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responsible for the work .
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releasable to the National Technical Information Service (NTIS). At NTIS, it
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Tb ts report presents 1 he work p e r f o r m e d  u n der  U . S .  A .  F. Con I r a ct
No. F 3 3 t ; 1 5— 7 6 — C—  2 1 .I’l t o deve iop an Improved thermal hat  t e ry by

ads- on e  i ng s t a t  e—o 1’ — t h e — a r t  I ec hn o  logy to e x t  end therma l bat I e rv

t ’apab  I l i t  i es for mi l i t  a ry  app  I i c a t  ions . To meet t i ’ t ’  r e q uIr e men t  5
( S t .  SOmt ’ 5V~ I ems w h i c h  necess it a t  ‘ I iso use o 1’ more comp l t e a t  t ’d and

expens i Vt ’ rest’ rv t ’  b a t  I or  i t’s goals we rt’ so I b r :rn ml nut ~‘s ‘ I I I e ,

one st’t ’t ) f ld act  I v a t  ion , ~‘ts l  I U~~(’ 01’ 28 ± 2 \ 0  I t  S , t ’ L I t ) : i ’ i t V 1) t 15

ampere hours  a t  30 ampere di scis: i rgt ’  r a t e  , 17 pounds w e i g h t and

140 c u b i c  in ce s  vo l ume ; w i t  ii a t a r ,~t ’ t  cost eq u a l  t o  or l owe r t h a n
p rt ’ s t’ nt  st a t  e — o l ’ — t  h e — a r t  t h t ’rma l i ta t t o r t e s .

An e x h a u s t  i ye st udv (91 the C o / L i C 1  — K ( ’l  /CaCrO 4 s~’st em ( w h i c h
i no 1 uded i n v e s t  i got i (Sn of t he p h y s  i cal , c hem i ca l  , and t h e r m al
p r o p t ’r t  i t ’s  o 1 1 he componen t s  01’ 1 lie sy st  em) produced s u b ’ l i t ’ I ent

t e s t  dat  a t o r  d e t e r m i n i n g  compos i t  ion  I h i  cknc’ss . dens i t  v , and

c o n t i g u r a t  i on  of t h e  r eq u i  red pellet. flased on b a t t e r y  t e s t  results ,

i t  wa s  d e t e r m i n e d  t h at  a t  I)0 m A / c m ~ , a I i  V t ’ 01 a pj 9 r o x i m a t  e ly  10

m i n t i t  es c o u l d  be p r o j ec t  (‘(I • since t h e  lo ng e s t  1 1 to o tt :i I ,it ’d was

5 m in u t e s .

I n  Vt ’ S t i g a I i ~ is of  a n u m b er  t V 1St ‘W (‘1 oct roe is ens i c:i I 5 y ot t ’n~s sht  ‘wed

Li -:\ I / 1.1 Cl —KC.1 / l’ ‘S ,3 tO is’ ~ S tI ~5’ 1 01’ 5 \‘ C em . p ro(Iu~’ i l l  g ~ I i Vt ’ 0 C t~ve r

35 n~ n u t  ‘s :i I 00 mA / cm~ wh i l t ’  ~ 
roy itl I ug a is en e rgy dens i t  y ot’ :~ .18. 0

Wh r/kg, in s i n g le  t e l l  t t ’st s . In  hot t erv tests u s i n g  t h e  I I ~ 1\l /
i t S ,) s ys te m , l j f t ’ ot ’ 2~1 m i n u t e s  a t  00 m: \/ c i i i ’ a f l (I e I l t ’ i ’gV t i O l I s i  l y  ol’

:18 .1 W h r / k g  were  a c h i t ’v t ’d .

It is C ht ’ r e t I S r t ’  e O t S c l U d e ( l  th a t tist ’ I i— ~\l / 1-’eS,, s\’st t ’m I s

s up e r I o r  t o  I l I t ’  ( ‘a / C a C r O 1 s y st e m  as i t  exh t b i t . s v e ry  p r e d i c t  ab l e

I l e r t o r i na ne t ’ a t  less t ’o s t  . p r ey  des t hr t ’t ’  t o  t o u r  I im es  gr t ’o l  t ’I’
0)

t?IS el’gV tI (’il s i t  I t ’ s  UI) t o  1000 iis ~\/ cm , is  c a p~~b i t ’ el pro\’ i d i n g  1 ’n g t ’r
b a t  t e r \  l i v e s  a t  h i g h e r  t ’u i r r t ’ i s t d t ’n s i t  l e o , an d  i t exis t h i t s ver

i nt t ’ m a  I r e s i s t  S n c t~ and  i s  t ber t ’ t o r t ’  c ap a b l e  t ’I ss.ssl :5 1 15 1 isg

~~~~~~~ 1s t  gls current p u l s e s  ( u p  t o  2000 111:\/t ’ t l l  ~
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SECTION 1

INTRODUCTION

Thermal batteries have always been desirable for military app lication s
because of their long shelf life , hi gh reliability, and relativel y low cost.
However , their use in long life (over iO minutes) ~nd hi gh energy density ap-
plicati ons has been limited because of the inherent characteristics of con-
ventional electrochemical systems. The production , replacement, and mainten-
ance costs, and lower reliability, of other primary, reserve batteries have
been major factors in stimu lating the demand for an improved thermal battery.
Consequently, in June 1976, the United States Air Force Aeropropulsion Labora-
tories awarded KDI SCORE , Inc., a contract for Improved Thermal Batteries.
The objectives of the program were advancement of the state-of-the-art through
optimization of the calcium/calcium chromate system and investigation of new
electrochemical systems . The program goal was to develop a 28 volt , 30 ampere
battery to operate for thirty minutes .

• Thermal batteries are non-rechargeable , electrochemical power sources
employing molten salt electrolytes that are solid and non-conductive at normal
ambient temperatures. A pyrotechnic source within the battery, when ignited ,
provides sufficient heat to melt the electrolyte and raise the temperature to
a desired operating level . Electrical energy can then be drawn from the system.
Various electrochemica l systems and cell constructions used in therma l batteries
have been described in detail by R . Jasinski (High Energy Density Batteries,

Plenum Press, New York . 1967), and N. C. Cahoon and G. W. Heise (The Primary
Battery, John F. Wiley & Sons , New York . 1976).

The conventional systems have provided low energy density batteries for

short life app lications (less than 200 seconds) at moderate current drains .
If longer life was required , batteries had to be designed for operation at low

current density, thus increasing their size and weight. The Ca/L1C1-KC1/CaCrO4
system has enjoyed the widest application due to several properties which are

generally regarded as superior to those of the other systems.

Long life (60 minutes) batteries have been developed (A. R. Baldwin ,
“A Sixty Minute Thermal Battery ”, Proceedings , 27th Power Sources Symposium.
1976) us ing the Ca/CaCrO4 system operating at very low current density (15 mA !
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cm 2) and providing low energy density . However , this system has inherent prob-
lems which are evident from its cell reactions :

at the anode:

______________ 
+2Ca + 2 Li ~~ Ca + 2 Li

C a + 2 L 1  ~~ CaLi 2
CaLi 2 

- 

~~Ca~
2 + ” L i ’

~+ 4 e

at the cathode:

3 Ca + 2 Cr04
2 

+ 6 e ~ Cr203 + ~

The overall reaction , as postulated by Cahoon and Heise (cited above) is:

3 Ca + 2 CaCrO4 + 6 L1C1 —-~~ 
—

~~~~~ 3 CaC1 2 + Cr203 2 CaO + 3 Li 20

The formation of the complex compounds has been proved by P. F . Hlava and 1. J.
Headley (“Thermal Battery Reaction Products: Characterization by Electron
Microp~-obe X-Ray Analyzer and Transmission Electron Microscope ” , SAND77-13i7,
Sandia Laboratories , Albuquerque , New Mexico. 1977). At low current density,
formation of the CaLi 2 alloy (mp 230°C) at the anode-electro lyte interface
sometimes causes serious voltage fluctuations (noise) and occasional cell dropouts.
This causes the reliability of the batteries to be suspect. At high current
density, the formation of the double salt , KCaC 1 3 (mp 485°C)., at the interface ,
per the reaction :

- • CaC 1 2 + KC1 ~ KCaC1 3
increases internal resistance and thereby reduces life.

based on literature search , it was assumed that thermal life of well over
30 minutes could be obtained from thermal batteries using adequate insulation .
Preliminary calcu lation ~. revealed that with the Ca /LiC l—KC 1/CaCrO 4 system , one
could drain 30 amperes from a battery using three paralleled stacks of twelve
120 mm 00 cells. This would provide the required 28 ± 4 volts regulation at a
current density of about 90 mA/cm 2. However , from the battery tests , it was

• concluded that this system was unable to provide the requisite performance .

At 90 mA/cm 2 the best life obtained by a 10 cell battery, S/N P-i7 (61 mm 00

cells) was under 5 minutes.
A detailed study of Ca/LiC 1-KC1/CaCr O 4 is discussed in Appendix 0,

including sing le cell and battery test results. From these results it was

concluded that other systems would have to be investigated in order to

2
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obtain the long life and high energy density desired for the final design of
the battery .

In the past , various electrolyte , anode , and cathode materi als have been
investigated and suggested , but very few proved practical as thermal battery
systems within the framework of exist ing technology .

The three systems which have found the broadest practical use in military
hardware to the~present time are:

Ca /L iC l-KC 1/ CaCr O 4
Ca/LiC l-KC1/W03
Mg/L 1C1-KC 1/V 205

I Alternate electrochemical couples utilizing calcium , magnesium , and a
lithium-aluminum alloy were evaluated as anodes against various cathodic
materials. The latter inclu ~1ed calcium chromate , metal sulfides , metal oxides
(CuO , Fe203, Ni0 , V205, and W03), and cupric chloride. A comon electrolyte ,
the eutectic mixture of lithium chloride and potassium chloride , was used with
all couples. Some typical voltage versus time plots are given in Figure 1 at
a current density of 90 mA/cm2.

At the above current densit y, the advantages of the Li-Al /FeS2 couple be-
come immediately apparent. Its life of 35 minutes is almost three times that
of the Ca/CaCrO4 system . However , because the cell is heavier and provides a
lower peak voltage , the energy density (248.9 Whr/kg) is only twice as great.
Life as long as iOO minutes has been observed at a current density of 20 mA/
cm2. The Ca/Fe203, Ca/FeS2, and Ca/CuO systems provided surprising ly good
lives , voltages , and energy densities.

There is no inherent problem with th e Li-A l/FeS2 system as there is with
the Ca/LiCl-KC1/CaCrO4 system . The cell reactions as postulated by R. K.
Steunenberg (“Lithium—Aluminum/Metal Sulfide Batteries ” , Argonne National
Laboratory , Illinois. 1977), are:

at the anode :

Li ~ Li
4 

+ e (Al is non—interacting)

at the cathode :

4 Li + 3 FeS2 ~ FeS + Li 4Fe2S5 (1.7 V)

2 Li + FeS + L14Fe2S5 ~~3 Li 2FeS2 (1.5 V)

3
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6 L i  + 3 LI 2FeS2 ~ 6 L I 9S + 3 U ’

The simplif ied total cell reaction is:

4 Li (Li-Al) + FeS2 ~ 2 LI 2S + Fe

In this system , a low melting alloy is not necessary for the cell to perform
and the complex compounds present do not seem to change the internal resistance .
Another major advantage is that the solubi lity of FeS2 in LiC 1-KC1 is lower
than that of CaCrO4, thus reducing side reactions which are responsible for
thermal runaways and reduction of capacity.

The performance characteristics of the two systems are compared in detail
in later sections.

BATTER Y TESTS

Batteries , 75 mm in diameter , using ten 61 mm diameter cells , were built
for both the Ca/CaCrO and the Li-Al/FeS systems . These batteries were tested
at -40°C, +23°C , and +74°C, at 90 mA/cm current drain. Typical data for opti-
mized batteries of both types are plotted in Figure 2. Although identical
insulation was used in both types , the batteries containing Li-Al/Fe52 provided
considerably better performance (23.5 minutes , S/N P-161) than those using the
Ca/CaCrO4 system (5 minutes , S/N P-17).

Several batteries were also tested at current densities other than 90 mA/
cm2, in the range of 50 to 800 mA/cm2. These units were fired at room tempera-

• ture . Life versus current density data for the two systems are compared in
Figure 3. The Li-Al/FeS system performed two to four times better than the
Ca/CaCrO4 system at current densities higher than 50 mA/cm . At lower current

• densities , the two systems seem to approach each other. It was also observed
that there was no noise or apprec i able change in the capac i ty of the Li -Al l
FeS2 system at various current densities.

— The best energy density of 38.4 Whr/kg (70% of the goal) based on the
stack weight (including active and non-active material ) was supplied by a two-
stack battery , S/N P-154, using the Li-Al/L 1C1-KC1/FeS 2 system. The longest
life of 23.5 minutes (78% of the goal) was exhibited by battery S/N r-161 at
90 mA/cm2 using the same system in a sing le stack. The results are given in
Table 1. The Ca/L-IC1-KC1/CaCrO4 system exhibited very poor performance and

- 

- 

hence was unsuitable. Unlike the latter , the energy density Improved by almost
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Figure 3. Comparison of Battery Life at Different Current Densities
for Ca/CaCrO4 and Li-Al/FeS2
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TABLE 1

COMPARISON 01 BEST BATTERY RESULTS FOR THE SYSTEMS
Ca/LIC1-KC 1/CaCrO4 AND L i-Al/LiC1-KC1/FeS .. WITH PROGRAM GOAL

CURRENT LIFE TO
S/N SYSTEM TYPE DENSITY 75% P.V. ENERGY DENSITY

____ ______________ ____________ 

mA/cm2 mm Wnr / kg Whr / dm3

TBD 4.35” OD cells , 90 30 54.4 177.60 3 stacks in
• parallel

P-17 Ca/L iCl-~Cl/ 2.4” 00 cells , 90 4.5 15.4 -

CaCrO4 1 stack

P-lol Li -Al /LiC l-KC 1/ 2. 4” 00 cells , 90 ?3.5 24.8 63.5
FeS2 1 stack

P-154 Li -A l /LiC l-KC 1/ 2.4” 00 cells , 150 11.? 38.4 94.3
FeS ) 2 stacks in

________ _______________ 

parall el 
________ ________ _______ _______

B

_______________________________________________________ ________ __________ —



- - -- - 
-- —

50% over battery S/N P-161 (24.9 Whr / kg) by using two paralleled stacks.
Battery S/N 125 (life to 75% peak voltage - 22.5 minutes , energy density -

• - 35 Whr/kg) illustrates this. The specific energy density by volume was over
50% of the goal . Thus , a battery operating at 150 mA/cm2 using the new system ,
would require only two stacks in parallel to supply the rated current.

It is estimated that the present state-of-the-art Li-Al/LiC l-KC 1/FeS 2
system will provide a life of over 15 minutes at 30 amperes in the g iven 144
cubic i nch envelope , and that it would weigh less than 17 pounds. Life of over
20 minutes could be obtained at 20 amperes with the same limitations. Given
additional time and funds , it is believed that this system could be improved
considerably, for more efficient operation and broader application.

Figure 4 gives a comparison of the program goal with our projected energy •

density with the two systems and the actual value obtained. As can be seen ,
Li-Al/FeS2 has demonstrated capacity to provide 38.4 Whr/kg (70% of the program
goal of 54.4 Whr/kg).

9
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SECT i ON 11

ELECTROCHEM ICAL STUDIES

A comprehensive study was co nducted in an ef fo r t  to opt m i  I ze the pert orm —
ance of the Ca /Li Cl—K C 1/C a CrO 4 syst e m by varying che mica l composition and
physical character is t ics.  A deta~ led di~ cu’~-~ion wi th  result is g ive n in
Appendix 0.

F rom t he resu lts , it was concluded that th j s s t em would not be at’ I e t c~
meet the project goals and other systems would h~ive t o be developed to prt ’v ide
the necessary energy and life .

NON-STANDARD SYSTEMS

In an attempt to f ind an Improved alternate elect roc heniical system for
thermal batteries , various couples were tested at ~t) m A / cu , ~~ mA/cm , and
150 mA/cm

The following couples were invest iqated. In all cases L IC1 — KC1 eutt’ctic
mi \t ore wa~ used as e lec t ro ly te , on Ie~s otherwis e stated .

Ca/CaCrO4
Li-Al/CaCrO4 Li-A 1/Fe -~O ,

Mg/CaCrO4 Mg/b t’~ O~

Ca/FeS2 Ca/W03
Li-Al/FeS2 Li-A l/W 01

Mq/WO ,

h Ca/V205 Ca/CuO

Ca/Nit)

Ng/V205 Ca / CuC1 —,

L 

Li-A 1/CuCI 2 with NaA1C1 4 electrol f~
Li-A I/FeC 13 with NaA1C14 electrolyte

Results of the tests are given in Tables ~~~, 3 , and 4, respect ive ly; corre-
sponding voltage versus time curves for these systems are plotted in FiQures ~~~,

11 
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and 7 respec t I e l v .  L~a~-~ed on t hL’se res ul t  ~ , the te l low i nu ot iserv at ions

~•e made :
1) um’ea te s t energy densit~ (245. 7 W hr /k q) and longest l i fe (62 .5

minutes)  were exhibited by t h e  Li—Al/ ieS 2 system at 50 mA/cm ?

(Ta b le 2 . F iqum -e 5); it~ unit ce ll volt age under load s corn—

p ara trvcl ~ low . Li-A l/CaCrQ 4 provided 179.4 Whr/kg and 20
minutes ’ life at 2.33 vo i t ~ /cel l  peak , and Ca/CaCrO4 provided

7 ‘~Iu /k ~ and 26 minutes ‘ life at 2.51 volts/cell pe a k .

‘)  At 90 nA/. (Table 3 , ii qure 6) . f ~~
¼I ) is superior as a cathode

m a t e r ia l t o  C a Cr O ,2 or ethe r de pelar i .’ers test  cii . The energy
dens i t ies  we re 240.9 W hn/k q and 141.~~ Whr/ kg, respectivel y,

or - Li — A l / FeS • , and Ca/ Fe S , , as comp ar ed  t o ~)0 .08 Whr/kg for
Li — -Al / CaC r0~ and 121 .03 Whr/ kq for Ca/CaCrO4 s~sterns

3) ~\t  150 ~lI\/cm (Table 4, Figure 7), L i—Al/F t -S 1 is the best sy stem
w it • h 2t~-i .7 Wh r/ kq and 21. 0 u i i nu t e— ~ 1 i t e . Li—Al is the best
anode when used with FeS ,, hut Ca ~~s the b e s t  anode when u-~ed
wi t h C iñ- 0~ , the la t t e r  y ie lding 154 .11 Whr/kq, 0. 3 minutes ’ life.

• 4) W i t h  all c a t h o d e s , Li — Al exhibits a pe ak voltage equal to or
sI iI~ht lv lower than Ca and also pt-ov ides no i se—free performance

exce pt  ~ 1 UI •~ L 3 .

~~ It -i s~io r t — l I f e  ha t t e r - s is required for a pu lse load app l i c a t i o n
and h c i - ~t ht is c r i t i ca l , the vanadium pent ox ide cathode would be
the best choice s i nce it pert orris we l l  w i t h  S l f l \  anode .

n ) ~~~ A~~~ l 1 c ch lor ide o th I b i t  ed S t  range behj~ I or that ls , a 11 fe I~ t

appro\ imi t e 1 v 45 second s w a~ observe d ~t al l  c urrt -nt dens it i es

• w i t h  copper be i rig depos i t ed  on t he anode sur f ace (Table 3 ,
Fiqure tYl .

Based on t ho- -c Yes u i t s  • i t w i s  c on c  1 uded that the L i - -\l /Fe52 s y s t em was
most so i t  able a~ an a l t e r n a t e  e l ec t roche mica l  s~ -~t ei i ca pab le of meeti nq the
L1o~ 1 requ i rei~en t

• - • . -~~~~~~~~
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TABLE 2 
-

•

SIN GLE CELL TEST RESULTS FOR VAR IOUS SYSTEMS AT
AT 50 mA/cm 2 CURRENT DENSITY -

PEAK ACTIVE 1 1 1 £ NFPI ~YSYSTEM VOLT ItGE TO 75~ r .V. - Pb N~-- I lY -

( \ o  It~ ) ( Sec ends ) ( ~~~ r/k g )

(1) Ca/Li C1-kCl /CaCrO4 2.51 1~ 35 160.7

(2) Li-A l/LICI-KC 1/CaC rO4 2.33 1212 125.5

( 3 )  Mg/LIC1-kCl /CaCrO 4 1.62 546 45.1

(4) Ca/LiC 1-KC1 /FeS 2 2.37 701 67.1

(5) Li-A 1ILiC I-KCl /FeS 2 2.17 3149 245.7

(6) Mg/LiC 1— KC 1/FeS ,, 1.57 2554 202.9

(7) Li—A l /L IC 1-KC1 /V 205 3.06 296 30.7

(0) Li-A l /L IC1 -KC 1/Fe 203 2.1 1 4t S 3 23.6

(9) Mg/LICI-KC1/Fe203 1.37 914 67.2

(10) Ca/LIC1-KC 1/W0 3 2.30 823 52.3

(11) Mg/LIC1-KC I/W 03 1.61 33° 10.1

______-- 
~~~-_ --__ ~•~~~~-- - -  _ _
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Fi gure 5. Typical Voltage Vs.  Time Curves for Various Systems
(The Curve Numbers Correspond to Systems in Table 2) • -
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TABLE 3

SINGLE CELL TEST RESULTS FOR VARIOUS SYSTEMS
AT 90 mA/cm2 CURRENT DENS iTY

rr ~ ACT RI LIFE
S~ST~ -~1 ~AGE Tfl 75’~ P .v .  ~. S I T Y  -

( V o l t s )  ( Seco l I ~k) (,-.Ir -~ q)

(1) Ca/LiC l-KC 1/CaCr0~ 2.30 ~43 P1.0
( 2 )  Li-Al/L IC 1-KC1 /CaCrO 2 2.18 771 98.1 

-•

(3 )  Mg/L iC l -kCl / C aI r0 ~ 1.4 -2 310 
— 

‘21 .5

(1) Ca/LiC 1-KC1/ieS 2 2.20 801 141.Q

(5) Li- Al /L 1C 1 -KC l/ Fe S , 2.05 7138 748.q

(0) ~ i/ L iC l— k C l / F 1 -~~, 1 . 2 0 11 -1 7

(7 )  C a / L i C l — K C 1 / V ,0~ 2.°l 15° 33 .5

(8) L i-Al/L 1C 1-F C I /V 205 2.°2 710 45 .3

(9) ~
(
~/LiC l— KC l /V 205 7.30 20-1 27 .6

(In) Ca /LiCl -KCl /1e~03 7.03 5~4 55.0

(11) L i-A l /LiCl -KC I/Fe ,0~ 2.04 37~ I 3-2 .9
( l :~)

__- 
t q / L i C 1- KC1 / ie )t)

3 1 .77 707 60.~

(13) Ca/L iC1-K C l /~03 2.77 -200 - 10 . 3
(14) t-~g/L iCl—KC l/W 0 3 1 .40 21° 

— 

72.1

(15 ) Ca/LiC1 :KCI /CuO 2.30 676 105.6 - 
-

(16 )  Ca/L IC 1-KC 1/Ni0 1.18 543 44.7

( 17 )  (a/l iC l-KC1 /CuC l 2 
7.67 45 7.9

-• 15

h
— 

~~~~~~~~~~~~~~~~~~~~~~~~~ L ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~



3.0 -
H

C.D. m 90 mA/c m 2

13 10

I I I —I 4 —‘1,,
2 4 6 8 10 12 I’I 3~~

TIME ( MIN)

I i guri- h . T yp i c a l  Vo l t  aqe Vs .  Time Curv es fo r Var ions Sy- t ems
The Curve Numbers Cu m c -  pond t o  ~- y - l  cri~s in T ab le  3)

r

16

- ~~~~ ~~~~~~~~ ‘ —~ ‘-‘---- - -—- -- -—-.- -~...~~ .. - ... .-.~~..- • P~~~~~~~~Ma -~rL-- ], rrr,~~~~~~~~~~ -~~~~~tflf l rur P-
• 

~~~~~~~~ S a . . .~ _. 
_ __ __

~~~
__ _ . __ ‘~

_ _ _ _ _ . _ ..._ j ._~
_ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



______ “~~ ‘- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ 
• - - •

TADI F 1

SINGLE CELL TEST RES ER T’- I0I~ VARIOUS ~;ysT[Ms
AT 150 mA/c m2 (‘UbU~(NT DENSITY

Cl Al- . A C 1 I V I  I Il l  III CCI~M \ ( l l  JAGI 10 7 %  I’ . V . II N~ I 1 
_________

(Volts ) 
• 

(~ eI on&l ) (Li i ,  :L 0~

( 1)  Ca / L IC1 - K C 1, CaCrO 1 2 . 21) 107 15-2 .1

~ 2)  Li-A l /L 1C 1- kC l/ CaCrO 4 1. 02 4H

(3 ) Mq/ t i C l — L C l / C a C r 0 ,~ 1.18 14(- .‘S.(,

(4) Ca /L iCl- ~~’l/ eS~ 2.15 41.’ 120 .6

• (5) Li-A l /Li CI -K O L/ FeS ., 1. 0 , 12o0 7

(6) Mq /LiC 1 -KC 1/I r’S., - 1 5 7  07~ I

( 1 )  Ca / L iC 1 - KC1 / F  e ,0~ 1. 02 ‘25 -11 .

( n) I 1 — A l / L  IC1 —KC 1,  I i’ dl 1 .Oo I°e ~ ( 1 
~~

(9) Cd I i Cl — kO 1 / ItO ) 2 . 08 210 - 12 . 2

(1 0) Hq ’l IC I —K U l /WO , 1.30 100

- 
--

~~
---

~~~~~~~ 
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C.D.~ 150 mA/c m2
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TIME (MIN)

i gure 7. Typ ca l  Volt . a~e Vs. Ti me Curves for V a r ious Systems
( The Curve Numbers Correspond to Systems in Table 4)
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DETAILED STUDY OF Li-A 1/FeS 2 SYSTEM

A comprehensive study of Li-Al/F eS2 system , feasible wit hin the t ime frame ,
was conducted. This enabled us to opti ur i ie t h e  sysFei r ~ to a certain extent .
Reproducible results exhibiting t h e  potential of t h i s  sy s t e m  were obtain ed;
however , considerable work remains to be done in comp letely defining and under-
standing the mechanis m of the system . The important pdrameters that were
evaluated in single cell tests (SCT) are discussed here. Whenev er possible , a
comparison is made with the Ca/CaCrO4 syst em.

Chemical Composition of Depolariz er Layer (PU. Keep irtq the composition
of the anode and electrolyte (EB) l ayers constant , the electrol yte/depolarizer
(E/D) ratio in the catho lyte (DE) l ayer was varied. -,

The sing le cell tests were run at 500°C , 0.4 kq/cin , and 90 mA/cm2. The

results , shown in Figure 8, indicate that an E/D ra tio of 0.5 is optimum and
that there is a critical amount of electrol yte required for the cathode to
conduct satisfactorily. The effect of E/D ratio at different current dens ities
is discussed in detail in Appendix D for the Ca/CaCrO4 system .

Thickness~ In Fi gure 9, life to 75% of peak vol i~aqe is p lotted against
the thickness of the DEB pellet for Ca/CaCrO4 and against the thickness of the
cathode (DE) l ayer for the Li-Al/FeS 2 system . In the latter , the anode and
electrolyte layers were held constant at 0.81 mm and 0.25 mm , respectively.
In all cases, the densities were kept constant and both systems were tested at
the optim um temperature and pressure. From the graphs , it is observed that the

lif e of the Ca/CaCrO4 system does not increase substantially after 1.1 mm .
However , the life of the Li-A l/ FeS 2 shows a continued increase . This indica t es

that the specific conductivit y of the di sulfi d e cell is considerabl y higher and

hence the intr a-ct-ll distance does not sub stantiall y affect performance.

~p~cific Conductan ce~ In order to measure the spec ific conductance of
each system , the internal resistance of the cell was measured by loading the

cell at 90 mA/cm2 and then opening the circuit (no load conclil ion ) every 50

seconds for a period of 0.2 second. Both ohmic and non-ohmic resistances were

then included in the calculation ~of specitic conductance. The measurement also

includes cell contact resistance and the resistance between the current cci i-

lectors and the cell . As expected from the thic kness experiments , Figure 10
• 

~~ • shows that the conductivity of the chromate system decreases with time . The

flat behavior of the disulfide conductance suggest s that the reaction products

19
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CURRENT DENSITY LIFE TO 75% P.V.

90 mA/c m 2

1 800 -

1500 -

1200 -

900 -
w

L~J
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600 -

.300 -

_ .....J
0 0.2 0.4 0.6 0.8 1.0 1.2

E/i) RATIO

Fi gure 8. Effect of E/i) Ratio in Catholyte Layer (DE) on Life
in SCT for Li-Al /LiCl-KC 1/FeS 2 System
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CURRENT DENSITY Li-Al /F-eS2
- 
90 mA/cm2

2000 - 0

0
1500 -

I-)
Ui -

I f )

Ui
U-
-j

1000 -

Co /Ca Cr 04

500 -

I_L~~~~L _L_ L_1_~L J _ t _ t L - J L L  L~~J
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

THICKNESS (mm)

Fi gure 9. Effect of Thicknes s on Life for the Two Systems
Ca/CaCrO4 and Li-A l/FeS 2 in Sing le Cell Tests
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are not deleterious to conductivity and that life is probably limited by con-
centration of one of the active materials.

Density . As with the study of pellet thickness , the density of the DE
l ayer (FeS 2) and DEB l ayer (CaCrO 4) was varied , keeping all other parameters
constant. The Ca/CaCrO4 was found to be less susceptible to slight changes
in pellet density (Figure 11) than the Li-Al/FeS2 system which exhibited both
a maximum and a minimum. To facilitate comparison of the two systems, the
density is expressed as a percentage of the actual density of the depolarizer mix.

Particle Size. The DE powder mix for the Li-Al/FeS 2 system and the DEB
powder mix for the Ca/CaCrO4 system were first segregated into different par-
ticle size ranges and then pelletized. Cells using the two systems were then
studied at 90 mA/cm2. The results are shown in Figure 12. It was observed
that the Ca/CaCrO4 system required a narrow range of particle sizes (120 to
160 microns) for maximum life. On the other hand , Li-Al/FeS 2 worked satis-
factorily over a wider particle size range . In this study it was noted that
along with the particle size separation there also occurred a chemical segre—
gation . It is believed that the effect of - this change in chemical composition
is minor.

Temperature. The effect of operating temperature on cell life is critical
in evaluating a new electrochemical system for use in thermal batteries since
they must operate over a wide temperature range. To simulate battery tempera-
tures , sing le cell tests were conducted between 400°C and 600°C. Two compos i-
tions of each system were evaluated . The Li-Al/FeS2 system showed a greater
stability with temperature change. Figure 13 also shows how this stability
can be varied by changing the pellet composit ion. For the Ca/CaCrO4 system,
the cell performance is limited at the low temperatures by the freezing out of
the double salt , KCaC1 3, below 485°C and by the self-destructive chemical re-
action between calcium and calcium chromate at temperatures above 580°C.
There is no evidence that the products of reaction of the Li-Al/FeS2 ce l l
cause appreciable deterioration in performance . It is absolutely essential
that the separator layer (EB) be used in the Li-Al/FeS2 system as Li—Al in
direct contact with the DE l ayer has exhibited highly exothermic reactions
causing even the current collectors to melt. The two layer pel let prevents
any such self-degrading chemical reaction .
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Fi gure 11. Effect of Dens i ty on Life for the Two Systems
Ca/CaCrO4 and Li-Al/FeS2 in Single Cell Tests
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Transient Peak. If the L i—Ai /F e S 2 is not excessive ly thick ( greater
than 2.0 mm ), and if the cell is not thermally pre-heated , a transient peak
is observed on activat i on . The cell reaches about 2.05 volts and then drops
rapidly to about 85-90% of its initial value in the first 30 seconds. it is
sus pecte d that thi s unp red icta b ly high peak voltage is due to the presence of
free sulphur in the pyrite , leading to the reaction

2 L 1 + S  ~ - L i 2S E0~~~2.2 V

In order to prevent this trans ient condition , and thereby increase life to 80%
of peak voltage , several experiments were conducted with limited success.
These consisted of altering the entire cell by electricall y shorting or therm-
ally fusing these cells. As indicated in Table 8, physical additions to the
cathode were also attempted. However, in all cases, the peak voltage was re-
duced substantial ly.

Current Density. Single cell tests were run at various current densities
to evaluate the performance of the systems. Ty ical voltage versus time curves - •

at each current density are given in Figure 14. As can be seen at very low
current density (20 mA/cm2), life as long as 100 minutes was observed. Even
at the designed current density of 90 mA/cm2, over 35 minutes ’ life was
attained.

Figure 15 shows the energy density for the Li-Al/FeS 2 system at various
current densities compared with that of Ca/CaCrO4, and Figure 16 shows the
variation of cell life to 75% peak voltage with current density for the two
systems. From the test results , it is apparent that Li-Al/FeS2 system promises

• to substantially extend the present domain of thermal batterie s . The highest
- • energy density of 264.7 was obtained at 150 mA/cm2; however , at 90 and 50

— - 

mA/cm2, the energy density was not too much different.
- £ This data was collected for cells of constant thickness using an 81 miii

depolarizer layer. By increasing the thickness of the depolarize s- l ayer and
- - optimizing the composition , this performance could be improved considerably.
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TABLE 5

E~FECT CF VARIOUS TREATMENTS OF FeS2 CELLS ON TRANSIENT PEAK

TREATMENT TO Fe52 PEAK VOLTAGE LIFE TO 80% P.V. I L I F E  TO 75% P.V .

NONE 2.05 1075 1861

PRESHURTING CELL FORJ 1.72 2058 2160

PREFUSION OF CELLS
FOR 45 SECONDS .75 2 59

ADDITION OF Li-Al -

-f

ADDITION OF K2CrO 4 1.69 1550 1647

ADDITION OF CuCl 2 2.17 43 51
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SECTION III

BATTERY TEST DATA FOR L iAi/FeS 9 SYSTEM

In the preceding sect ion , the superiori ty of the Li -A l / I eS~, syst em was
• established and single cel l test data showed the effects of various parameters

on life and performance. It was then necessary to eva luate  the potential of the
sy~tem in batteries . Various experiments performed with Li-A l/1eS~ batter ies
are discu ssed in det a il in this section .

As with the Ca/CaCrO4 systems , 38 miii and 61 mm OP cells wore used t o

build batteries. Test results are discussed in detai l  in Appendix P. b r  the
Li—A l /FeS .) system , battery life was almost 75% of that observed in sing le ce ll
tests. For the Ca/CaCrO4 system , less than 40% of life observed in single cell
tests was obtained.

Initia lly, ten cell batteries employing 38 mm diameter cells were built
-

• for direct comparison with Ca/CaCrO4 batteries . Preliminary tests indicated
that Li-Al/FeS 2 batteries could prov i de longer life and higher energy densit y .
Batteries S/N ’s GW-42 and GW-43 achieved a life of 9.5 minutes and an energy

• densit y of 10.6 Whr/kq at 100 mA/cm2 current densi ty. Similar Ca/CaCrO4 ba t te , - i e c ,
S/N’s WP-043 and WP-044, had an averaqe life of 2.7 nui n~tes and produced 4.3
Whr/kg energy at the temperature extremes (Table 6).

Having established that Li—A l/FeS 2 would perform b etter in batter i es , the
effort was directed toward building long life , higher energy densit y batteries .
For conven i enie , an intermediate cel l size of 61 mm diameter was used In this
ph ise of experim entation . Approximately 160 batt eries were tested , usually in
qi-oups of three , consisting of one each at -40°C. +23°C, and +70°C , to obtain

— data on batter ies that were properly thermal l y balanced .
The data of Table 7 illustrates the progressive development of batte , ies

tested at 90 mA/cm2. The same data is presented graphically in Figure 17. As
can be seen , in a period of about oiqht months , about 2~i0 percent improvement.
was achieved in life and current density.

I iqure 18 shows the battery discharge curve for S/N P-161 reproduced to
sCale . No ele ctrica l noise or cel l dropouts occurred with batt eries using the

Li-Al /FeS .) system .
Table 8 gives data for two sets of batteri es thermally balanced and

• 
• 

tested at 90 mA/cm2. Observe that l ife  of over 15 minutes is achieved throughout.

I 
- - - ‘ - - • 
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TABLE 6

COMPARI SON OF BATTERY PERFORMANCE FOR
Ca/CaCrO4 SYSTEM AND L i-Al/FeS2 

SYSTEM

BATTERY PEAR LIFE TO ENERGY
S/N TEMP . VOLTAGE 75% P.V. I)ENSITY REMARKS

_ _ _ _  

(°C) -- sJ J~ çj ~~~~~~~ _ _

WP-043 -40 25.7 161 4.3 Ca/CaCrO4 System

WP-044 ~7O 25.0 164 4.1 Ca/CaCrO4 System

GW-42 +70 20.8 572 10.6 Li-A l /Fe5. System

-
• GW— 43 -40 21 .2 413 8.0 Li-Al lieS 2 System

38 imi 01) cells
No. of cells 10 2Current density = 90 mA/c m

33 



TABLE 7

PROGRESSIVE DE VELOPMENT OF BATTERY PERFORMANCE
AT 90 mA/cm 2 CURRENT DENSITY

BATTERY PEAK LIFE TO LIFE TO
S/N TEMP . V0~TA GE 75% P .V . 15V REMARKS

~±~cL ±Y~1~L Js~ L~ 
) 

_ _

P.31 -40 21.0 420 458

P-36 +23 21 .6 473 617 C hange irs battery des i gn

P-41 +70 20.5 660 690 Change in therma l balance

P— 63 +70 21.2 878 1089 Increased insulation

P-ill +?3 20.2 1001 1013 Chanqe of C/F) ratio

P- 125 +23 20.4 1348 1450 Chariqe of compo sit ion

P-131 +23 20.2 1344 1380 Change ,of composition

P— 161 +23 20.8 1411 1540 Change of ElF) ratio

-

- 

System : Li—A l/LiCI-KCI/FeS 2 Ten 61 mm OD cells per stack
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TABLE 8

BATTERY TEST DATA EXHIBITING VARIATION IN PERFORMANCE

AT DIFFERENT AMBIENT TEMPERATURES AT 90 mA/cm2 CURRENT DENS ITY

BATTERY PEAK START j LIFE TO ¶ LIFE TO STACK
S/N TEMP . VOLTAGE TIME 75% P.V. 15V ENERGY DENSITY

________ 

(°C) ( V o l t s )  ( Sec ) (Sec ) HSec ) W hr/ kg Whr / in 3

P-130 —40 20.0 0.45 854 854 33.8 1.48

P-131 +23 20.2 0.42 1344 1380

P-132 +70 20.4 0.30 982 1018
—

~~~~~

P-133 -40 20.5 0.49 984 995 33.6 1.47
P-134 +23 20.7 0.44 1252 1336

P-135 +70 21.2 0.46 960 1222
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the ambient temperature range and that start times for these batteries are -
•

less than 0.5 seconds.
Batteries were tested at current densities up to 840 mA/cm2 in order to

evaluate the performance as a function of current density . Tests were con-
ducted with both cell sizes and it was found that battery performance does not
deteriorate with current density nor with size . Table 9 gives the results for
batteries using 61 mm cells and Table 10 gives results for batteries using 38
mm cells. Figure 19 shows the available capac i ty density (Coulombs/sq .in.) of
the batteries plotted against current density. As can be seen , capacity in-
creases with current density for the Li-Al/FeS2 system and the energy density
increases with current density. This is consistent with the singi ” cell
test results.

One 10 cell battery (61 mm OD cells) was also tested with pulses up to
2000 mA/cm2 app lied every 50 seconds . Battery internal resistance was measured
at 0.12 ohms (.012 ohms per cell) and was accomp lished without loss of total
capacity or overall performance. Thus , the great superiority of the Li-Al/FeS2
system over the Ca/CaCrO4 system is clearly illustrated .

Since it was estimated that the final battery would require three stacks
in parallel at 90 mA/cm2, several batteries were tested with two or three

• stacks in parallel. It was found that there was no loss in life , but that the
• two stack battery was less efficient on the basis of energy density than the

three stack battery . The results are given in Table 11.
The resulting effect of ising buffer pellets was about 20% improvement

in battery performance. Therefore, they were incorporated in all subsequent
experimental batteries . Test results are given in Table 12. The units with
buffer pellets were , in general , not perfectly thermally balanced for high and

• low temperature operation , but this is readily correctable.
Because all the above batteries were tested under static conditions , it

was decided to evaluate some under vibrat ion , shock , and acceleration . Again ,

the Li-Al/FeS 2 proved superior to the Ca/CaCrO4 system . The results and con-

ditions for these tests in which 38 mm cells were used are shown in Table 13.

Finally, several batteries of improved design were tested to study per-

formance at current densities from 50 to 150 mA/cm2. The results are given
in Table 14. From the results it can be observed that at 90 mA/cm2 the longest

life of 23.5 minutes was obtained by battery S/N P—1 61. It is thus concluded

that a battery using three stacks in parallel is capable of delivering 30
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TABLE 9 H

TEN CELL BATTERY (61 mm 01) CELLS) TEST RESULTS
AT DIFFERENT CURRENT DENSITIES

BATTERY CURRENT PEAK START LIFE TO STACK
S/N TEMP . DENSITY VOLTAGE TIME 75% P. V . ENERGY DENSITY

~~~~~~~~~~~~~~~~~~~~ 
________ 

(Vol ts) (5cc) (sec ) (Whr/kq)

r-64 ~23 90 21 .1 0.42 844 20.5

P-80 4 7 3 200 20.0 0. 43 371 25 .6

P-81 +23 360 16.9 0.51 198 20.2

I 
P-78 +23 500 18.3 0.63 188 27.1

P-79 +23 635 17 .0 0.54 155 77 .7

P-77 +23 790 16.9 0.66 120 75.1

• SYSTEM: Li -A l/ L iC 1- KC 1/ FeS 2

30

~~~~~ 

-

~~~

—--A.-— -_ - —5 — -~ 
A -

-—-~— - ~~ ‘_~•-- • -_-—~.- ~—--.— _ -—— ‘A_ —- ------ --- -—-—- _.~L — ._ _._~ .. ....
A

—..-_ ~ ~•~~~~_~~• — ________________ - —



~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~
—_-

~~~~~ 
—

TABLE 10

TEN CELL BATTERY (38 mm 01) CELLS) TEST RESULTS
AT DIFFERENT CURRENT DENSITIES

BATTERY CURRENT PEAK START LIF E TO STACK
S/N TEMP . DENSITY VOLTAGE TIME 75% P.V. ENERGY DENSITY

________  

(°C) (ma/cm~i (Volts) (sec) (sec ) (Whr / kg)

P-142 +23 95 21 .2 0.53 722 22.4

P-143 +23 210 20.7 0.62 340 23.1

P-144 +23 420 19.9 0.63 234 30.3

P-145 +23 540 19.6 0.67 188 30.6

P-1 49 +23 720 19.3 0.63 145 30.8

-

: 

~-isi +23 840 18.2 0.66 114 26.8

SYSTEM: Li -Al /LiCl-KC1/FeS 2

a
~
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TABLE 11

BATTERY TEST DATA USING MULTIPLE STACKS

AT 90 mA/cm2 CURRENT DENSITY

STACK
BATTERY PEAK START LIFE TO LIFE TO ENERGY

S/N TEMP. VOLTAGE TIME 75% P.V. 15V DENSITY REMARKS

______  - 
(°C) (Volts) (sec) (sec) (sec) (Whr /kg) 

-_ _ _ _ _ _ _ _ _

P-113 -40 19.2 0.45 881 850

P-114 +23 19.5 0.37 1215 1166 23.1 One
Stack

P-115 +70 19.9 0.28 1195 1170 23.6

r-130 -40 20.0 0.45 854 854 21.0 Two
P-131 +23 20.2 0.42 1344 1380 33.8 Stacks

P-132 +70 20.4 0 .30 982 1018 25 .1 Parallel

P-136 -40 20.2 0.42 1290 1320 33.8 Three
-: 

P-137 +23 20.9 0.38 1168 1263 32.7 Stacks

P-138 +70 20.8 0.31 887 951 24.6 Parallel

SYSTEM: Li-Al /LiC1-KC1/FeS 2 
Ten 61 ni~i 00 cells per stack
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TABL E 12

EFFECT OF USI NG BUFFE R PELLE TS IN THERMAL BATTERIES
AT 90 mA/cm2 CURRENT DENSITY

STACK
E~ A T T E R Y  PEA K LIFE TO LIF E TO [MRGY

• S/N TEMP. VOLTAGE 75% P.V . iSV DENSITY REMA RK S

(°h (Volts) (sec ) (Whr/kq)

P-h o -40 20.0 723 724 - No buffer pellets

P-Ill +23 20.2 1001 1013 19.8 No buffer pellets

P-112 +70 70.2 984 1009 - No buffer pellets

P- 113 -40 19.2 881 850 Buffer p e llets

r-114 +23 19.5 1215 1161 23.1 Buffer pell e ts

P 115 +70 19.9 1195 1170 23.6 Buf fer pellets

System : Li-Al/ I iCl-KCl/FeS 2 Ten 61 mm OF) cells 
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TABLE 13

TH E RMA L BATTERY TEST DATA UNDER DYNAMIC CONDITIONS

38 miii CELL DIAMETER

S I R Ii~l 
I 1 I AK t I l l  10 ,‘ ‘ ‘%

NIIMRL H I URRI Ni Ill US I I Y  V OL IAGL RI  51 liNt I’I AK VOL IA IIt

( m A / t m  ) (Volts ) ( m , IA (  ) ( A ~~(A (

~~~~-= =~~~~ - - S -

P 146 
__________ 

?~O 
1(1 .04 

- 
1(17

(30 (; ~h t m t ~. for SI) ms- . ev e m y 45 ~, : Ppm -  M it —S l ()—BI0 (
Method 516 .7

11 14/ ;m oo
(3o ( t otT I I I A I  1 ~m p h - s  Am t ion ; ( min t i nuous : Per Nil —

S I T ’  810C , Mt ’thtsd 513 .7 )  
___________

- — 
730 

- I — 
70 . 80 120 ~ - 

3~~~~~~ _
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TABLE 14

BATTERY TEST RESULTS AT VARIOUS CURRENT DENS ITIES
TEN 61 mm 00 [ILLS/STACK

STACK
BA TTERY CURRENT PEAK LIII TO LII F 10 I N I R G Y
S/N DENSITY VOLTAGE 75% P.V . iSV DENSITY R E M A R K S

(mA/cm 2) (Volts) (cec ) (see ) (WImr /kq )
• 

- 
• 

- - 

~1
I’ — 159* 90 71.0 1177 130s ‘4 .4 Itcm rc.’ acs ’d anomie

P_ 161* 90 20.8 1411 154(1 74~ 0 Is m~ t e e - e d  suede
and at Il C, ie

l’ _163* 150 ;‘i .o 797 100? 21.7 1111 , em- .ed t a t h e d c ’

0— 154 iSO 21 .0 675 030 30.4
St A immIla r d t e l l  c ,

‘— 155 135 71 .0 135 071 17 .3 7 ‘-‘ t t (  L - , in
p~n1i 11 e 1

‘-156 50 ‘1 .9 1191 1517 74 .1’

-
• ~~S u t i l e ~~t 1 i t L Pat ien t- ’--

SY S1I M : Li -A l /t iC l -KC 1 / FeS ,
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amperes for at least 23.5 minutes (78% of desired l i fe). However , if the
battery were designed for operation at 150 mA/cm2 , only two stacks would be
required and its total volume would be significantl y reduced. Based on the
longest life obtained at 150 mA/cm2 (S /N P-163 , life to 75% peak voltage is
13,3 minutes ) , the final battery is projected to operate longer than 15 minutes
at -40°C and +70°C and over 18 minutes at +23°C. The final volume is also
expected to be increased 40% from the goal value of 144 cubic inches.
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SECT ION IV

CONCLUSION

In June 1976 . KDI SCORE was awarded a program to develop a 28 vol t , 30
ampere , 30 minute thermal battery in a 144 cubic inch envelope and weighing
17 pounds . This was considered a very ambitious goal requiring a significant

advance in the state-of-the-art of the existing systems .
Preliminary calculations suggested that the Ca/CaCrO4 system utilizing

three parall eled stacks of 1? cells each , operating at 90 mA/cm2 over a 120 mm
• OF) cell , could provide the necessary current. The prob lem was to determine

the optimum conditions for the system or to find a superior alternative system .
An exhaustive study of the Ca/LiCl-KC1/CaCrO4 system was conducted and ,

as a result , sufficient test data are presented in Appendix 0 for determining
composition , thickness , density, and configuration of the required pellet.
The study also included investigation of the physical , chemical , and therma l
properties of the components of the system . Based on the battery results , i t

• 
- can be observed that at 90 mA/cm2 , the longest life attained was about 5 min-

utes and that approximately 10 minutes could be projected. Longer life is ,
however , possible at a current density of 15 mA/cm2. At 50 mA/cm2, longest
life attain ed in a battery was about 10 minutes . However , one might obtain 15
minutes ’ l ife under special conditions . Thus , the best battery performance
projected with the Ca/CaCrO4 system is 28 volts , 15 amperes , for 15 minutes ,
operating at 50 mA/cm2.

This led to the i nvestigation of a number of new electrochemical systems
(Section II), as a result of which Li-Al/ FeS 0 was found to operate in single

• cell tests at 90 mA/cm2 for  over 35 m i n u t e s  while providing an energy density
of ~‘48.’) Whr/kg.

In a rather limited time , K[) I SCORE advanced from sing le cell tests to
battery development using the Li-A l/LiCl-KC 1/FeS 2 system and successfully
t e s t e d  batter ies over the temperature range of -40°C to +70°C. Life of 24
minutes at 90 mA/cm2 (80% of the projected goal) and energy density of 38.4

• Whr/kg (78% of the projected goal) were achieved.
• Following are the advantages of the Li-Al/LiC 1-XC 1/FeS2 system over the

CV L IC 1- KC 1 /CaCrO 4 system:
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1) It has an anode which is solid at operating temperature , there by
precluding failures attributable to the liquid metal alloy .

2) It operates over a 140 to 150°C temperature range without signifi-

cant loss of performance .

3) It exhibits very low electrical noise.
4) It provides three to four times greater energy densities up to

1000 mA/cm2 .
5) Batteries using it exhibit very predictable performance . Up to

75% of the life observed in sing le cell tests has been obtained in
the batteries , whereas less than 50% life was possible with the
Ca/CaCrO4 system .

6) It is capable of providing longer battery lives (over 20 minutes)
at higher current densities.

7) Batteries using it will be less costly and more reliable.
8) It can withstand more severe dynamic conditions.
9) It exhibits very low internal resistance and is therefore capable

of sustaining very high current pulses (up to 2000 mA/cm2).
The relatively low cell potential of the Li-Al/LiC l-KC1/FeS2 system is

• likel y to restrict its use in low current , short life app licat i ons in which
battery length is more cr i t ical than total volume since more cells are re-
quired for a given battery voltage than with Ca/LiCl--KC1/CaCrO4. However ,
the difference in the cell potentials of the two systems decreases with
increasing current density because of the much l ower internal resistance of

— the Li-Al/LiC1-KC1/FeS2 cell. Therefore, at hi gh current densities there is
little difference in battery lengths required for the two systems and the
Li-Al/LiC l-KC1/FeS2 battery will be smaller in diameter. In many cases a

• single Li-A l/LiCl--K C1/CaCrO4 stack may be used instead of parallel Ca/LiCl-
KC1/CaCrO4 stacks , thus providing a battery of reduced length.

Table 15 shows some of the battery results wh i ch are discussed in
det ail in Section III. A 30 ampere battery operating at 90 mA/cm2 for over

• 20 minutes over the entire temperature range is believe d feasible. The

volume of such a battery would exceed the desired goal. However , at 150

mA/cm 2, only two stacks in parallel are required and over 15 minutes life
could be obtained. The battery volume goal would be exceeded by about 35%.

Following are the areas recommended for further investigation for
achievement of the final goal:
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1) Elimination of the initia l transient voltage peak to provide a

l inea r  d ischarge  curve , in order to increase life .
2) Use of other anodes to obtain higher peak voltages.

— 3) Use of all Li+ containing electrolytes as against L1C1-KC 1 .
4) Better definition of the reaction mechanism in the battery at dif-

ferent current densities .

\
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TABLE 15

COMPARISON OF BEST BATTERY DATA WIT H GOAL

STACK
BATTERY CURRENT PEAK LIFE TO LIFE TO ENERGY

S/N DENSITY VOLTAGE 75% P.V. 15V DENSITY

• (mA/cm 2) ( V o l t s )  (rn - in) ( m m ) (Whr / kg)

GOAL • - 32 30 - 54 .0
- -

~

P-131 90 30.2 22.3 24.0 33.8

P-161 90 20 .8 23.5 25.6 24 .9

P-163 150 21.0 13.3 18.0 21.2

System : Li-Al/LiC 1-KC 1/FeS 2
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APPENDIX A
TECHN ICAL PLAN

A comprehensive literature survey was conducted at the start of the 
—

program . It indicated that a wide variety of materials was used in many
different ways ; e.g., insulation , composition of powder mixes , electrolytes ,
and depolarizers . Information previously considered to be of little scien-
tific value was found to be highly significant in conjunction with current
technology , materials , processing, and production methods .

To supplement the study of the chemical components of the electrc—
chemical system, the following modes of testing were used. 

—

Laboratory Testing (Physical and Chemical Analysis). Powder mixes were
analyzed qualitativel y and quantitatively for composition using volumetric
titrations and atomic absorption , respectively. A Jarrell-Ash spectrophoto—
meter , JA 82-720, was used. Particle size was measured using a Fisher sub-
sieve sizer and Fisher sieves to study the relationship between particle
size and battery performance.

Thermal Analysis. The chemical mixes and their components were analyzed
for their thermal behaviors using a differential scanning calorimeter ,
Perkin-Elmer DSC-2. The purpose of this technique is to study the thermal
requirements of the chemical mixes and the physicochemical changes taking
place during their heating and cooling. The calorific values of the pyro-
technic mixes were evaluated using a Parr oxygen bomb calorimeter.

Sing le Cell Testing. Each cel l was constructed by placing a pellet
between the anode and the cathode current collector. The systems were evalu-
ated by means of an instrumented sing le cell tester using heated boron nitride
platens for cell activation . The tester was simi l ar to that described in

-
• Sandia Laboratories Report 5LA73-0896. Platen temperatures were controlled

to within + 100C.
A test cell was placed between the heated platens at constant tempera—

ture and pressure , and leads -from the anode and cathode collectors were then
connected to the desired load . Data was recorded for voltage on load ,
current , pressure , and temperature , using a Hewlett-Packard recording system
(HP Model 7418A with HP8803A amplifiers). Life was measured at the time
required for the load voltage to drop by 25% of its peak value. Temperature
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A 
and pressure for each system were optimized and the data reported herein are
for current densities of 50 mA/cm2 , 90 mA/ cm2 , and 150 mA/cm2.

Small Battery Testing . The systems found most promising in single cell
tests were further evaluated in ten 10 cell batteries . Two cell sizes (38
nm and 61 mm) were evaluated. These batteries were tested over the tempera-
ture range of -40°C to +71°C. Life was measured for specific voltage drops
at current densities corresponding to those of the sing le cell tests. This
was done to provide comparative data for single cells and batteries .

Final Battery Test ing. Feasibility studies were conducted to establish
a preliminary baseline design. Any systems which exhibited the required
performance in both s i ng le cell and small battery tests, were evaluated in a
final battery configuration using 110 mm OF) cells.

In order to systematically approach the problems involved and to estab-
lish relationships between test results and the required battery design , a
prioritized list of areas of investigation was developed as follows :

Physicochemical Studies
Electrochemical Studies

Electrical and Thermal Techniques
Fusible Heat Reservoirs 

A

Pyrotechnic  S tudies

Advanced Insulation
Battery Geometry

Case Material
New Electrochemical Studies

Physicochemical Studies. This area was divided into two categories :
1) Chemical studies
2) Thermal Studies

The individual chemicals , their mixtures , and other battery components were
evaluated for their chemical and therma l characteris tics. This helped -in

standardization of materials and establishment of proper quality control pro-
cedures . The studies made under this title are further discussed in detail
in Appendix C.

Electrochemica l studies. The major portion of the program was concen-
centrated in this area. Most of the work was with the Ca /LiC l- KC 1/ CaCrO 4
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system. Twenty-five percent of the effort was devoted to new electrochemical
systems. These studies are discussed in detail in Appen dix 0 of this report.

Electrical and Thermal Techniques. Feasibility studies were made of
these techniques and these techniques are discussed in Appendix E of
this report.

Fusible Heat Reservoirs. Eutectic buffer pellets of Li 2SO4-NaC1 and
var ious  non-eutectic compositions were evaluated along with other heat sinks.
Ultimatel y, a heat reservoir was selected which best assured proper battery
performance.

Pyrotechnic Studies. A comparison of the zirconium -barium chromate heat
paper system with the iron-potassium perchiorate heat pellet system was
conducted .

Advanced Insulat i on. A survey of most of the appropriate high tempera-

ture insulating materials was conducted and the Mm -K Type TE-1400 produced
by Johns Manville was found to be the best candidate . Its thermal conduc-

t ivity at 1000°F is 0.27 BTU-in/°C/ft 2/hr.
Battery Geometry. A theoretical study for optimizing battery geometry

was dev ised to minimize thermal loss as the limiting factor for battery life .

This study was to:

1) M inimize battery surface area to volume ratio ,

2) Maxim ize active cell surface area, and

3) Minimize cell surface area cooled per unit time .
However , the study was not comp leted due to lack of funds and t i me.

Case Material. An investi gation of aluminum , titanium , and other metals
and alloys for impact on weight and energy density was planned; but , due to

— lack of funds and ti me , these studies were dropped.
New Electrochemica l Studies. In addition to study of the Ca/KC 1-LiCl/

CaCrO 4 system , about 25% of the time was to be spent in evaluating other

electrochemical systems . However , i t was determined that the desired goals

could not be attained with the Ca/ CaCr O 4 system , and more time was spent on
other systems .

A study was conducted to evaluate the feasibility of aluminum , lithium ,

calcium , or their alloys , as the system anode materials:
Ca , Al , Li , alloy s/LiCl-KC1JCaCrO 4

A study was also conducted to evaluate the feasibi l i ty of rep lacing calcium

chromate with other prospective cathodic materials:
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Calcium Metal Oxides
A l u m i n u m  L i C l - K C 1  Metal S u l f i d e s

L i t h i u m  Other Chromates

or Al loys
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APPENDIX B
ELECTROCHEM ICAL MIXES

The following tables give the compositions of the powder mixes (and the
combinations thereof) used for evaluation in single ce ll tests and batteries.

The nomenclatures which are used are:

WPH - Homogeneous Powder Mixes
WPE - Electrolyte Powder Mixes
WPD - Depolarizer Powder Mixes
WPN - New Depolarizer Powder Mixes

L - Anode Powder Mixes

‘

I

-

-
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TABLE B-i

HOMOGENEOUS JWDER MIXES (WPH SERIES)
SINGLE LAYER SYSTEMS

POWDER %SALT %CaCrO4 %K2CrO~ % OTHER % OTHER % OTHER CAB-O-SIL. NOTES

WPH-1 56.00 37.00 7.0 (1)
WP H-2 58.00 32 .00 10.0 (2)
WP H-3 55.00 28.80 5.0 3.2 8.0

PbCr0~ -

WPH-4 52.00 37.00 4.0 7.0
Ca(OH)2

WP H-5 53.00 28.00 4 .5 3.0 4 .5 Cr03 7.0
PbCrO.,

WP H-6 52.00 37 .00 4 .0 J 7 .0 (3)
Ca (O H)2

WPH—7 56.40 31.10 12.5
WPH-8 58.00 35.00 7.0
WP I-4-9 59.60 36 .40 4.0
WPH- 1O 54.0 36.00 10.0
WPH- 11 5~ .50 35.00 12.5
WPH- 12 55.78 34 .22 

J 
10.0

WPH-13 54.23 33.37 12.5

WPH - 14 57.60 38.40 4.0
W P H- 1 5  5 5 . 4 0  30.60 14.0

WPH -16 55.91 30 .84 13.25
WPH- 17 59.80 33.20 7.0

WPH -18 61.70 34 .30 4.0

(1) SANDIA Formulat ion

(2) SCORE Formulation

A 
(3) Ca(OH )~ fused w /salt
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TABLE 13-2

ELECTROLYTE MIXES (WPE SERIES)
TWO LAYER SYSTE MS

POWDER %SALT %CaCrO1, %K7CrO4 % OTHER % OTHER % OTHER CAB-0-SIL% NOTES

WPE- 1 76.0 12.0 12.0 (1)
WPE-2 77.0 13.0 10.0
WPE-3 74.4 15.6 10.0
WPE-4 72.0 14.5 5. 5  e 3

Ca(OH)2

WPE-5 74.4 15.6 10.0
Ca (OH)

WPE-5 74.4 15.6 10.0
Li 2CrO4

WPE-7 70.7 14.8 5 Fe g.5
WPE-8 55.1 30.4 5 Fe 9.5

\
WPE-9 85.0 15.0

WPE- 1O 85.0 15Y 203
WPE—1 I 80.0 20Y203
WPE- 12 9.6 L1F 22.03 68.4

LiC 1 LiBr

WPE- 13 43.89 5 6 .2
• L iOH LiC l

W PE- 14 85 15.0
WPE-13

W PE- 15 60 40
WPE - 13 Y 2 0 3

WPE -16 49.0 41 LiCl 10.0
-~~~ W PE- 17 11.5 KC1 43.5

L i OR
WPE - 18  85 15.0

WPE-12

WPE - 19 85 15.0
WPE-17

WPE-20 60.0 
________ ________ _________ 

40 V U 3  
________ _________ _____

(1) SCORE Formulation
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TABLE B-3

DEPOLARIZER MIXES (WPD SERIES)
TWO LAYER SYSTE MS

POWDER %SALT %CaCrO~ %K2Cr01 % OTHER % OTHER % OTHER CAB-O-SI1% NOTES

W PD— 1 25.0 70.0 5.0 (1)

WPD-2 38.7 50.0 6.5 4.8 
*

WPD-3 23.5 66.7 7.8 2.0

WPD-4 22.5 64.5 7.0 5.0 1.0
Cr0 

~
WPD- 5 23.5 54.5 20 2.0

Li2CrO 1,

WPD-6 95 5.0 C
WPD-3 Graphi te

W PD-7 95 5.0 Cu
WPD -3

WPD -8 95 5 .0 Lii -

UPD—3

WPD- 9 23.0 53.0 20 
- 

4.0
Zn Cr01,

WPD -1O 55.1 30.4 5.0 Cu 9.5

~-!PD-11 55 .1  30.4 5 .0  C 9 .5

WPD -12 55.1 30.4 5.0 Ni 9.5
WPD-13 22.3 63.4 7.4 5.0 Fe 1.9

WPD - 14 55.1 30.4 5 .0 Fe 9 .5
W PD - 15 95 5.0 Cu

W PH -2

WPD-16 23 .0  53 .0  20 CuO 4.0

(1) SCORE Formulation
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TA BLE 13-4

ANODE MIXES (L SERIES)

POWDER % SALT % K2Cr0~ % OTHER % OTHER % CAB-0-S IL NOTIS

L-1 30 70 Li-Al (60 a/o Li)
50 50 Li-Al (60 a/o Li)

L-3 10 90 Li -Al (60 a/o Li) H
L-4 30 70 Li-Al (45 a/o Li)
L-6 10 90 Li -Al (45 a/o Li) I
L-7 30 70 Li -Si (58 w/o Si)
L-8 10 90 Li-Si (58 w/o Si)
L-IO 8.5 90 Li -Al (45 a/o Li) 1.5
L-11 50 L-6 50 L-3
L-12 10 90 Li -Al (55 a/o Li)
L-13 80 Li-Al (45 a/o Li) 20 C
L-14 8.1 91.9 L-13

8/0 Atomi c percent
w/ o We ight percent

59
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NEW DEPOLARIZER MIXES (WPN SERIES)
FOR TWO LAYER SYSTEMS

POWDER % SALT %K2CrOk % OTHER % OTHER % OTHER %CAB-0-SI- NOT~~

WPN-1 25 73 ZnCrO4 2

WPN-2 23 75 ZnCr O4 2
WPN-3 23 70 NiO 7

WPN-4 23 70 CuO 7
• WPN-5 30 63 NiO(b lack) 7 

—

WPN-6 30 63 CuO 7
WPN-7 30 59.85 NiO 3.15 C 7
W PN-8 30 59 .85 CuO 3.15 C 7
WPN-9 44 54 WO3 2

WPN-1O 35 63 W03 2

WPN-11 35 63 U205 2
WPN-12 25 75 FeS2
WPN-13 26 NaA 1C1 4 16 C 58 MoC 1 5
WPN-14 26 NaA 1C 1 4 16 C 58 CuC 1 2
WPN- 15 26 NaA 1C 1 4 16 C 58 FeC1 3
WPN-16 25 75 Fe203
WPN-17 15 85 FeS 2
WP N- 18 40 60 FeS2
W PN- 19 23. 4 58 CuC 1 2 16 C 2.6 4
W PN-20 23. 4 58 FeC l 3 i6 C 2.6
WPN-21 60 40 Fe203
WPN-22 40 56 NiO 4

WPN-23 40 56 CuO 4
WPN-24 50 48 W03 2

WPN-26 45 55 Fe203
WPN-27 40 60 Cu 2S
WPN-28 34 66 Cu2S
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TABLE 13- 5

NEW DEPOLARIZER MIXES (WPN SERIES)
FOR TWO LAYER SYSTEMS

POWDER % SALT %K2CrO~ % OTHER S OTHER S OTHER %CAB-O-SII NOTES

WPN-3O 40 60 Mn03 
—-_______ _____

WPN-3 1 16 64 FeS 2 20 WPE- 16
WPN-33 66 FeS 2 34 WPE- 12
WPN -.-34 34 66 FeS2
WPN-35 55 45 FeS2
WPN-36 26 60 FeS2 14 LiCl
WPN — 37 26 60 FeS2 14 KC1
WPN-38 60 FeS2 40 WPE-13
WPN-39 34.4 60 FeS2 5.6 LiCl
WPN-40 19.3 60 FeS2 20.7 LiCl
WPN-41 34 59.4 FeS~ 6.6 C
WPN-42 34 59.4 Fe52 6.6 Cu2S

- • 
W PN-43 34 59.4 FeS2 6 .6 CoS 2
WPN-44 43.6 CuCl 2 18.2 C 38.2 NaA lCl 4
WPN -45 33.3 64.7 FeS 2 2 S
WPN-46 39.? 58.8 FeS2 2 S
WPN-47 32.3 62.7 FeS 2 5 S
WPN-4 8 38 57 FeS~ 5 S
WPN-49 2 L iA l

(60 a/o Li)
WPN -5O 60 FeS 2 40 WPE-9
WPN - 52 39A2 58.8 FeS., 2 Fe
WP N-53 39.8 59.7 FeS 2 0.5 LiAl

(60 ~i/o Li)
WPN-5 ’~ 40 60 FeS2*
WPN - 55 40 30 FeS 2 30 reS~*
WPN-~~ 40 5 55 FeS2
WP N- 5 7 40 2 58 FeS2

-
- 

*New source .if I
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TABLE 8- 5

NEW DEPOLARIZE R MIXES (W PN SERIES)
FOR TWO LAYER SYSTEMS

POWDER S SALT %K2CrOk S OTHER S OTHER X OTHER %CA8-0-SI~ NOTES

WPN —6O 40 54 FeS 2 6 CuC 12WPN-6 1 40 54 FeS~ 6 FeC 12
WPN-62 40 6 Fe2O3 54 FeS~
WPN-63 40 6 Mn02 54 FeS 2
WPN-64 40- 30 Fe203 30 FeS2
WPN-65 40 60 FeS
WPN-66 40 30 ‘FeS2 30 FeS
WPN-67 39.6 1 59.4 FeS2
WPN-68 38 57 FeS2 5 Fe
WPN-6 9 39.8 0.5 59.7 FeS 2
WPN-70 40 45 FeS2 6.3 CoS 8.7 C0S 2
WPN-71 50 50 FeS
WPN-72 30 70 FeS

62
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APPENDIX C
PHYSICOCHEMICAL STUDIES

Physicochemical studies included physical , chemical , and thermal analysis
of individual powders and mixtures. These stud ies were made in order to
standardize materials and establish quality control.

Physical analysis of incoming raw materials was used to determine the
particle size of these material s. It was especially import ant to monitor
and subsequently contro l the particle size of CaCrO4 before and after mixing.
I t  was found , for example , that after mixing, the particle size of CaCrO 4
in the mix was not randomly distributed.

Chemical analysis monitored the purity of incoming raw materials.
Electrolyte materials were reagent grade but were chemically analyzed.
L1C 1-KC 1 was analyzed after each compound was dried to remove water, mixed
in the desired weight ratio , fused , and ground to the proper size.

Calcium , magnesium , and lithium anode materials were obtained in sheet
form , 10 mu , 17 m i l , and 10 mil , respectively. They were used as received
after they were cleaned of the oil in which they were stored for shipment.
The alloys of lithium-aluminum and lithium-silicon were received in granular
form sealed under argon and were used as received.

Cathode materials were reagent grade chemicals and were also used as

• received. Where these materials contained water of hydration , it was ade-
quate to remove this water by drying at a temperature in excess of 150°C.

CHEMI CAL STUDIE S

These studies were undertaken to reinforce the thermographic data and
electroche mical studie s. The components of the electrochemica l cell --

calcium , eutectic KC I-LiC 1 , and CaCrO4 -- were studied primarily for purity .
• A Calcium. Calc ium metal “as received” was observed to be covered with a

f i lm ranging from light grey to d ark brown in cnlor. The edges of freshly
cut calcium were silvery grey. To find the composition of the film , it was
scraped off and anal yzed for the calcium content. The following observations
were made :

Ca S by volumetric analysis 47.17
Ca S by atomic absorption 57.60

- 
-

• 63

.• 
- - -~ Jf— r - ~ ~~~~~~~~~~~~~~~~~~~~ ____ ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ - ------ -~~~- — -~~~~~~ - -  ~ -~~~~-—--- -- -



- - - -~ _~~~_,_ -__- ‘ _ _ _~~---__-..-- _---———,.—•--,~ .--------_—---—--—_ - - -S -. -~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~

If the f i lm were assumed to be a mixture of CaO and Ca 3N2, this anal ysis
could be readily exp lained. Conclusive proof for the presence of nitride has
not yet been established .

Calcium Chromate. Calcium chromate , depending on the method of manufac-
ture, contained one o’- more of the following impurities : CaCO3, Ca(OH)2,
Cr03, Cr203, and H20. Table C-i shows the wide variation observed in

• “as received” material. Incoming CaCrO4 was analyzed for chromium and calcium
content using iodometry and atomic absorption . Furthermore , Cr2O3, Cr03, and
H2CrO4 were added as impurities to calcium chromate in order to study their
effect on chemical analysis and thermal beh av ior. Table C-2 indicates the
results of chemical analysis. In general , it can be concluded that the
addition of Cr2O3 resulted in the lowering of the calcium chromate purity and
increased the concentration of the product of reaction in cells. The addition
of Cr03, however , resulted in increased purity since it increased the Cr(VI)
without drastically affecting the therma l beh av i or observed by means of
differential scanning calorimetry .

Eutectic Mixture of KC 1-LiCl. The eutectic salt mixture contains 44.5
weight-percent KC1 and 55.5 weight-percent LIC1 . The mixture was analyzed
for chlorine content by volumetric analysis and , assuming 100% purity of
LiC l-KC 1 , the composit ion was determined by atomic absorption . The composition

of the salt mixture was thus controlled .

THERMAL ST UDIE S

Thermal studies were conducted using a differential scannin g calor i meter

(Perkin-Elmer DSC-2) to record the enthalpy change involve d in heating and

cooling a substance between 40°C and 720°C. These studies were made to deter-

mine the effects of heating different components and mixtures and to observe

phase changes or reactions involved at elevated temperatures.
Calcium. Various samples of available calcium were scanned for their

thermal behavior and the following conclusions were drawn :

An endotherm was observed on the heating curve of a freshly cut

calcium sample at temperatures ranging between 3200 and 340°C. This
endotherm was attributed to an allotropic phase change and its tempera-
ture depended upon the purity of the sample. This agreed with observa-
tions stated in the literature .
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TABLE C-i

VAR IATIONS IN AS-RECEIVED CALCIUM CHROMATE

PERCENTAGE CALCIUM CHROMATE
LOT NO. IODOMETRY ATOMIC AB SORPTION DSC

Cr (VI) Ca Cr FIG. NO.

8202—2 95.1 94.6 92 .6 C 1

8202—11 98.9 93.0 97.6 C 2

8058 96.0 97 .5  93.2  C 3

7619 87.0 109.1 83.5 C 4

I
t 

- 

G-219 98.3 - C 5

I G-301 99.1 - 99.2 C 6

A 

MP 84.6 102.0 86. 4 C 7
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TABLE C-2

EFFECT OF IMPURITI ES ON CALCIUM CHROMATE
(LOT 8202-2)

PERCENTAGE CALCIUM GIROMAT E DSC

IODOMETRY ATOMIC ABSORPTION FIG . NO.

Cr ( V I )  Ca Cr

1. As Rece i ved 95.1 94.6 92.6 C 1

2. Add 2 W t% Cr03 99.7 p9.8 96.7 C B

3. A dd 2 Wt% Cr203 92.7 91.0 93.3 C 9

4. Add H2CrO4 95.7 93.8 93.7 C 10
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Depending on storage conditions and duration, the c a l c i u m  had a

coating which was metallic grey to dark brown . These samples exhibited
an exothermic change at about 300°C. This indicated the presence of
Ca (OH )2. In or r to study the nature of this film it was scraped off
the calcium surface. Therma l analysis of the particles revealed a
highly exothermic phenomena at about 200°C indicating formation of Ca
(OH)2 from CaO. The endotherm at 340°C was due to both allotropic phase

change of calcium and dissociation of Ca(OH)2. Upon reheating this
sample, no further changes were observed.

When a sample of calcium was placed in a humid atmosphere, a li ght
grey film formed on its surface. This was assumed to be Ca(OH)2. Heating
a samp le of this material showed the absence of both the exothermic peak
and the endotherm at 340°C
By the methods described , it is possible to i dentify certain types of

contamination on calcium. It has been confirmed at KDI SCORE that battery
noise (due to CaL i2 bridging) may be prevented by exposing the calcium edges
to moisture. This study helped to interpret and standardize the process.

Calcium Chromate. Therma l studies of CaCrO4 revealed some startling
results. As indicated in Table C-3, heating CaCrO4 increased its hexavalent
chromium content by.approximately 2%. Initially, this is due to loss of mois-
ture and later to dissociation of CaCO3 and Ca(OH)2. Howevc~r, at higher tem-
peratures , the CaCrO3 itself partially decomposed. The thermogram indicates
that the heat requirement for this sample is reduced by almost 50% compared

with that for untreated CaCrO4. This would have considerable effect on the
therma l requirement for batteries where the aim is to niinimize caloric input.

Heat Paper. Heat paper is composed of a mixture of Zr (20-30%) and
BaCrO4 blended with fibers to control the ca lorif ic value and ignition

sensit ivity. The therma l study of the individual components led to the

fol lowing observa ti ons:
1) The glass fibers required a preheat treatment to about 400°C to

remove volatile impurities .

2) The Zr-BaCrO4 mixture became inactive if heated to 340°C where Zr
was converted to Zr02. This was indicated by an exotherm on the

thermogram .

3) Slurry samples from various batches exhibited differences on thermo-
grams indicating composition variations among batches .
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TABLE C-3

EFFECT OF HEAT ON CaCrO4 FROM LOT NO. 8202-2

TEMP. TIME IODOMETRY ATOMIC ABSORPTION DSC 
—

°F (HRS.) S Ca% Cr% FIG.NO .

1) Uncalcined - - 94.96 94.6 92.6
2) Calcined 450 3 95.4 95.2 93.6 C-il
3) Calcined 450 16 96.73 94.88 93.55
4) Calcined 753 4 97.98 I 96.66 94.7 C-12
5) Calcined 753 6 97.90 96.0 94.3
6) Calcined 753 16 97.97 94.88 93.55
7) Calcined 1000 0.5 97.43 97.13 94.36
8) Calcined 1400 0.5 97.26 98.48 94.04 C-13
9) Calcined 1800 0.5 91.22 97.04 92.78
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Eutectic Mixture of KC 1-LiC 1 (44.5:55.5). Thermal studies of eutectic
and non-eutectic salt mixtures clearly indicated a means of controlling
their compositions. Cooling curves of the salt mixtures clearly indicated
the two solidus temperatures in eutectic mixtures and also confirmed the
composition of the eutectic mixture by the solidus point. The results are
shown in Figures C-14, C-IS, and C-16, and are summarized in Table C-4
below .

TABLE C-4

SOLIDUS TEMPERATURES FOR MIXTURE OF KC 1—LiC l

COOLING TEMPERATURES
1ST SOLIDUS 2ND SOLID US

MIXTURE TEMPE RATURE TEMPERAT URE
KC 1-LiC 1 352°C
(44.5:55.5 eutectic)

KC1-LiC1 455°C 352°C
(35:65 off-eutectic)

KC1-LiCl (60:40) 395°C 352°C

Thermograms of KC1 revealed that it volatilizes at temperatures over 450°C.
Difference in Heat Requirement Between Iron and Stainless Steel. The

thermograms for iron and stainless steel showed that i ron required 11.6
cal/gm more than stainless steel in the temperature ranges of 40°C to

• 600°C. The comparat i ve curves are shown in Figure C-17.
-

- 
Difference in Behavior Between Fused and tinfused Powder. The mixed

powder was usuall y fused at 400°C after blending. The thermograms for fused
and unfused powders showed substantial difference. The examination of the
curves indicated improper mixing in unfused powder and an undefined cooling
characteristic as against a definite pattern observed for the fused powder.
Figures C-18, C—19 , and C-20 show the heating and cooling curves for one
typ ical powder mix.

Difference in Behavior Between Pellet and Powder. No si gnificant
difference in thermal characteristics was observed between fused powder and
pellets made from it.
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Thermal studies have also been conducted on KC 1 , Lid , CaCrO4, ~<2CrO4,
PbCrO4, their binary and ternary mixtures , and their powder mixes . The
results are given in Tables C-5 and C-6.

Table C-7 contains the results of thermal studies on WPH-2 with various
particle sizes. The thermograms showed an increase of solidus temperature
(on cooling) when the particle size was changed from 230 mesh U.S. Standard
size to 60 mesh U.S. Standard size. 14 similar shift was observed when the
time period of fusion was increased and also when the particle size dis-
tribution of the WPI4-2 powder mix was changed ; that is , when the spread of
the largest to smallest particle was changed. in all of these cases , the
thermal balance of the battery was affected. Modifications in the thermal
analyses to include thermal conductivity measurements have been implemented.
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TABLE C-7

THERMAL PEAK TEMPERATURES AND RESULTS OF CHEMICAL ANALYSIS
FOR WPH-2 POWDER MIX , PARTICLE SIZE STUDY

THERMAL PEAKS (°C)

U.S. STANDARD SIEVE NO . % SALT % CaCrO HEATING COOLING
___________ 

FIRST SECOND
—60 +80 12.67 65.18 351 599 302

—80 +100 40.83 43.77 350 542 293

—100 +120 55.99 32.24 351 539 295

—120 +140 — — 351 535 296
—140 +170 — — 350 524 295
—170 +200 59.78 27.95 350 516 298
—200 +230 60.14 26.68 351 511 296
—230 +270 59.73 28.32 350 534 288
—270 57.63 31.06 — — —

—80 +200 — — 358 545 296
—80 +230 — — 357 550 300
—100 +230 — — 357 530 296
—100 +200 357 530 297

WPH—2 Powder Mix - 58% salt , 32% CaCrO 4, 10% S102 (by weight)
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APPENDIX D

ELECTROCHEM I CAL STUDEES
Ca/L iCl— KC 1/CaCrO 4 SYSTEM

The t’*lec t - u-oi -hem i cal s tud ies  were div id ed into two categories : sing le

cell tes t i fl l and battery test in~~.
In it i a 1 oval u at Ions of the performance of t Pie sys teiuis we re conducted

on the basis of sing l e cell test irg, and once the systems showed promising

behavior with res pec t  t o  life and energy den sity, the pe l l ets were tested
in ten cell standard batter ies to obta in a direct correlation .

SINGLE CELL TESTING

Single cell test inq was divided into the tol lowing areas to systemize

the studies :
Chemical Formulations.

1) Se lec ti on , preparat ion , an d ac qu i s i t ion  of chemical s.

‘) oInp~ur i son of u’esu 1 ts obt ained w i t h  S~\ND IA an d KOl SCORE
DEP p e ll e ts -- homogeneous powder r n i\ es .  (The SANDIA

I1OW deI’ rn i  ‘~es and pe 11 et -
~ ma de from them we re ~ised as a has i

for comparison with ether svst ei’Is

~
) E’. a luat  on of Simpl e var i at ions of t hose chemical formulations.

-I) CoIIpal ’  i son of s i nqlc 1 over ~1LB pe l le t s  w i th  two 1 aver ( E~ and

DB) Pt’ll tS .

Chemical Ad di t ive s.

The c I t  ec K oi ,-tddj t. ~0flS 01 pot ass i urn chronla t e , c a l c i u m  hvdr o\ do ,

lead h rLwa t  o , chromium t ,~ IO~~ ide , and l i thium chr oma te  t~ert ’ st udied
- I I i 1h t  ions of couidu~ fiv e IIoicdOI’ s l i k e  C ( g raph i t e ) , n ick e l  • c opper , and

iro n , i ri t I l t ’ depol ~iri ?er 1 a v e r  t1f t w o  laye r  ~- y ~ t OlIN ~~~~~~~ als o o~ aluat od

I h ’ S C  wore t ~~ lit~i’ st udi ed by cli 1ino 11111 t i e  ce mpos it Ions cIt t he ni \~.‘s
Th~ compos it ions ~fl’t’ 0 ~ 0? ) in -\ ppen di \ P

Mdnuf ac tU r i n ~~ Methoj s .

The purpose of th I s t ud~ Is to oval nate ef f e c t  s ~ t var i at i oris of

t )‘ t ’~I I )t ’II t S ot ti ] 1 ’ ~~OI1Ip0I1On t s of t he  powdeu’  W I  . I i oure P—i (ii VO S a
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process flow diagram for a typical three component (salt , CaCrO 4, and
Cab-o-Sil) system to form a powder mix. The var i ables are : treatment
temperatures an d t imes, effects of impurities , batch size , part icle

size distribution , an d any other physical or chemical treatment

applicable.

Powder mixes WPH-4 and WPH-6 have the same composition except

t hat t hey were processe d d i f ferent l y. In the WPH-6 system, Ca(OH ) 2
was fused with KC1 and L1C 1 eutectic before mixing with CaCrO4 and

Cab-o-S i l ; whereas , Ca(O H ) 2 was m ixed with L1C1-KC 1 eutectic salt ,

Ca CrO4, and Cab-o— Sil , and then fused in the WPH-4 system.

The major portion of this section is concentrated in the area of

electrochemical studies dealing with the Ca/L1C1—KC1/CaCrO4 system .

Once studies were concluded with this system , efforts were directed to

other systems . The bulk of the electrochemical studies was conducted

on single cells.

In order to reduce variables to a practical testing level , only
one homogeneous powder mix (WPH-2) was used to establish optimum para-

meters such as temperature , pressure , pellet thickness , pellet density ,

pa r t i c l e  s ize , mix ing methods , compos itions , and additives . Peak

voltage , l ife to 80% and 75% of peak voltage , and internal resistance

were recor ded us ing  equ i pment described i n Appen d ix A . The best results
were then compared to other homogeneous powder mixes , where relat i ve
concen trations of mix ingredients were varied. The variations were

l imited to overall binder content , electrol yte (E) to depolarizer (D)
rat i o, and to the addition of various other chemicals to the mixes .

These subsequent tests were performed at constant temperature and

pressure parameters established during the initial WPH-2 testing.

The physical parameters of temperature , pressure , pellet density,

pe l l e t  t hi ckness , and particle size si gnificantly affect the electro-
chemical characteristics of the system. The effect of temperature and

pressure is graphically represented in Figure 0—2. Although tempera—

ture and pressure are very critical for optimum performance , perform-

ance over a wide temperature range is ideal when the pressure is

10.34 psi.

The effects of pellet density and pellet thickness are shown in

Fi gures 0-3 and 0-4, and the data is given in Tables D-1 and 0—2

-
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for Ca/L1C1-KC1/CaCrO4 System
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— TABLE 0-1

EFFECT OF DENSITY ON LII F AT CONSTANT TH i CKNESS

IN SINGLE CELL T E S TS

- —-

~~~~~~~~~~~~~~~

- -  

L IFE TO LIFE TO #SHORTS /
SYSTLM 0.C.V. P.V. 2.0 V 1.8 V r1 r2 #TESTS

WPH-2B1 3.141 2.43 355.3 406 0.585 0.969 0/10 Quiet

WPH-?C1 3.186 ?.45 392.0 453 0.600 0.971 0/10 Quiet

WPH-?F1 3.149 2.454 400 .0 463 0.566 0.978 0/ 20 Quiet

WPH-: 1G1 3.179 2.526 424.0 470 0.517 0 .965 2/8 Sl i ght -

Noise

WPH-2J1 3.16? 2.390 404.0 484 0.646 1.000 0/9 Quiet
_ _ _ _ _ _  _ _ _ _ _   -- ~~~~1

t h ickn ess  (mils ) 1 = 32 r1 Internal res is tance at
= 4.89 p s i  beginning of test

o r Internal resistance atT& mpet -at tIl t ’  = 525 C 2 1.6 vol ts
( i t t - r ent Density = 90 mA/cm 2

Density ( gm/cc) B 1.5
C = 1.6
I = 1.7
G = 1 .8
3 = 1.9

C”)

— - ---

~

—-.--. .- ----—--‘L .-- .- -- —-
~~~

-
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TABLE D-2

EFFECT OF THICKNESS ON LIFE AT CONSTANT DENSITY
IN SINGLE CELL TESTS

LIFE TO I LIFE TO #SHORTS/
SYSTEM O.C.V P.V. 2.0 V 1.8 V 

r1 r2 #TESTS REMARKS

- WPH-2A1 2.9 2.387 398.7 443.4 0.430 0.659 0/3 Quiet

WPH-2A2 2.964 2.438 561.4 
- 

664.0 0.431 0.950 0/5 Quiet

‘ WPH-2A5 3.017 2.340 159.0 258.0 0.578 - 9/10 Considerable ;
- Noise

WPH -2A6 3.169 2.439 294.0 329.0 0.599 0.965 1/10 
- 

Qu i et

WPH-2A7 3.127 2.490 513.0 676.0 0.511 0.958 0/10 Slight
- - - Fluctuation

at 1.8 v
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

— 
I

Current Density = 90 mA/cm~ A denotes density = 1.7535 g/cc

Temperature = 525°C 1 denotes thickness = 0.032 inches
2 denotes th ickness = 0.046 inches

Pressure = 4.89 psi 5 denotes thickness = 0.016 inches
6 denotes thickness = 0.022 inches
7 denotes thickness = 0.055 inches

100
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res pect iv el y. For W PH-d powder m ixe s , the )( 1t  imunt performance w a s

achieved when I ho pe llet thickness was 0.8 iiiii and the pellet dens i ty
was 1.0 t / C c  . Pey ort d a pel let th ickness  of 1.2 nan, sing le cel l  life
did not improve and an increa se in cel l  res t ance was seen.

The e t t e c t s  of particle size on battery performance were studied

by making pellets in wh ich mix particle sizes varied little within one

pellet , an d by making pellets in wh ich mix pa r t i c le  sizes were varied

over a q i von ran qe . The res u its of t es t s at aver aqe cu rrent dens it. los
2of SO mA/cm and 90 mA/cm~ are g iven in Figure (1_5~ It was found tha t

part i c le si ~e a f fected both battery perfonuance and pe llet i zation
Large pa rt i c los in the tin x cau sed d if f i cu l t ies  in forming pci le ts , and
smal l  par tic los caused f low problems in t he automat i~ t - eed pros s

A l t h o u g h those prob lems posed no mechanical difficulties , it was found
that a pa r t i c le s i:c d is t r ibut ion of -80 to +170 U.S. S t andar d Inest-t

S i  20 w as opt imal for e 1 oc t rocheni i ca l  perfo rmance and caused no pel let—
I zat ion prob I I’ll]’, .

Mixing problems become ac u t e  when the percentage of C a b—o— S i I was
high. It was found , as s uk)qest ed by Sandia Laboratories, t ha t  freon
blending was the bes t mixing met hod when mi \es hi qh in hinder cont cut

were used . The honioqene i t y  of t ite s 0 ml xe s was deterni i ne(1 by us i ng a
d it  forent Ia 1 si ann I ng c~ l or ime I or , and subsequent ce ll t e s t  c showed
t Ii at l iv es  re~na 1 ned wi t _ h in 2% of the mean * Pe l le ts  made from WPO —

W i  sos 
- 
h i ended by t he freon method showed ii yes of 1)70 second s at 50

niA/ci n’ . about a 1 ~~~~ I inproveme n t over t he l i t  e of pe l le t  s made by
employing a V—blender  for mix inn. Lat.t er pci let s howe d a l i fe  ~t

050 sec o nds at 50 mA/cm’ . Bail 11 1 1 1 11 ng was a t i  I rd 1111 X i  I”) alt ernat ive

hut w a s  t it t j n t l  to  ho too s lew for the  number of hat c ites to  he proc e ssed .
T o oht a in the  SOS I coilipos i t  lOfl lot’ tl i IS s y s  t ow , the celflpcis it ion

cI t 1)OniOt ioilc Ills powder ml Se c wa s  va r icd • hot S w it (1 respect t o I he re 1 a —

t V C coin oli I ra t  ion , of e l e c t  ,‘o lyte tlopo 1 art :or . and binder , 1iflif t o

t he re 1 at I Vt? &1IR I’t1 t t’ it ion ’- of  , l& ( l ( i t  1 yeS t o  Ii sod ~1l1l0tlI) t s of home —

qetieo uS pL lw dOt  I nlqre(I I (‘ I t t  s . Mi \05 were made up wh I cli had 4 . 7 , Id . and

l;~. p~ i t ~~~t of hinder by wc iqh t and [/D rat ios of 1.5:1 . 1 .hS: 1 , and

1 .8:1. Twcl v t ’ mi x es WI ’ t - O subseque nt Iv eva l ua ted  at three l i lt  t prent

t 051 loads • Inc orpcirat lug the of fec t of current detis it ie’. on I he
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Figure 0-5. Life Vs. Particle Size for WPH-2 (Ca/LiCl-KC1)/CaCrO4
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performance of the systems . The results of these tests at the various
current densities are shown in Tables 0-3 , 0-4, and 0-5, and in
Figures 0-6 through 0-11. The performance of the cells depended more
on binder content and current desity than on the ratio of electrol yte
to depolarizer . At current densities of 50, 90, and 300 mA/cm2, the
shape of the life versus E/D ratio curves reversed between 7% and 10%
binder content as shown in Figures 0-6, D-7, and 0-8. Thus , at binder
content between 7% and 10%, the cell life becomes ~ndependent of the
E/D ratio.

From Figures 0-9, 0-10, and D-11 , it can be seen that at a low
current density of 50 mA/cm2, cell life is longest at Cab-o-SiI content
of 12.5%. At high current density ; i .e., 300 mA/cm2, a lower binder
content provides the longest life. A slight variation in E/D ratio
is not critical at a current density of 300 mA/cm2 but could be detri-
mental to cell life at 50 mA/cm2.

The highest energy density of 128.5 Whr/kg was achieved with the
WPH-11 system at low current density and with a Cab-o-Sil content of
12.5%. The next highest energy density was achieved from WPH-8, a m i x
which had 7% Cab-o-Sil. At 90 mA/cm2, the 14PH-2 mix containing 10%
Cab-o-Sil had the highest energy dens ity of 99.15 Whr/kg, and at 300
mA/cm2, the WPH-9 mix containing 4% Cab-o-Sil showed the highest energy
density of 88.15 Whr/kg. In conclusion , high energy densities could be
obtained at low current densities in single -cell tests, although this
was not true in batteries. It is important to note that different
mixes are desirable for operation at different current densities. The
‘current density for the battery for which these experiments were con-
ducted was 90 mA/cm2. Consequently, the optimal mix was WPH-2, and
further work was done with this mix only.

In an attempt to further optimize the performance of WPH-1, Ca ( OH ) 2,
CaCl 2, K2Cro4, Cr03, graphite , copper , and i ron were used as additives
in both sing le and two l ayer pellets. Peak voltage , life , alloy forma-
tion , and electrical noise were considered in sing le cell testing.
The results at the three current densities are given in Tables 0-6,
0-7, and 0-8.

Ten percent CaC1 was added to the electrolyte of WPH-2 , improving
the performance at current densities of 90 and 50 mA/ cm . At 90 mA/cm

103 
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TABLE D-3

SINGLE CELL TEST RESULTS FOR HOMOGENEOUS
SINGLE LAYER PELLETS AT 50 mA/cm2 CURRENT DENSIT Y

PEAK LIFE TO
SYSTEM E/f) Cab—o -sil VOLTAGE 75~- P .V. ENERGY DENSITY

_ _ _ _  _ _ _ _ _ _ _  — 

(%) (volts) (sec.) (Whr/Kg)

WPH-14 1.50 4 2.60 809 90.75

W PH-9 1.65 4 2.55 844 91.10

WPH - 18 1.80 4 2.69 686 82.37 4
-~

wPH-1 1.50 7 2.59 836 93.06 
—

WPH-8 1.65 7 2.69 1013 1 1.64

WPH-17 1.80 7 2.76 665 84.06

WPH-10 1 .50 10 2.60 939 105 .34

WPH-12 1.63 10 2.59 801 89.17

W PH -2 1.80 10 2. 62 970 110.48

WPH-11 1 .50 12.5 2.67 1086 128.48

WPH-13 1.63 12.5 2.55 1087 117 .30

WPH-7 1.80 12.5 2.50 1164 120.74 
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~~~~_
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TABLE 0-4

SINGLE CELL TEST RESULTS FOR HOMOGENEOUS
SINGLE LAYER PELLETS AT 90 mA/cm2 CURR ENT DENSITY

PEAK LIFE TO -

SYSTEM E/0 Cab -o-Si l VOL TAGE 75% P .V . ENERGY DENSITY

(%) ( vo l t s )  ( sec . )  (Whr / Kri )

t-IPH-14 1.50 4 2. 40 476 90.99

W PH-9 1.65 4 2 .39 500 94 .80

~•.‘PH-18 1J~O 4 2.40 423 80.87
-5

WPH-1 1.50 7 2.35 43 5 79 .73

1.65 7 2.35 449 82 .30

WP H- 17 1.80 7 2 .37 429 79.97

~:PH-IO 1.50 10 2.39 50? 95.17

W PH -12 1.63 10 2.37 461 85.93

WPH -2 1.80 10 2.35 541 99.15

PH-Il 1.50 12.5 2.30 147 25.81

t W PH-1 3 1.63 12.5 2 .33 118 21.27

.4PH -7 i.80 12.5 2 .33  II? 20.17
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TABLE 0-5

SI NGLE CELL TEST RESULTS FOR HOMOGENEOUS
SINGLE LAYER PELLETS AT 300 mA/cm2 CURRENT DENSITY

PEAK LIFE T O
SYSTEM E/D Cab - o -S i l  VOLTAGE 75~ P .V .  ENERGY P LNS ITY

(°L) (volt s ) (sec.) (W hr/ l~g)

WPH- 14 1.50 4 2.09 144 83.51

WPH-9 1.65 4 2.07 155 88 .15

WP H-1 0 1.80 4 1.75 144 58.54

W NI-i 1.50 7 1.85 88 40.00

1.65 7 1.80 119 51. 19

W PH -17 1.80 7 1.8? 106 16.62

W PH -10 1.50 10 1.90 ?1 11.51

~~15 1? 1.63 10 ? .01 23 1? .??

WITh — ? 1.80 10 1.97 30 1S .4 7

WPH- 11 1.50 12.5 1. 91 14 t~.7$

WPH- 13 1.63 12 .5 1. 97 18 9.2 8

WPH-7 1.80 l? .5 1. 80 8 1?.03
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TABLE 0-6

SINGLE CELL TEST RESULTS AT 4.89 PSI AND 525°C

OP(N L i l t  L I f E
C I R C U I T  PCAK 10 10 ~ ,- CS) IOR1~ RE MARKSY 14 VOL TAG E VO L TAGE 2 JJV 1 . R V  • 11515

(icc) (icc) it ri

W P H-? (CaCI
2 ) 3 .07 2 .58 1570 - 0.767 1 .09 0/6 Qu i et

WPH- 3 2.66 2. 57 361 395 0 .451  0.900 3/6

WP N—4 2.68 2. 44 4 98 . 7  585 0 .3 9 3  1 . 2 2  1/6 No ti y

WPH -S 3. 4 3 . 3 6  780 884 0.303 1.20 I/ti Quiet

W P I - t /WP O- 9 3.16 2.89 672 665 0.36 7 1/6

W P t - ? / W P P - 3  3 .03 7. 69 534 695 0 .505 1 .1 3  0/3
WP (-3/WPD.3 3.17 7. 63 634 841 0.62 1 1 1 8  0/6 S l igh t  nois e

WP ( -4/ W P D-3 3 .02 2 .55 374 bSIl 0 .7 5 1  1 . 1 1  0/4 NOise  L~eforc
lo pd

WPI-4-2/WPD-3 3.06 2 . 54  523 569 0 .824 1 . 67 1/4 Noise o f f
loa d

W P (-3/W PD-5 3 .10 2.56 520 77? 0.844 1 .13 0/6 Sli ght m u s e

wr (.3fwPD-6 3 .15 2.66 589 703 0.728 1. 18 7/6
WPI - 3/WPU-7 2.82 7.55 520 651 0 416 L15 0/6 Slight rvlse

WP I .3/WP (1-8 287 2.56 627 879 0.484 1.24 3/6 Nois y

W P C - 3 / W P O - 9  3 .38  2 .94 660 758 0 .329  3 . 35 6 4/6

W PE .3/W PD-2O 2.76 2 . 6 35  320 407 0 .22 7 0. 5 )1  0/6 Quiet

14P (-8/WPD-l 2 2.72 2.44 315 462 0.458 1.29 0/3 No ise 8 7.OV

WP [.8/WP O-lS 2.74 2.45 317 441 0.469 LI? 0/3 U nst abl e
Vo ltaqc

W et -?/WPD-1 ) 2.93 7.58 551 637 0.543 1.29 0/3 t l v r - ~ qu iC t

WPH -7/WPD -15 2.764 2.5(1 697 814 0.4?? L22 0/3 Shg ht mvi i.

r 3 • Interna l Re~ i s t an c e at St a rt of Life 
7

Int e rnal Re si stance at 1.8 Vot t~ 
Cur rent l)en~~t y  • 50 mR/cm

: 
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TABLE 0-7

SINGLE CELL TEST RESULTS AT 4.89 PSI AND 525°C

04’IN LIII LIFI -I PTSTS1’IM CIRCUIT PIAX Iii TO r r ., I I I  REM AR KS

-- —_______ 
VO4 J AG( VOLTAC,t 1 Os 1 liv -

(ser) ( ‘ .ccl

W I’14-2( CaCI. , ) 2. 911 1.45 4(11, 710 0.465 0.67 0/6 O u r S

W PI4-3  2.89 1.38 ~17 254 0,428 0.840 3/6

WPII.5 3.395 3.06 368 459 0.219 1. 1 3/6 Qu Ie t
Wt’I1-4 2.66 2 .32 31T 3110 0.293 0,980 4/9

WPE .l/(~PO-3 3.03 2.14 234 407 Q,5~4 1.01 3/6
VOl. -2/WPD .3 3.04 2.46 397 349 0.413 0.893 0/10 No Ise before

I af ter load
W P I-3 fWP O -3 3.09 2.3 178 360 0.687 0.9 6/25

WP I .41W 00-3 3.01 2.44 184 334 0.467 0.9 2/10

W PH-2/WPO- 3 1. 913 2.313 145 12? 0.487 ‘.22 1/ 5 N olte b efore
load

VO L - I / W I T  5 3 Il 2.46 227 P.6 05 4 O .~ g 0/20
WI ,’ W i ll tu 3 . 15 2. 47 242 340 0.55 0,91 0/10
WOE - 1 / W P P - 7  2, 12 2,37 18S 309 0.195 0.&, I/tO

WP( - 3/WP I ) -8 2 . 754 2,49 1S4 253 0 .2 31 0.81 2/10 NOiS y
WP C - i /WIT- 9 3 .70 2. 79 228 351 0. 796 0 .975 4 / IC
WP(-3 /WPO -IO 1 .18 2. 43 175 22~ 0.293 0.652 2/10
w i t  - n/ w i o - 1 2  2 7 ~ 2 1 1  98 159 0.376 2 ,14 0/3 NoIse at ;“~Iev ~ l
W P(.9/W PIJ-- l ’, 2. 7 3 2 .2 8  80 352 0.39 5 1.14 0/3 Vol t~qe

urm tab le
WPH - 2/Wl’tt-1l 7 %  2. 45 134 30? 0. 4 36 0 9 9  0/ 3 Qu Iet
W P H- 71 WP O-15 2. 80 7, 39 335 421 0 .350 0.88 1(9 Sery s%lqht

NOlsr

r 1 
lnte rn al R~ ii~~tanc p at Start ~ f lIf e 7. Current densI ty • 9OmA/cmr, • Int e rna l Resis tanre at 1.1, Volts

113

L ~
~~~~~~~~~~~~~~~

-

~~~ _I__A_~_
_

_ ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ , .. - - .“‘~~ ~~~~ ‘•‘~~~~~~~~~~~~ ‘~~~‘ ~~~~~~~~~~~~~~~~~~~~ ‘



— -
~~~—— ~~~~~~~~~~~~~~~~~~ 

- —----- - 
~~~~~~~ ~~~~~~~~~~~~~ 

TABLE 0-8

SINGLE CELL TEST RESULTS AT 4.89 PSI AND 525°C

OP EN LIII SI F t  t I l t
‘Y u T t M  (T R I E T I  IFAK TO 10 TO r 1 r , •SHORTS RLM A RKS

Vol TAGL 1,111 T AC t 2.05 1 .85 I .6v ‘ V TEST S

kec t (~~c )  (sOl  ) (3

VIM - ) 2 .88 1. 71 - ‘ 13 1/5

WI ’ H - 4  2.1, 7 1 Q11 - - 11

W ON - S 3 41 2 .56 5.8 ii 4 28.6 0.165 0 ,3114 1/6 Quiet

Wit 1/WIT 1 3.05 1.00 . 3 7 7  2 1 8  0.764 0 .327 2/4

i i  -1/wPO .3 3.05 :0 0  . 3 9 7  6 1.0 0 ,- 1~l 0.1b9 0/3 Noise after
load

W OE . 3 / W P ( 1 .3  3 .17 1 . 71 - - 21.2 0/5
WI ,i 4 / 1 , 1 1 1 . 3 3.03 1 .98 - 27.0 tul.1 1 (1 ‘ i /u 0 .715 0/3

Wri - ’ /wI’ l l - 3 3.07 1.93 . 5 3  1 1 . 3 1  ,~~ l (1, 3 1  0/4

w i t  - ;.- w r ~i ‘, 3 .15 2.3 4 15 .1 50.0 79 .3 0/6

wIt-i/ W O O- b 3 .35 2 .08 8.0 32 . 7 67 .3 0/b

W i t  3 /WPO-7  1.17 1. 114 11 .3 52.4 73 .8 1/6 Clean

W O E -1 / W F’O . 8  2.88 1.08 14 .: 53.3 80.9 0/6 Noise

WI-I .2 /WP D-I0 2.8 2.0 - 6.0 10.0 0.2 0.357 0/3

W I’I - ,‘ ‘ w l t l - l I  2.96 1.99 - 6. 7 17.1 0 , 2 4 3  0 .35 6 0/3
wrii - :VWP0-12 1,12 1.81 - 1.0 4 .0 0.249 0.306 0/3

r 3 Internal Rec ,st.iu uu. ’ at Start of (.ile

r2 • Internal Res i stance at 1.6 Vo1 t ~

Curr ent flen~~u t y  • 300 mR /cm 2

-
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the cell life increased from 541 seconds to over 700 seconds at an
energy density of 131.56 Whr/kg. At 50 mA/cm2, the cell life increased
from 970 seconds to 1534 seconds at an energy density of 141.68 Whr/kg.
WPH-2 with a 10% CaC1 2 additive has been found to be the best Ca/L~ ’l—
KC1/CaCrO4 system so far. Li 2CrO4 and Cr03 increased the peak voltages
on loa d , but did not improve cell life. K2Cr04 decreased the peak
voltage and Ca(OH )2 caused electrical noise and alloying. formation
of alloys and subsequent shorts were neg ligible in all other tests .
however. Lastly, the metallic additive s showed no improvement in
cell performance.

Similar experiments involvIng two l ayer pellets produced different
results. Two layer pellets were made which had the  same we i ght and
thickness as the single l ayer homogeneous pellet. In studying the
effect of the E/D ratio on the performance of the two layer pell et at
curren t densities of 50, 90, and 300 mA/cm2, it was found that this
ratio was critical at high current densities . At 50 and 90 mA/cm2

the cell performance was virtually unaffected. These results arc illus-
trated in Figure 0-12 . The experiments with additives showed little
or no improvemen t in c e l l  per formance  when compare d to W PH-7 w i th

CaCl . Homogeneous pellets appeared to produce the best result s for
long life applications at 90 mA/cm . This is not necessaril y true for
other catholytes or for sys t ems requir ing short lives with high current
dra in .

BATTERY TE STI NG

Batteries with standard size cells of 38 mm diameter were made for direct
correlation with sing le cell tests . Subsequently, batteri es with 61 niii dia-
meter cells were made , the design goal being to produce even lart er batteries

wh ich would produce 30 amperes at 90 mA/cm2, with three paralle led ctacks .
38 mm Diameter Cell Batteries.

Approximate ly 150 Ca/ L j C l -K C 1/CaCr O 4 batterie s with ‘~t andard 3~ mm
di ~.meter cells wert’ bul it , usin g both single layer (1omoq&’neon~. and two
l ayer pellet system s and were tested at va r io us current d e n s i t i e s .  I n

add ition , studies were made in the pyrotechnic al aspects of battery
operation . Both heat paper , consisting of Zr and I3aCrO4, and heat

115
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pellets , made from a mixture of Fe and KC1O4 (86:14 w/o), were used as
a pyrotechnic and these results are discussed in detail in Appendix E
of this report.

Results from battery tests using standard size cells indicat ed
that the WPH-2 pellet flUX produced the most desirable results. The
best batteries of this group, S/N WPO-43 and S/N WPO-44, Table 0-9,
achieved an average life of 2.7 minutes and an energy density of
4.3 Whr/kg at the temperature extremes tested . The results of these
battery tests , including several powder mixes , using heat paper , heat
pellets , different pressures and tests at the three curreit densities
have been discussed in interim reports.
61 mm Diameter Cell Batteries.

Batteries with 61 mm diameter cells using Ca/L1C1-KC1/CaCrO4
systems were also built and tested at different current densities .
At a current density of 90 mA/cm2, a life of 4.5 minutes and 15.4

Whr/kg energy density was produced by the Ca/LiCl-KC1/CaCrO4 battery
(S/N P-17). A life of over 16 minutes was achieved using this system
(S/N 3831) indicating that this system is capable of sustaining a long
thermal life. At 48 mA /cm2, the energy density of Ca/LiC 1-KC1/CaCrO4
battery S/N P-18 was improved to 13.3 Whr/kg and the life extended
to 9.4 minutes . The results of the batteries achieving the best

— performance are given in Table 0-10.

__________________ ~~~~ ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~
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TABLE 0-9

BATTERY TEST RESULTS FOR VARIOUS Ca/L1C1-KC1/CaCrO4 SYSTEMS
USING 38 mm 00 CEL LS

BATTERY PEAK RISE
BATTERY NO. C O N D I T i O N  V O L T A G E  T I M E  L I F E  SYST EM R E M A R K S

°C (ms ) (sec)

WP-035 -40 25.0 370 127 WPE-3/WPD-3

WP-0 37 +70 24.9 280 121 WPE-3/WPD-3

WP-043 -40 25.7 ~7O 161 WPH-2 4 .3W ll r/ Kg
WP- 044 -1-70 25.2 370 164 WPH-2 4.3WHr/kq

WP -047 -40 25.2 430 169 WPH-4

WP -048 +70 25.2 420 80 WPH -4

WP- 086 -40 30.0 290 213 W PH- 5
W P-08 8 +70 28.0 200 70 WPH- 6

W P - l 1 4  -40 25.5 400 1 1 W P E -3 / W PP - 7

W P-116 +70 25.3 350 77

LOAD 20 .0 ft
L I F E  MEASUR[D TO 18 VOLTS
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TABLE 0-10

BATTERY TEST RESULTS FOR Ca/LiC1-KC1/CaCrO4 SYSTEM
AT DIFFERE NT CURRENT DENSITIES
(61 mm DIAMETER CELL BATTERY)

CURRENT PEAK LIFE TO STACK
SYSTEM S/N TEMP DENS I1Y VOLTAGE 75% P.V.

°C (mA/cm2) (Avg.) (Mm .) (Whr/kg)

Ca/LIC1- P-1 4 -40 90 26.7 3.8 13.3
KC1/ Ca Cr Q 4 P—1 6 +70 90 26. 7 2.6 8.8

P- 17 +23 90 26. 7 4.5 15.4

P-l8 +23 48 27.2 9.4 13.3
Ca /L iC 1- P—2 0 +23 16 28.2 11.1 9.4
KC 1/CaCr O 4

3831 +23 9 19.0 16.0 5.9
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APPENDIX E

NON-STANDARD TECHN IQUES

FUSIBLE HEAT RESERVOIRS

- Fusible heat reservoirs have the advantage of providing heat at a pre-
determined temperature. They are “thermally timed” sources in which the
activation temperature and amount of heat released can be varied by changing
the chemical compositions and weight.

An eutectic mixture of NaC1 and Li 2SO4 was made and blended with Cab-o-
Sil in a ratio of 88:12 for future studies as a possible fusible heat
reservoir.

DSC studies were made on this eutectic and certain off-mixtures to as-
certain the thermal properties and soliclus temperatures. The studies were
along the following lines:

1) Choosing a chemical system for optimum performance at a high or
low temperature only.

2) Studying the feasibility of manufacturing a fusible reservoir
paper for use in the sidewall of a battery. Also , use of these
reservoirs at appropriate stack positions.

Table E-1 gives the results of evaluations of different fiberglass tapes
impregnated with eutectic mixture of sodium chiori je-lithium sulfate at 500°C.
It was found that ECCIIB was the most suitable tape for this purpose. This
impregnated tape was tested for use in the outer can as a buffer reservoir.

For the stack , pellets made cf this mixture of sodium ch loride -lithium
sulfate with Cab—o -Sil were used.

ELECTRICAL AND THERMAL TECHNIQUES

This task was directed toward electrical and thermal devices which might
enhance overall battery performance. No experimental work was done in this
area. However, several ideas worth looking into are suggested below .

To increase battery life , the following areas are suggested for investi-
gation :

8
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TABLE E-1

EVALUATION OF FIBERGLASS TAPES FOR
IMPREGNATING WITH NaC 1-L1 2SO4 BUFFER POWDER

TAPE. WT. AMT.SALT RESPONSIVE
TYPE OF IAP E gm/in 2 gm/in 2 Cal/in CHARACTERISTICS

1) Columbia (Tight Weave) .1218 .2365 22.25 Brittle

2) Columbia (Loose Weave) .1114 .2980 28.04 Brittle

3) Burlington (Loose Weave) .1162 .3466 32.61 Slightly flexible

4) Ti ght Weave Vo l an .1211 .3093 29.10 Brittl e

5) Burlington (1-3/4” wide , .0725 .1793 16.87 Smooth and very
.005” thick) flexible

6) Very Loose Weave (As .1126 .2130 20.04 Improper wetting
received)

7) Loose Weave Volan (As .1344 .2387 22.46 Brittle
received) 

I

8) Ti ght Weave Vol ari (As - - - Broke down
received)

!~
) Tight Weave Volan (Fired) .1369 .3009 28.30 Smooth, brittle ,

good absorption

10) Ti ght Weave Volan (Fired) .1343 .2610 24.56 Same as above

11) Tight Weave Volan (As rec ’d. .1369 .2666 25.08 Smooth, brittle

12) Loose Weave Volan (Fired) .1315 .3769 35.46 Smooth , flexible

13) Very Loose Weave (As rec’d.) .1160 .3294 31.0 Very flexible ,
smooth

14) Loose Weave Volan (Fired) .1320 .3504 32.97 Brittle

- 

- 

15) ECCIIB .1241 .5648 53.14 Very flexible
(dipped at 500°C,
lumpy deposit)

16) ECCIIB .121? .4399 41.39 Very flexible andJ smooth

121



~ ~~~~~~~~~~ ~~~~~~~~~~~~~~~ M ’ ~~~~~ ‘~~~~~, . ,-

1) Stacks paralleled outside the battery . This will lower the heat
generated within the battery and at the same time allow the use
of buss bars to decrease the internal resistance drop.

2) Use of diodes to prevent one stack of the battery from acting
as a load on other parallel stacks.

3) Use of voltage regulating devices to control designed-in over
voltage.

To increase battery performance at high and low tempe~’atures (i.e., to
widen the operating temperature range of the battery), the following are
suggested :

1) Squib systems that will be activated thermostatically and be
used for supplying auxiliary heat when needed.

2) Squib systems that will be activated with a time delay circuit
and used for supplying auxiliary heat at a critical point in life.

A market search has uncovered a pyrotechnic switch which may be activated
by a thermostat , a voltage sensing circuit , or a timing circuit. This switch
can be adapted for use in a thermal battery . At present, the most promising
technique is the use of a voltage sensing device which would trigger either
a secondary heat source or another battery stack to prolong battery operation .

PYROTECHNIC STUDIE S

The pyrotechnic studies were based on the application of heat pellet

technology; i.e., the use of heat pellets using a mixture of iron powder and
potassium perchiorate.

Since heat paper made from Zr + BaCrO4 was readily available , batteries
were thermally balanced using this heat source. Later , the batteries were also
balanced with heat pellets and a comparative study was conducted to determine
the differences .

Based on the results of the tests of the batteries built using WPH-2
powder mixes and tested on a 20 ohms load , the following conclusions were drawn :

1) The heat paper batter ies were faster activating than the heat
pellet batteries.

2) The peak voltages were higher for pellet batteries than for
heat paper batteries , but there was no discernable difference
in performance.
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3) The pressure requirement for heat pellet batteries was lower -

than for heat paper batteries . This pressure was responsible
for faster or slower start times . -

~

4) The heat pellet batteries were simpler to manufacture than -

were the heat p tper batteries , since they require fewer parts 
-

~

and fewer assembly operations are involved.
5) The heat pellet s were preferable for long life batteries where

rigidity in shape and maintenance of stack pressure for optimum
performance were desired. The pressure drops to almost zero 

-

for heat paper batteries .
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