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AB TRACT

This report describes advanced fuel cell research Ind devel-
opment a ctiviti es at Argonne National Laboratory (ANL) during the

period Jul v-September 1979. These efforts have been d i rec ted
toward understanding and improving components of the molten car-
bonate fuel cells operated at temperatures near 925 ::.

The primary focus has been on the development of clectrolvte
structures that have good electrolyte retention and mechanical

properties as well as long-term stability. A major effort this
period has been on the synthesis of LilO: part i( 1es lor the prepa-
ration of high-porosity (607) sintered structures. The major preb-
l em has been avoidance of ionic spec ies (UInre;ic ted iCO or LiOll)

during sintering, which produce struictnres with exccessiv particle
growth and low porosity. Initial cell Lests with sintered electro-
lyte st ructiures indicate that these structures can suyiVive thermal

cycles and that adequate wet seals can be obtained.

SUMMARY

Synthesis of LiA10-

The major effort on the synthesis of LiAl0. powders was direcLed to i he

preparation o1 material for sintered structiires. Thle .- iAl( powder pre-
oared by a two-stage heat t. reatment (875 K and 1 175 K) of .- AI; and Li CO.
was found to be seiusitive to h1uinid ity during the blending of the powders.
For example, the LiA1l product had a surface area of ,7 m /g when ended

at. '1 relat ive humidity, and A m /g when blended at 1,457 relat ive humidity.

The moisture has an adverse effect on the blending of the reactants and pro-

motes particle growth by d issol ut ion and redeposit ion . The most promising
approach for the fabrication of liAl O for sintered structures involves low--
cost Al (01), impregnated with LiOH and ti red at 725 K to produce c-LiAl0 . A
pellet of ,60k porosity was sintered at 1175 K from some of this product;

however, the products, to date, have been contaminated with -Al C)

Development of Sintered _iAl O; Struetvires

The feasibility ot sintering .12.5-cm-square l.iAl O structures with and
without wire reinforcement has been demonstrated. A number of sintered struc-
tures fabricated from d if ferent hat chies of -LIA10 powder were found to have
porosities ranging from I5 to 60%. Several spec imens were examined by SE1 to

1



determine the micrustructural features responsible for the low-porosity levels,
ar a major fr;lcLion of coar v' particIes was thought to be responsible for

I ower wr OS)i I V sample es.

To dterminc the minii imum suitable temperature for converting a- to
r-Li Al , h igh-sur f ace-area t-LiAI 0 powders were heat-t related at 973, 1023,
and I01 . iThe samples prepared at 1023 and 1073 K converted to the y-phase,
but the r-phase predominit ed in the samples heat treated at 973 K, even after
50 h. Sintered discs with porosities between 47 and 587 werc fabricated from
powder r that had been transformed to -(-Ii \ ( at 1023 or 1073 K. This porosity
is higher than the --45% obtained previously when the transformation tempera-
ture was 1175 K.

Sinterwl structures with porosities 607 were fabricated directly from
an f-IA0 powder. When this powder contained unreacted Li:C0, the product
had low porosity because of rapid particle growth. Additional enteredd
s I ruc t2 res w i 1 he prepared from a-I. i A10 powders.

Examination of Elect ro te_ St ruc tures

X-ray radiography on a s intered structure (6-1P) that had been tested in a
c circular cell (Sinter 2) was performed. This structure showed good wet-seal
and cross-leakage characteristics. A crack was observed which initiated at
one sPecimen edge but did not propagate through the Lile beyond the wet seal.
Scanning electron micrographs were taken of crack surfaces present in another
sintered electrolyte structure (1-P) that had been tested in a cell (Sinter 1)
and revealed that the surface inside the wet-seal area had less el ectrolvte

than the area outside the wet seal. A hot-pressed t ile ('159-57) not tested
in a cll was examined by SEM and found to have an inlhomogeneous microstruc-
t!lri similar to that observed in the tiles examined following cell testing.

!I 'rkmecian i cal Test ink

The coefficient of linear thermal expansion and creep data have been
dot rrined for hot-pressed pellets consisting of high-surface-area y-IAA10,
(26 m /g) and variable amounts of Li;C0--KC0 eutectic. The coefficients of
thermal expansiun, which were ovtermined for the temperature range from room
temperature to -6/5 K, varied from 12.0 1.8 x 10 /'C for pellets having

6.4 vol 7 oatect ic to 30.0 ' 1.5 x 10' /0 C for pellets containing 84.2 vol "
elt ect i . The pe let showed typical primary creep hehiav for at the fuel cell

ao r:u ing temperature (925 K), that. is, the rate decreased with time.

Ccl I Test in

A reinforced sintered electrolvtc st rupture that contained two very small
Cracks was mploved in cel Sint or 3. The cel I had low cross-leakage on
startup, but the leakag- increased ignificant Iv after the first thermal cycle

to room t empe ratLure; thie leakage riate showed no further change after the

second cycle. Subseritint lv, cell operat ion was terminated because of carbon
deposition in the anode inlet t. abe. It. appears that any detecctahle c ru cks in
the electrolvte structure wil Iead to cross-leakage during cell operation.
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I. INTRODUCTI ON

The advanced fuel cull studies at Argonne Nat Tonal Laboratory (ANL) are
part of the DOE Second Generation Fuel Cell Program. The goal of this DOE

program is the earliest possible introduction of high-efficiency generating
systems based on molten-carbonate fuel cells, which have the capability of

operating on coal or other fuels. At the present stage of development , the
primary thrusL of the \NL program is directed t > development of the fuel cell
itself.

A molten carbonate fuel cell consists of a porous nickel anode, a porous
nickel oxide cathode, an electrolyte structure which separates the anode and
cathode and conducts only ionic current between them, and appropriate metal
hous.in)>s or, in the case of stacks of cells, intercell separator sheets. The
cell housings (or separator sheets) bear upon the electrolyte structure to
form a seal betv'een the environment and the anode and cathode gas compart-
ments. The electrolyte structure, which is commonly called "tile", is
usually a composite structure of discrete LiAI 0 particles and a mixture of
alkali metal carbonates, which are liquid at the cell operating temperature
of 925 K. At the anode, hyd rogen and carbon monoxide in the fuel gas react
with carbonate ion from the electrolyte to form carbon dioxide and water,
while giving up electrons to the external circuit. At the cathode, carbon
dioxide and oxygen react and accept e lectrons from the external circuit to
re-form carbonate ion, which is conducted through the electrolyte to the
anode. In a practice cell stack, CO- from the cathode probably would bo
obtained from the anode exhaust.

The ANL contribution to the program is intended to provide understanding
of cell behavior and to develop improved components and processes. Improve-
ments are needed in the electrolyte structure, which is receiving special.
attention at ANL. Characterization of tile properties and the relation of
the ;ropertIes to tile behavior in cel1 a is of major importance. Determina-

tion o Lhe stability of t ie materials i - also of high priority. The present
elect rolvte structure generally is a clay-I ike mixture of 'ine LiAlO, part i-

le, .w'd arbonrite salt; however, structures employing a Fintered LiAI0U
matrix also art being examined.

rationn of cel is is required for assessment of the behavior of the
electrolyte and other components and for understanding of the performance
an( life-limiting mechanisms at work ithin the cell. Cell operation is, of
course, coupled with a diagnostic effort and a materials-development effort.
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I1. SYNTHESIS OF LiTHIUM ALUJMTNATE
(K. Kinoshita and I. W. Sim)

An objective of the electrolyte development effort at AN!. is to develop
methods :o synthesize liA 1O electrolyte structures for cell testing and to
develop methods to produce low-cost electrolyte structures sufficiently sta-
ble o r use in molten carbonate fue l cel ls.

Previous results (ANk-78-40, p. 7) showed that high-surface-area
-LiA1 (>_20 in /g) for paste electrolyLe structures (tiles) can be obtained

by the two-stage heat treatment (775 K for 2 h followed by 975 K for 16 h) of
physical mixLures of LiOl, y-A_203 (Degussa) and the appropriate amount of
Li-CO, and K;CO, for the eleecrolyte phase. This - -LiA0 2 also would appear
to be desirable for use in 'intered structures,. but the carbonate phase must
be removed first. Therefof e, we have employed other synthesis procedures in
a atLempt to produce LiAIO, free of carbonates. Since the start of 1979,
several batches of y-LiA1o have been prepared for use in sintered structures
by heat treatment (875 K then ,1175 K) of physical mixtures of Y-AlO9
(I)egussa) and Li C. Table i summarizes these runs, which are listed in
chronological order.

Some difficulties were encountered in achieving high porosities (%60) in

the sintered structures prepared from some of these hat(lIes of l-IiAlO ;
therefore, we reviewed the synthesis procedure to determine the nature and
cause of the differences among the hatches. Samples 134-82 and 134-83 were
prepared trom Li:; CO. and y-A1'O - that were physically mixed in a plastic jar
containing two rubber stoppers instead of the two alumina balls used in pre-
vious samples. This slight variation in the mixing procedure produced a
powder of higher bulk density and could account for the low surface area of
the y-LiAl0 (0.4 m/g) . ft was apparent from subsequent samples that other
factors also affected the surface area of the final producL. According to

the da: P'i Table , the suir! ;acre area o Y-LiAl 0 powders prepared in the
winter ment s, when the re at ive hullidit y in the laboratorv was low (110%),
had the hi <rest surface airest (6-7.6 m /g): wh reas, in other months, when
the re l alt ive humidity was h i gh (40-501), the surface area of the I-liAl0O
produced was low (0.5 to 1.2 m2 /.'). I'e believe that the ambient humidity
a' Itcted the agglomeration of -Al (). and Li CO. during physical mixing; and
this, in turn, affected the surface area of Y-1 iAlO obtained after heat
treatment, probably becalise of inhomogenity of the reach fant mixLure.

1i ring thIis 11.11 Ler, thr-eu samples of y-LiAIO2 were synthesized from a
low-cos! Al1(O) .uid Li (WY by heat treatment at 975, 1075, and 1175 K for
18 1h at each toemperatrtr . The producLs were charnr ier i zed by x-rav d i f-
I ract ion (XR'), scanniug elect ron microscopy (SE>), and surface area
measurements. The csuLts of this study are sumna rized in T.able 2. At
975 K, x-1.1Al ; wa: obtained as clump-shaped part icles of low surface area,
9. 3 n /. At hi gher t emperat ures (1075 and 1175 K) , the surface area of the

y-I.iAl ( was even lower, iii Iact too low for suitale appl ication of this

materialI in elect rolyte st ructures. At this time, htat treatment of physical
mixtures of Li CO and Al (011) does not appear promising for synthesizing

y-LiA10. for u::e in electrolyte structures.

*
Type II- 7O Al ((il) obtained f ron' t lie Al uminuin Company of Amer-Ica (ALCOA).



Tab le 1. vnthiWsis o, -LiA1 for Sinf red Tile Structures
(starting material: Degussa -,-A1-0J and
steichiometric Li C0)

Heat Treatment

Preparation Relative Roorm Time at Time at

Sample Date in 1979 Humidity, Temp., 875 K, 1175 K,

No. (Month-Day) F h h

134-63a 1-17 10 69 66 16

132-67a -- 12 8 70 82 20

134-76a 3-27 10 74 18 16

134-79a 5-14 20-25 84 65 16

1 3 4-8 2b 5-21 20 79 18 16

134-83b 5-22 20 79 18 16

134-93-1a 6-13 45 82 so 16

134-93-2a 6-13 45 82 40 16

134-96a 7-9 40-50 81 27 16c

134-98a 7-11 40-45 84 24 1 6d

aMixed in jar containing two alu

bMixed in jar containing two rub

cTime at 1225 K.

dTime at 7155 K.

LiA10
Surface Area,

m /g

7.5

6.0

7.6

2.5

0.4

0.4

1.2

0.6

0.5

0.6

mtn' balls (1.25-cm dia).

ber stoppers (#10).
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Table 2. Synthesis of LiA102 from Physical
Mixtures of LicC(- and Al(01)

Physical Characteristics of LiA10Heat T1'r ea tme nt - -- ----- - - ---- - - - --- -

Samp.le Temperaturc , Surface Area,
No. K LiA10 Phase m /g Part i c le Shape

134-101. 975 a 9. 3 Clumps

134-103 1075 1..2 Fused Clumps

134-102 1175 Y 0.6 Bipyramids

A heat treatment of 18 h.

Previous experiments ind icated that high-surface-area F-LiA10 was
obtained when Degussa y-Al .0 (ANL-77-29, p. 11) or Type 11-705 A1(0H)
(ANL-78-71, pp. 4-6) was impregnated with an aqueous solution of Li-H, dried
at 423 K, and reacted at 725 K for 1.5 h. Eight samples were prepared to
evaluate this tvp2 of LiAlU)7 in sinterUd structures. As shown in Table 3,
with the exception of two samples (159-134 and 56-60A) , each sample was pre-
pared av dissolving LiOH in HB0, adding Al((H)l or Al; 0, to the LiOH solution,
and t'on mixing with a magnetic stirrer. ]n samples 159-134 ard 56-60A, the
A1i). was first suspended in H^0, then the iOH solu tion was added to the
suspension, which was mixed with a magnetic stirrer. Thie latter technique is
hel le'cd to produce better reactant mixing. In some of the samples, a gel
formed when all of the reactants were added, thereby stalling the stirrer;
these samples are identified in Table 3. The slurries (or gels) were dried
at ,425 K, then reacted at .725 K for 1.5 h. Results of surface area and
x-ray D if f rac t ion analyses are also reported in Tb &' 3.

Each of the '-LiAl (; samples was pressed into a pellet and then sintered.
As shown in Table 4, the porosities of the sintered pellets prepared from the
Tvpe C-33 Al(OH)3 were hi plh ( W)7) For the sintered pellets prepared from
Degussa f-Al 0) or Type -)5 Al (01) 1, the porosi ty was low (30 to 357) if a
gel had formed during mixing tf the react ots: when this gel had not formed,
the porosity of the interod pellet wias high (607). Some of the LiA10-
from sample 159-1 u9h, which had formed a gel during preparat ion, was washed
with acetic a id/acet ic anhydride followed by methanol to remove the Li 0H
and/or Li CO; subsequent. ly, the poros it v of t he washed t-iA102 sample
(1 59--2) was not af fcted by the Silntle ing operation. Thus, the Li01l and/or
Li. CO were responsible for the decreased porosity after sintering due to
inadequate reactant mixing,. Mixtures used to prepare liA10. must he mixed

thoroughly prior to sintering.



Table 3. Preparation of F-LiAl0~. by Irmpregnation Technique
(stoichiometric amounts of hi0h and Al(OH)
or Alq03 were used)

Sample Volume Surface Area, Gel

No. Type of Alumina Moles LiAlO 2 HO, L X-ray Analyses m 2 /g Formed

134-117 Type C- 3 3 b
Al (OH) 3

134-120 Type C-33b
Al (OH)

134-105 Type H-705b
Al(OH)3

134-110 Type H-705b
Al (011) 3

159-109b Degussa ;-A12 0 3

56-60A Degussa y-Al2 0;

159-134 Degussa y-A12 0 3

159-124

0.68

2.06

1.36

1.36

1.34

0.76

1. 34

0.25

0.75

1.00

0.50

0.70

0.60

1.06

?-LiAl0

-LiAlO 2
y-A1 2 03 (mi.)

2-LiA10-
T-A1,.0; (mi. )

-LiAl0

y-AlO 3(v. mi . )

LiA10-
Li 2 CO 3 (mi.)
-A1 2 0 3 (v. mi.)

-LiAl1)

*-LiA10
Li2-CO, (med.)

y-AL-03 (med.)

No

No

40

42

13

18

34

47

32

Yes

Yes

Yes

No

No

159-109b washedC - - -LiA-Al0

Sexpetedbaso-A1p0lt (mrc.o) of U.

LiAlO2 expected based on complete reaction of LiGH and Ali03 or A1(OH)3.

bObtained from ALCOA.

cSample was washed with acetic acid/acetic anhydride, then with methanol.

amount of



Sampl.:
Pellet No. No.

P-15')-132--4 13 - i l 7

Sintrcil ; Sintering
Temper.iture, K Time, h

12fl5 0.5

Cold--Pressed Sintered
Porosity, 7 Porosity, 7

60.0 61.7

P-159-L28-3

P-126-1

105-1

iO-1

P-159-128-1

P-159-128-2

P-126-2

159-109b

P-159-132-1

P-1 ,-135-i

P-126-3

159-124 159-124 1265 1.0 54.3 53.9

134-120

134-120

134-105

134-110

134-110

159-109b

159-109b

159-109b

56-60A

159-134

159-124

62.7

61.1

32.5

30.4

20.1

675

1265

875
1265

1400

1175

875
1.265

g75
1265

875
1265

1265

12b5

1265

875
1265

23

3
0.75

1

3

3
0.75

23
0.1

3
0.75

1.0

0.5

c.5

23

0.1

61.3

6J.1

61.1

58.3

56.5

53.1

53.8

52.1

61.9

62.7

55.1

31.8

34.5

67.2

63.9

55.1
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1I1 . DEVEL )PMENT OF S INTERID 1I TH IUM ALUM I.NATE STRUCTURES
(R. N. Singh, J. T. Dusek, R. E. Mai lh.iot , and R. B. Poeppel )

Ceramic processing techniques are being explored to produce stable

lithium aluminate structures of cont rolled microstructure (poros i ty and pure
size). During this quarter, y-LiA.0 pellets in the shape of small discs
and plates ( 12.5 x 12.5 x 0.15 cm), with and without wire reinforcement,
were sintered.

A summary of powder characteristics, sintering conditions, and sintered
porosities is given in Table 5. This table also contains results for two
s Entered samples prepared from i-LiAl0 (in these cases, the c-to-f trans i-
t ion occurred during sintering). Differences in starting materials led to a
rather wide range of final porosities, as shown in Ta ble 5; many sa mp _a had
porosities well below the desired 607. Porosities of 607, were obtained by
s int ering ( and ) powders t rom batch numbers 134-60 and 1 34-61, respect ivelv;
however, under similar specimen preparation conditions, the porosities of
the sintered structures obtained from more recent hatches of -1.iA107 powder
(batch numbers 134-67, -76, -79, -82, and -83) have been consistently low
( A5 7 porosi t) . As dIi scussed in Section II, one of the reasons 1 or this
may be the re Latively low surface area of the recent -IAl0 powders (see
Table 1).

A sintered sample from each hatch was examined by SEM. Microstructures
for the high-porosity samples prepared from batches 334-63 and 134-60, which
are presented as Figs. 1 and 2, respectively, shove uniformly small particles.
In contrast, microstructures tvpical of low-porosity samples prepared from
hatches 134-67, -76, and -79, shown in Fig. I, consist of a large fract ion
o f r1eat ively large agglomerates. .\lthough batch 134-67 contained some fine

particles, the fraction of fine particles wo's progressively smaller in

hatches 134-76 and -79. Low-porosity samples were also prepared from
:)atch-.' 134-82 and -S .; the SEM 's for thes. hatches showed particles that
.:ere uniformly laryi (Fig. 4). These finding:; suggest that h igh-porosity
sintered structures are obtained from I.iAl() powders of small particle size
and/or hih sur face area.

i the tw--s Lep heat-treatment used to prepare the y-LiAI0 powders (see
_'i on ! ) , the Ii rst t treatment at 875 K produced u-1LiAlo-, and the second
treatment at 1J 75 K converted Lhe i- to y-LiA]7. 'I he particle growth

occurred dur:Lag the s(clnd S'ep; and, therefore, -Li Al samples were main-
tai ned at. tempo rat tires of 973, 1623, and 1073 K to determine whether this

conver';ion step might be performed at a lower temperature. The results
(Table 6) indicate that the minimum temperature for the t ranst ormat ion
occurs between 97 and 1023 N.

Th. r-LiAl K powder prepared b) heat treating -- LiA1 0 (batch 134-99) at
1073 K for 50 h was cold pressed into three discs (32-mm dia x 2.5-mm high)
and then sintered at 1383 K for 2 i1. In addition, -l.iAl0' prepared lv
maintaining the a-liAI O7 at 1023 K for 50 h was cold pressed into a disc and
sintered at 1273 K for 2 h. Table 7 shows that the porosity of these
sintered samp~l es ranged I rom 1:7-58/ . Thus, the lowL r t ranstformat ion

*
Materi als Science I)iv ision, ANT



Powder
Batch

Number

134-67 (' )

134-67

134-76

Powder
Surface
:;rea,
m /g Powder Preparation

6

6(y)

134-79 ()

134-82

134-83

('a)

(.7)

Sample

Number

40

63

65

67

69

71

38

58

2-P

3-P

78

134-63

134-79

(r)

('1)

7.6

.

0.35

0.44

69

69

7.5

7.5

2.5

Ball milledb

Ball milled

Ball milled

Ball milled

Ball milled

Ball milled

None

None

None

None

Ball milled with 15 wt

corn starch and ethanol

Mixc - Ball milled with 15 wt
corn st irchi and ethanol

Mlixd

The LiAlO2 phase is indicated within

bBall milled for "-20 h in ethanol.

Ball milled with 15 wt

corn starch and ethanol

parentheses.

Sintering

Temp., Time,

K

1373

1373

1373

1373

1373

1373

1373

147 3

1373

1373

1373

1373

1373

1h

0.5

4

4

4

4

4

0.5

2

0.5

0.5

3.5

2

cFour grams each from batches 134-76, -79, -82, -83, -93-1, and -93-2.
One hundred grams each from batches 134-76, -79, -82, -83, and -93-2; 67 'rams from batch

134-93-1

134-60 ( )

134-60 (.)

134-63 (;)

Porosity,
7'

93

11-P

52.6

53.0

44.1

44.7

45.2

45.5

59. 3

A6.7

60.0

61.4

56

54

55

i ule i. 'oroSit; oI Sin L tr-d Li t tru, tIII-
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Fig. l . Microstructure of S lilt ered
-L i \l i from Bat cLi 1 3.4-63

Cont Lain ing tiniform ly Smu1;i
Part is les. (Magnif icat ion,
12,000X.)

Lemperatures (1023 :ind 1073 K) resUlt2ted ill al improvement in porosity over

the -45; poros it ies of sinLered samples prepared from ear ier hat ies of
powder (transformation temp. , 1175 K) . llowevL r, SE'll examinaL ion of these
four sintered samples reveal e(! the presence of nudesirabl large part ic les.
Even the sample prepared at 1023 K (Sample 115 in Table 7) res.,1Lted in a
sinter with large part Icles. To determine at what point these large part i-
cles were formed, samples were cold pressed from t lhe -I i AI0' of bat h 134-99
and from -i.A10 prod aced from this -liA1 0 heat treated at 1073 K; SEN
examinat ion of these samples revealed large part i cl e. only iin tL powder
sanp l es.

Attempts also 10 were made to modii t le exis: ing powILr trough tle

incorporate ion of add i t i ves (as hi nders) '.'hbich wou ld burn of f dur ing the
Slntering operation al'd leave a structure of high porosity. As indicated in
Table 5, sEample 78 had -15 wt '% corn starch added Lo -L.i Al 0 (batch 1 "3/-7 );
after sintering, this sample had a 1[07 I higlier porosity than that o1 a simi-
lar sample without the additive (sample 67) . Because oI this init ial I success,
a ,12.5-cm square p[ate was prepared 1yi mixig several batches of th le I ow-
surface-area powders with corn starch, col( pressing, aid siluterin.;; this
procedure result tel in .1 plat e (Il-P) with a porosity of 557. 'lii sample,
wh ich is reinforced with Kant hal w; re, wiII he imIp rfl na itJ witIi the 'l c tro-

i n 1 1-1-m Sqular1-1yte mixture and, 11' found t~o be crick 1'rec, W i Il be tested



(a) (b)

Fig. 2. 'icrostructure of Sintered :-I.iAtO: from Batch 134-6 Containin
Uniformly Small Particles. (Magnif ication 12,000X.)



kig. 3. Microstructure Typical of
Sintered LiA1l( Prepared from
Batches 134-67, -76, and -79
Containing Lare Agglomerates.
(Magnificdtion, 1500X.)

Fig. 4. >iic rostrucLure T::piedl o!
Sintered LiAlO- Prepared from
Batches 134-82 and -83 Contain-
ing Uniformly Large Particles.

(Magnification, 1500X.)
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Table 6. Heat Treatment of t-LiA0M Powder

leat Treatment
Condc}i t io005

i'OWdir -n

Batch Al 1 oLropic 'T'emp. , Time, X-ray Analysis After
No. Form K h Heat Treatment

134-99 .x-IiA.l0< 1073 24 y, c( (v.v. minor)

1073 50 r, (v. minor)

1023 24 t, (v. minor)

1023 50 , (v. minor)

973 24 (minor)

973 50 (, y (minor)

A major phase unless otherwise indicated.

cell housings. An addiLional sample without wire reinforcement has been
cold pressed and will be sinLered in Lit near future.

Because of our recent difficulties in produc ng high-porosity, sintered
structures utilizing y-liA10- powders, attempts were made to fabrirate
plates directly from ut-LiA10 powder. Init ial experiments demonstrated that
samples in the form of plates ( 13-cm square) with porosities as high as 64%

can be fabri cated from t' e u-LiA10 powder. The use of a die 1 lbri cant pre-
vented the 't-LiA10 from sticking to the die during cold pressing. The

sintered p1la tes cont ained local depressions, wh ich are probably areas of
increa;("m densi ty caused by the presence of unreact ed I ,CO.; in the start i ng

powder. tempts are HOW h i ug made to il iminmate unreacted I.iC0; from the

t--LjA powder either by si tving (Li CO. promotes clumps) or by washing the

powder with a mixture of acet ic ac id and acetic anhydi ide. 'Ile presence of
unreac ted Li 2 CO. also may have been responsible for the low surface area of
Y-LiA102 powders, which have consistent ly produced low-o rosity samples in

recent month hs. Attempts are being made to produce .-- LiA(lO powders with as
little unreacted Li C0 3 as possible by controlling the ratio of ti-Al 0j to

Li )CO , i::d by batter mixing of the start ing powders.



Table 7. Results of Sirtering y-LiA102 Pressed Samples (batch 134-99)

Sintering
Cdiions

Pressing Green -- --

Sample Load, Porosity, Temp., Time,

No. kg 7 K h

1033 455 - 1383 2

104a 455 - 1383 2

105a 136 - 1383 2

106a 136 56 - -

115b 455 - 1273 2

aa-LiAlO 2 powder (batch 134-99) transformed to --LiAI0

b-liAI0- powder (batch 134-99) transformed to %-LiAl0O

Sintered
Porosity,

% SEM Observation

Large agglomerates

U,

Large agglomerates

Large agglomerates

Large agglomerates

h.

h.

53

52

58

47

at 1073 K for 50

at 1023 K for 50
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V. EVALIUATI ONS OF LE'CTROINTE STRUCTURES
N. Singh, 1). S. Kupperman , N. P. I.,pinski,
R. l . Mai lII ot , and R. B. Poeppe1)*

A reinforced sintered structure (6-1P) that had been tested in a circular

cell (see Section VI) was examined by x-ray radiography. After disassembly
of the cell , a crack emanat inig from one edge of the <:ample was seen (Fig. 5).
This crack did not appear to propagate into LIe center of the sample through
the wet-seal area. Posttest examination by SIM is under way to characterize
the sintered structure after cell test ing.

I
Fig. . X-ray Radiograph of S inter

2 after Cell Testing
Showhig a 'rack Emariat ing
from One Edgpe

An earl ier sintered specimen (not reinf orced) which had been tested in
cell S inter 1 (ANL.-79-84, p. 30) wa:; sampled in two locations outside and

insi de the cell lous ings . These sa ples were then examined by SEM. The
sample obtained from inside t he cell oOUs ings appeared to have lost some
electrolyte at the cracked surface (Fig. 6a), whereas the sample obtained
from outside Ole wet seal aprIeared t o he completely impregnated by the elec-
trolvte mixtur- (Fig. 6b). The photo-micrograph shown in Fig. 6b is typical

of an impregnated sintered structure as shown in Fig. 7. This finding sug-
gests increased loss of electrolyte from the cracked surface in the presence
of cross leakage of react ant gases over the elect rolvte loss to sta.ic air
outside the cell. More ;amples are heins'c ex:c'mined to det ermine if this is a
genera l phenomenon.

*
Mater'18 s Sc twnce Div is ion, ANL.
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(a)

Fig. 6. Scanning-Electron Xicrc-raph

(a) Surface of a Crack in an

(b)

of Sinter 1 after (c1l Testing.

Area Inside the Cell Housing

(Magnification, 1000X). (b) Surface of a Crack in an

Area Outside the Cell Housing (Magnification, 2200X).

r

" " ,1 r



(a) (b)

Fig. 7. Micrograph of Sintered Structure Completely Impregnated by Electrolyte.
(a) Magnification, 440. (b) Magnification, 4800X.
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As reported in the previous quarterly (ANL-79-84, p. 33), a hot-pressed
tile tested in a 10-cm square cell (cell SQ-7) was examined, and areas that
appeared quite inhomogeneous with respect to the distribution of y-LiA10,
and electrolyte mixture were found. Since then, a hot-pressed tile (T159-57)
was examined to determine whether this inhomogeneoius structure was generated

during tile synthesis or subsequent cell testing. Figure 8 shows an SEM of

tile T159-57; this microstructure appears inhomogeneous, with evidence of
areas that are rich in -L-iA10 (lighter areas) and electrolyte mixture

(darker areas). There also appears to be a gap between the Kanthal wire and

the ceramic microstructure (see Fig. 8a). Therefore, the inhomogenity is

present in the as-fabricated tiles. Attempts will now be made to change the

tile preparation techniques to produce a more homogeneous microstructure.

In addition, one 13-cm-square sintered plate (1l-P) and five hot-presseu

tiles (158-89, -95, -96, -101, -103) were examined by x-ray radiography.
The sintered structure (ll-P) showed no cracks. Three of the hot-pressed

tiles (159-89, -95, and -103) contained cracks. Tile 159-96 had broken
reinforcement Kanthal wire but no apparent cracks, and Tiles 159-101 and -95

showed evidence of low-density areas.



rr

i.7.

(a) (b)

Fig. 8. Microstructure of Tile T159-57 As-Fabricated.
(a) Magnification, 480X.

(b) Magnification, 1000X.
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V. THERMOMECHANI CAL TESTING OF ELECTROLYTE STRUCTURES
(G. H. Kucera)

The effect of electrolyte content on the coefficient of linear thermal

expansion and creep behavior has been determined for six hot-pressed pellets

containing high-surface-area (26 m''/g) y-LiA102 and variable amounts (6.4 to
84.2 vol %) of Li2 CO -K,CO 3 eutectic. For this series o; experiments, the
thermal expansion was measured with a di latome te r (ANl-7 9-84, p. 7) for six
hot-pressed pellets. Three of the pellets had :55 vol ' eutectic and the
thermal measurement conditions were as follows: a compressive stress of

98.6 kPa, a CO environment, a thermal cycle of room temperature to o725 K.

For the three other pellets with _51 vol eutectic, the measurement condi-
t ions were the same except that the temperature range was decreased to 050 K

'ecause at u675 K such structures tend to compress slightly under the minimum

applied load in our dilatometer. Table 8 presents the measured coefficient.
of linear thermal expansion for the six hot-pres-ed pellets. Each value
given is the average of about ten measurements.

Table 8. Coefficient of Linear Thermal Expansion for
y-JiA 910 (26 m /g) and Variable Amounts
of Li 2CO-K2 CO 3 Eutectic

Volume Z '
Li , C0-K,,CO ( p

6.4 12.0 1 .8b

17.4 12.4 2 .9b

36.1 17.4 2.5b

58.9 25.8 - 2.8c

72.6 2i.2 0.6c

84.2 30.6 1.5c

aAt room temperature, based on a solid dens ity for

I CO)KC0. of 2.27 g/cm3 .

Temperature range of 300 to 725 K.

Temperature range of 300 to 650 K.

For a co'pw;ji te structure, such as LiAl0 plus Li CO4 -K Co , the
coeff icient of thermal expansion (a.) might be expected to follow the simple Ie
rule of mixtures:

n
a = ( aZ (1)

mix n n

where tn is the coefficient of thermal expansion of phase n, and Zn is the

volume fraction of phase n. However, Turner' has suggested that a state of
stress exists between the phases which influences the thermal expansion

behavior of the composite structure. Turner expresses the coefficient of
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t hermal i'xpiinIs in is :

I' ( Z K

mix Z K
n n

where Kn is the bulk moduli of phase n.
usi T irner ' 'qu"t iol, with 't of 12.4
various ratios of K /v . Figure 9 is a p
-ipansion as a function of carbonate cont

Table 8 as well as previous data (ANL-79-

having y-LiA10 with a surface area of 14
ar , the curves obtained from Eiqs. 1 and 2
assumed that the K, for LiA10-, is 1 . 5 t in

ratio is consistent with the work by Fahn
materials with
The data from
experimental e

1o
the

rro

w expansion coefficients
two sets of experiments

r, and - 1.par to fit thi(

A family of curves was generated

(ot of the coefficient of linear

;ent for the thermomechanical data
84, p. 28) obtained from samples

m 2 /g; also shown in this figure

. or the latter equaL icn, .t was

Ies the K, for the eutectic. 'This

,iy and Raga i who have shown that
generally have high hulk moduli.
are in good agreement, within

T* rner equate i oi.

ind

in

0

0

z 50 K-- 0 CURRENT STUDY
U)
z
a

-J

Q

I

z

0 PREVIOUS WORK (ANL-79-84)

FIT USING SIMPLE RULE OF MIXTURES
40 -

- FIT USING TURNEP EQUATION 5
BULK MODULI RATIO OF 1.5

30 -

20 '-

I-
0 10r -

z

- L - -...- -- __

LLU 0 20 40 60 80 100
0

VOLUME FRACTION L' 2C0 3 - K2 CO AT ROOM TEMPERATURE

Fig. ). Coo f fic ient of 1:inear Thermal Expansi on
of y-Li.Al( /iC0(-K CO Mixtures
(Room Temperature to 650 K)

*
Average obtained Iromi measurements given in ANIE-79-84,, p. 28 and Ref. 3.

(2)
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The long-term creep data (100-200 h at 925 K under a compressive stress

of 98.6 kPa) for three of the pellets containing <60 vol % eutectic aye given
in Table 9. As indicated 1y this table, the greatest primary creep occurs in

the first ten hours. This behavior was noted previously (ANL-79-84, p. 28)

for structures containing low-surface-area r- IAl).. and varying armounts of
elltectic. These data also include the total creep, . ., the sudden thick-
ness change at the melting temperature of the eutectic ("675 K) plus the
primary creep. As shown, Lhe pellet with an euter tic content of 58.9 vol %
has a compression of oniy about 2% at the eutectic melting temperature. In
the previous study with low-surface-area y-LIAlO , a pellet containing
54.5 vol 7 eutectic underwent a 5.5% compression at eutectic melting.

Table 9. Creep Behavior of Y-LiA10; (26 m /g) and
Varying Amounts of LiCO-z-K,C0,

ILi .C0--KC0, Time, Primary Creep at 925 K,h Total Creep,
vol X h % Thickness Decrease % Thickness Decrease

6.4 10 0.27 0.44
20 0.27
30 0.29

100 0.29

17.4 10 0.6 1.7
20 0.7

100 0.7

5n.9 1.0 0.4 2.5
20 0.4
30 0.
93 0.5

Based on a density for (solid) LiC0-K 2 C0 3 of 2.27 g/cm3 at room
temperature.

bCompressive load of 98.6 kPa.



24

Vt. CELL TESTING
(I. W. Sim)

In the previous report (ANL-79-84, p. '30), testing of sintered electro-
lyte st ruc: tures was in i.t i cted in two c ircular (7-cm di a) cell s--Sinter 1
and 2. lU1r ing Lhis report per:.od , the testing of sintered electrol,,'te struc-
tures was cunt inued with another circular cell, Sinter 3. Even though the
circular cell was inferior to the square one, principally because of poor
support ot the electrodes (ANL-78-40, p. '30), it had to be used for the
present cell tests owing to the small size of the available sinters. The
characteristics of the components in cells Sinter 1, 2, and 3 are given in
Table M(. The non-reinforced structure used for Cel I Sinter 1 was determined
to have had four c racks prior to cell assembly; during operation, this cell
exhibited cross-leakage of oxidant into the anode gas stream and failed after
two thermal cycles. The fail tre was apparently caused by one of the hairline
cracks present before testing, which enlarged during cell operation.

Cross-leakage did not occur* in cell. Sinter 2, which utilized a rein-
forced, sintered LiAIO, structure containing no detectable cracks under
radiographic examination prior to cell testing. Cell Sinter 2 sustained
five thermal cycles without cross-leakage at a differential pressure of
6.9 kPa (1 psi). It was voluntarily terminated to determine the condition
of the electro t %t e component. The only cracks observed during posttest
examination apparently were caused by disassembly of the cell. Both of the
cell hos ugs ;rnd the '-l ect rodtes ;lihered t enac ions I y to the si rite red
st ruc(t lre.

Cell Sinter 3 used a reinforced, sintered LiA107 strut I 're containing
two small (',,. 01 mm wide and '2-4 mm long) hairline crack --. ihe purpose of
this test was to determine whether tihe small cracks would re-;l t in cross-
leakage during cell operation. A low level of cross-ileakage was detected
bef ore the first thermal cycle (Fig. 10), and an increase was detected after
the first thermal cycle (Fig. 11). The level of cross-leak
stable through the second thermal cycle (Fig. 11) , but the
nated because of carbon deposition in the anode inlet tube.
cross-leakage for cell Sinter I also is shown in figs. 10 a
higher leakage for this cell was to he expected, because th
of cracks Observed prior to testing were larger for st ructu
cell Sinter 1) than for structure 8-P (tested in cell Sinte
showed increased levels of cross-leakage, as shown in Fig.
LiA10; structure tested in cell Siler 3 was apparent lv mor
cross-leakage and to failure than the structure tested in c

age rema ined
test was termi-

*nd
i1C

arc

'r2

e

In out rast,
1i. :he

size and number
1-P (tested in

3). 1oth cell S
The sintered

resistant to
1 Sinter 1.

Nevertheless, it appears that cracks detectable by radiographic examination
will lead to cross-leakage during cell operation.

We plan to test a non-reinforced, sintered LiAlo0. structure containing
no cracks as soon as such a st r11 t tre can be fabricated to determine whether
Kanthal reinforcement helps to prevent the failure of the sintered LiA10 ,
e Iectro vt e st rne t ire by doterring crack propagat ion dur ing t hermal cyc 1inig.
Problems with 1.iA10. powderi p rocessing have delayed the fabricat ion of such a
st ructure , however.

*
See Appendix for cross- 1e';kage measurement technique.



Sister 1 Sinter 2 Sinter 3

Anode

Composition

IhicknlEs S, mm
Porosity, 7.
Mean Pore Size, ;m

Ni
0.74

74.2
6.8

Ni-10 wt r

0.74
56.6

3.8

Cr Ni-10 wt 7
0.76

64.4
4.6

Cathodea

Composit ion
Thickness, mm
Porosity, %
Mean Pore Size, ..m

Electrolyte Structure

c

Ni

0.64
73.1
10.2

Ni
0.64

74.4
9.6

h
Sinter No. 1-P 6-P

Thickness, mm 2.5-2.7 17-1.8

Porosity, . 57 52

P.d io 'r.r: je F:.:x::< .Four cracks .o bricks
0.06 x 15 m

.06 x 10 m:

.03 x 10 m:.
1.03 x 10 mm

Characteristics prior to i' st- oxidation.

bReinforced with Kanthal screen (20 mesh, 0.127 :m wirts, t ,idplane).

cSinter preparation reported in ANL-79-84, p. 8.

dBefore impregnation with carbonates.

Ni
0.64

74.4
9.6

8 - Pb
1.5-1.9

53
Two cracks
0.01 x 4 mm1
').01 2 *m

Cr
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CELL SINTER

-CELL SINTER 3
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0 0.5
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DIFFERENTIAL PRESSURE, kPa

2.0

F i ,

-2
2.5

Cross-leakage in Cells Sinter 1 and
Sinter 3 before First Thermal Cycle

CELL SINTER 3 AFTER
3 - FIRST THERMAL CYCLE

2 ---

-CELL SINTER 3 AFTER

SECOND THERMAL CYCLE ,

"-CELL SINTER I AFTER
FIRST THE.RMAL- CYCLE

O -1-
0 0.5 10 1.5 2.0 2

DIFFERENTIAL PRESSURE, kPo

I i. I i .ross--Leaka; e in 'ad 1' Sint-r I and
Sinter 3 after I be-rmaI CvciIng

.5

z

-J
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0
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N

z
0

0
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-J
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w
w
0

z

z
N

z
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APPI ND IX

Our test for cross-leakage involves measuring the amount of nitrogen in
the anode exhaust while varying g the different al pressure between the cathode
(above atmospheric pressure) and the anode (at atmospheric pressure).
Because the gas entering the anode contains no ni it rogen (hel un is used

during the cross-Ieakage measurements), while the c thode gas contains 57 .5%
nitrogen, an increase in neasurei ni t rgen with increased di f ferent ial pres-
sure indicates cross--leakage of oxidant into the anode gas st ream. The
ni trogen measured in the anode exhalulst w i th no d i f ferent i1 1 pressure app 1 ied
is due to dif fusion of ambient air past the wtt -seal area of the anode.
This was estahi ished by maintaining a constant d i ferent ial pressure between
the electrodes while increar ing the pressure within the anode. Under these
condit ions, the amount of nitrogen decreased with increasing anode pre&:sure.
An example of such a measurement is shown in Fig. 12. Thus, we use th-
increase in measured nitrogen with increasing differential pressure between
the electrodes to quantify cross-leakage.

0 025 0 50 0 75 1 00

ANODE PRESSURE (ABOVE ATMOSPHERIC), kPo

Fig. 12. Decreasing Nitrogen Content in Anode
Effluent wit h Increasing Anode
Pressure (d if ferent ial pressure
beween cat hods and anode is
col.;tant at 0.50 kra)

z

-J
lL
U.
W

7

N
z
0

05


