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Optimization of externally heated thermal battery 
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A b s t r a c t  

An externally heated thermal battery (EHTB) using a n  L i A I / A g 2 C r O  4 couple was developed 
to meet the unusual requirements of an open circuit stand of 8 h. Thebattery was 
designed to maximize the voltage output, to control cathode growth and corrosion of 
cell components, and to minimize passivation of pellets during wet stand. The final design 
of the EHTB consisted of three parallel strings of two cells for a total of six individual 
cells. The battery exhibited a stable OCV from 5.75-5.77 V throughout a slow temperature 
ramp at 3.3 °C/h from 120-149 °C and yielded currents in excess of 2.5 A when pulsed 
for 50 ms through a 1 g~ load. 

I n t r o d u c t i o n  

This s tudy  was  d i rec ted  at developing a suitable e lec t rochemica l  cell 
and thermal  ba t te ry  that  would  r e spond  to external  env i ronmenta l  hea t  and 
that  would,  by  definition, conta in  no sel f -contained py ro techn ic  hea t  to melt  
the fused salt electrolyte.  This concep t  was  based  on  pr ior  work  [ 1 - 4 ]  and 
the te rm EHTB was  coined  to denote  an 'external ly  hea ted  thermal  bat tery ' .  
The EHTB would  have to r e spond  to  an envi ronmenta l  t empe ra tu r e  increase 
of  3 .33 °C/h within a t empera tu re  window of  1 2 1 - 1 4 9  °C which  was  defined 
as a ' s low c o o k - o f f  test. The e lec t rochemica l  invest igat ion focussed  on 
evaluat ing mixed  nitrate salts for  use as suitable low mel t ing electrolytes  , 
opt imizing an LiAI/Ag2CrO4 couple  in the var ious  nitrate electrolytes ,  and 
developing a ba t te ry  design tha t  wou ld  minimize self-discharge resul t ing f rom 
7 to 8 h o p e n  circuit  on  the ' s low cook-off '  r amp  before  del ivering a required 
electrical pulse o f  2.5 A at 2.5 V. 

E x p e r i m e n t a l  

The p repa ra t ion  and  select ion of  appl icable  electrolyte  salts, t h rough  
single cell sc reen ing  exper iments  and opt imizat ion of  e lectrolyte  and  ca thode  
pellet formulat ions ,  were  descr ibed  previously  [5 ]. All e lectrolyte  compos i t ions  
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were expressed as mole percent.  (mol.%) while pellet composit ions used 
weight percent.  (wt.%). 

All batteries were built in a dry room with relative humidity of 2% or 
less, using stainless steel hardware designed to achieve reproducible stack 
pressure. A specially designed battery welding fixture/heat sink, equipped 
with circulating cooling fluid, was used to maintain the case temperature at 
9 °C during welding, to eliminate the thermal effect of  header/case welding 
on battery insulation and electrochemical components .  The overall outer 
dimensions of  the EHTB battery measured 119.94 1 × 29.72 w ×  6.99 t ram, 
Fig. 1. 

The original bat tery design [5] employed four cells in series with anode 
and electrolyte pellet dimensions of  16.51 × 41.40 × 0.38 mm while the cathode 
pellets were 15 .50×  40.39 x 0.38 ram. The final electrical configuration was 
a six cell battery, designed with two cells in series per  each of three parallel 
legs. The batteries were vacuum dried at 72 °C for 2 h and back-filled with 
argon gas before closure. Battery testing was conducted using a Thermoline 
model 30400 automatic programmable furnace at a tempera ture  ramp of 
3.33 °C per  h starting at 121 °C and ending at 149 °C, whereupon the battery 
was pulsed through a 1 ~ load for 50 ms. The 50 ms pulse width was 
governed by an external  timing circuit, and current  and potential data were 
computer  acquired. 

R e s u l t s  a n d  d i s c u s s i o n  

An extensive electrochemical  research effort was directed to prepare 
and evaluate mixed nitrate salts, for use as suitable molten electrolytes, 
melting in a temperature  window between 120 and 149 °C. In reality, only 
eutectic salts melting below about 135 °C could be used because the battery 
had to operate at a high current density at 149 °C, and this required a 
sufficiently conductive and fluidic electrolyte. The electrolyte evaluation and 
cathode optimization [5] resulted in the following cell composition: 

Anode LiAI 
Electrolyte LiNOa:NaNO2:LiCI (30:55:15 mol.°/0) 
Cathode Ag2CrO4, electrolyte, graphi te  (55:35:10 wt.%) 
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For a preliminary study, four-cell-series batteries were built. These batteries 
demonstrated fluctuation and decline of OCV after about  45 min of  temperature  
ramping at 3.3 °C/h. Another  observation of these single cell experiments  
was the degradation of pulse current/voltage at 1 ~ as a result of extended 
open circuit conditions at 149 °C. Post-mortem analysis of these prototypes  
revealed anode to cathode intercell shorting caused by cathode pellet ex- 
pansion. Single cell exper iments  were conducted to elucidate the extent  of 
cathode growth and it was found that the expansion along the length of the 
cathode pellet was about  2 ram. 

One known method of  alleviating cathode spreading is to use a side- 
crimped cell cover  or 'ca thode cup'.  This approach was tried, but it became 
difficult to close the bat tery because it was necessary to fit the bat tery header  
with an applied stack pressure and this resulted in crushed pellets. This 
situation arose because the cr imped sides of the cell covers  created a stronger, 
inflexible edge area, while the cell cover center  remained flexible. There- 
fore, this potential solution was abandoned in favor of a new technical 
approach. 

A small quantity of  MgO binder (10 wt.% based on the salt weight) was 
incorporated into the electrolyte portion of the cathode mixture to assist in 
immobilizing the liquid salt. The cathode pellets were further modified by 
trimming approximately 1 mm on all four sides. This allowed the cathode 
to expand by the amount  observed in the single cell experiments.  Concurrent  
with the cathode containment  work, it was suggested that a thicker electrolyte 
layer should help with two problems: edge shorting and the observed loss  
or absorption of  molten electrolyte into anode and cathode. However, no 
improvements were achieved with the thicker electrolyte, and a 0.38 mm 
thickness was used for the final battery tests. After these procedures  were 
instituted, no degradation or loss of OCV was found in any of the batteries, 
and intercell shorting was successfillly eliminated. 

Battery hardware development  was given equal attention. The final 
hardware design allowed the direct application of the closing pressure on 
the stack surface via appropriate  layers of top insulation, achieving an 
optimum and reproducible pressure of about 34 kg/cm e (333 × 104 Newtons/ 
me). This design also physically moved the header  case/case weld area away 
from the battery stack so that  the low melting internal components  would 
not  be adversely affected by the heat  of the weld. 

Figure 2 shows the voltage/time plot of  one of  these batteries that  was 
built with these provisions and tested through a slow ramped (3.3 °C/h) wet 
stand of about 5 h. The unit yielded 1.6 A at 1.2 V when pulsed for 50 ms 
through a 0.8 ~ load. No degradation or loss of OCV was observed over 
the entire 5 h period. 

A post-mortem examination of the batteries containing four cells in 
series, suggested that  there were  definite oxidation processes  occurr ing tha t  
increased the internal resistance. The surfaces of the LiA1 and Ag2CrO4 pellets 
were noticeably different in color from their original appearance.  These 
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Fig. 2. Vol tage  vs.  t i me  cu rve  o f  a four -ce l l s - in -se r ies  ba t te ry ,  t e s t e d  t h r o u g h  a we t  s t a n d  o f  
5 h s l ow  r a m p  a t  3 .3  °C; p u l s e d  for 50  m s  t h r o u g h  0.8  ~ load.  

observations suggested that chemical or electrochemical  degradation reactions 
may occur  during the extended open-circuit-stand ramp conditions. 

There were actually two passivation problems: the chemical reactions 
occurring on interfacial LiA1 and Ag2CrO4 pellet surfaces,  and corrosion 
reactions between the stainless steel cell covers and the anode/cathode pellets. 
One approach to solve the cover/pellet corrosion problem included sealing 
the back surface of  LiA1 and Ag2CrO 4 pellets with methyl cyanoacrylate.  A 
small quantity of the monomer  was dissolved in methyl isobutyl ketone and 
this solution was painted on exterior pellet surfaces. Unfortunately, the 
solution dried so rapidly that it was not  possible to seal the anode/cathode 
pellets to their  cell covers. Single cell tests  on methyl cyanoacrylate-coated 
electrodes showed 50 ms pulse voltages at 1 gl of  1.12 V after  2 min and 
1.34 V after 5 min open circuit. This voltage 'delay' was attr ibuted to the 
electrically insulating effect of the polymer which disappeared upon polymer 
thermal decomposi t ion at the 149 °C test  temperature.  Silver powder  was 
also used to coat  the back of the electrodes to improve conductivity while 
allowing the cell processes  to occur  during wet stand. Unfortunately, both 
approaches  gave no improvements in the 1 El pulse performance of either 
single cells or  practical, sealed test batteries. To reduce the stainless steel 
cell cover  corrosion by molten nitrate electrolytes, the material was changed 
to nickel. 
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Finally, to p r e v e n t  any  moi s tu re -  or  a i r - induced ox ida t ion  p r o b l e m s ,  
ba t t e ry  s t acks  were  v a c u u m  dr ied  a t  72 °C for  2 h, and  the  ba t t e r i e s  we re  
back-fi l led with a rgon  gas  be fo r e  final c losure.  Initial r e su l t s  on  a ba t t e ry  
wi th  these  e n h a n c e m e n t s ,  us ing  the  six cells in se r ies  conf igura t ion ,  l ooked  
promis ing .  The  first  ba t t e ry  g a v e  3.5 A at  3.5 V on the  first  1.0 12 pulse;  
however ,  this  could  no t  be  r e p r o d u c e d  in succeed ing  tests .  

A cons ide ra t ion  o f  the  cell  i m p e d a n c e s  wi thin  the  s t ack  conf igura t ion  
led to a des ign rev iew to op t imize  the  ou tpu t  current .  In o r d e r  to  ob ta in  
the  m a x i m u m  p o w e r  for  a ba t t e ry ,  it is n e c e s s a r y  to  m a t c h  the  internal  
r e s i s t ance  to  the  ex te rna l  load  res i s tance ,  and  t h e r e f o r e  the  u se  o f  s e r i e s -  
paral le l  g r o u p i n g  of  cel ls  w a s  s u g g e s t e d  [6]. I f  the  n u m b e r  of  para l le l  cell 
r ows  is n,  the  n u m b e r  of  cel ls  in ser ies  p e r  row is m ,  the  r e s i s t ance  of  one  
cell is r and  the  ex te rna l  r e s i s t ance  of  the  ba t t e ry  is R, t hen  

(m/n)r=R ( l )  

The  EHTB size l imi ta t ions  s u g g e s t e d  tha t  no  m o r e  t han  six cel ls  could  be  
a c c o m m o d a t e d  within  the  b a t t e r y  case .  There fore ,  (m)(n) = 6, and  fo r  a f ixed 
ex te rna l  r e s i s t ance  of  R= 1.0 12, f rom eqn.  (1)  
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Fig. 4. Voltage and t e m p e r a t u r e  vs. t ime curves  of  a three-parallel-stacks-with-two-cells-  
in-series  EHTB bat tery tes ted  t h rough  a s low cook-off  per iod  of  7.5 h to 149 °C at 3.3 °Cfa 
s low ramp;  pulsed  for 50 ms  th rough  1 1~ load. 

[m/(6/m)](r) = 1 o r  ( 2 )  

m 2 = (6 / r )  

The  internal  r e s i s t ance  of  a s ingle  cell was  ca lcu la ted  as follows. A 
b a t t e r y  c o m p o s e d  of  six cells in se r ies  was  bui l t  and  t e s t e d  t h r o u g h  a s low 
cook-of f  pe r iod  of  7.5 h to  149 °C, giving a s tab le  OCV of  17.02 and  an  
a v e r a g e  of  1.43 A at  1.49 V on pulsing.  Then,  the  in terna l  r e s i s t ance  of  the  
b a t t e r y  m a y  be  e s t i m a t e d  as r t  = E / I =  (17 .02  - 1 .49) /1 .43  = 10.8612. Assuming  
the  to ta l  ex te rna l  r e s i s t ance  to be  equa l  to  the  s u m  of  the  internal  cell 
r e s i s t ances ,  tha t  is, neg lec t ing  the  con t r ibu t ion  of  ex te rna l  cell connec t ions ,  
one  can  say  t h e r e f o r e  

R = r t  = 6( r )  or  

r =  1.81 12 p e r  cell 

F r o m  eqn.  (2) 

m 2 = (6 /1 .81)  or  m = 1 .82 

A s s u m i n g  the  n e a r e s t  who le  n u m b e r  g ives  a va lue  o f  m = 2, f rom this,  it 
fo l lows tha t  n-- -3 .  The  app l i ca t ion  o f  this  des ign  analys is  t o  this  ba t t e ry  
t he re fo re  rev ised  the  s t ack  conf igura t ion  to  th ree  para l le l  s t acks  o f  two  cel ls  
in ser ies ,  a s s e m b l e d  as  shown  in Fig. 3. 

Ba t t e r i es  w e r e  bui l t  i n co rpo ra t i ng  b o t h  the  des ign  change  and  the  cell 
c o m p o n e n t  i m p r o v e m e n t s ,  and  were  t hen  t e s t ed  t h r o u g h  the  s low cook-o f f  
pe r iod  o f  7.5 h to  149 °C. The  vo l t age  v e r s u s  t ime  p lo t  o f  one  of  these  
ba t t e r i e s  is shown  in Fig. 4. The  b a t t e r y  gave  a s table ,  noise-free ,  open-  
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circuit  potential  of  5 . 7 5 - 5 . 7 7  V over  the entire 7.5 h period,  and  resul ted 
in an average  cur ren t  of  3.0 A at  3.0 V on pulsing for  50 ms t h rough  a 0.8 

load. The improvemen t  in cur ren t  and vol tage levels over  earlier exper iments  
may  be at t r ibuted to the ba t te ry  redesign,  which minimizes  internal impedance  
by virtue of  opera t ing  at a lower  e lec t rode current  density. 

C o n c l u s i o n s  

A look, in re t rospect ,  a t  the effort to  develop the EHTB shows  that  
near ly  equal t ime was  spen t  on  e lec t rochemis t ry  and on ba t te ry  development .  
The research  effort  was  c o m p r e h e n s i v e  and focussed  on p repa r ing  and 
evaluat ing mixed  nitrate salts, for  use as suitable mol ten  electrolytes ,  mel t ing 
in a t empera tu re  window be tween  120 and 149 °C. The o u t c o m e  of  this 
work  was  the select ion o f  an  LiNO3:NaNO2:LiCI e lectrolyte  salt. The final 
e lect rode pellets se lec ted  were  electrolyte  salt with MgO (binder) ,  Ag2CrO4 
ca thode  with graphi te  and  electrolyte ,  and LiAl p o w d e r  anode.  These  se lect ions  
were  successfu l  in giving the co r rec t  opera t ing t empera tu re  window,  im- 
mobil izing the mol ten  salt, dec reas ing  the cell impedance  and  improving  the 
load vol tage and, finally, control l ing  the ca thode  physical  expans ion  on wet  
stand. 

A series of  bat tery  des igns  and  tes ts  led to an elucidat ion of  the major  
issues tha t  needed  to be addressed  w h e n  a cell s tack of  this type  was  utilized. 
Of impor tance  is the long,  e levated tempera ture ,  open-c i rcui t  s t and  required  
for  this appl ica t ion that  magnif ied thermal  ba t te ry  co r ros ion  and  internal 
res is tance  factors .  Opt imizat ion of  the c o m p o n e n t  g e o m e t r y  and  the ba t te ry  
s tack design to three parallel  s tacks  of  two cells led to p r o t o t y p e s  capable  
of  susta ining a 7.5 h wet  stand,  and  providing a m in imum 2.5 A pulse at 
2.5 V. 
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