a permanent change in the conduc-
tion plane oxygen mobility at a transition temperature between 250 and
300°C. The progress of the bleached layer in the sample subjected
initially to 350°C for 24 hours is about 13 um less than would have
been expected. The bleached layer produced at 350°C acts as a low
mobility barrier for oxygen entering the conduction planes of the
crystal.

The behavior of the bleaching evident in Figures 4.11 and 4.14 can
now be understood as follows. At 250°C and below, the oxygen moves
through the conduction planes to recombine with the oxygen vacancies in
the spinel blocks. More complete bleaching develops in the central
region of the crystal in this temperature range, because oxygen can
enter through the surfaces of the crystal created by sectioning the
parent crystal after immersion (see Figure 4.1) and reach this region
where the concentration of coloration defects is much less than near

the edges. Between 250°C and 300°C an irreversible change takes place
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in the bleached region of the crystal which causes the oxygen transport
in the conduction planes to drop substantially. At the same time the
mobility of the coloration defects in the spinel blocks is also increas-
ing. A gradual transition thus takes place from sharp interface layer
bleaching to a diffuse interface bleaching; and at higher temperatures
(cf. 500°C in Figure 4.14) an overall reduction is seen in the density
of the region remaining darkened, because now the coloration defects are
moving out to the interface from the darkened region of the crystal as
well as oxygen moving in. The increase in the rates of both processes
with temperature results in the overall bleaching rate increasing with

temperature again at some point above the transition temperature.

4.3.7 Mechanisms of Coloration and Bleaching in Single Crystals

The results of the coloration and bleaching experiments reported
in single crystals lead to the following conclusions concerning the
probable mechanisms involved. Coloration of the crystals occurs be-
cause oxygen vacancies are created at the surface of the beta alumina
crystal when it is immersed in sodium (oxygen fugacity ~-10'58 atm at
350°C). These vacancies then diffuse into the crystal through the
spinel blocks. The vacancies have a double positive effective charge
and are charge compensated by electrons in a reaction which can basic-

ally be written:

X .o '
0o > 1/2 02 4+ [V0 + 2e'] 4.4

The electrons are believed to remain loosely bound to the vacancy,

hence the brackets in expression 4.4, so that the electron/vacancy
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complex acts as a shallow donor, increasing the electronic conductivity.
This is consistent with the observation of Weber (We 74) that there is
an increase of about a factor of 100 to 1000 in the electronic conduc-
tivity of polycrystalline beta aluminas which have been darkened by
contact with sodium at high temperature. There may be some redistri-
bution of the sodium ions around the electron/vacancy complex account-
ing for the broad optical absorption producing the gray coloration.

The Toosely bound electron also makes the defect reducing in its chem-
ical properties which accounts for the precipitation of metallic silver
in the colored region during silver ion exchange.

The asymmetry of the bleaching implies a very great difference in
the behavior of oxygen transport in the spinel blocks and in the
conduction planes. It also implies that there is a very great depend-
ence of diffusion rate on oxygen partial pressure in the spinel blocks.
At very low oxygen partial pressures, it appears that oxygen vacancy
injection can occur in the spinel blocks from the crystal surfaces; but
under oxidizing conditions, the oxygen vacancy concentration in the
spinel blocks near the surface of the crystal is so low as to suppress
oxygen ion transport in them almost entirely, so that the bleaching
layer grows very slowly. The more open structure of the conduction
planes should not be as strongly affected by the oxygen partial pres-
sure. The layer like advance of the coloration is consistent with
this explanation, because a strong dependence of the vacancy diffusion.
rate on the oxygen partial pressure would lead to a fairly abrupt
change in the vacancy concentration profile. During the bleaching,
oxygen enters the crystal nrimarily through the conduction planes and

transfers from there to the spinel blocks where it annihilates the



89

coloration defects. It is proposed that the conduction plane free
interstitial oxygens, and oxygen interstitials associated with the Roth
type defects, described in Chapter 1, in beta alumina are crucial to
oxygen transport in bleaching. In the "Roth defect" there are two
aluminum interstitial-vacancy pairs in the adjacent spinel blocks
associated with the oxygen on the midoxygen site in the conduction
plane. During coloration as oxygen vacancies are formed in the spinel
blocks, and as conduction plane oxygen interstitials are removed from
Roth defects, the A13+ interstitial-vacancy pairs recombine.
Reentering interstitial oxygens in the conduction plane would then be
more mobile until they are trapped again in a Roth defect. During
bleaching the aluminum vacancy-interstitial pairs necessary for the
formation of Roth defects cannot be reestablished until the threshold
temperature, between 250°C and 300°C, is reached, even if sufficient

oxygen is present to destroy the coloration defects.

4.3.8 Photodarkening of Beta" Alumina by UV

The role of electronic defects in darkening in silver beta" alumina
was demonstrated by holding a silver ion exchanged piece of "10 um"
beta" alumina in a beam of ultraviolet 1ight for about 4 minutes. The
central part of the surface in this specimen was masked, and so the
clear region under the mask stands out in sharp contrast to the dark-
ened region in Figure 4.17. The surface had been polished before
exposure to insure that effects were not simply due to residual silver
nitrate on the surface from the ion exchange treatment. The darkening
fades noticeably after 8-10 weeks at room temperature. The darkening

can be bleached entirely by heating the UV irradiated sample to 400°C
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for about 4 hours, after which it can be darkened again. The process
is analogous to that occurring in photographic materials in which a
photo-electron is captured to form metallic silver leaving an electron
hole. Attempts to darken sodium beta and beta" alumina with ultra-
violet light failed, showing that sodium ions in these materials do
not readily trap electrons, and that therefore it is unlikely that a
simple sodium ion-electron pair defect can account for the chemical

darkening observed.

4.3.9 Kinetics of the Advance of the Darkened Layer in
Polycrystalline Electrolytes

The results of the darkened layer growth measurements in the poly-
crystalline material are plotted in Figure 4.18 versus the square root
of time; this was done for the "10 um" material and for the 4, 8, and
16 day specimens of the "150 ym" material only. Penetration in the re-
maining specimens was not deep enough to permit accurate measurements.
A parabolic time dependence of penetration applies, indicating diffusion
control. For a given time of immersion, the darkened layer thickness
decreased as the nominal grain size increased. Figure 4.19 presents a
comparative view of the darkened cross sections of the 16 day immersion
set. The grain boundaries act as rapid transport paths for the defects
responsible for coloration. The effective diffusion coefficients are
tabulated in Table 4.3. The normalized concentration profiles are
shown in Figures 4.20 and 4.21. The "10 ym" material, after one day in
molten sodium, gives almost a perfect error function dependence, but at
longer times there is an increase in the slope of the normalized plot

at the interface (C = 0.5 x CO). This sharpening is also seen in
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Fig. 4.19 Polished cross sections of silver exchanged colored
polycrystalline electrolytes immersed 16 days.
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Table 4.3: Polycrystalline Beta" Alumina Coloration Kinetics Data

2

Nominal grain size DE (cm sec'l) Average grain size

10 um 9.8 x 10-10 1.1
150 um 3.0 x 10~ 5.4
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the "150 yn" material. Such a steep rise of the concentration profile
with time is usually associated with a concentration dependence of the
diffusion coefficient. This is consistent with the findings of the
single crystal experiments.

An analysis first done by Hart and later expanded by others (Ha 57,
Ha 61, Ca 79) can be applied to the data in Table 4.3 to evaluate the
approximate bulk and grain boundary transport rates. The analysis may
be applied if the penetration distance is much larger than the average
grain size, a condition which is satisfied here. A lattice diffusion
coefficient, DL’ which differs substantially from the grain boundary
diffusion coefficient, DB’ will lead to an effective diffusion co-
efficient, DE, which, according to the Hart analysis, is given by:

Do =D, + BGDB/S 4.5

E L

where B is a parameter of order 1 dependent on the grain geometry, & is
the grain boundary thickness, and s is the average grain size. In the

present instance, D, and DB in equation 4.5 must be replaced by the

A

respective scaling constants KL and KB. Then, taking B = 1 and s = 10 A

gives:

K, < 1.0 x 10710 ¢m? secl

r4 1

= 9.8 x 10'7 cm” sec
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In single crystal beta alumina the scaling constant was:

K, = 3.41 x 10710 m? sec!

KL for the polycrystalline beta" alumina was obtained by the simul-
taneous solution of two equations of the form of equation 4.5, one for
each set of data listed in Table 4.3 for the two different average

grain sizes. Since KL is much smaller than KB’ it is highly sensitive
to slight errors in the average grain size, s. This fact and the Tlack
of evidence for penetration of coloration into the large grains

(section 4.3.10) indicates that the value of KL determined here is only
an upper bound. The ratio of grain boundary to lattice diffusion coeffi-
cients, DB/DL’ is at least 104 indicating that grain boundary diffusion
dominates coloration in polycrystalline electrolytes. The increase in
electronic conductivity associated with the darkening will therefore
develop first along grain boundaries; thus it is likely that grain
boundaries and junctions will act as preferred sites for mode II break-
down. Since mode II breakdown occurs only in the presence of an elec-
tronic conductivity gradient, a rough calculation of the time required
to establish a homogeneous state of darkening in an electrolyte tube
was made. For "10 uym" material with a 2 mm wall thickness in contact
with sodium at 350°C the value is about 0.5 year. However, in an actual
cell the oxygen fugacity in the sulfur electrode is likely to be higher

than that in the sodium electrode; this may lead to a permanent elec-

tronic conductivity gradient across the electrolyte tube wall.
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4,3.10 Large Grain Behavior During Polycrystalline Electrolyte
Coloration

In view of the similarity in average grain size (see Table 3.1) for
the "150 yn" and "300 uym" material, one would expect deeper penetration
of darkening than was observed in the "300 ym" material (see Figure
4.19). Recall, however, that the large grains in the "300 um" material
form a continuous network, in contrast to the situation in the "150 um"
material where they are scattered in a fine grain matrix. This contin-
uous network probably presents a barrier to the rapid penetration of
darkening.

A few thin sections of the "300 ym" and "150 uym" materials darkened
for 16 days were prepared and examined in the optical microscope by
transmitted polarized 1ight. No evidence of light polarization (and
hence, darkening) was found within the large grains, even in those at
the surface of the tube where the surrounding fine grain material was
heavily darkened. The darkening of beta" alumina crystals must there-
fore occur much more slowly than that of beta alumina crystals. This
may possibly have some connection to the lack of conduction plane
interstitial oxygen ions in beta" alumina. Such interstitials may
interchange rather freely with oxygen vacancies in the spinel blocks in
beta alumina facilitating the transport of the coloration defect across
the conduction plane. With no conduction plane oxygen interstitials in
beta" alumina, the oxygen must either jump all of the way across the
conduction plane, or move across by way of the column oxygens which
probably have much less mobility. There is an implication here that
the coloration in beta" alumina would be more anisotropic than in beta.

The darkening might be expected to propagate more rapidly perpendicular
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to the [c] direction than parallel to it. No single crystals of beta"

alumina were available to test this hypothesis.

4,3.11 Sodium Content and Ionic Conductivity in Colored and
Bleached Polycrystalline Electrolytes

The results of the soda content and conductivity measurements are
summarized in Table 4.4, and the complex admittance plots from which the
D.C. conductivities at 350°C were calculated are shown in Figure 4.22.
The variations in soda content overlap within the 1imits of uncertainty,
although there is a slight hint of a trend toward lower soda content as
one immerses, then bleaches. The D.C. conductivities obtained from the
complex conductivity plots also overlap within the Timits of uncertain-
ty, but here too there is a suggestion in the data that immersion leads
to a slightly higher resistivity. One would expect a higher resistivity
for a lower soda content, so the results are at least consistent here.
The most probable interpretation is, however, that there is no statis-
tically significant change in soda content or D.C. conductivity due to
immersion and/or bleaching. The possible slight loss of soda and
corresponding increase in resistivity can be attributed to the effects
of moisture absorbed when the sample was washed with alcohol or exposed

to air between steps of the process.

4.4 Summary and Conclusions

- Chemical coloration in the beta aluminas is due to the reduction
of the electrolyte by the molten sodium electrode.

- The coloration is due to the creation of oxygen vacancies, which

are compensated by electrons, in the spinel blocks.
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A. as received B. after 388 hours immersion in
sodium at 350°C C. immersed as in B and then

bleached 56 hours at 800°C.
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- Coloration progresses almost isotropically in single crystals of
beta alumina with a parabolic time dependence indicating diffusion
control.

- Progress of coloration into single crystallites of beta" alumina
was found to be much slower than into single crystals of beta alumina.

- The mobility of the coloration defects, and hence the rate of
coloration, increases with temperature.

- Bleaching, or reoxidation, of the crystal proceeds mainly
through the conduction planes.

- The rate of bleaching in single crystals increases with tempera-
ture, but there is a local maximum in the vicinity of 250°C. At this
temperature an irreversible decrease begins in the conduction plane
oxygen mobility in the bleached region of the crystal.

- The model proposed to explain the local maximum in the bleaching
attributes a lower mobility to the conduction plane oxygen intersti-
tials trapped in the "Roth defects". Some of these defects are
destroyed during coloration. Restoration of these defects, during
bleaching (reoxidation), does not occur until a transition temperature
is reached around 300°C.

- Water plays no role in either the coloration or the bleaching
reaction.

- In polycrystalline beta" alumina electrolytes coloration pro-
ceeds preferentially along grain boundaries.

- The chemical coloration introduces an electron/ion transport
number gradient which can lead to mode II degradation in electrolytes

used in sodium/sulfur cells.



5. SODIUM/SODIUM CELL TESTING

5.1 Introduction

In the mode I degradation process, initial flaws or cracks in the
surface of the electrolyte grow by way of Poiseuille pressure generated
stresses which exceed the critical stress intensity factor. The sudden
release of strain energy in a material under such conditions will be
accompanied by acoustic emissions. These emissions can be detected
using piezoelectric transducers and processed electronically to provide
information about the progress of failure.

Worrell and Redfern (Wo 78) have reported the successful use of
acoustic emission monitoring to detect degradation during sodium/sodium
cell cycling in two separate experiments. In the first, a magnesia-
lithia composition beta alumina tube was used and cycled first at

2 2

and then at 2.0 A cm ©. Acoustic emissions were detected

1.0 A cm

from the outset of testing and their rate increased when the current

2 of charge transfer, the

density was increased. After 200 Ahr cm
acoustic count rate increased further and the faradaic efficiency of
the cell began to decrease. The cell was removed from service at this
point and its electrolyte was found to be penetrated by many dendrites.
In the second experiment a lithia composition beta alumina tube was

2 2

to 44 Ahr cm © of charge transfer. No acoustic

cycled at 0.5 A cm™
emissions were detected during this period. The current density was

¢ and acoustic emissions were then detected,

then raised to 2.0 A cm™
jnitially at a low rate and then at a gradually increasing rate as more

charge was passed by the cell. These results indicate the feasibility
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of using acoustic emissions techniques in determining critical current
densities for the activation of mode I degradation processes.

Prior to the experiments of Worrell and Redfern, the only data
reported on critical current density for electrolyte failure had been
obtained by analyzing the lifetime and electrical history statistics
of sodium/sulfur cells, or by fracturing specimens of electrolyte which
had been cycled under specified conditions in specially prepared cells.
The experiments of Tennenhouse et al. (Te 75) fall into this latter
category. Sodium was electrolyzed through disks of lithia composition
beta" alumina from a salt melt on the positive side of the electrolyte
to a sodium-mercury amalgam on the negative side. Bars were then cut
from the disks and fractured in four point bending to determine their
strength with the sodium exit surface in tension. A decline in
strength from the virgin material indicated that flaws had been gener-
ated or enlarged by the conditions of electrolysis the sample had been
subjected to. Specimens fractured with the sodium entrance side in
tension showed no decline in strength, indicating that flaws only
develop or enlarge at the surface where sodium exits.

Acoustic emission testing can add a valuable dimension to electro-
lyte testing, because, in principle, if the detection system is
adequately sensitive, it can record the first occurrence of cracking
in real time, so that it can be correlated with the precise cell condi-
tions applying at that moment. This chapter will describe how acoustic
emission methods were employed to monitor crack growth during electroly-
sis of sodium/sodium cells, and how the technique was used to determine
the effect of electrolyte microstructure on critical current density

for crack growth.
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5.2 Experimental

5.2.1 Cell Construction

The electrolyte tubes from Ceramatec were sectioned under kerosene
on a diamond saw to produce cylindrical rings about 1 cm high. These
were closed at one end by sealing them to high purity alumina (Coors
AD-998) discs using Owens-I11inois IN-3 sealing glass. A slurry of
the glass frit in ethyl alcohol was painted on to the region to be
sealed and the cell assembly heated to 800°C and held there for at
least 30 minutes to melt the frit. The temperature was then lowered
to 521°C and held there for at least an hour to anneal the seal. These
capped electrolyte sections were then sealed to 15 cm lengths of 19 mm
0.D. high purity alumina (also Coors AD-998) tubing using the same
procedure as for capping. A portion of the electrolyte surface was
normally masked off with the IN-3 glass also so that the desired cur-
rent densities could be attained with available equipment. Figure 5.1

shows a cutaway view of a completed cell.

5.2.2 Cell Cycling Equipment

Current for the tests was provided by a Tow ripple D.C. power
supply. For some of the pilot tests this current source was used
directly, but polarization occurring in the cell made it impossible to
maintain acceptable control of either the current or voltage. There-
fore, a simple circuit was designed employing monolithic integrated
circuit operational amplifiers to drive the cells through a Darlington
pass element. Figure 5.2 is a functional block diagram of the system

used and Figure 5.3 shows a schematic diagram of the actual electronic
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Fig. 5.1 Cut away view of sodium/sulfur cell showing mode of
construction and attachment of acoustic waveguide.
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Fig. 5.2 Block diagram of control amplifier.




109

-3uadA1SK10dy “9LLENZ = TD - %D ‘6lOENZ = b "ueLit|due [043u00 4O wedbeLp DL3RWAYIS €°G By

£101-818 18X

Aiddns juauund ybiH A pl—

1044U0D |9A3)
3304n0
U100 uI0 O ot
vd Pm UMOI UMZ2ege
AGI— % AGl-
2 | M
1199 0 - &

. Ms U0

US00 ¢ 330 hei=

G2.
L ﬂ / abojjoA en +J
aSms YSms
/ / sD
/ juauin) \\ P_P\ ax_mu UMb
/ / AN AN - AGI+
L =/ THOI
yojims UMOI
101}u02
1243wou0d (199 YOI m 4nduy)
AMA— |ouJ9yX3
S2L UMOI
+

2n Us'28

ajpJ
dwoy

Ims
_ vbawoool

ASl—



110

circuitry. The system uses an input voltage to program either the
output current or voltage to the cell. The current control mode was
used exclusively in these experiments.

The summing amplifier made it possible to use a variety of sources
simultaneously to program the output current. The bias control designed
into the system employed a ten turn potentiometer to provide relatively
fine manual adjustment of cell current. A panel jack to one of the
summing inputs made it possible to connect any of a number of external
programming devices (e.g., function generator, microcomputer + D/A
converter) to the system. Ramping of cell current was the most fre-
quently used mode of testing and very slow ramp rates were desired.
Consequently, a long term integrator utilizing a high input impedance
monolithic op-amp (CA-3140), polystyrene capacitor, and high value
integrating resistors was built into the system. The integrator could

1 which made possible cell

-1

achieve a minimum ramp rate of 50 uA sec”

current density ramp rates down to 1 mA cm"zsec in cells constructed

with active areas as small as 0.05 cm <.

Operating in the programmed current mode, the control amplifier
senses the voltage fed back to its non-inverting input from the 0.05 ohm
current sensing resistor in series with the cell under test and compares
it with the voltage at the programmed (inverting) input. The output
current from the control amplifier to the base of the darlington pass
element responds to keep these voltages equal, thus maintaining the
programmed current in the cell circuit.

The automatic shutoff circuit shown using a LM 311 monolithic com-

parator and small relay was incorporated in the system to allow for

shutdown of the test at some predetermined current level.



111

5.2.3 Cell Cycling Procedure

For cycling, the cells were clamped into a holder which was in turn
fastened to the top of the sodium pot in the glove box. The cells were
preheated to about 125°C and then filled with and immersed in sodium at
the same temperature. The system was then gradually heated up to 350°C.
Electrodes of molybdenum wire, to provide electrical contact with the
sodium in the system, were secured to ceramic insulators mounted on the
cell holding assembly, as shown in Figure 5.4. The acoustic transducer
and waveguide are also visible in this figure.

Most of the cells were tested at 350°C and all cells tested were
first heated to this temperature to insure wetting of the surface of
the electrolyte by the molten sodium. It was also found helpful to
subject the cells to several minutes of current flow at 5 to 10 mA cm'z.
During the first few minutes of this treatment, the apparent resistance
of the cell dropped and then quickly stabilized as complete wetting was
achieved.

After preconditioning, the cells were subjected to the desired
program of charge transfer. Modes of testing included: manual step-
ping of the current density (first 9 cells + 4 others), triangle wave

2

current ramping at different amplitudes up to about 10 A cm = with a

period of about 100 seconds (7 cells), A.C. on D.C. (one cell only),
and long term ramping usually at about 1 mA em? sec™! (25 cells).
5.2.4 Acoustic Emission Equipment and Techniques

For most tests an acoustic transducer was attached to the cell.

Good acoustic coupling to the cell was essential, and several schemes

were tried before the arrangement shown in Figures 5.1 and 5.4 was
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Fig. 5.4 Cell with acoustic waveguide and transducer attached, mounted
in support bracket ready to be fastened to sodium pot.
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finally settled upon. The internal clamping shown was necessary to
leave sufficient clearance to fit the cell into an alternate test
chamber. The waveguide shown provided the thermal isolation necessary
to protect the transducer from heat damage while still providing good
acoustic coupling.

The burst of mechanical radiation which accompanies the sudden
release of strain energy in a material through cracking is of decaying
amplitude and thus has a roughly triangular envelope (Figure 5.5A). The
frequency of this radiation ranges from tens of kilohertz to several
megahertz. It is possible to distinguish electronically between the
leading edge of each pulse and the individual oscillations within the
decaying envelope or ringdown portion of the pulse. The equipment used
provided for counting either only the leading edge of each pulse
(events), or every oscillation in the ringdown which remained above the
preset threshold level (counts) as illustrated in Figure 5.5B. The
events mode could be used in situations where many events were occur-
ring in a short time. For most tests described in this thesis, the
count mode was used because it provided better identification of true
acoustic events at low event occurrence rates (such as at the initia-
tion of mode I breakdown) when random noise pulses were hard to dis-
tinguish from acoustic events. The origin of the noise pulses was
electrical in nature and they contained 1ittle or no ringdown. A
sharp increase in the acoustic count rate was thus a pretty reliable
indication that an event had occurred.

The acoustic detection equipment used was manufactured by Acoustic
Emission Technology (AET) of Sacramento, California. For most of the

experiments an AET model 204A system was used in conjunction with a
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Fig. 5.5 A. Idealized acoustic signal.
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model AC 174L transducer. In addition to choice of scaling either
events or counts, the unit offered adjustable gain, adjustable signal
threshold level (for scaling), and choice of two methods of scaling:
cumulative mode and rate mode with adjustable sampling period. Both
scaling modes were used at different times in the experiments, but the
rate mode yielded the easiest identification of events of interest. A
0.5 second sampling period provided the best resolution compatible with
the response of the chart recorder used. The threshold could be oper-
ated in two modes, fixed and floating. In the floating mode, the
threshold is maintained at the set voltage interval above the rms back-
ground noise level which helps to minimize the effects of relatively
long-term background variations. The unit was also capable of display-
ing the rms level of the input signal as an alternative to scaling.

The rms mode would be useful in certain applications where high count
rates and high persistent background noise were present simultaneously,
but it did not prove useful in the experiments described here. The
bandpass of the model 204A was such as to accept signals in the range
from 100 to 250 khz. The resonant frequency of the transducer corre-
sponding to its maximum output frequency was about 175 khz.

Some experiments were done using an AET model 203 detection system
which was capable of recording the amplitude distribution of the pulses
coming in over a 60 db range in 1.2 db increments. Other capabilities
were similar to those of the model 204A described above. It had been
hoped that the model 203 would prove useful in making a better dis-
crimination between the desired signal and noise, and possibly between
different types of acoustic events (e.g. between those arising from

transgranular cracking, intergranular cracking, surface discharge,
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etc.). The initial results were promising, but, in view of the stated
objectives of this study and the added time involved in interpreting

the more complex results, it was decided not to pursue amplitude distri-
bution studies at this time.

An amplified output of the signal from the acoustic transducer was
available from the detection unit and was observed on an oscilloscope.
The visual representation of the signal was helpful in many ways, par-
ticularly in isolating and/or eliminating noise from electrical and
mechanical sources. Emissions from such sources almost always have a
different waveform from those produced by cracking in the ceramic and
may occur with a Tow frequency regularity, for instance, at the 60 hz
line frequency or at the resonant frequency of some mechanical struc-
ture coupled to the system. Noise from motors and from phase switching
power controllers was particularly troublesome at times, but easy to
identify because of its 60 hz frequency. The actual device producing
the interference was not always easy to find. A thermocouple in the
sodium melt was found to be shorted to its outer sheath and producing
spurious acoustic signals through its interaction with the furnace
power controller. Replacement of the thermocouple solved this problem.
Pumps and valves associated with the glove box were another source of
noise and either had to be sufficiently decoupled from the system or
temporarily shut down for the duration of the tests.

Cell current and voltage were monitored and recorded on a separate
chart recorder so that they could be correlated with the acoustic data.
A block diagram of the entire cell environment and cycling/monitoring

system is shown in Figure 5.6.



177

)

Oscilloscope Argon filled
glove box
Acoustic
transducer
Acoustic - Cell
emission 1 Programmable
detector Thermo- power
(AET 704A) coup'e Na SUpply
Chart Chart
recorder recorder
—
Acoustic Cell current,
count voltage
rate T
Temperature > Power 117 VAC
controller controller 60 Hz

XBL 818-1079

Fig. 5.6 Block diagram of cell environment and cycling system.
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5.3 Results and Discussion

5.3.1 Cell Electrical Parameter Behavior During Cycling

The first few experimental cell cyclings were done with a low
ripple D.C. power supply having no current regulation and only manual
control of voltage by way of an autotransformer in the primary circuit.
It was observed that polarization would occur in the cells when current
densities in excess of 200 mA cm"2 were applied. The time for the
onset of polarization varied but it was typical for a cell current

‘ 2 in the

density set initially at 1 A cm “ to decay to 10-20 mA cm~
course of about thirty minutes.

Reversing the cell polarity would restore the current to its origi-
nal magnitude, although polarization would then gradually establish it-
self in the other direction. Even just a momentary reversal of polarity
or a simple interruption of the current for a few seconds would restore
the current to its original value, but polarization would reestablish
itself more rapidly than at the initial onset.

The current could also be restored to its original value by raising
the voltage, but the current-voltage characteristics of the cell were
quite nonlinear after the onset of polarization. Polarization was
observed more closely by current ramping the cells using the program-
mable power supply. Figure 5.7 shows the behavior of cell voltage in
two typical cases. Below about 0.5 V, the response is fairly linear.
Note that a kind of plateau in the voltage is reached about 13 to 14 V.
(This was not due to any limitation in the power supply which had been

modified to supply up to 25 V.) As these cells were being run, acoustic

emissions were usually first detected at cell current densities between
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Fig. 5.7 Polarization behavior of cells during rapid
triangular current wave ramping.
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3 and 4 A cm'z. The emissions increased sharply when the "plateau"
region of the curve was reached. The ramp rates used on these cells
were 113 and 163 mA cm'2 sec'l. When ramp rates of 10 mA cm'zsec'1 or
less were employed, polarization rarely occurred even at current densi-

ties in excess of 10 A cm'z.

Acoustic emissions were detected at lower
initial current densities as methods of acoustic coupling were improved.
Polarization phenomena in cells employing beta aluminas have been

reported in the literature by Breiter et al. (Br 80a), and it has been
noted that they are more 1ikely to be associated with beta" than with
beta. Beta" has a higher affinity for water than beta, and, in fact,
hydronium beta" alumina is reported to be a "fast" (low resistance)
proton conductor, whereas hydronium beta alumina has a very high resis-
tance and is not considered a "fast ion" conductor (Fa 78). When beta"
alumina is exposed to moist air, some of the sodium exchanges for
hydronium ions resulting in the formation of NaOH on the surface. This
exchanged water may later react with sodium at electrolyte surface and
establish a sodium oxide layer which polarizes the cell. Breiter et al.
attribute cell polarization to the formation of such an oxide layer,
noting that the less frequent occurrence of polarization above 320°C may
be due to greater solubility of the oxide in sodium at higher tempera-
tures. They also note that when polarization develops in batteries
using beta" electrolyte, the ceramic inevitably fails after passing an

additional 100 to 200 Ahr cm™2

and is found to have a black and crumbly
appearance. Cells cycled here for extended periods of time under con-
ditions of severe polarization also exhibited intense blackening at the
sodium entrance surface. Figure 5.8 shows the sodium entrance surfaces

of two such cells. The views at the left are low power optical micro-
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XBB 807-8885

Fig. 5.8 Sodium entrance surface of cell 90530 (top) and
91002 (bottom). Optical micrographs (left)
show severe darkening of the electrolyte surface
(active uncoated surface on cell 91002 has been
outlined in black for clarity). Scanning electron
micrographs (right) show porous surface texture
produced by extended operation of the cell under
conditions of severe polarization.
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graphs (the unmasked active surface on the 33 Ahr cm'2 has been outlined
in black for clarity), and the views on the:right are SEM micrographs of
the same active surfaces, showing the pitting which has occurred. The

surface of the 255 Ahr cm'2

cell has developed a sponge-1ike appearance.
The absence of evidence for stress corrosion in beta aluminas (Da 79a)
makes it unlikely that the surface texture developed by such a mechan-
ism. Stress corrosion of this nature would be highly unusual in any
event at the sodium entrance surface. A repeated dielectric type
breakdown and discharge through the proposed insulating polarization
layer is more likely to have produced this porous surface. Such a
phenomenon would produce the plateau in voltage and the acoustic emis-
sion patterns recorded during the current ramping of these cells. It
was observed in Chapter 1 that, owing to the likelihood of oxygen being
dissolved in the sodium, accumulation of oxide at the surface where the:
sodium enters the electrolyte is a distinct possibility. The temporary
loss of polarization upon polality reversal or interruption of current
flow occurs because of the opportunity provided for the high oxygen
concentration near the surface to dissipate. Oxygen is not transported
to the surface as rapidly at lower ramp rates and thus polarization is
less liable to develop. Work reported recently by Demott (De 80c) also
supports an oxide layer polarization theory by noting that resistance
rise frequently observed in sodium sulfur cells can be counteracted by
removing the sodium from the cell, washing the surface of electrolyte
with alcohol, and then reassembling the cell with fresh sodium.
Eventually, after prolonged cycling at the conditions which pro-
duced severe polarization, failure occurred as indicated by a sharp

drop in cell resistance and the cessation of nonlinear characteristics.
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This did not always occur in a sudden fashion, and in a few cases
there was a gradual decline in resistance over several hours. However,
these tests always terminated in a linear, low resistance response
indicating an electronic short circuit. Sodium transport also ceased
at this point.

It was observed that small current pulses with rise times on the
order of a millisecond could produce sudden and severe drops in cell
resistance. Figure 5.9 shows current and voltage traces for cell
00626. Two small voltage drops associated with crack growth are
marked (A B) as well as the substantial drop (C) produced by the

marked current pulse. The pulse amplitude is about 50 mA cm'2 on a

base current density of about 700 mA cm‘z. The resistance of the cell
drops promptly from 7.0 ohms to 5.9 ohms. Such behavior was occasion-
ally noted for current pulses of the same amplitude even when the base

current density in test cells was below 100 mA cm"z.

Acoustic emissions
accompanied these pulse induced resistance drops, and so they are at-
tributed to sudden cracking in the ceramic. The phenomenon is attribu-
ted to mode I type crack growth. The amplitude of the current pulses
was not large enough to establish any dangerous thermal gradients. The
results imply that there is a dependence on rate of stress application
at the tips of the cracks responsible for mode I breakdown. The sensi-
tivity of the ceramic to sudden pulses indicates the need to avoid such
during the charging of sodium/sulfur cells. These might most 15ke1y

occur when initiating the charge cycle or because of line transients

during charging.
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Fig. 5.9 A segment of the current/voltage versus time curve
for cell 00626. The current trace lags the voltage
trace by 0.375 min. A and B are small voltage drops
associated with crack growth. The large drop at C
corresponds to severe crack growth induced by the
current pulse marked with an arrow.
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5.3.2 Critical Current Density Determination

The detection of crack initiation or growth during cell operation
is not easy. Sudden crack growth may affect cell resistance suffici-
ently to show up as voltage fluctuations which can be measured, but
small incremental crack growth does not usually make enough of an im-
pact on cell voltage to be measured above background noise.

Acoustic emission monitoring proved to be a very valuable source of
information regarding the time of initiation of breakdown by the mode I
process in the sodium/sodium cells. It has been noted, however, that
stringent procedures are necessary to exclude external noise sources
and that polarizarion phenomena as well as cracking can generate acous-
tic signals. When signals due to noise and polarization have been
excluded from consideration either by identification or elimination
procedures, one may ask whether those remaining are really due to
cracking and whether the initiation of cracking can be reliably
detected.

Experiments done by L. A. Feldman of this group help to answer these
questions. A rectangular bar specimen coupled to an acoustic transducer

2 at a temperature

was subjected to a current flow of about 40 mA cm™
several degrees above the melting point of sodium. This current density
is well below that at which mode I breakdown is expected to occur. A
thermocouple at the sodium exit surface of the bar monitored the temper-
ature as the specimen was cooled through the freezing point of sodium.
Mercury/sodium amalgam electrodes were used as positive supply elec-
trodes. In the immediate vicinity of the freezing point of sodium, the

acoustic emission rate increased sharply. When the experiment was re-

peated with no current flowing in the bar, there was no increase in
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acoustic activity above background as the sample was cooled through the
freezing point of sodium. Experiments were done at room temperature in
which a bar with a blocking evaporated gold negative electrode and
mercury/sodium amalgam positive electrode was subjected to a very slow
current ramp until an increase in acoustic emissions was observed.
Within a few seconds of this increase, black streaking, due to propaga-
tion of sodium filled cracks, could be observed emanating from the neg-
ative electrode. These experiments confirmed that acoustic methods had
adequate sensitivity to detect the initiation of mode I degradation.
Figure 5.10 shows current and voltage data superimposed on a typical
acoustic emission trace for a sodium/sodium cell cycled at 350°C. The
onset of mode'I is clearly evident.

It is expected that the surface of the beta alumina electrolyte
used in the sodium/sodium cells tested here will be populated with a
number of various sized flaws of the type active in mode I breakdown.

A distribution of flaw sizes in the sodium exit surface of the electro-
lyte will lead to a corresponding distribution in the critical current
densities for initiation of mode I degradation. It is the largest
active flaw in each cell that determines the critical current density
for that cell. The distribution of critical currents is thus one of
extreme values and hence is appropriate for description with Weibull
statistics. The critical current density distribution associated with
initiation of mode I degradation in a cell with active surface area A

is analogous to the applied stress distribution associated with failure
in a brittle solid of volume V. The Weibull analysis (Da 79b) gives the

survival probability, Ps’ in this latter case as:
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Units of vertical axes are

specified where the corresponding traces are identified.

acoustic count rate (ACR) for the initial stages of

.10 Current density and voltage data superimposed on the
breakdown in cell 00626.

Fig. 5
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m
B
P. = (1-P;) = exp ( > 5.1
S f ; V0 9,

where Pf is the probability of failure, o is the applied stress, o, is

a materials constant representing the cutoff stress below which Ps is
taken as equal to one, and m is a materials constant (usually between 5
and 20 for most ceramics) characterizing the width of the distribution.
The larger m is, the narrower the distribution and the less the vari-
ability in the strength of the ceramic. V0 and o, are normalizing
constants.

By analogy, the survival probability associated with critical cur-

rent densities might be written:

. . n
Jd =4d
-A u
P = exp 0 502
S A0 < 30 )

where A is the active electrode surface area, j is the overall current

density and ju and n are materials constants of similar significance to
, and m, and jo and Ao are normalizing constants. (Area is used rather
than volume because mode I failure is associated exclusively with flaws
in the surface and not those in the bulk.)

The assumption is frequently made that o, = 0 and it will be assumed
here that ju, the current density below which PS = 1, is also zero.
This assumption has the effect of predicting that tubes two or three
orders of magnitude larger than the area (usu. 0.2 cm2) of the cells run
in this work, have almost zero probability of survival at typical
sodium/sulfur cell current densities. Since large tubes are known to

survive with a much higher probability, the assumption ju = 0 is not

correct but the actual value of ju could not be determined from the
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data reported here. The data should therefore not be used to
extrapolate to much larger electrolyte tubes. The data can and will be
used to compare performance of cells made from different grain size
ceramics and to put an approximate upper bound on ju.

For the purpose of plotting data so that m or n can be determined,

it is customary to take the natural log of equation 5.2 twice. Hence:
In In 1/Ps = 1n A/A0 +nln (j-ju) -nln jo 5.3

If ju is taken equal to zero, and A is the same for all cells tested,
then a plot of 1nln 1/PS versus 1n j will yield n as the slope of a
line fit to the data points. Ps(i) for the "i"th test of a series of N
tests is determined as the median rank probability. It is found by
arranging the values of 1n j for each test in increasing order. The

median rank position of the ith datum is then:
Ps(i) =1-[(i -0.3)/(N+0.4)] 5.4

Sodium/sodium cells were ramped at a uniform rate of about 1 mA sec'1 to
generate data for the Weibull analysis. Since the area A was not the
same in all cells tested, an iterative procedure had to be followed to
generate the Weibull curve. The procedure is outlined in Appendix 2.
The current density j, used to plot data points on the Weibull

curve, was that at which mode I breakdown became evident through sharply
increased acoustic activity. For most of the cells tested, there were
two distinct phases in acoustic output during testing. At first, there
were isolated acoustic bursts with relatively long time intervals in

between. Finally, there would be a sustained period of intense acoustic
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activity, usually accompanied by several downward excursions in cell
resistance, indicating increasingly severe penetration of the ceramic
by sodium filled cracks. Figure 5.11 shows this behavior clearly. The
explanation of this two-phase behavior in acoustic activity may be found
in the anisotropy of the beta alumina. At the start of the test the
surface of the electrolyte is populated with flaws of various sizes and
the increasing current density will start to activate some of these as
the test progresses. But as the flaw grows, the crack tip encounters
variations in KIC because of the anisotropy of the electrolyte. These
variations will be especially severe in the early stages of crack growth
when the flaws are on the order of a grain size and may delay further
growth for a substantial time. In their work referred to in Chapter 2,

Feldman and De Jonghe (Fe 81) derive the relation:

. 4
Jerit = Kicle 5.5

which shows that even modest variations in KIC can strongly affect the
critical current density for flaw extension. Here, 2 represents the
length of the crack.

During the early stages of testing, the observed intermittent
acoustic activity can be associated with this kind of terminated crack
growth as it establishes a new flaw population in the cell surface. Two
separate Weibull plots will be shown here: one for the jcrit at first

acoustic activity, and the other for j at sustained emissions.

crit

Relation 4.8 indicates that j varies directly as the fourth power

crit
of KIC' Since the stress required to produce failure is proportional

to the value of K c’ it follows that

I
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and so from equations 5.1 and 5.2 it can be deduced that m=4n. The
value of m is a kind of indicator of the reliability or predictability
of the ceramic in cell service. It is important in making projections
about acceptable lifetimes and the need for proof testing. Suppose that
a cell is to be operated at a current density jop which is a factor B

below the current density j50 determined from the Weibull analysis as

that for a 50% probability of failure. That is:

B = 350/ Jop 5.7
Also assume that there is required a certain probability of survival PR'
Then recalling that n is the slope of the Weibull plot, we have for the

required n:

n=(In In(1/0.5) - Inln 1/PR) /| In B 5.8

Table 5.1 lists the required values of n (and m) for reasonable values
of B and PR. Values of m = 20 represent extremely high grade ceram-
ic, and so unless relatively large values of B can be tolerated, which
will be the case only if electrolytes can be fabricated with large
values of j50, initial failure rates of 1 to 5% may be difficult to
attain. At some point it may be more attractive economically to sub-
ject the electrolyte tubes to proof testing to eliminate the weaker

ones than to try to produce a uniformly high grade ceramic. Virkar has
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Current Density and Weibull Parameter Requirements

for Selected Initial Failure Rates in Cell Operation

B Pr 0.95 Pr 0.99
n m n m

10 1.1 4.4 1.8 7.2

5 1.6 6.4 2.6 10.4

15.0 6.1 24.0

e 3.75
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also proposed proof testing (Vi 79). A proof stress % wod]d be applied
to the tube which would be related to the average fracture strength such

that:

4n In PR
o_ - — 5.9
(ap) 'n 2 ‘

This equation follows from equation 5.7 and relation 5.6. So if B, n,

and P, are determined by materials limitations and economic constraints

R
on fabrication and operation, proof testing by mechanical or electrical

means will be required when:

|1n B] > | (1n1n(1/0.5) - Tnin(1/Pp)/ n| 5. 10

Figure 5.12 plots n versus B for various values of PR using equation
5.8 dividing the quadrant into two subsets. Proof testing will or will
not be required depending on which subset the attainable values of B
and n fall into for the required Pp.

Weibull plots, for the cells cycled to determine critical current
densities and values of n, are shown in Figures 5.13 and 5.14. They
give information on cells constructed from both "10" and "300 um"
electrolyte material and show a definite difference in behavior. The
cells made with fine grain material sustain a higher current density
before failure. In Figure 5.14, showing current densities at start of
sustained acoustic activity, the value of j50 is 640 mA cm'1 for the
"10 ym" material and 145 mA cm'z for the "300 ym" material. Referring

back to Table 3.1 it can be noted that ratio of jSO'S for the two grain
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XBL 818-1078

Fig. 5.12 Criteria for proof testing.
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size materials is almost the same as the inverse ratio of the average
grain size, or of the average longest grain dimensions. Assuming that
cracks form easily along the boundaries of some single grains in the
surface, such a correspondence of ratios is suggested by relation 5.5.
The lowest current for onset of sustained acoustic activity in fine

2 which would set the upper bound on

2

grain material is about 225 mA cm~
ju in equation 5.2 at about 200 mA cm . The ratio of jSO's for the
two grain size materials is smaller when determined by the onset of
first acoustic activity (Figure 5.13), and the values of n are also
smaller indicating greater spread of data and less predictability in
failure properties of the ceramic. But as discussed earlier, the onset
of sustained acoustic activity is considered the most important indica-
tor of the initiation of significant mode I breakdown.

The use of Weibull analysis in the form that it is presented here
is only valid if the mechanical and electrolytic criteria for failure
are fully equivalent. This may not be the case, as has been noted by
Virkar (Vi 81), although it is expected that the mechanical properties
of the electrolyte strongly affect the electrical ones. The results
presented here should be considered as a worst case possibility until
the degree of correspondence between electrical and mechanical break-
down can be more fully established, and until more extensive tests can
be run on full scale cells. Nonetheless, data reported here are valid
for judging the effects of microstructure on breakdown and for testing
the predictions made by the various models of mode I degradation pro-

cesses regarding critical current density for the extension of flaws.
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5.4 Summary and Conclusions
- Polarization develops during cycling at ramp rates above about

! which can lead to serious deterioration of the beta

10 mA cm2sec”
alumina solid electrolyte. This polarization is probably due an oxide
layer which forms when oxygen, dissolved in the sodium used in the cell,
concentrates at the electrolyte surface where sodium enters the ceramic
and causes a sodium oxide precipitate to form.

- Acoustic events accompany the polarization at cell voltages of 4
to 6 volts and above. Much of this seems to be associated with a
dielectric breakdown and discharge in the polarized layer and not
exclusively with cracking.

- Short rise time current pulses are especially liable to induce
crack growth. It is therefore very important to avoid such transients
in current during the recharge cycle of sodium/sulfur cells.

- Acoustic emission monitoring can reliably be employed to detect
the initiation of crack growth by electrolysis.

- Critical current density for flaw extension drops as grain size
increases.

- Two phases of acoustic output are found when cycling sodium/
sodium cells with linear current ramps. The first phase is one of
scattered, isolated events at Tow current density. This phase is
produced by the activation of flaws which then terminate their growth
quickly because of the wide variations in KIC which are a consequence
of the considerable anisotropy in the microstructure. The second phase
is one of sustained acoustic activity associated with extensive crack

growth and crack branching in the ceramic.



6. FAILURE ANALYSIS OF CYCLED ELECTROLYTES

6.1 Introduction

Electrolytes from the cycled cells described in Chapter 5, as well
as electrolytes obtained from commercially manufactured and cycied
sodium/sulfur cells, were examined and compared. The expected artifacts
of mode I processes and evidence of chemical darkening were found in
both types of electrolyte. In the electrolytes from commercial cells,
evidence of a second type of degradation was observed which is here
referred to as mode II degradation. The connection between chemical
coloration of the electrolyte and the mode II processes was postulated
as a result of these failure analysis studies.

Features observed at the sulfur surfaces of electrolytes from
sodium/sulfur cells suggest that there is a progressive degradation at

this surface also which merits further investigation.

6.2 Examination of Electrolyte Material from Commercial Sodium/Sulfur

Batteries.

6.2.1 Sources of Materials and Cycling History

The cooperation of two commercial manufacturers of experimental
sodium/sulfur batteries made it possible to obtain electrolytes from
actual cells which had been subjected to charge transfer densities

2 to 703 Ahr cm'2

ranging from 23 Ahr cm~ over periods of time
ranging from 10 to 673 days.
One set of cycled electrolytes was obtained from the General

Electric Research and Development Center in Schenectady, New York.

140
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These were beta alumina tubes with a composition 9.6 wt% NaZO,

0.25 wt» Li,0, balance Al1,0 Starting material was a commercial beta

2 2"y

alumina powder (Alcoa XB-2 "Superground," Aluminum Company of America,
Pittsburgh, Pennsylvania) with other additions to achieve desired com-
position and sintering characteristics. The green tubes were produced
by electrophoretic deposition on a steel mandril from a suspension of
the raw powder in amyl alcohol, and were sintered by a feedthrough
method in a dry oxygen atmosphere supported on saggers with appropriate
bedding material to maintain soda content and compositional uniformity
(Ch 76, Mi 78). The sodium/sulfur cells in which the tubes had been
employed were operated at temperatures around 300°C and went through
many deep charge/discharge cycles at current densities of about 100

mA cm'z.

Cells were of the sodium inside/sulfur outside configuration.
After testing, the cells were disassembled and the electrolyte tubes
washed in methanol to remove any residual sodium and sodium polysul-
fides. They were stored in air for a short time prior to shipment to
the Lawrence Berkeley Laboratory where this work was done. Figure 6.1
is a representative cycled electrolyte tube as received from G.E.
Another batch of cycled electrolytes was obtained from British
Railways Research and Development Division, Derby, U.K. These tubes
had a composition 8.9 wt% NaZO, 0.7 wty Li20, balance A]ZO3 and were a
mixture of beta and beta" alumina, but predominantly (> 90%) beta". The
green tubes had been prepared by isostatic pressing and were then sin-
tered in closed crucibles of high thermal capacity in an electric kiln
(Ar 80). The data provided on these electrolytes indicates that they

were subjected to an average current density around 50 mA cm'z, although

it is known that some of the discharge cycles were run with current
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332 AHR cm?2

lem

XBB 807-8869

Fig. 6.1 Beta electrolyte tube as received; removed from
sodium/sulfur cell cycled to 332 Ahr em=2 of
charge transfer.
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density as high as 100 mA cm'z. For convenience in the discussion that
follows, the electrolytes obtained from British Rail will be referred to
as beta" electrolytes, and those received from G.E. will be called beta
electrolytes.

More extensive documentation of the cycling history was available
for the beta" electrolytes than for the beta electrolytes, including
spotchecks of the cells' resistances at several points during their
lifetimes. A gradual increase in internal resistance is frequently ob-
served in sodium/sulfur cells during operation, and lowered efficiency
results. Demott of British Rail has recently reported that it is some-
times possible to reduce the internal resistance of a cell by changing
the sodium electrode (De 80c). This is particularly easy in the sodium
outside configuration used by British Rail. The sodium container is
removed and the bulk of the sodium is cut away with the remainder being
removed by washing with alcohol. Fresh sodium is then introduced and
the cell is reassembled. Usually, the cell resistance will drop after
this procedure and will remain low over the rest of the cell lifetime.
Some of the beta" electrolytes supplied for study has been subjected to
such a sodium electrode change. The beta" tubes were treated in the
same way as the beta electrolytes prior to shipment, but were not
shipped intact. The original dimensions of the beta" tubes were

approximately 33 mm dia X 200 mm long.

6.2.2 Preliminary Examination of Cycled Electrolytes
It was immediately evident that there was a progressive darkening
present in the beta electrolytes corresponding to the amount of service

that they had seen. There was also clear evidence of attack of the
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sulfur surface manifesting itself in the form of darkening in some areas
and white mottling in others. Sections from four of the beta electro-
lyte tubes are shown for comparison of the outer (sulfur) surfaces in
Figure 6.2. The sodium surfaces of these same tubes along with corre-
sponding polished tube cross sections are shown in Figure 6.3. A pro-
gressive darkening, originating from the sodium surface and proceeding
into the electrolyte in a layer-like fashion, is seen in the polished
cross sections. No decorating techniques were used before taking the
photographs for Figures 6.1, 6.2, and 6.3. When a small segment of one
of the darkened beta electrolyte tubes was raised to 1500°C to thermally
etch it, it was observed that the darkening completely disappeared.
Subsequently, it was discovered that most of the darkening could be
removed by heating to only 400°C in air for several hours. The need to
understand this darkening and bleaching more fully led to the perform-
ance of the experiments described in Chapter 4. The beta" electrolytes
at equivalent or even longer cycling times were in general much less

darkened than were the beta electrolytes.

6.2.3 Surface and Grain Structure

The surface texture and internal grain structure of the beta elec-
trolyte tubes are shown in Figure 6.4. The outer and inner surfaces
are of equivalent smoothness and comparable to the inner surface of the
isostatically pressed tubes from Ceramatec. The internal grain struc-
ture is far more uniform and the grains more equiaxed than in the
Ceramatec beta" alumina tubes. The internal grain structure of the

beta" electrolytes is shown in Figure 6.5. The grain size is far less
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10mm

XBB 804-4114

Fig. 6.2 Comparison of beta electrolyte tube segments from
four sodium/sulfur cells. Sulfur surfaces are
shown.
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703

XBB 804-4133

Fig. 6.3 Sodium surfaces and polished cross sections of
electrolytes shown in Figure 6.2.
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XBB 817-6527

Fig. 6.5 Internal grain structure of beta" electrolyte tubes from
cycled sodium/sulfur cells.



149

uniform than in the beta electrolytes, but both are more uniform and

the grains more equiaxed than in the Ceramatec material.

6.2.4 The Sodium Electrode/Electrolyte Interface

The surfaces of the as received, cycled electrolytes were subjected
to further scrutiny by optical microscopy, but revealed no significant
features of interest. In the scanning electron microscope, however,
crystals rich in sodium were found on the sodium surfaces of the beta
electrolytes (Figure 6.6). These crystals are sodium carbonate, and
they are formed in two stages when the electrolytes are exposed to the
atmosphere. Moisture in the air leaches out the sodium in the electro-
lyte forming NaOH at the surface and exchanging hydronium ions for the
depleted sodium ions in the electrolyte. The NaOH then reacts with
CO2 in the air to form NaCO3. The crystals are larger and more profuse

on the surface of the 703 Ahr cm'2

2

electrolyte than they are on the
surface of the 23 Ahr cm © electrolyte. Other observations which will
be reported below confirm the presence of crack networks, due to mode I
processes, and pockets of sodium below the electrolyte surface, due to
mode II processes, which probably feed extra sodium to the surface for
carbonate formation. The darkening observed in the electrolytes may
also have some bearing on the amount of sodium carbonate formed upon
exposure to moist air.

When specimens of the electrolytes were decorated by immersion in
hot aqueous silver nitrate solution, as described in Chapter 3, several
features became visible which could be correlated with the breakdown

process. Micrographs of polished decorated cross sections of the beta

electrolyte tubes (Figure 6.7) reveal the existence of a layer of
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1703 Ahr/em?2
iNa side

XBB 804-4134

Fig. 6.6 Sodium carbonate crystals on sodium surfaces of cycled
beta electrolytes.
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XBB 804-4119

Fig. 6.7 Polished, silver decorated cross sections of beta
electrolyte tubes. Note white spotty reflections
(subsurface fractures due to mode I] processes)
near sodium surfaces. (332 Ahr em~2 left and
703 Ahr cm-2 right)
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damaged material which appears to propagate through the wall to a depth
dependent on the total charge transfer. In the 703 Ahr cm'z
specimen, it has progressed about 1/3 of the way through the tube wall.
The white spotty reflections in the micrograph were found to be sub-
surface in nature by their focusing behavior in the optical microscope,
and are proposed from the evidence given below to be fractures associ-
ated with the internal deposition of metallic sodium. This slow degra-
dation cannot be accounted for by arguments based on Poiseuille pressure
(mode I breakdown) since it exhibits a different morphology. The
internal deposition of metallic sodium requires that there be some
electronic conductivity in the electrolyte, as well as conditions of
electrical potential, so that the activity of sodium metal in the elec-
trolyte can be greater than 1. This constitutes the basis for mode II
breakdown. The investigation of chemical coloration has shown that
molten sodium reduces the beta aluminas creating oxygen vacancies and
sodium ion-electron pairs, and increasing the electronic conductivity
of the electrolyte. An electronic conductivity gradient that leads to
mode Il degradation is thus set up. Local fluctuations in the electric
field at grain boundaries and junctions make them likely sites for the
initiation of mode II breakdown. Second phase inclusions in grain
boundary regions may also assist the mode II process by lowering the
electrochemical potential for the nucleation of sodium metal.
Transmission electron microscopy gives strong evidence that grain
boundaries and triple junctions are indeed preferred sites for sodium
deposition. A 650 kV instrument was used making possible the examina-
tion of thick foils prepared by ion milling from the electrolytes. In

thin foils, it is frequently difficult to distinguish true breakdown
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effects from milling artifacts. Figure 6.8 is a 650 kV TEM micrograph

of a thick foil of beta electrolyte cycled for 371 Ahr cm'z.

Arrows
point to areas where degradation has occurred at a grain triple junc-
tion and along grain boundaries. Microcracking is frequently seen in
such areas, and this is shown in Figure 6.9. Similar areas in thin
foils were observed in the Phillips 400 STEM which made it possible to
analyze their content. The result of an analysis done on such a region
is shown in Figure 6.10. The dots show the x-ray peaks from the de-
graded and microcracked area. The vertical bars represent the peaks
from an undegraded region of the sample for comparison. The detector
was set to stop at the same aluminum peak height for both of the curves
in Figure 6.10 to provide the basis for semi-quantitative comparison.
The scan from the degraded region shows a higher concentration of sodium
than in the bulk, which is to be expected in a degraded area. It is
proposed that these regions are the precursors of the spotty white
reflections seen in optical microscopy. The scan also shows that there
is silicon present in the degraded region, consistent with the observa-
tion made earlier that the presence of a second phase may be ancillary
to mode II breakdown.

Although darkening was not as pronounced in the beta" electrolytes
as they were received, it was enhanced substantially by the silver
decoration procedure; and it manifested a definite progression in inten-
sity with increased cycling time, as can be seen by comparing Figure

6.11 (121 Ahr cm~2) with Figure 6.12 (539 Ahr cm™2).

The white spotty
reflections found in the beta electrolytes have not been observed in any

of the beta" electrolytes examined so far.
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.142d : -
332 Ahr/cm?2 ' ‘

XBB 803-3889

Fig. 6.8 600 KV TEM micrograph of beta electrolyte thick
foil., Arrows point to degradation at grain
triple junction and along grain boundary.
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XBB 806-7055

Fig. 6.9 600 KV TEM micrograph of beta electrolyte thick
foil showing microcracking associated with
degradation at grain junction.
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CBB 803-3568

Fig. 6.10 X-ray spectrum from degraded grain junction
(dots) compared with spectrum from undegraded
region (vertical bars) showing excess sodium
and silicon are present in the degraded region.
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XBB 814-3170

Silver decorated polished cross section of beta"
electrolyte tube from sodium/sulfur cell cycled
to 121 Ahr cm-2 of charge transfer over a period
of 95 days. A. Sulfur side B. Sodium side
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XBB 814-3174

Fig. 6.12 Silver decorated polished cross section of beta"
electrolyte tube from sodium/sulfur cell cycled
to 539 Ahr cm~2 charge transfer over a period
of 673 days. Note subsurface annular crack.
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Cracks running parallel, or nearly so, to the electrolyte surface
are especially apparent in the beta" electrolytes. In the sections
made for examination, these cracks frequently are not traceable to the
sodium surface. Note particularly the annular crack in the cell wall
shown in Figure 6.12 at a depth of about 1/4 the wall thickness below
the sodium surface. The fact that the crack runs almost exactly paral-
lel to the surface of the tube suggests that it may not simply be a
deflected mode I crack. De Jonghe (De 81b) has considered the implica-
tions of transport number gradients in solid electrolytes and his
results suggest a possible explanation. Making the simplifying assump-
tion that the ionic conductivity remains constant over the thickness of
the electrolyte while the electronic conductivity increases substan-
tially in some manner in going from the sulfur to the sodium surface,
he notes that the electrochemical potential of the sodium as a function

of depth in the electrolyte, nM(x), can be expressed:

m(X) = (x/2)ang + VoF- £ (p%) 6.1

where x is the distance from the sodium surface, ¢ is the total thick-
ness of the electrolyte, Ang is the counter EMF over the electrolyte,

V; is the total applied voltage over the electrolyte, F is Faraday's

-
constant, and px is the ratio of ionic to electronic conductivity in the
electrolyte as a function of x. The form of f(px) is given explicitly
in Dedonghe's paper. The first term in equation 6.1 is just the normal
value of nM(x) under open circuit conditions and the second term modi-

fies this as a function of the applied voltage and the electronic conduc-

tivity gradient in the ceramic. It is shown that under appropriate
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recharge conditions, nM(x) can become positive within the ceramic making
it possible, in principle, to deposit sodium metal under pressure there.

The pressure associated with such deposition is given by:

P(x) = ny(x)/vy 6.2

where oM is the molar volume of sodium. When the pressure exceeds the
fracture strength of the ceramic, cracking will occur. Under appropri-
ate conditions, a maximum will exist in the value of nM(x) for some x
such that 0 < x < 2. For instance, for the assumptions of a linear

change in px across the thickness of the electrolyte and of px=0 >>

px=z’ the maximum exists at:

x/% = (FVp + Anﬁ)/szT 6.3

If the electrochemical potential at such a maximum is high enough,
cracking can be expected in the electrolyte at the depth indicated by
equation 6.3. The exact conditions of applied potential which will
produce this mode II situation will depend on the functional dependence
of px on x. At present it is not possible to determine this. De Jonghe
notes that his treatment implies the following conditions must be
avoided if maximum cell 1ife is to be achieved:

1. Excessive applied voltage during recharge.

2 Thick electrolyte tubes.

3 Conditions leading to polarization at the sulfur surface.
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4. Increase in ionic resistance of the electrolyte due to its
original composition or to contamination in the course of cell
operation.

5. Local regions of Tow electrolyte strength.

Evidence of mode 1 break down was also found in the course of exam-
ining cycled cell electrolytes. Figures 6.13 to 6.15 show cracks which
have originated at the sodium surface, and which probably grew by the
Poiseuille mechanism. The deflection and branching evident in these
cracks is typical of most of the mode I cracks, and has the effect of
propagating the crack in a direction almost perpendicular to the direc-
tion of current flow. In this orientation the crack is more effective-
1y current fed. The deflection will retard the penetration of the tube
wall by cracks, but may be responsible for spalling and pitting of the
electrolyte surface.

Boundaries of the large grains near the surface may act as prefer-
ential sites for the initiation of mode I breakdown. Several instances
were found in the beta" electrolytes where degradation was more advanced
in the vicinity of large surface grains than in other surface regions
where there were no anomalously large grains. Figure 6.16 shows such a

2 of charge

region in a beta" electrolyte which had seen 121 Ahr cm™
transfer. When a closer look is taken at the region of enhanced break-

down (Figure 6.17), alternation between unpolarized illumination (A) and
polarized illumination (B) shows a large grain of about 80 um in length

present at the surface. Another pair of micrographs (Figure 6.18) from

a different surface location in the same cell shows the morphology of

this type of breakdown a 1ittle more clearly. In the non-polarized

Tight micrograph (A) several large grains adjoining one another can be
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Na 703 100 Jim

XBB 804-4121

Fig. 6.13 Macrocracking (Mode I degradation) originating sodium
surface in beta electrolyte and branching to run

parallel to surface. Mode II degradation is also in
evidence here.
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XBB 804-4120

Fig. 6.14 Mode I crack which has initiated at sodium surface in beta
electrolyte and then deflected to run parallel to surface.
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XBB 807-8875

Fig. 6.15 SEM micrograph of Mode I crack in beta electrolyte.
Note how crack branched to run parallel to surface.
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XBB 814-3176

Fig. 6.16 Region of enhanced degradation at sodium surface
in beta" electrolyte from sodium/sulfur cell
cycled to 121 Ahr cm~2 of charge transfer.
(Polarized illumination)
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XBB 814-3175

Fig. 6.17 Detail of area shown in Figure 6.16. A. Unpolarized
illumination reveals grain structure. B. Partially
polarized illumination locates large grain in region
of enhanced degradation.
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XBB 814-3576

Fig. 6,18 A. (Unpolarized illumination) Large grains near the
sodium surface serve to facilitate B. (polarized
illumination) breakdown along their boundaries.
Arrows point to same location in both micrographs for
reference. Different area from same cell used for
Figure 6.16.
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seen, the longest being about 50 um across and located just below the
sodium surface of the electrolyte. With polarized illumination (B) the
path of degradation can be seen clearly, and it follows the boundaries

of the large grains to a depth of about 125 um beneath the surface.

6.2.5 The Sulfur Electrode/Electrolyte Interface

Deterioration of the electrolyte at the sulfur/electrolyte inter-
face has customarily been considered to be a much less serious problem
than that at the sodium/electrolyte interface, and references to it are
infrequent in the literature (cf. Fa 73b, Iw 80). Consequently there
is no model at hand to apply to the sulfur surface degradation which
has here been observed. The sulfur surfaces of the beta electrolyte
tubes shown in Figure 6.2 show signs of attack, and this is more than
just a superficial effect as closer examination shows. Figure 6.19
shows the silver decorated sulfur surface of the 703 Ahr cm_2 beta
cell and reveals a regular pattern of imprinting due to contact with
the carbon felt in the polysulfide electrode. This effect has been
noted by researchers at Ford Motor Company (Fo 77) and others, but it
has not previously been identified as part of a progressive mode of
degradation. High magnification optical micrographs of the sulfur
surfaces of the 23 and the 703 Ahr cm"2 beta cells are compared in
Figure 6.20 to show how the progress of the degradation is manifested
in the severe darkening and cracking of the electrolyte surface.
Decorated polished cross-sections of both the 322 and the 703 Ahr c:m'2
beta cells are shown in Figure 6.21. A definite sursurface effect can
be seen here; the degradation is spotty and scattered at first, but at

later time it becomes a fully established layer.
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XBB 804-4125

Fig. 6.19 Silver decorated sulfur surface of beta electrolyte
showing regular pat%ern of imprinting from carbon
felt. (703 Ahr cm~¢ charge transfer)
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XBB 804-4116A

Fig. 6.20 Silver decorated sulfur surfaces of cycled beta
electrolytes. (703 Ahr cm~2 top, 23 Ahr cm™2
bottom)
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XBB 804-4128

21 Silver decorated polished cross sections of cycled beta
electrolytes showing progress of breakdown near sulfur

surface.
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The beta" electrolytes exhibit a somewhat different morphology of
breakdown at the sulfur surface. Figure 6.22A shows in detail a de-
graded region in a cross section through the sulfur surface of a

121 Ahr cm™2

cell electrolyte (cf. Figure 6.11). The early stages of
degradation seen here do resemble somewhat the early stages of degrada-
tion in the beta electrolytes. Degradation at later times in the beta"
cells, an example of which appears in Figure 6.23 from a 539 Ahr cm'2
cell, is obviously much more severe than that observed at equivalent
times in the beta cells. The difference in degradation behavior may be
a consequence of the different properties of the two electrolytes, and/
or it may be the result of different construction and operating condi-
tions of the cells. It is not possible to determine on the basis of
the data available.

The features observed indicate that a crack network develops below
the sulfur surface in the electrolyte. Sulfur, sodium, or polysulfides
must be present in this network to account for its decoration by the
silver nitrate treatment. Fally et al. (Fa 73b) reported in early work
on the Na/S cell at Compagnie Geénerale d'Electricite, Marcoussis,
Essonne, France that conchoidal fractures frequently appeared in the
sulfur surfaces of electrolytes in cells that had been operated nor-
mally. They stated further that when cells were cycled past full dis-
charge (Na253) using an external current source, conchoidal fractures
were always observed on the sulfur surface, and when the composition of
the polysulfide electrode reached NaZSZ’ the electrolyte tube ruptured.

Operating temperature of their cells was 330°C and the melting point of

Na252 is about 450°C. The cracking and rupture was attributed to
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XBB 814-3172

Fig. 6.22 Silver decorated polished cross sections of beta"
electrolyte first shown in Figure 6.11. Higher
magnification reveals details. A. Sulfur surface
B. Sodium surface



174

XBB 814-3173

Fig. 6.23 Silver decorated polished cross sections of beta"
electrolyte first shown in Figure 6.12 revealing
extensive degradation propagating from sulfur
surface.
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stresses arising from the deposition of solid reaction products on the
electrolyte surfaces.

The appearance of degradation at the sulfur/electrolyte interface
in the early stages of cell operation is that of a fine crack network.

Auger spectroscopy of in situ fracture surfaces revealed the presence

of sulfur beneath the electrolyte surface, which would be difficult to
explain in the absence of such a network. It is proposed that the
degradation initiates at points of contact of the carbon felt with the
electrolyte by a process of chemical reduction assisted by the electro-
chemical potential conditions on recharge. During discharge, insulating
accumulations of solid sulfides are 1ikely to form around points of
contact between carbon fibres and electrolyte as shown in Figure 6.24.
Repeated cycling may lead to mechanical degradation as a result of the
periodic strains produced by the solidification-deposition and redis-
solving of the sulfides. One might speculate that under charging con-
ditions electrons may be removed from the beta alumina as well as the
polysulfide electrode if the potential difference between the carbon
fibre and the ceramic becomes great enough. A possible reaction in

these circumstances would be:

"
01. + Na Cam Vv

i ‘ + -
: 01 * [N (negative ¥ E (positive ] 6.4

electrode) electrode)

N Na
Carbon would then intrude into the electrolyte reacting with the 01'
producing the observed cracking. This is only one of many possible
postulates permitted by the present observations. The actual reaction
taking place is the subject of another study which has been undertaken

by Guhanand Raj of this research group (Ra 82).
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Solid sulfides

Carbon fibre

—_— Liquid
polysulfides

XBL 818-1081A

Fig. 6.24 Probable situation late in discharge cycle at positive
electrode/electrolyte interface where carbon fibre

contacts electrolyte.
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6.2.6 Auger Analysis

A few specimens of the beta electrolytes were fractured in situ in

the scanning Auger microscope to permit examination of the uncontami-
nated fracture surface. Figure 6.25 is an Auger spectrum from a region

2 cell.

about 50 microns beneath the sulfur surface of a 332 Ahr cm™
The findings of principal interest are the carbon and sulfur peaks
marked. Silicon is another element which frequently shows up via Auger
analysis but its distribution is irregular. It had already been
observed in TEM foils, and is a known impurity in the raw powder used to
make the beta electrolytes; so its appearance here is not surprising.
The carbon is hard to account for. An open crack network would permit
carbon contamination from organic solvents used to clean the tube or by
CO2 from the atmosphere reacting with sodium residue. However, such an
explanation is at least as likely to apply at the sodium surface where
the carbon peak was always absent or much weaker. It seems 1likely,
therefore, that the carbon felt is the source of the carbon found in
the electrolyte. One possible mechanism for the transport of carbon
into the electrolyte has already been offered in the previous section
of this chapter. It is also possible that colloidal carbon may be
formed and carried into cracks under the influence of cell cycling, or
that electrical discharge occurring at the contact between felt and
ceramic, or felt and positive terminal, might cause some carbon
disulfide to be formed which could easily penetrate any cracks.
Polysulfides would eventually enter any crack network formed as
Tong as it was open to the surface, so its presence in the spectrum
shown just adds to the evidence for such a crack network. The sulfur

peak disappeared as expected when a very small (0.1 ym) beam was used
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and positioned on raised portions of the fracture surface corresponding
to transgranular fracture. The sodium peak was generally absent or too
weak to provide any information about the relative distribution of
sodium in the ceramic. This is due to the high mobility of the sodium
jon in the electrolyte. The observation has been made by several
researchers (see e.g., Pa 76) that the detection of ions of high mobil-
ity in materials by Auger spectroscopy is frequently difficult or
impossible without involved procedures, because the fields produced by
irradiation of the sample surface with the electron beam tend to cause

the ions to migrate away from the beam.

6.2.7 Complex Conductivity Measurements on the 23 Ahr cm'2 Beta

Cell

2

When a piece of 23 Ahr cm ° beta electrolyte from G.E. was silver 3

exchanged in molten silver nitrate, a dark bluish-black layer formed
extending from the sodium surface to a depth of about half the tube
thickness. Specimens from other beta tubes which had been subjected to

2 were darkened all the way through.

2

charge transfers of over 200 Ahr cm™
Figure 6.26 compares silver exchanged specimens from 23 and 703 Ahr cm”
beta electrolyte tubes which had been on test for 10 and 301 days
respectively. Electrolyte samples of two other beta electrolyte tubes,
from cells which had merely been maintained over a long period of time
at operating temperature with 1ittle or no cycling, also darkened com-
pletely on silver exchange. Mere contact with sodium at elevated tem-
perature seemed sufficient to produce the darkening observed, and this
hypothesis was confirmed by the experiments described in Chapter 4 in

which beta alumina single crystals and virgin beta" alumina
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Na SURFACE

Na SURFACE

XBB 807-8883

Fig. 6.26 Silver exchanged beta electrolyte material from
23 Ahr cm-2 cell (top) and 703 Ahr cm=2 cell
(bottom) showing how darkening progresses from
partial to full depth.
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polycrystalline electrolytes were immersed in molten sodium. The
blackening requires that exchanged silver ions acquire an electron from
some source, so that they can be reduced to metallic silver.

Specimens from the beta" electrolyte tubes also exhibited darkening
on exchange, but the progression of the darkening through the electro-
lyte was obviously much slower than in the beta electrolytes. The
coloration was also more dark brown than black. Figure 6.27 shows the
polished cross section of a beta" electrolyte tube from a 539 Ahr cm"2
cell which had been on test for 673 days.

It was thought that a comparison of the complex conductivity of the
discolored and not discolored part of the 23 Ahr cm'2 beta electrolytes
might provide some clues as to what was taking place, so a small longi-
tudinal section was cut out of the tube and carefully sliced down the
middle to create two rectangular bar specimens for such measurements.
The admittance plots obtained at 200°C are shown in Figure 6.28. The
intercept at the left of the dispersion curve with the conductivity
axis gives the transgranular conductivity of the sample. The conduc-
tivity of the sample from the heavily darkened sodium side of the elec-
trolyte is about 12% lower than that of the sample from the sulfur side
indicating a change has taken place within the electrolyte grains on
the sodium side. The specimen from the sulfur side shows only one semi-
circle which is normal behavior for this kind of sample. The specimen
from the sodium side shows two overlapping semicircles which is indica-
tive of lower conductivity in the grain boundary regions (Bu 78, pp.
64-69), perhaps due to the presence of microcracks. It is probable
that much of the difference observed in these measurements developed

after the cycled electrolytes were exposed to the atmosphere.
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XBB 814-3177

Fig. 6.27 Cross section of silver exchanged beta" electrolyte
material from 539 Ahr cm=2 cell.
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XBL 818-1072

Fig. 6.28 Admittance plots at 200°C_for beta electrolyte
specimens from 23 Ahr cm~2 cell.
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Reported changes in cell internal resistance during operation, have been
associated more with interfacial polarization effects than with changes
in the electrolyte itself (De 80c). Still, it is the modification of
the ceramic exposed to sodium which is responsible for its greater sen-
sitivity to atmospheric exposure. The complex conductivity measurements
show this modification affects both the bulk and the grain boundaries.
The existence of electron-oxygen vacancy pairs in darkened electrolyte

is consistent with greater sensitivity to atmospheric attack.

6.2.8 X-ray Analysis of Surface Impurities in the SEM

The sodium carbonate crystals observed on the surface of the beta
electrolytes have already been mentioned. Impurities found on the
surfaces of the electrolytes by energy dispersive analysis of x-rays

generated in the SEM are listed in Table 6.1.
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Table 6.1 Surface Impurities Found on Cycled

Beta Electrolytes by X-ray Analysis in the SEM

Impurities Identified

Cell # Ahr cm~ Sodium Surface Sulfur Surface
DM 4-5 0 ta, Cly, §, 1 cl, Cr, Fe, (S)
414 23 Ca, C1, K C1, Fe (weak), K,
Si (weak)

392 271 Ca, C1, Mg, Rb, Ca, C1 (weak), Fe,

S, Si (weak) K, Mg, P, Si, Ti
385 332 Ca K
358 703 Ca, C1, K (weak), Ca, C1, K, Mg (weak),

Mg (weak)

Pb, Si (weak)
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Small crystals rich in calcium, such as those shown in Figure 6.29,
were found on the sodium surfaces of all the beta electrolytes examined.
Figure 6.30 shows an enlarged view of such a crystal and the x-ray
spectrum obtained from it. Fracture surfaces of the beta electrolytes
were examined by x-ray analysis in the SEM, but they yielded no evidence
of calcium in the bulk. Calcium oxide on the electrolyte surface is
still cause for concern, because it has been shown that it can enter the
conduction planes in beta alumina increasing its resistivity, and that
it produces drastic increases in resistivity in the grain boundary
regions. (Bu 78, Bu 79).

Calcium and potassium are the most common contaminants in commercial
sodium. Table 6.1 indicates that potassium is also commonly found in
the cells although it is a bit surprising that it is more frequently
found on the sulfur surface. Potassium beta alumina has a substantially
higher resistivity that its sodium counterpart and a larger [c] Tattice
parameter also. The assimilation of potassium at the electrolyte sur-
face will definitely contribute to polarization and degradation in Na/$S
cell operation. Sufficient incorporation of it into surface grains
could produce stresses which may initiate or facillitate cracking. The
potassium found at the sulfur surface could well be instrumental in the
degradation observed there.

Iron is another impurity which shows up frequently in Table 6.1,
usually on the sulfur side. It is probably introduced by corrosion of
the polysulfide container, or it may have been introduced intentionally

to serve, as mentioned earlier, as a wetting agent for the carbon felt.
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XBB 804-4118

Fig. 6.29 Sodium surface of beta electrolyte from 271 Ahr cm-2 cell
showing deposited small crystals.
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A'I (l'\u) Ca

XBB 804-4115

Fig. 6.30 Close up of a crystal in Figure 6.29 and
its x-ray spectrum.



189
6.3 Examination of Electrolyte Material from Sodium/Sodium Cells

6.3.1 Evidence for Grain Size Effects

Results of the critical current density determinations (Chapter 5)
show a connection between the presence of large grains in the electro-
lyte and failure at lower relative current density. Commercial elec-
trolytes examined after silver staining show evidence of enhanced
degradation around boundaries of anomalously large grains. To explore
this grain size effect further, a cell was constructed from "300 um"
material in which the sodium exit surface was polished before cycling.

2, and removed from test-

The cell was ramped at the standard 1 mA cm™
ing after the onset of sustained acoustic emissions. Total charge
transfer density was about 22 Ahr cm'2. After cycling, the cell was
silver stained and examined. Figure 6.31 shows the appearance of the
exit surface of the cell after this treatment. It is clear that there
is greater degradation evident along the boundaries of the large grains.
The cell was sectioned and polished, and Figure 6.32 is typical of the
observed subsurface nature of the crack networks found in the bulk. Two
additional polished surface cells were made from the 300 ym material and
cycled, one using the polished area as a sodium exit surface, and the
other using it as an entrance surface. Figure 6.33 shows micrographs

of the surfaces for comparison after cycling and decoration. There is
greater decoration on the exit surface than on the entrance surface;
and, in particular, there is heavy decoration preferentially present
along the boundaries of the large grains. The cell with the polished

o

exit surface actually saw less charge transfer (30 Ahr cm™“) than the

cell with the polished entrance surface (44 Ahr cm'2). The enhanced
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Fig. 6.31 Silver decorated sodium exit surface of cell 00324,

22 Ahr cm'z, "300 wym" material. Surface of cell had

been prepolished and cell was removed from service after
the onset of sustained acoustic activity. Note the heavy
decoration along the boundaries of the large grains indi-

cating severe degradation in these regions.
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XBB 815-4089



MOUNTING MEDIUM

XBB 817-6529

Fig. 6.32 Polished cross section of cell shown in Figure 6.31.
Arrow points to mode I crack.
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Fig. 6.33 Silver decorated prepolished surfaces of cell 00624 (exit)
surface, 30 Ahr cm‘z) and of cell 00527 (entrance surface,
44 Ahr cm'2) shown for comparison. Black droplet-like areas
on surface are patches of sealing glass which got there

accidentally during cell fabrication.
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degradation at the large grain boundaries is probably the result of a
current concentrating effect, which would be expected where the large
grains are inclined to the surface as schematically illustrated in
Figure 6.34, combined with the 1ikelihood of larger initial cracks
being present here.

Polished, virgin electrolytes decorate slightly in the fine grain
regions after sodium immersion, but not on the faces of the large
grains; and no strong preferential decoration is found along the bounda-
ries of the large grains (Figure 6.35A). What is apparent here is only
the effect of the grain boundary chemical coloration. Polished, virgin
electrolytes, not previously immersed in sodium, are affected not at
all or only to a minor degree by the decoration process (Figure 6.358B).
The strong, preferential decoration of large grain boundaries on the
exit surface of cycled cell electrolytes is therefore clearly a result
of electrolysis, and not an artifact of polishing. The results of
polished electrolyte cycling, the independent evidence from electrical
cycling of as-prepared electrolytes, and the degradation found around
large surface grains in the commercially cycled beta" electrolytes from
sodium/sulfur cells all point to the conclusion that anomalously Tlarge
grains in the electrolyte, particularly near the surface, will contrib-

ute to premature electrolyte failure.

6.3.2 Evidence for Mode I Processes

Cracks of the type shown in Figure 6.36 were found in the first
sodium/sodium cell cycled for this work, and continued to be seen in
most of the cells. They were roughly parallel to the surface and per-

pendicular to the direction of current flow. As remarked before, it is
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~/ Fine grain /://7__/l
\// region

XBL 818-1083

Fig. 6.34 Schematic representation of mode of current
concentration at edge of large grain inclined
to electrolyte surface.
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XBB 8112-11641

Fig., 6.35 Decorated polished specimens of "300 um" material:
A. immersed in sodium 24 hours at 350°C and baked
1 hour at 800°C B. baked 1 hour at 800°C only.
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believed that this prevailing orientation of the crack is due to a basic
instability of crack growth in the direction of current flow. Clearly,
a crack can be more effective]y fed when it is transverse to the direc-
tion of current flow. This factor is not presently considered in treat-
ments of breakdown but has some obvious importance in modeling the
progress of degradation propagation. Figure 6.37 shows cell 90521 con-

structed of "300 ym" material. It was subjected to 10.2 Ahr cm-2

of
charge transfer and a maximum current density of 11.0 A cm'2 before
catastrophic failure occurred. A region of subsurface sodium about

4 mm across is visible through the translucent surface grains of the
Ce]], indicating the extenf of crack branching which occurred before
the\terminal failure. Figure 6.38 is an unstained cross section of
cell 90530 showing extensive diffuse darkening and many cracks which
are, for the most part, perpendicular to the ‘direction of current
flow. This cell was made with the 10 ym" material and was squected

to 255 Ahr cm™2

of charge transfer.

Silver decoration of the sodium/sodium cells made for this work
showed the same layer-1like darkening seen in the used commercial cells,
but, of course, here it proceeded inward from both surfaces since both
were in contact with sodium. Cell 90901 is shbwn in Figure 6.39. This
cell had seen 65 Ahr cm"2 when it was removed from testing and sec-
tioned, but it had not yet failed catastrophically. It is clear that
significant cracking may be tolerated before a complete short circuit
is established. The predominant orientation of the cracks is again
transverse to the direction of current flow. Silver decoration has

highlighted the darkened layers at the surfaces. A large crack is seen

originating at the exit surface and then deflecting. The enlarged
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Fig. 6.37 Cell 90521 (10 Ahr cm™2, 300 yn" material) showing crack
network visible through'transparent large grains of the

sodium entrance surface.
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XBB 807-8873

Fig. 6.38 Cross section of cell 90530 (255 Ahr cm"z, "10 um"
material) showing extensive cracking and darkening.
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XBB 807-8882

Fig. 6.39 Silver decorated cross section of
cell 90901 and detail of section
near adherent patch of sealing
glass.
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detail is a region on the sodium exit surface which has a small drop of
sealing glass adhering to it. A crack has initiated at the edge, per-
haps because of current concentration at the edge of this blocking area,
but it also has deflected and even in branching has remained substan-
tially perpendicular to the direction of current flow. The maximum
current density that this cell was subjected to was 6.0 A cm"z.
Figure 6.40 is a low power SEM micrograph showing the cross section
and exit surface of a cell broken down at room temperature. The sur-
face was wetted with sodium at 350°C and then the system was cooled to
room temperature. A voltage was then applied and breakdown occurred
immediately as indicated by acoustic emissions, and by a prompt drop in
cell resistance obviously caused by the penetration of the cell wall by
many sodium filaments. L. A. Feldman of this group has studied the
problem of breakdown in the temperature range from 20° to 120°C far
more extensively using different electrode system and a different
sample geometry. Many of the morphological features of breakdown he
observes are in evidence here: extensive internal cracking and crack
branching, considerable spalling from the surface, and again, cracks
which run predominantly at a low angle to the surface instead of going

straight through parallel to the direction of current flow.

6.3.3 Impurities

The only impurity which showed up consistently in the cells was
potassium. The sodium entrance surfaces of the cells showed the
greatest concentration of this impurity. Figure 6.41 shows an SEM
)

micrograph of the entrance surface of cell 90613 (20 Ahr cm™“) and the

x-ray energy spectrum from it with the potassium peak identified. The



Fig. 6.40
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XBB 807-8871

Selection of electrolyte from cell 90427-B broken
down at room temperature. Sodium exited through
inside surface of tube where extensive spalling
is evident.
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Fig. 6.41 Entrance surface of cell 90613 (20 Ahr cm_z,
"10 ym" material) and x-ray spectrum from it
showing presence of potassium.
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detrimental effects of this element have already been noted. It was, |
' Undoubted1y a contributing factor to the polarization observed in |
operetion of these cells. By deereasing the ionic conduetivity in the
vicinity of the surface, it would also eontribute,to the ionjc‘trans-
port number gradient in the electrolyte, which can lead to mode II

failure as previously noted.

6.4 Summary and Conclusions

- Cycled electrolytes from sodium/sulfur cells and from sodium/
sodium cells show the presence of mode I cracks‘even when the cells
have not failed catastrophically. The morphology of these cracks indi-
cates that their gerth is unstable in the direction-of current f]owfr
so that they branch and deflect to an orientation ih which they are
more effectively current fed. The branching and deflection retards the
com- plete penetratioﬁ of the electrolyte by mode i cracks, partially
explaining why catastrophic failure does not follow immediately on.mode
I initiation.

- Cycled electrolytes from some sodjum/su]fur cells show evidence
of a second mode of.degradatien resulting from the interna] deposition -
of sodium under pressure in the electrolyte. Grain'boundaries and,
possibly, intergranular phases appear to act as preferred sites of ini-
tiation for this mode II breakdown. | |

- A gradient in the chemical coloration of the electrolyte is
found even in cells which have been in service for exfended periods of
time. It therefore appears that a uniform saturation effect, whicﬁ
might terminate or supres§ mode I1I degradation; cannot be attained in

normal cell service.
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L - Patterns of coloration in electrolytes taken from sodium/sulfur

cells indicate that there are substantial differences between the-
coloration proces§ in sodium beta alumina and in sodium beta" alumina.
-~ A progressive mode of degration is observed to propagate from
the sulfur surface of the electrolyte. This initiates at points of
contact between thé carbon felt current collector and the electrolyte,
and'invo1ves chemical, electrolytic and probably mechanical effects.
- Many impurities are observed in e]ectrolytes taken from cycled

sodium/sulfur cells. Of these, calcium and potassium are of special

concern because of their known detrimental effects on the e]ectrolyte.‘

Polarization may be caused or enhanced by these impurities. .The ionig

conductivity gradient, induced by théir incorporation into the ceramic

surface layers, may facilitate‘mode I1 dégradation.'

- A.C. dispersive conductivity behavior of darkened and clear
ﬁectionsuof eiectrolyte from sodium/sulfur cells supports the findings
of the chemical coloration experiments that darkening brefekéntia11y

‘affects grain boundaries, but that bulk modification is also present. -

- Cycled electrolytes reveal clearly that boundaries of anomalously

large grains at the surface of the”electrolyté'are'preferred sités for

initiation of degradation.

e



7. OVERALL SUMMARY AND DISCUSSION

Réther tﬁan simply collecting and repeating the various conclusions
Hstated at the ends of the foregoing chapters. of this thesis, this con-
cluding chapter will diécuss in broéd terms the impact of this thesis
work on practical batteries.

Perhap§ the most significant conclusion that can be drawn from this
work is that there are no fundamental limitations-on.the service life
of beta alumina solid electrolytes. It is apparent, however, that the
operating parameters of existing batteries are very close to the .
threshold at which rapid degradation mechanisms begin.to operate. These
mechanisms include the mode I Aegradation and the newly discovered mode
I1 degradation. Of substantial importance is the newainding that the .
electronic coﬁductivity of the electrolyte plays a major role in.the
degradation mechanisms which have been repqrted here.. The heterogeneity
of electronic cdnductivity, introduced by contact with thé sodium elec-
trode, appears to be responsible for the operation of certain degrada—
tion mechanisms. This might well suggest that a uniform doping of thé
solid electrolyte to aéhieve an overall electronic éénductivity of,
say, on the ordér of 0.1' of the tota],conductivity.of the electrolyte
would have the effect of very significantly decreasihg the gradients in
electronic conductivity that can possibTy develop as-é result of reduc-
tion. This level of electronic conductivity could ea§i1y be,to]eréted
without a major sacrifice in cell efficiency. Such'an idea might be
explored in future work. o | |
'This thesis may be seen as the first unraveling of the_cpmp]exity,

of the breakdown processes in beta alumina. A significant observation,

209
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that will have to await future studies for c]afificatibn, is that slow
crack growth can occur during charge transport ihlthe solid electrolyte.
So far, the 6n1y mechanisms that havé been proposed of the mode I and
even of the mode II type involve catéstrophjc failure at some particu1ar
curreht density or at some particular applied voltage. But the data
clearly indicate that slow crack growth.ié occurring, and for this no
exp]anétion has yet beén.put forth. In future studies this point might
be further exp]ored by, for example, studying the change in critical
current density for mode I initiation as a function of rate at which the
current density is increased. Such a study has in fact been initiated
in this research group by David Hitchcock (Hi 82).

In. summary, this thesis has made the fbi]owing important contribu-
tions-to the understanding of the breakdown process in beta alumina
solid electrolytes:

1. C]arﬁfitation of the nature of chemical coloration and the

role that it plays in degradation. -

2. Measurement of ¢ritica1‘current‘densities for mode I degrada-
“tion initiation which are substantially lower than those
“reported by other investigators.

3. The experimental observation that grain bouhdary facets of.

large, anomalously grown grains have a de1eterioys effect on
. the current density for mode I initfation.
4.  Experimental observation of a new type of degradation, the

mode 11 degradation.



~ APPENDIX 1. THE LIKELIHOOD OF FAILURE FROM
CURRENT INDUCED THERMAL EFFECTS

Consider a crack, in the surface of the solid electrolyte, which is
a flat sided rectangular crevice 100 um deep and-20 A wide with a semi-
circular tip. - The cross section of such a crack and a representation
of the current(f]ow‘paftern jnto it is shown in Figure Al.1A. Using a
more realistic elliptical cylindrical éhaped créck, Feldmén, et al.
(Fe 81) have shoﬁn.thatbthe current density at the crack tip, jt’ is
joz/a where jo is the average current density in thg électro]yte far
from the crack tip, ¢ is‘the length of the érack, and a is half the
crack opening displacemeht. By making the approximation of the focusing
situation shown in Figure Al.1B where all the current impinging on a
semi-circle of radius & céntered'on the crack tip is considered to flow
into the tip in a symmetric radial fashion, one obtains fof'the current

density j at any point r in the semicircle:
P=dgir | ‘ o ALl

This gives a realistic est{mafé of the current density of jozla at the
crack.tip where a is the tip radius. The geohetry is équivalent to the
case of current flow betwéen_the'outer and inner suffaces of.a hollow
cylinder of outerﬁradius b(= 2) and inner radius a. Héat is generated -
in the cj]inder at the rate j2p per unit volume where j.is given by'(

equation Al.1l and o is the electrical resistivity of the electrolyte.
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Fig. A1.1 A. Normal current flow ihto crack. B.
of current flow into crack. C.
solution of Poisson's equation.
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Poisson's equation must ‘be solved to give the temperature at any point

r in the cylinder. For the steady state (Ca 59):
VZT = -A(x,y,z)/K : | Al.2

where A is the rate of heat generation per unit volume, T is the
temperature at any'giVen point, and K is the thermal conductivity. In

cylindkica] coordinates for the present case this becomes:

}g._( dT =) + jo?bzp/Kr‘?’ =0
or:

d dT)

. 272-' o : . e
- arlrge) Y pe/Kr.= 0. : ‘  AL3

When no heat source éxists in the volume, this becomes'Laplace's

equation:

d ,dT : .
a;(”a;) =0 , e , Al.4
to which the general solution is:

T=A"+B'"'Inr . : Al.5

If we assume p to be consfént, a particular solution to eqdation Al.3

is:

Tp (J b)Z (In r) /ZK o, L L AL.6



BFITE
and so adding Al.5 and Al.6 gives the general solution to Al.3:
T=A+B"Inr-C(inr)? | AL7

where C = (job)zp/K.

Matghing boundary conditions determines the constants A' and B':

Bl

(T, - T,)/Inb/a + C In ab | AL.8

Al

i

(Tb]n a -~ Ta1n b)/Iina/b+C Inalnb ‘ Al.9

where Tb and Ta are the temperatures at the outer and inner surfaces of
the'cylinder respectively. Differentiating Al.7 and setting the deriva-

tive equal to zero gives for the location of the maximum in temperature:

~(B'/2C) o
Ymax = © R , , Al.10

at which the temperature will be:

Tmax = A' + B' /4C | ‘ Al.11
Now assume that the average currentvdenSity jo in the electrolyte

is 0.1 A cm'z. Since it has been pointed out in the body of the text

that the temperature rise in the center of a slab of electrolyte 2 mm
thick would only be about 0.003°C under such circumstances, it will
further be assumed that Tb = Ta. It will also be‘assumed that Té = Ts’
where TS is the temperature,at’the crack opening in the electrolyte
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surface, which is reasonable on the basis of thé amount of sodium which
would be flowing through the _é:r*ack'(8.6x10'7c;m3fsec'1 through a crack
with a volume of 2x10'9 cm3),.and,9n the basis of .the higher thermal
conductivify and lower electrical resistivity of sodium ;ompared to
beta" alumina (see Tabje Ai.l). ¥he above,ass;ﬁptidhs would have to be

modified if the value of Tma

. Calculated using them were much greater

than T, but it will be seen that this is not the case. ~Equations Al.8

and Al.9 give, for the assumptions made above:

B' =C inab | - AL12 .

AO

T, +C lnﬁa nb : E ‘ N AL.13

For the specified crack dimensiohs and values listed in Table Al.1,

equations Al.10 and Al.11 yield:

'3.16x10’5 cm

-~
]

max

—
]

max TS + Q.OOS C

The results suggest that-fherma]]y induced stresses are unlikely to

produce failure.
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Table Al.1
Comparative Properties of Sodium and

Sodium Beta" Alumina at 350°C

— —— —
m— paspm——— —

7 Sodium - Sodium Beta" Alumina |
Thermal Conductivity ~  0.18 0.035 (value for Al,0, assumed)
-(ca],sec"1 cm'l C;l) |
Electrical Resistivity 1.8x107° 4.0

(6hm cm)




APPENDIX 2. CALCULATION OF THE WEIBULL CURVE
FOR CELLS'OF DIFFERING AREAS

The Weibull curve is determined for a cell of reference surface
area, say Ao. When the parameter n is known from a fixed area curve,
the current density jl required to produce~a probability of failure
Pf in an e]ectro]yfe of surface area A1 is determined from the

relation:
i = jr(AolAl)l/n | S A

where j} is the current density associated with tﬁevprobabi1ity of fail- =
ure P. in a cell of the reference area A,+ Then to construct a.weibull
cufve for a set of failure data from cells of differing surface areas: |
1. Plot the data és if-all of the cells ﬁad the same area (Ao)
to determine a'tfial parameter Nye This is done by plotting
Inj versus‘ln in (1/PS) using the median rénk probability

of survival for PS.

Pe (= 1-Pg) = 1-(i-0.3)/(N+0.4) § A2.2
where N is the total number of cells represented in the plot
and i is the number of the cell determined by arranging the

values of 1In ji in increasing order. Since: -

InIn (1/p) = 1n(Ai[Ao)+n n (3g=3 )0 gy A3
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n (= nt)'is the slope of the plot if the 1n A;/A .term is
ignored. This value of n, is then used in equation Al.1 to
determine a new effective value, ji' of the cqrrent‘density for

‘each cell: .

J.

RPN 1/n :
i = JT(AO/Ai) ’ t A2.4

2. These new values of ji “are then used to plot a new Weibull

curve and to determine a new value of Ny - The values of

In j; may have to be reordered in increasing value and the

i

indices, i, reassigned; This process is repeated using ng - as
the new'nt each time until the two converge to within.acceptable
limits.

A program was written (Figure A2.1) for the T1 59 calculator which
féci]itates this procedure. The program makes use of a trivariate data
entry program:from the App1lied Statiétics Solid Staté Software modu]el
(Te 77). ASMWrittén, the proéramfcan accommodate up to 17 data

‘triplets which are entered in the form:

i B A2.5

X1=
y; = Inln1/p o A2.6
Zo=InAJA A2.7

‘To run the program, 9 E+99 is stored in memory location 89 as-a recipro-
cal trial slope (0 is actually the trial siope but 1/0 is undefined and
would cause a calculator error condition), and 87 is stored in memory

location 85 as a pointer to the location of the x count. The pfogram

e oy
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000
001
002
003

005
006
007

009
010

011
012 -

013
014
015
016
017
018
019
020
021
022
023
024
025

- 026
027
028 .

029

030

031
032
033

. 034

035
036
037

038 -

039
040
041
042
043
044
045
046

047

76 LBL

42 STO

=3
N
w

42 STO

73 RC*

86 86

43 RCL

88 88"

)
74 SM*
84 84
97 DSZ

Fig. A2.1 -Listing of "TI 59 program.

)
w
P
XOO OO~ N

(8,8
D
P PO 0O A~ W + W

219

048

049
050

051

052
053

054
055

056
057
058
059
060
061
062
063

064 .

065
066
067
068

069

070
071

072 -

073
074
075

- 076

077
078

079

080

- 081

082
083
084
085
086
087
088
089
090
091
092
093
094
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- D

computes the new values of 1n ji s prints these and halts é]]owing

inspectioh énd reordering if they are not still in incrgasing order.

If reordering is rgquired; the corresponding values of 1n Ai/Ab must

also be reordered. The memory locations between whiéh values must be

exchanged are easily determined froh instructions in the Applied -
Statistics modqle user's manual. After reordering, which i§ usually
only required on the first or second iteration, the-ca]cu]atof must be
given the command GT0 051 Egﬁ which reinitializes the intermediate data
‘base ih the calculator and recompiles a new 1ntermediaté data base.
Running the caicu1ator beyond the ha]t;at step 070 then initiates a
check of the difference between the value of n-and n'. If this dif-
ference is more than or equal to 0.001, the program initiates another

jteration. Otherwise, the final value of n is printed together with

the correlation coefficient'for a linear least squares fit to the data,

- e

.

and jSO’ the current'dehsity for p% = 0.50. A halt then occurs at
step 094. R

The process used in calculating each new ji is based on the

following sequence:

1/n oo

J’I = J.‘(A1/Ao) A2f8
n ji" = (1/m)In(A/A ) + Tn A2.9
n ji" = (1n")In(A/A) + n 3 etc. A2.10 )
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Let

1/n. =1/n +§

6§ =1/n" - 1/n

then from A2.10:

In 3" = (1n + 8)In(Ay/A ) + Tn §,

and from A2.9:

In 3" =1nj5' + 6 In(A;/A))

(lln)lpgAile).+ Ing; + 6 In(A/A)

A2.11

“A2.12

A2.13

A2.14

SO that'in.ca1cu1ation°algorithm only 6'1n(Ai/Ao) need be added to

the previous n j: to get the new 1n j.'.
i : i
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_Ar

Ar

Ar

Be

Bo

Bo

Br

‘Br

Br
Br

Br

Br

Br
Br
Bu

Bu:

Ca

74

75

80

36

77

78

78

79a
79b

79c -

79d
80a

80b
80c
78
79
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