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A Thermal Analysis of a Spirally Wound Battery Using a Simple 
Mathematical Model 

T. I. Evans* and R. E. White**  

Department of Chemical Engineering, Texas A&M University, College Station, TexaS 77843 

ABSTRACT 

A two-dimensional thermal model for spirally wound batteries has been developed. The governing equation of the 
model  is the energy balance. Convective and insulated boundary conditions are used, and the equations are solved using a 
finite element code called. TOPAZ2D. The finite element  mesh is generated using a preprocessor to TOPAZ2D called 
MAZE. The model is used to estimate temperature profiles within a spirally wound D-size cell. The model  is applied to the 
lithium/thionyl chloride cell because of the thermal management  problems that this cell exhibits. Simplified one-dimen- 
sional models are presented that can be used to predict best and worst temperature profiles. The two-dimensional model  is 
used to predict the regions of maximum temperature within the spirally wound cell. Normal discharge as well as thermal 
runaway conditions are investigated. 

Many battery systems produce heat as they are dis- 
charged due to the exothermic nature of the electrochemi- 
cal reactions occurring. This buildup of heat can result in 
dangerous conditions depending upon the cell design and 
physical system. Often, thermal modeling of these battery 
systems is accomplished by assuming that the different 
components  of the battery interior can be represented by a 
homogeneous region (i.e., core region) having average 
properties. This approach is useful because it greatly sim- 
plifies the analysis; I however, it may not provide adequate 
results when the different components  of the battery have 
vastly different thermal properties. Often the material 
used for separating the anode from the cathode has a much 
lower thermal conductivity than the electrodes them- 
selves. This condition may lead to heat management  prob- 
lems in spirally wound designs when the heat flow is pri- 
marily in the radial direction. Heat management  could be 
improved in the spiral design if heat flow can proceed out 
the spiral along the more conductive materials; however, 
the spiral path offers a much greater distance to traverse as 
opposed to the more direct radial path. This work shows 
that conduction of heat out the spiral, during normal oper- 
ation, reduces cell temperatures but does not substantially 
reduce the temperature drop, the difference between the 
max imum and minimum cell temperatures, in the cell. 
However,. when hot spots are present in the cell, con- 
duction out the spiral is substantial and the temperature 
drop in the cell is reduced significantly. 

The Li/SOC12 cell is an example of a spirally wound 
D-size cell that has a thermal management  problem. It is 
an attractive primary energy source because of its high 
energy density (1, 2). However, researchers have observed 
that high discharge rates and high temperatures promote 
thermal runaway in these cells (1-5). Venting of toxic gases 
and explosions, due to t he  rapid pressure buildup at 
higher temperatures, have been reported (1-5). 

The purpose of this paper is to present a model  that can 
be used to predict temperature profiles, in time and two 
spatial dimensions, within a spirally wound D-size 
Li/SOCI2 cell and to estimate the ability of this design to 
conduct heat out of the cell. One-dimensional approxima- 
tions to the two-dimensional analysis will be investigated 
for comparison purposes. Predictions from a one-dimen- 
sional model  for a C-size cell are compared with experi- 
mental data (6) to learn more about the thermal behavior of 
Li/SOC12 cells. Finally, hypothetical thermal runaway situ- 
ations are simulated using the two-dimensional model  and 
a one-dimensional approximation in order to determine if 
the spiral design offers any thermal advantage under such 
conditions. 

Description of a spirally wound electrochemical cel l . -  
Figures 1 and 2 show two different views of a spirally 
wound electrochemical cell. The cell is constructed by in- 
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serting the cell roll into a cylindrical can as shown in Fig. 1. 
Electrolyte is poured into the can and fills the porous re- 
gions of the roll so that a reservoir of electrolyte remains at 
the top of the roll. Electrodes are constructed by impreg- 
nating the electrode materials on both sides of the current 
collector mesh (usually a nickel mesh in the Li/SOC12 cell). 
The anode current collector is usually spot welded to the 
side of the can and tabs connected to the cathode current 
collector are welded to the center post protruding through 
the can lid. The cell roll is constructed by stacking the 
anode, separator, and cathode on top of each other and 
then rolling up the stack. A top view of the roll is shown in 
Fig. 2, which is the tw0-dimensional plane of interest. The 
current collectors, embedded in the middle of each elec- 
trode, are not shown in Fig. 1 or 2. 

Description of a Li/SOCI2 ceE.--In a typical Li/SOC12 cell, 
the anode is lithium, the cathode is a porous carbon struc- 
ture, and the separator is a glass matting material. The 
electrolyte consists of lithium tetrachloroaluminate 
(LiA1C14) in thionyl chloride (SOC12). During discharge, Li 
is oxidized 

Li ---> Li + + e- [1] 

and SOC12 is reduced 

2SOC12 + 4e -~ 4C1- + SO2 + S [2] 

The SOC12 is the active material at the cathode; the porous 
carbon structure provides the sites upon which the SOC12 
is reduced. This redox couple generates heat as the cell is 
discharged and this heat must  be conducted away at a fast 
enough rate so that unsafe conditions will not develop. 

This brief description is a simple analysis of the actual 
physical system. It has been observed that the Li/SOC12 
cell is a complex chemical and electrochemical system in- 
volving an unknown number  of reactions (2). Szpak and 
Venkatasetty (7) state that modeling the Li/SOC12 cell is 
difficult due to the complexity of this physical system. 
They observe that as the cell discharges, the temperature 
and pressure of the cell change, the volume of electrolyte 
decreases, the electrolyte composition varies, and new 
phases appear. However, much can be learned by model- 
ing a simplified picture of the actual system. 

Previous models.--Previous workers (8, 9) have pre- 
sented thermal models for battery systems. Bernardi et al. 
(8) give an excellent development of a general energy bal- 
ance for electrochemical systems. They present a complete 
energy balance that requires the knowledge of concentra- 
tion profiles and current fractions within the cell. How- 
ever, the energy balance is formulated by assuming that 
the temperature of the battery is uniform and changes only 
with time. That is, flat temperature profiles are assumed 
a priori. Lee et al. (9) present a three-dimensional model 
for battery systems involving a number  of batteries in one 
unit. However, they treat the interior region of each bat- 
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Fig. 1. Schematic representation of a spirally wound battery 

plosion.  A differential  energy balance  and a differential  
mater ia l  balance,  which  includes  diffusion of  species  only, 
are so lved s imul taneous ly  us ing a numer ica l  method .  The 
m o d e l  is used  to predic t  the  t ime-  and pos i t ion-dependen t  
t empera tu re  and concent ra t ion  profiles�9 The m o d e l  pre- 
dic t ions  compare  favorably to wha t  is physical ly  observed,  
wh ich  may  indicate  that  the react ions caus ing  the rmal  
runaway  are ini t ia ted by localized hea t  sources  deve loped  
f rom defec t ive  cells or cell  components .  Cho and Halper t  
(12) have  p resen ted  a s imple  the rmal  mode l  for spirally 
w o u n d  Li/SOC12 pr imary  cells. In  this work,  an energy  bal- 
ance  which  requires  a n  exper imen ta l ly  de te rmined  te rm 
for the  heat  genera t ion  rate is solved analyt ical ly to obta in  
the  t empera tu re  of  the  cell as a funct ion  of  time. They as- 
s u m e  a un i fo rm cell  t empera tu re  wh ich  changes  wi th  t ime,  
as has been  done  by a n u m b e r  of  workers  (8, 13-16). Cho 
and Halper t  (18) and Cho (19) have  taken  the  mode l ing  one 
step fur ther  by deve lop ing  a means  of  calculat ing the heat  
genera t ion  rate t e rm in their m o d e l  (12) us ing exper imen-  
tally de te rmined  resistances.  An electr ical  c i rcui t  analogue 
is used  that  consists  of  the thermal  resistances of  the  vari- 
ous cell  componen t s .  None  of  these  m o d e l s  can be used  
here ,  because  each m o d e l  treats the cell  interior as one, 
p seudohomogenoUs  material .  

Other  Li/SOC12 cell  models  have  been  deve loped  (13-17). 
Evans  et al. (13) and Tsaur  and Pol lard  (14-17) use conser-  
va t ion  of  mass  and charge  to de te rmine  the  concen t ra t ion  
and react ion rate profiles in the  cell. Bo th  use porous  elec- 
trode theory (20, 21) and concent ra ted  solut ion theory  
(22-24) to deve lop  the govern ing  equa t ions  in one  d imen-  
sion. Evans  et al. (13) inc lude  four  cell  regions  in their  
model ,  whereas  Tsaur  and Pol lard  (14) essent ial ly  treat 
three cell  regions.  The boundary  condit ions  used  in each 
mode l  are di f ferent  and are based on different s impl i fy ing  
assumpt ions .  I t  is a s sumed  in each m o d e l  that the cell  tem- 
pera ture  is un i fo rm at any given  m o m e n t  in t ime. The cell  
temperature  change  with  t ime  is p red ic ted  us ing an over- 
all energy balance.  Tsaur and Pollard (15, 16) extend  their 
m o d e l  to inc lude  the  addit ional  spec ies  present  w h e n  an 
acid e lec t ro lyte  is util ized, such as in reserve cel ls  (25). 
However ,  these  prev ious  m o d e l s  cannot  be used  to investi-  
gate  the two-d imens iona l  temperature  profiles in spirally 
w o u n d  Li/SOCIe cells. 

[ ]  Electrolyte 
[m Anode 
D Cathode 
[~ Separator 
II Case 

Fig. 2. Top view of a spirally wound battery 

tery  as a h o m o g e n e o u s  phase  having  effect ive  average  
propert ies .  Therefore,  the m o d e l  cannot  be used  to pred ic t  
the  effects  of  the  a r r angemen t  of  the  cell  componen t s  on 
t h e  t empera tu re  distr ibut ion.  

Severa l  mode ls  (10-19) have  been  presen ted  which  spe- 
cifically address  the  the rmal  behavior  of  Li/SOC12 cells. 
Parnel l  and Szpak  (10) present  a the rmal  mode l  for thin, 
d i sk-shaped  Li/SOC12 cells in one d imension.  They  con- 
s ider  hea t  genera t ion  due  to the  polarizat ion of  the elec- 
trodes and internal  cell  resistance.  A' differential  energy  
balance,  wh ich  inc ludes  var ious te rms  represen t ing  differ- 
en t  cont r ibu t ions  to the  hea t  generat ion,  is solved numer i -  
cally to obta in  t empera tu re  profiles wi th in  the  cell. Thei r  
m o d e l  is used  to show that  as the  rate of  d ischarge  is in- 
creased,  the  t empera tu re  increase is propor t iona l  to the  in- 
crease  in cell current.  Szpak  et al. (11) present  a one- 
d imens iona l  the rmal  m o d e l  for d isk-shaped Li/SOC12 cells, 
s imilar  to the  mode l  by Parnel l  and Szpak  (10), wh ich  ac- 
counts  for ca tas t rophic  the rmal  runaway.  This mode l  is 
fo rmula ted  by associat ing the rmal  runaway  wi th  igni t ion 
and burning,  via one or more  cell  defects,  ra ther  than  ex- 

Model Formulation 
The differential  energy  balance for region k of  a bat tery 

can be wr i t ten  as 

OT 
pkCp,k-- = V (XkVT) + ~ ~f" . .  �9 j ( j = l ,  2, .) [3] 

Ot j 

where  Cp.k and kk are the heat  capaci ty  and the rmal  conduc-  
t ivity of  region k, respect ively.  I n  some instances,  the  
s teady-state  t empera tu re  profiles are of  interest ,  in wh ich  
case the  t e rm OT/at in Eq. [3] is set to zero. The  ~l']' t e rms  in 
Eq.  [3] represen t  var ious  heat  sources  and sinks. Heat  gen- 
era ted  by polarizat ion (~1~') and heat  genera ted  due  to the  
en t ropy  change  of the  current  p roduc ing  react ions (~1'~'), re- 
act ions 1 and 2, will  be  inc luded  in Eq. [3] for normal  dis- 
charge  conditions�9 The  heat  genera t ion  te rms  ~l~ and ~t" 
are calcula ted as follows (26, 27) 

~Ip + q~ 
~t~ + dl'~' - [4] 

Vcell 

where  

I(Etn E) [5] 
dEoc] 

~tp+ r I Eoc-  E -  T dT  ] 

Et~ in Eq. [5], t e rmed  the the rmoneu t ra l  potential ,  is the  
theoret ica l  open-circui t  potent ia l  of  the  cell  at absolu te  
zero. The  cell  voltage,  E in Eq. [5], mus t  be specif ied and 
can be  obta ined  f rom expe r imen t  or  p red ic ted  us ing an 
earl ier  mode l  (13). Other  sources/s inks of  hea t  would  in- 
c lude  exo the rmic  or endo the rmic  chemica l  react ions  oc- 
curr ing  in the cell  which  do not  p roduce  current  (27). 
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T h e s e  sou rces  are  a s s u m e d  to be  neg l ig ib le  in  th i s  p a p e r  as 
is u sua l l y  d o n e  for  n o r m a l  opera t ion .  To s i m u l a t e  t h e r m a l  
runaway ,  a n  a d d i t i o n a l  ~l']' t e r m  is i n c l u d e d  in Eq.  [3], ~t~, 
r e p r e s e n t i n g  a d d i t i o n a l  h e a t i n g  c a u s e d  by, pe rhaps ,  a cell  
de fec t  and /o r  e x o t h e r m i c  c h e m i c a l  reac t ions .  Th i s  h e a t  
s o u r c e  is a s s u m e d  to  b e  loca l ized  caus i ng  a h o t  spo t  in  t h e  
cell. Th i s  a p p r o a c h  to s i m u l a t i n g  t h e r m a l  r u n a w a y  was  
u s e d  b y  S z p a k  e t  al .  (11). 

To c o m p l e t e  t he  m a t h e m a t i c a l  d e s c r i p t i o n  of  t he  cell, 
t h e  b o u n d a r y  c o n d i t i o n s  m u s t  b e  specif ied.  F o r  t h e  cases  
i n v e s t i g a t e d  here ,  e i t h e r  a zero f lux ( insu la ted)  b o u n d a r y  
c o n d i t i o n  

a T  a T  
kk'x --Ox 1/1" + kk'y ~ y  ny = 0 [6] 

or  a c o n v e c t i o n  b o u n d a r y  c o n d i t i o n  

aT aT 
- h k . x  - -  n x  - kk.y ~ y  nu = h ( T w  - T ^ )  [7] 

ay 

is used .  I n  Eq.  [7], Tw is t h e  t e m p e r a t u r e  of  t h e  cell  a t  i ts  
o u t e r  wal l  a n d  is a f u n c t i o n  of  x, y, a n d  t, TA is t h e  sur-  
r o u n d i n g  t e m p e r a t u r e  a n d  is a f ixed value,  a n d  h is a hea t  
t r a n s f e r  coeff icient .  I t  is a s s u m e d  here ,  for  s impl ic i ty ,  t h a t  
h is a c o n s t a n t  a n d  a d e q u a t e l y  cha rac t e r i ze s  t h e  h e a t  t r ans -  
fer  t h r o u g h  t he  cell  cas ing  a n d  f rom t h e  case  wal l  to  t he  
s u r r o u n d i n g s  v ia  convec t ion .  

Solution Procedure 
T h e  f ini te  e l e m e n t  m e t h o d  (28, 29) is u sed  to solve  nu-  

mer i ca l ly  Eq.  [3], w i t h  Eq.  [6] a n d  [7], for  t he  m o d e l  r eg ion  
s h o w n  in  Fig. 3. T h e  c o m p u t e r  package  cal led T O P A Z 2 D  
(29) is used .  I n p u t  files to  T O P A Z 2 D ,  c o n t a i n i n g  t h e  coor-  
d i n a t e s  of  t h e  f ini te  e l ement  mesh ,  are created u s i n g  an- 
o t h e r  c o m p u t e r  p r o g r a m  cal led  M A Z E  (30). 

In  o rde r  to  o b t a i n  re l iable ,  c o n s i s t e n t  r e su l t s  u s i n g  t h e  
f ini te  e l e m e n t  m e t h o d ,  a s m o o t h  m e s h  m u s t  b e  con-  
s t r u c t e d  a n d  n o d a l  po in t s  at  r eg ion  in te r faces  m u s t  m a t c h  
up.  To a c h i e v e  this ,  t h e  t w o - d i m e n s i o n a l  sp i ra l  m e s h  is de- 
v e l o p e d  b y  c o n s t r u c t i n g  two  s em i c i r cu l a r  m e s h e s ,  offset-  
t i n g  one  s e m i c i r c u l a r  m e s h ,  a n d  t h e n  j o i n i n g  t h e  two  
m e s h e s  toge the r .  E a c h  s em i c i r cu l a r  m e s h  looks  l ike h a l f  of  
a p ie  w i t h  m a n y  radia l  s l ices cu t  in  it, as wel l  as m a n y  con-  
c en t r i c  semic i rc les .  A s c h e m a t i c  of  a m o d e l  r eg ion  con-  
s t r u c t e d  in t h i s  way  is s h o w n  in  Fig. 3, w h e r e  x a n d  y are 
t h e  o r t h o g o n a l  vec to r s  de f in ing  t h e  t w o - d i m e n s i o n a l  p l a n e  
a n d  w h i c h  i n t e r s ec t  a t  t he  origin.  T h e  f ini te  e l e m e n t  m e s h  
is n o t  s h o w n  in Fig. 3 for  c lar i ty  b e c a u s e  it  is fa i r ly  dense .  

1 

Y 

[ ]  E l e c t r o l y t e  
[] Anode 
[] Cathode 
[ ]  S e p a r a t o r  

Fig. 3. The two-dimensional model region for the spiral design 

To ach i eve  t he  des i r ed  accuracy ,  b e t w e e n  a p p r o x i m a t e l y  
1000 a n d  8000 n o d a l  po in t s  w e r e  used ,  d e p e n d i n g  on  t h e  
pa r t i cu l a r  p r o b l e m  to be  solved.  The  vec to r  xl is s h o w n  in  
Fig. 3, b e c a u s e  a t e m p e r a t u r e  profi le  a long  th i s  vec to r  is 
s h o w n  la te r  in  th i s  paper .  T h e  lef t  ha l f  cons i s t s  of  four  con-  
cen t r i c  s emic i r cu l a r  cells  a n d  t h e  r i gh t  ha l f  cons i s t s  of  
t h r e e  c o n c e n t r i c  s emic i r cu l a r  cells. C o m p a r i s o n  of  Fig. 2 
a n d  Fig. 3 s h o w s  t h a t  th i s  c o n s t r u c t i o n  p r o v i d e s  a reasona-  
b le  r e p r e s e n t a t i o n  of  t he  spi ra l  des ign .  Fo r  n o r m a l  dis- 
c h a r g e  cond i t ions ,  m e s h e s  w e r e  re f ined  un t i l  t h ree -d ig i t  
a c c u r a c y  was  ob ta ined .  

Tab le  I l is ts  t h e  cell  spec i f ica t ions  for  t he  sp i ra l ly  w o u n d  
d e s i g n  i nves t i ga t ed  here .  A s imi la r  cell is c u r r e n t l y  b e i n g  
d e v e l o p e d  b y  W i l s o n - G r e a t b a t c h  (31) a n d  m a y  be  u s e d  for  
app l i c a t i ons  in  space  (32). T h e  t h e r m o p h y s i c a l  p r o p e r t i e s  
of  e ach  cell  r eg ion  a n d  o t h e r  m o d e l  i n p u t s  are  l i s ted  in  
T a b l e  II. Note  t h a t  t he  p rope r t i e s  for t h e  c a t h o d e  reg ion  
a n d  s e p a r a t o r  r eg ion  are ave rage  p r o p e r t i e s  ca l cu la t ed  b y  
a s s u m i n g  t h a t  all vo ids  are filled w i t h  e lect rolyte .  Here ,  t he  
p o r o u s  c a t h o d e  was  a s s u m e d  to b e  85% p o r o u s  a n d  t h e  
s e p a r a t o r  70% porous .  

Results and Discussion 
Two s impl i f ied  cases  of  t h e  sp i ra l  d e s i g n  we re  inves t i -  

gated.  The  sp i ra l  was  a p p r o x i m a t e d  u s i n g  c o n c e n t r i c  cir- 
cu la r  regions ,  t he  top  s c h e m a t i c  in  Fig. 4, a n d  a core  re- 
gion,  t he  b o t t o m  s c h e m a t i c  in  Fig. 4. The  core  r eg ion  
a p p r o a c h  is b a s e d  on  t h e  a s s u m p t i o n  t h a t  t he  cell  i n t e r io r  
c an  b e  r e p r e s e n t e d  b y  one  h o m o g e n e o u s  region.  Th i s  core  
r eg ion  pos se s se s  t h e r m o p h y s i c a l  p rope r t i e s  w h i c h  are t h e  
ave r age  of  t h e  p rope r t i e s  of  all t h e  cell  c o m p o n e n t s .  T h e  
core  r eg ion  p rope r t i e s  we re  ca lcu la ted  as fol lows 

~i~iPi 
- [8] 

~i~i 

w h e r e  5i is t h e  t h i c k n e s s  of  r eg ion  i a n d  Pi is t h e  v a l u e  of  a 
t h e r m o p h y s i c a l  p r o p e r t y  of  r eg ion  i as l i s ted  in Tab le  II. 
T h e  co re  p rope r t i e s  are  l i s ted  in  Tab le  II. T h e s e  two  cases  
s impl i fy  t he  ca lcu la t ions ,  b e c a u s e  t he  g o v e r n i n g  e q u a t i o n s  
n e e d  b e  so lved  in  one  d i m e n s i o n  only.  In  fact,  t h e  s teady-  

Table I. Cell specifications for a spirally wound Li/SOCI~ cell 

Cell specification Value References 

Thickness of cathode 1.12 mm 31, 38 
Porosity of cathode 0.85 10, 38 
Thickness of anode 0.7 mm 31, 32, 38 
Thickness of current collector 0.14 mm 31, 32, 38 
Thickness of separator 0.14 mm 31, 32, 38 
Porosity of separator 0.7 38 
Number of wraps ~ 3 1/2 31, 32 
D-size cell volume ~ 4.94 • 104 mm 3 31, 32 

Table II. Model inputs 

Thermophysical properties 

Thermal Specific 
Density conductivity heat 

Material (kg/m 3) (W/m-K) (J/kg-K) References 

Lithium anode 534.0 71.1 3490.0 10, 11, 39 
Nickel current 

collector 8900.0 90.5 444.0 11, 19 
Carbon 1950.0 23.8 712.0 10, 11 
Glass matting 220.0 0.242 963.0 10, 11, 38 
Electrolyte (1.8M 

LiA1CI4 in SOC12) 1690.0 0.143 1000:0 11, 19, 38 
Cathode region 1730.0 3.69 957.0 10, 11, 19,38 
Separator region 1250.0 0.173 989.0 10, 11, 38 
Core region 1755.0 23.82 1577.0 see Eq. [8] 

Model parameters 

Parameter References 

h = 10 W/m2-K 11, 13, 14 
Et~ = 3.723V 26 
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[ ]  E l e c t r o l y t e  

[ ]  Anode  
[ ]  Ca[hocle 

S e p a r a t o r  

Fig. 4. One-dimenslonal approximations to the spiral design. The top 
schematic is the concentric circles approximation and the bottom sche- 
matic is the core region approximation. 

state equa t ion  set for the  core  approach  is easi ly solved an- 
alytically. Also, these  two cases represen t  two dif ferent  ex- 
t remes.  The  circles case should yield a m a x i m u m  tempera-  
ture  drop f rom the  center  of  the  cell  to the  cell  exterior ,  
because  all heat  is forced  to flow radial ly th rough  all cell  
regions,  inc lud ing  the  separator  region which  offers the  
mos t  res is tance to heat  flow. The core case should  yield a 
m i n i m u m  tempera tu re  drop f rom the center  of  the  cell  t o  
the  exter ior ,  because  the  the rmophys ica l  proper t ies  of the  
core  reg ion  closely r e semble  those  of  the  mos t  conduc t ive  
regions,  as shown  in Table  II. The  spiral  case, as shown  in 
Fig. 3, should  yield t empe ra tu r e  profiles s o m e w h e r e  be- 
tween  these  two ext remes .  Hea t  flow in the  radial  d i rect ion 
is inhib i ted  by the  separator;  however ,  heat  can flow out  
the  spiral  a long the  more  conduc t ive  materials .  In  the  re- 
sults wh ich  follow, the  core approximat ion ,  the  concent r ic  
c i rcular  regions  approximat ion ,  and the spiral  case are re- 
ferred to as core, circles, and spiral, respect ively.  

Comparison of the core, circles, and spiral models . -  
Figure  5 shows pred ic ted  t ime- tempera tu re  profiles for the  
core, circles, and spiral  cases for a 4A discharge.  The  heat  
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Fig. 5. Temperature-time curves predicted using the core, circles, 
and spiral models. 
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Fig. 6. Heat generation rate and cell voltage for a 4A discharge 

genera t ion  rate program, shown ifi Fig. 6, was calculated 
us ing  Eq. [5] and the  vol tage t rans ient  shown in Fig. 6. The  
vol tage  t rans ient  was app rox ima ted  f rom expe r imen ta l  re- 
sults repor ted  in the  l i terature (2, 6, 33). Vol tage t ransients  
can also be p red ic ted  f rom earl ier  models  (13, 14). It  should  
be no ted  that  there  exists  a wide  range of  data  for the  
Li/SOCle cell  repor ted  in the  l i terature due  to di f ferences  
in the  d ischarge  rates, e lec t rode  materials ,  and cell  des igns  
inves t iga ted  (2-6, 25, 33-36). Not ice  in Fig. 5 that  the  pre- 
d ic ted  m a x i m u m  and m i n i m u m  t empera tu r e  d e p e n d e n c e  
on t i m e  for the  spiral case falls b e t w e e n  those  of  the  core 
and  circles cases, as expec ted .  Also no te  that  the  core  case 
shows an essent ia l ly  un i fo rm cell  t empera tu re ,  whereas  
the  circles and spiral  cases show about  a 2 K t empera tu re  
drop  f rom the  cell  in ter ior  (Tin,x) to the  cell  wall  (Tmi,). The  
genera l  shape of  the  curves  are in qual i ta t ive  a g r e e m e n t  
wi th  expe r imen ta l  t empera tu re - t ime  curves  (6), as shown 
in Fig. 9, an initial rise in t empera tu re  as the  e lec t rodes  are 
first polarized, then  a plateau is reached  where  heat  gener-  
at ion is about  equal  to hea t  t ransfer  away f rom the  cell, 
t hen  a sharp increase in cell  t empera tu re  at the  very  end of  
the  discharge.  A compar i son  of  mode l  predic t ions  pre- 
sen ted  here  and expe r imen ta l  resul ts  (6) is m a d e  below. 

The  two-d imens iona l  t empera tu re  profile for the  spiral  
cell  at app rox ima te ly  1.5h of d ischarge  (corresponding  to 
the  dot  in Fig. 5) is shown in Fig. 7. The  plot ted  points  are 
the  t empera tu res  at each node  po in t  of  the  spiral mesh.  
The  t empe ra tu r e  is p lot ted  over  the  two-d imens iona l  p lane  
def ined by x and y shown in Fig. 3. The  m a x i m u m  tern- 

,~ '341.0 

~4 
j i ~~ 

Fig. 7. Predicted temperature profile after 1.5h of discharge 
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pera tu re  is in the  e lec t ro lyte  region located near  the  center  
of  the  cell  (see Fig. 3). As shown in Table  II, the  e lec t ro lyte  
possesses  a low the rmal  conduc t iv i ty  and thus  serves  to re- 
tairl hea t  re la t ive  to the  o ther  cell  componen t s .  The  tem- 
pera tu re  drops  f rom this m a x i m u m  to the  m i n i m u m  tem- 
pera tu re  loca ted  at the  outer  corner  0 f t h e  spiral,  po in t  A in 
Fig. 3. The  largest  t empera tu re  drops  are across the  separa- 
tor  and appear  as the  void  Spaces be tween  the  var ious  lev- 
els of  t he  spiral.  

F igure  8 shows a compar i son  of  spatial  t empera tu re  pro- 
files as p red ic ted  us ing the  core, circles, and spiral me th  
ods. These  profiles cor respond  to approx ima te ly  1.5h into 
the  discharge,  as shown by the  box  and dot  in Fig. 5. Two 
profiles are shown for the  spiral case, one  a long vec tor  y 
and one along vec tor  xl co r respond ing  to the  vectors  
shown in Fig. 3. In  order  to be t ter  compare  the  profiles, the  
t empera tu re  d i f ference  T - Train is p lo t ted  on the  ordinate.  
F igure  8 shows that  the  core approx ima t ion  does  no t  ade- 
qua te ly  pred ic t  t he  t empera tu re  drop in the  spirally 
w o u n d  cell. In  this case, the  pred ic ted  t empera tu re  drop is 
about  2 K accord ing  to the  spiral  model ,  whereas  the  core 
app rox ima t ion  yields only about  a 0.2 K drop. F igure  8 
also shows that  the  profiles for the  circles approx ima t ion  
and spiral  case are in close proximi ty .  The  circles approxi-  
ma t ion  is useful  because  it predic ts  m a x i m u m  tempera-  
ture  profiles, as shown in Fig. 5 and 8, and is easi ly solved 
in one -d imens ion  us ing TOPAZ2D.  

Severa l  i t ems  are  no t ewor thy  in the  forgoing  compar i -  
sons be tween  the  core, circles, and spiral  cases. The  spiral 
m o d e l  region,  shown in Fig. 3, has boundar ies  different  
f rom the  core  and circles mode l  regions,  shown in Fig. 4. 
The  d i f ference  is the  exposed  end of  the  spiral  cell  be- 
tween  points  A and B in Fig. 3. For  the  core  and circles 
cases, Eq.  [7] is used  at the  outer  boundary .  For  the  spiral, 
Eq.  [7] is used  for the  outer  bounda ry  (c lockwise f rom 
po in t  A to po in t  B in Fig. 3) and Eq. [6] is used  for the  end  
of  the  spiral  cell  (counterc lockwise  f rom po in t  A to po in t  B 
in Fig. 3). This use  of  insula ted boundary  condi t ions  at the  
exposed  end  represen ts  a wors t  case; in the  actual  cell, 
shown  in Fig. 1, the  l i th ium e lec t rode  is ex t ended  and the  
rest  of  the  spiral  end borders  electrolyte.  For  compar i son  
purposes ,  Eq.  [7] was used  for all boundar ies  of  the  spiral. 
The  re la t ive  t empera tu re  drop f rom the  cell  in ter ior  to the  
ex te r ior  r ema ined  essent ia l ly  the  same; however ,  the  abso- 
lute  t empe ra tu r e  profile d ropped  about  1 K. What  cart be  
g leaned  f rom this and the  forgoing compar i sons  is that  the  
spiral  des ign aides in cool ing d o w n  the  cell, as opposed  to 
the  circles case, because  hea t  can be conduc t ed  out  the  spi- 
ral pa th  as wel l  as out  the  radial  direct ion.  This  increase  re- 

duces  the  cell t empera tu res  but  does not  substant ia l ly  re- 
duce  the  t empera tu re  drop  f rom the  center  of  the  cell  to 
the  cell  wall. 

Finally,  the  effect  of  d i f ferent  hea t  genera t ion  rate distri- 
bu t ions  on the  t empera tu re  profiles was briefly invest i-  
ga ted  us ing  the  spiral  model .  Four  cases were  run: 90% of 
the  hea t  genera t ion  conta ined  wi th in  the  l i th ium anode  
and 10% wi th in  t he  cathode,  10% wi th in  the anode  and 90% 
wi th in  the  cathode,  90% wi th in  the  separator  and 10% 
wi th in  the  cathode,  and 50% wi th in  the  anode  and 50% 
wi th in  the  cathode.  Each case y ie lded  about  a 2 K tem- 
pera tu re  drop. 

C o m p a r i s o n  o f  circles model  w i t h  e x p e r i m e n t a l  
r e su l t s . - -The  one-d imens iona l  circles m o d e l  was used  to 
s imula te  the  t empera tu re  profiles for an expe r imen ta l  test  
case repor ted  by A b r a h a m  et al. (6) for a C-size Li/SOC12 
cell. The  c o m p o n e n t  d imensions ,  cell  vo lume,  and o ther  
tes t  condi t ions  g iven  in their  paper  were  used  in t he  
model ;  e ight  wraps were  assumed.  The  hea t  genera t ion  
rate p rog ram was calculated based on the  vol tage  trans- 
ients  shown  in Fig. 7 of  their  work.  The  va lue  of  the  hea t  
t ransfer  coeff icient  was set to 15W/m-K, instead of  
10 W/m-K as in Table  II, in order  to ma tch  predic t ions  to 
the  expe r imen ta l  data  as closely as possible.  

The  expe r imen ta l  t empera tu re - t ime  curves  for the  4A 
discharge  of  a catalyzed Li/SOC12 ~:ell are shown in Fig. 9. 
The  d i f ference  in cell  t empera tu re  f rom the  cen ter  of  the  
cell  to the  can wall  is shown to be  as m u c h  as 13 K. Model  
predic t ions ,  not  those  shown in Fig. 9, show only about  a 
3-4 K t empera tu re  drop. The  mode]  predic t ions  g iven  in 
Fig. 9 show about  an 8 K t empera tu re  drop  and were  ob- 
ta ined by mak ing  several  changes  to the  mode l  as de- 
scr ibed  below. Severa l  factors could  account  for the  differ- 
ences  be tween  the  m o d e l  predic t ions  and the  ex- 
pe r imen ta l  measurements .  First,  this  data  is for a cell  hav-  
ing porous  ca thodes  conta in ing  5 we igh t  pe rcen t  (w/o) 
d ibenzo te t raazaannulene  complex  of  cobal t  (Co-TAA). 
These  catalyzed cells exhib i t  different  d ischarge  behav ior  
f rom uncata lyzed  cells (6), and the  heat  genera t ion  rate, as 
p red ic ted  us ing  Eq. [5] and the  t he rmoneu t r a l  potent ia l  
l is ted in Table  II, used in the  mode l  m a y  not  be appro- 
priate.  Assuming  that  this di f ference has no effect  on 
m o d e l  predict ions,  several  o ther  factors m a y  be con- 
sidered.  The  heat  genera t ion  wi th in  the  cell  m a y  no t  be 
un i form;  it is p robable  that  hea t  genera t ion  is greates t  near  
the  center  of  the cell  and d imin ishes  in va lue  w h e n  ap- 
p roach ing  the  cell  exterior .  This  can be exp la ined  by con- 
s ider ing the  current  densi ty;  near  the center  of  the  spiral ly 
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Fig. 8. Radial temperature profiles as predicted using the core, cir- 
cles, and spiral models. 
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Fig. 9. Comparison of predicted and experimental temperature-time 
curves for a 4A discharge of a C-size Li/SOCI2 cell. 
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w o u n d  cell there  exists  less e lec t rode  area over  wh ich  the  
radial ly f lowing cur ren t  is d is t r ibuted than  at radii  fur ther  
f rom the  center  of  the  cell. Thus,  the  e lec t rochemica l  reac- 
t ion rate wou ld  be greates t  at the center,  evo lv ing  more  
heat  at the center,  and wou ld  decrease  f rom there  to the  
cell  exterior .  This a rgumen t  assumes  sufficient  res is tance 
in the  metal l ic  parts  of  the  e lect rodes  so that  there  exists  
an apprec iab le  drop  in e lec t rode  potent ia l  f rom the  inner  
por t ion  of  the  e lec t rode  spiral  to the  outer  portion. De- 
creas ing the rmal  conduct iv i t ies  could  also expla in  these  
large t empera tu re  drops. As the  cell is discharged,  the  
SOC12 elect rolyte  is r educed  at the  ca thode  and is some- 
t imes  dep le ted  to the  point  where  cell  gases fill some  of the  
voids  prev ious ly  occupied  by e lect rolyte  (32). To approxi-  
mate  these  possibil i t ies,  two changes  were  m a d e  to the  
model .  The  hea t  genera t ion  rate was set to a m a x i m u m  
value  in the  first concentr ic  cell  (relative va lue  of  4) and 
was decreased  l inearly to a m i n i m u m  value  in the  e igh th  
concent r ic  cell  (relative va lue  1). The  densit ies,  heat  capac- 
ities, and the rmal  conduct iv i t ies  of  the  regions  conta in ing  
e lect rolyte  were  changed  by as suming  that  at the  end of  
the  d ischarge  only SO2 rema ined  in the  void  por t ions  of  
these  regions.  These  proper t ies  were  changed  l inearly 
th roughou t  the  d ischarge  f rom their  s tar t ing values,  re- 
por ted  in Table  II, to their  end ing  values,  repor ted  in Table  
III. The  mode l  predic t ions  are supe r imposed  on the  exper-  
imenta l  data  in Fig. 9. A g r e e m e n t  be tween  predic t ions  and 
e x p e r i m e n t  has been  improved  by these  changes.  S teeper  
hea t  genera t ion  rate profiles were  tried, resul t ing  in larger 
t empera tu re  drops,  but  the  t empera tu re - t ime  re la t ionships  
did not  agree wel l  wi th  the  expe r imen ta l  results  in Fig. 9. It  
should  be  possible  to improve  the  fit of  the  theoret ica l  pre- 
dict ions to the  expe r imen ta l  results  by us ing  a pa ramete r  
es t imat ion  t echn ique  in conjunc t ion  wi th  TOPAZ2D.  

These  differences be tween  expe r imen t  and mode l  indi- 
cate several  possibil i t ies.  Perhaps  a more  detai led p rogram 
for the  hea t  genera t ion  rate is needed.  Other  chemica l  or 
e lec t rochemica l  react ions could  be  occurring,  especial ly  at 
these  h igh  rates of  discharge,  which  cause greater  heat  
genera t ion  rates; these  react ions could  be  localized. The  
the rmal  runaway  s imulat ions  presen ted  nex t  were  run  
wi th  some  of these  thoughts  in mind.  More expe r imen ta l  
data, inc lud ing  t empera tu re  m e a s u r e m e n t s  th roughou t  
the  cell  f rom center  to wall, are needed  to analyze thor- 
oughly  the  t empera tu re  profiles in the  spirally wound  cells 
and to refine the  model ing.  

Thermal runaway simulation.--Explosive failures are 
of ten associated with  localized t empera tu res  above  the  
mel t ing  point  of  Li (2, 3). Therefore,  ini t iat ion of  the rmal  
runaway  was s imula ted  by as suming  that  a ho t  spot, lo- 
ca ted  near  the  center  of the  cell, is formed via a localized 
exo the rmic  chemica l  react ion (for example ,  be tween  Li  
and sulfur  or  a sulfur compound)  or cell  defect.  Two simu- 
lat ions were  run  wi th  the  hot  spot  located at two dif ferent  
points  in the  cell. For  case one, the  hot  spot  was located at 
the  center  of  the  cell in the  separator  region border ing  the  
ca thode  and electrolyte.  Fo r  case two, the  ho t  spot  was lo- 
ca ted  in the  center  of the  e lect rolyte  in the  midd le  of  the  
spiral. Case two was also app rox ima ted  us ing the  one- 
d imens iona l  circles mode l  for compar i son  purposes .  The  
ho t  spot  areas were  approx imate ly  0.031 and 0.029 m m  2 for 
case one and two, respect ively.  The  finite e l emen t  meshes  
were  refined unt i l  resul ts  were  accurate  to wi th in  1 K for 
case one  and 3.5 K for case two. 

The  condi t ions  under  which  the rmal  runaway  usual ly  
occurs  inc lude  h i g h  d ischarge  rates and high t empera tu res  
(2, 3-5). Therefore ,  the  inputs  to the  mode l  inc luded  an en- 

Table III. Thermophysical properties of porous regions assuming that 
the voids ore tilled with S02 at approximately 20 psig and 60~ 

Thermal Specific 
Density conductivity h e a t  

Material (kg/m 3) (W/m-K) (J/kg-K) References 

SO2 5 .54  0.00816 654.0 39 
Cathode region 298.0 3.577 662.0 
Separator region 70.0 0.0783 746.3 
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Fig. 10. Temperature-time curves for two thermal runaway cases 

v i ronmen ta l  t empera tu re  of  390 K, a un i form init ial  tem- 
pera ture  in the  cell  of 390 K, and a un i form heat  genera t ion  
rate of  1 • 103 W/cm 3. The  hot  spot  heat  genera t ion  rate,q'~, 
was set equal  to 5 • 108 W/cm 3. The  s imula t ions  were  run  
unt i l  the  m i n i m u m  tempera tu re  in the  cell exceeded  the  
me l t ing  poin t  of  Li  (453.6 K). It  was a s sumed  that  w h e n  
t empera tu res  exceed  the  mel t ing  poin t  of Li, mol t en  Li  
br idges  the  gap be tween  anode  and cathode,  fo rming  an 
internal  short  circuit. U p o n  forming  the  short,  it was as- 
s u m e d  thatq~ would  b e c o m e  infinitely large, the  tempera-  
ture  wou ld  soar, and in a mat te r  of  mi l l i seconds  the  cell  
wou ld  ven t  or exp lode  (11). 

F igure  10 shows the  m a x i m u m  and m i n i m u m  tempera-  
ture- t ime curves  for case one, case two, and the  circles ap- 
p rox ima t ion  to case two. The  m a x i m u m  tempera tu re  in- 
creases m u c h  more  rapidly in case two than  in case one. In  
case two, the  hot  spot  is isolated f rom the  more  conduc t ive  
regions  of the  cell by  the  electrolyte.  In  case one, the  hot  
spot  borders  the  ca thode  region and the  heat  is bet ter  con- 
duc ted  out  the  cell  via  the  spiral path. Note  that  the  spiral 
geome t ry  still improves  the  heat  t ransfer  in case two as is 
indica ted  by the  h igher  t empera tu res  p red ic ted  us ing  the  
circles model .  A circles approx ima t ion  to case one, not  
shown  in Fig. 10, us ing four  concent r ic  cells wi th  no elec- 
t ro lyte  in the center  was run  to de te rmine  the  impor tance  
of  the  radial  hea t  transfer.  Still, the  m a x i m u m  tempera-  

/" 
It o'~ ~ 

Fig. 11. Temperature profiles in spirally wound Li/SOCIz cell for 
thermal runaway case two approximately 470s after hot spot initiation. 
Internal temperatures exceed the melting point of lithium. 
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tures predicted were about 5 K higher than those in case 
one. This result suggests that heat conduction out the spi- 
ral path is substantial under this thermal runaway con- 
dition. 

Figure 11 shows a two-dimensional temperature profile 
for case two approximately 470s after initiation of the hot 
spot, corresponding to the box in Fig. 10. A temperature 
spike is located in the electrolyte region where the hot spot 
is centered. Note that min imum temperatures exist 
around most of the cell perimeter except  for a portion of 
the cell located near the end of the spiral (i.e., between 
points A and B in Fig. 3). This rise in temperature at the 
spiral end is due to the insulated boundary conditions ap- 
plied at this boundary. In the actual cell (Fig. 1), the end of 
the spiral borders electrolyte (or cell gases if the electrolyte 
has been used up) and one would expect heat flow to be in- 
hibited at this juncture. This result indicates that it is im- 
portant how the end of the spiral is treated in the actual de- 
sign. If possible, the end of the spiral should be in close 
proximity to the case can and void space should be mini- 
mized. Researchers (3) have observed that the temperature 
distribution over the exterior wall of the cell varies, some 
regions at high temperatures relative to the rest of the ex- 
terior surface. Perhaps these high-temperature areas cor- 
respond to the location of the spiral end in the cell interior. 

Many situations, both normal operation and thermal 
runaway conditions, can be simulated using the model. 
These simulations can lead to a better understanding of 
the thermal behavior of this design as has been achieved 
here. Indeed, the power of the model lies in the ability to 
investigate various scenarios simply by changing model  
inputs. The modeling can also be used as an aid in the in- 
terpretation of experimental  data, as has been done here. 

Conclusions 
A two-dimensional thermal model  of a spirally wound 

Li/SOC12 cell has been developed. The model  and two one- 
dimensional  approximations have been used to better un- 
derstand the thermal behavior of this battery. Comparison 
of model predictions with experimental  data support  two 
contentions. The heat generation rate seems t o b e  greatest 
at the center of the  cell and diminishes toward the exterior 
of the cell. Also, thermal conductivities seem to decrease 
as the cell discharges. This could be due to the increasing 
volume occupied by cell gases as the discharge proceeds. 
Two thermal runaway situations were investigated using 
the mo.del, based on the theory that localized hot spots ini- 
tiate thermal runaway. The effectiveness of the spiral de- 
sign in conducting heat out of the cell is dependent  upon 
where these hot spots are located in the cell. If  hot spots 
are in contact with those regions of the cell having rela- 
tively high thermal conductivities, then the spiral design 
serves to improve heat dissipation. 

The model  could be modified to investigate other physi- 
cal situations. For example, forced convection, radiation, 
and conduction (via a potting material, e.g.) at the cell 
boundaries could be included in the boundary conditions 
of the model. Also, the model  could be applied to other spi- 
rally wound batteries simply by changing model  inputs 
(e.g., thermal conductivities, thermoneutral  potential). Im- 
provements  to the model  might include extending the 
model  to three dimensions us ing  the computer  code 
TOPAZ3D (37), including contact resistances between re- 
gions, and adding temperature-dependent  thermophysical 
properties (10). 
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LIST OF SYMBOLS 
cp.k heat capacity of  material k, J/kg-K 
E cell voltage, V 
Eoc open-circuit voltage of  the cell, V 
Etn thermoneutral  potential of the cell, V 
F Faraday's constant, 96,487 C/mol of electrons 
h heat transfer coefficient, W/m 2 K 
I total cell current, A 
nx normal vector in the x direction 
ny normal vector in the y direction 
Pk property of material k 
p average property of core region 
~l']' heat generation rate due to source j, W/m~ 
cl~ heat generated rate due to cell polarization, W/m 3 
~l" heat generated rate due to entropy effects, W/m 3 
t time, s 
T cell temperature, K 
TA ambient temperature, K 
Vcen cell volume, m 3 
x dimension defining two-dimensional plane, m 
y dimension defining two-dimensional plane, m 

Greek Symbols 
5k thickness of region k, m 
e porosity or void volume fraction 
~k thermal conductivity of region k, W/m-K 
pk density of material k, kg/m 3 

Subscripts 
A ambient conditions 
k region k 
j source j (either p, s, or d) 
oc open circuit 
w conditions at the walt 
x x dimension 
y y dimension 
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Stabilization of Metal-Metal Oxide Surfaces Using Electroactive 
Polymer Films 

Zhi Deng, William H. Smyrl,* and Henry S. White 
Corrosion Research Center, Dept. of Chemical Engineering and Materials Science, University of Minnesota, 

Minneapolis, Minnesota 55455 

ABSTRACT 

Charge coupling of the catalyzed reduction of 02 on platinized poly(3-methylthiophene) [P(3-MT)] films to the anodic 
dissolution of Ti is reported. Specifically, the redox polymer with Pt catalyst is used in these studies to mediate electrons 
generated by Ti dissolution and consumed by 02 reduction. Due to the large redox polymer capacity (>55 F/cm 2) of 
P(3-MT), these reactions occur at a stable potential approximately equal to the reversible oxidation potential of the poly- 
mer. Data presented support the conclusion that 02 reduction on the polymer film can replenish polymer charge con- 
sumed by metal dissolution, thereby stabilizing the potential of Ti within the passive potential range and minimizing the 
rate of metal dissolution. O2 reduction on P(3-MT)/Pt is sufficiently fast to poise the potential of Ti at 0.55V vs. SCE for pH 

3.2 and for metal-to-polymer geometrical area ratios (ATi]ApMT) ~ 10. These results suggest possible applications of redox 
polymers as porous cathodes for metal stabilization. 

The formation of thin oxide films stabilizes many metals 
against attack in aggressive environments (1). At steady 
state, the rate of metal dissolution is suppressed by these 
oxide films to very low rates, a result which extends the 
life of the protected metal by orders of magnitude in some 
cases. Factors such as the chemical and physical proper- 
ties of the oxide, solution composition (e.g., solution pH or 
the concentration of complexing species), and fluid con- 
vection can alter and often diminish the range of protec- 
tion of oxide films. In addition, because the rate of metal 
dissolution is generally very low in the passivated state, 
the potential of free standing specimens is generally un- 
poised and prone to shifts toward negative potentials (in 
reducing environments) and positive potentials (in oxidiz- 
ing environments) where metal dissolution occurs at a 
more rapid rate (see Fig. 1). 

In this paper, we describe a general strategy using redox 
polymer coatings to stabilize the potential well within the 
passive region where the metal is covered with an oxide 
film. Scheme I (Fig. 2a) shows the components  of this 
strategy, where a metal is coated with a thin and porous 
electroactive polymer film. The role  of the polymer is to 
poise the potential of the oxide-covered metal at an inter- 
mediate value between the active and the transpassive po- 
tential regions. Thin films of conductive polymers such as 
poly(3-methylthiophene) or redox polymers such as poly- 
(vinylferrocene), can be partially and reversibly oxidized 
on inert substrates (e.g., glassy carbon), establishing a well- 
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defined electrode potential that remains constant in the 
absence of redox reactions that may discharge the poly- 
mer to its original neutral state. The potential of a partially 
oxidized P(3-MT) film, for instance, will drift toward more 
negative values as the film is chemically reduced. The 
length of time that the potential is maintained at a particu- 
lar level is determined by the total charge stored in the film 
and the rate of (discharge) reactions. Coating an oxidized 
film of P(3-MT) on Ti/TiO2 is shown below to control the 
potential of the metal in the passive range. However, the 
anodic dissolution current of the passive surface must  be 
compensated in order to stabilize the system. The small 
but  finite anodic current to the passive surface at steady 
state is determined by the solubility of the oxide in solu- 
tion. Coupling the passive surface to the oxidized polymer 
film leads to an irreversible galvanic current and discharge 
of the polymer according to Eq. [1] 

(1/n)Ti + (1/m)P(3-MT) +m = (1/n)Ti +~ + (1/m)P(3-MT) ~ [1] 

The conclusion here is that the polymer film alone will not 
stabilize the passive surface at steady state, and a second 
reaction must  be used to compensate the anodic dissolu- 
tion current  In the results to be described below, the poly- 
mer film also serves as the site for the second reaction, 
which is the cathodic reduction of oxygen dissolved in the 
electrolyte solution (Scheme II in Fig. 2b). 

Redox active polymer films such as P(3-MT) are highly 
permeable and do not offer significant protection as trans- 
port barriers. This is advantageous since the dissolution 
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