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ABSTRACT

Investigation of the causes of poor low temperature charge acceptance
of the lead acid battery at DREO has been primarily directed towards under-
standing and improving positive electrode characteristics. However , studies
of the negative electrode , of electrolyte and electrode additives , of elec-
trolyte composition , and of charging and heating methods for improving charge
acceptance are also discussed .

Previous research and recent advances are reviewed. Possible im-
provements are suggested. Recommendations for further research and develop-
ment are made , based on the encouraging results of the current work and on
the accumula ted knowledge represented by the work reviewed .

R SUME

On examine les causes du f aible pouvo ir de charge des accumulateurs
au plomb a basse temperature en essayant particuli~ rement de comprendre et
d’amél iorer les carac tér istiques de la p laque positive . On analyse l’étude
du CRDO , subventionnée par la MDN, et d’autres etudes portant sur l’électrode
negative, l’électrolyte , les produ its chimi ques des plaques , la composition
de l’electrolyte et les Tnéthodes de charge et de chauffage . On passe en
revue les recherches antérieures et les innovations récentes. En s’appuyan t
sur des résultats prometteurs et sur les nouvelles connaissances acquises
jusqu ’a present, on propose des perfectionnements éventuels et on oriente les
recherches et les développements a venir.
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F 
IN TR ODU CTII )N

For reasons tha t are perhaps onl y beginning to be understood , th e
lead acid battery , a t very low temperatures (< —20°C ) ,  is incapable of accept-
ing recharge at operationally acceptable rates. When a 6 cell (l2V) battery
at —40°C is charged at a constant voltage in the range of 14V to l6V (2.33
to 2.6V/cell), the charg ing current falls to less than the C/100 rate within
a few minutes. Even low—rate charging (C/20) at constant current causes a
rapid increase of voltage to above l5V without restoration of all th e previous
d ischarge and further charging becomes very inefficient. Only part of the
total current at high voltages results in the storage of recoverable energy ,
the remainder being consumed in gas evolution or other parasitic side react-
ions. As a consequence , expensive methods of heating batteries are required
for very cold weather operation or (as happens in many cases) vehicles are
left running overnight out of fear of not being able to restart them in the
morning.

HISTORICAL PERSPECTIVE

The earliest substantial research directed towards determining the
cause of the poor charge acceptance of the lead acid battery at —40°C, appears
to have been carried out at Gould—National under contract to the U.S. Army
Signal Corps Engineering Laboratories (1) . This work was recently re—
interpreted and reported by Willihnganz (2). He found that the negative plate
charge acceptance rate at —40° was sensitive to blockage by components of the
organic expander and that at the start of charge , following a shallow ( 4 % )
discharge , the negative plate was limiting charge acceptance. However , very
soon thereafter the positive plate (which was less well understood) became
limiting and was therefore most in need of investigation and improvement.

There was some evaluation work , some studies of negative plate
organic expanders (3) and of the temperature dependence of lead passivation
(4) done at DREO (then DRCL) prior to 1960 (5), bu t research d irec ted towards
the low temperature charging problem (6) was concerned mainly with determinations
of lead sulpha te conduc tivity ,  which , it was concluded , were not related to the
temperature dependencies observed . A limited amount of coulometric work in-
dicated the possibility of the storage of energy at low temperatures w1i~ ch
was only recoverable when the cell was warmed . The phenomenon was tentative ly
ascribed to formation of peroxides which accumulated in the electrolyte at
low temperatures and was available for subsequent discharge (6). Later
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investigations , both at DREO (7) and elsewhere (8,9,10) , demonstrated that
p e r s uip h a t e  f o r m a t i o n  occurred  in su lphur ic  acid solu t ions  both on Pb anodes
(7— 9) and on Pt (10), thc  yield depending on temperature , curren t densi ty and
acid concentration (7). A very limited amount of work , specif ically d irec ted
toward study ing vi ry low temperature (<—20° C) performance , was done be tween
1960 and 1970 (11—15). Wh iic a few workers attempted to determine the affect
of temperaturt- on charge acceptance (llb ,12) as Willihnganz had done earlier
(2) , th~- more usual conc&~rn was with the temperature dependence of discharge
performance (l~~,l~ ) of batteries which had previously been charged at room
t e m p e r at ur o .

O R I G I N S  OF CURRENT WORK

During a s~- minar on lead acid batteries held at DREO in 1967 (11),
Lucian i recommendcd that future I)ND emphasis should be on improvement of low
t empera tu re  charge acceptance of lead acid batteries (llb) . This was followed
eventually by a recommendation to DRB “that the EPS Division study ways and
means of alleviating the problem of low temperature charge acceptance and....
recommend an appropriate research program to achieve this objective” (16).
Following a literature search , technical and consultative sessions at DREO
(August and 7 December , 1972) and a statement of the military requirements
(17) , a text in support of research for improved low temperature performance
of lead acid batteries or for a suitable replacement was forwarded to
Chairman/DRB from Chairman/AC(EPS) (18).

Pre liminary research began at DRE O as an extension of a study of
lead reactions in chloride media , related to seawater batteries. Formal tasks
27140 and 27141 were instituted specifically for low temperature lead acid
research in the last quarter of 1973 (19). The in—house work (Current Task
Numbers 25A2 1, 25A2 8, 25A70 and 25A71; the first two are sponsored tasks
DLMSEM 10 and DLMSEM 17 respectively) was complemented by contracted research
at Gould Manufacturing , Fort Erie , Ontario (20) and at Coniinco Product
Research Cen tre , Mississauga , Ontario (21,22) and in various university lab-
oratories with the aid of DRB Research Grants (23). Some of the early work
has already been reviewed (24).

Wha t has been learned , and what progress has been made during these
three and one—half years , since DREO undertook to “improve the 1o~v temperature
charge acceptance capability of the lead acid battery ” (19)?
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REVIEW OF PROGRESS (TO MAY 1977)

STATEMENT OF THE PROBLEM

Luciani (lib) stated that the poor performance resulting f rom
deter ioration of the discharge performance of lead acid batteries at low
temperatures could be circumvented by specifying adequate capacity to supply
high cranking currents, and possibly by some form of battery heating if still
further improvements were necessary. He further concluded that one of the
factors contributing to the poor low temperature lead acid performance was
its inability to accept a charge.

Similar conclusions were reached by VARTA Batteries AC (25). They
showed that a 100 Ah battery (NATO Battery 6Nll — equivalent to BB248U),
which had been fully charged at room temperature, yielded about 11 Ah at the
3C rate (2.25 minutes cranking) at —40°C; that the same battery yielded 6 Ah
(1.2 minutes) if it was only 90% charged ; and 3.5 Ah (0.7 minutes) If 75%
charged . Thus it is important to assure that a vehicle battery remains fully
charged to assure cold weather starting . One reason for this is resistance
increases more quickly with decrease in temperature for a partially charged
battery than for a fully charged one (25).

In the work of the U.S. Army Signal Corps (1), it was pointed out
that even disconnecting the voltage regulator of the vehicle, so that the
applied battery voltage rose to 2.9V/cell or higher and the battery gassed
freely, did not result In an immediately effective rate of recharge although
even tually sufficient heat was produced to increase the internal temperature
and thus facilitate recharge.

It is important to note that work at DREO (26) and elsewhere (1,12)
shows that complets recharge of a battery at —40°C is possible at very low
rates (<C/lOO). It is therefore the rate of charge acceptance and not charge
acceptance per se which requires improvement. Ideally it should be possible
to completely recharge the battery at a specified low temperature (say —40°c)
within the period of time (say 1 hour) that the vehicle (and therefore its
charging system) would be expected to be operating , following battery discharge.

Thus it appears that, although improvement of the low temperature
discharge characteristics of the lead acid battery would be desirable , a more
important problem is Improvement of its rate of charge acceptance.
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POTI-:N lIAL SOLI T IUNS

Wh en the task wi: ; begun , the f un d a m e n t a l  cause of the  p rob lem was
not known , a l t h o u g h  ohv i ‘in - lv the essent Ia 1 f a c t o r , wi  t l i o u t  w h i c h  no p r o b l e m
would e x i s t , is ii  i-old I nt>- r riiI hat tory temperature . t hus there appeared to
he on ly  one s o l u t i on  k i i o u n  to  he eff ec tive with any certainty v iz .  — the
~PI) I i  i - a t  ion of hea t  . Th i a app roach had been  t r i e d  but w i thout very sat is—
f ; i i  L o r ’. r e s u l ts  duo to assoc I a ted P rob I i -ms  , although one such me th iod now
seems very p r c r i i s  ing  as ~1 I ~cuascd below . T h i s  and other potential approaches
can he catego r i ~od a~ f a l l in g into 0110 01 two grou~)s : one which t r e a t s  the
ba t t o r y  -is a ‘‘b l a c k  h i:-: ’’ and acts on t he  sy s t e m  as a w h o le  and one which
t r e a ts  one o r mor e  indivkHai componen t s  of the  system and t r i e s  to i d e n t i f y
an d co r r ec t  th e  “h o t  t i e  nec ks ” to low t e m p e r a t u r e  1)erforrnance.

For e i t h e r  of these approaches to be e f f e c t i v e  however , some under—
s t a n d i n g  o f  t h e  p r o ces s es  involved in the  charge  and d i s c h a r g e  reac t ions  is
necessary and t h i s  unde r s t and ing  is very  l imi ted . The fo l l owing  f ac to r s , and
assessments of t hei r  impor tance , t h e r e f o r e  entered in to  the  p lanning of the
research program .

BLACK BOX TRL -.TMENT

I n t e r n a l  heating of the battery is the most obvious and definite
so lu t ion .  TI ie  d i f f i c u l t y  is in i n t roduc ing  the heat  qu i ck l y .  This constrair t
eliminates methods which rely on heat transfer through the case of a cold—
soaked battery , because of its low thermal conductivity and the high hea t
capacity of both case and electrolyte . Various methods of introducing heat
have been proposed or tried. For examp le , heat can be ineroduced by 1i~eans e~
tubes built into the battery case , into which removable tieaters could be
placed (27), or built—in cel.l heaters (28) would involve speciall y des igned
and constructed batteries and would he expensive .

~Ietheds of introducing heat without modifications tc’ the ~attcry
itself have also b een devel oped:

A system of ac heating was developed by Lucas (Batteries) and
Retox Ltd. for the U.K. Chiefton Tank (29). Approximately 400 watts/battery
were r equ i red  to hea t  the fou r  6TN (BB248U)  ba t te r ies  at the  rate  of 1° C/rpm)
on the vehicle auxiliary DC generator. The system was only applicable to
multiple battery units since its principle of operation relied on a battery
thermal analogue , which was sandwiched between two batteries. The 1975
production cost of equipment for heating four 6TN batteries was approximately
1500 pounds Stirling (30).
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Another method was developed by \ ‘,\RTA AC ( 2 5 ) ,  also f or four  6TN
batteries , wh ich could also be applied to single batteri es . This sytcin has
been specified for the German Leopard 11 Battle Tank (31). The principle of
operation is induction of eddy currents in the  grids of normal batteries by
an alternating current applied to primary windings , in the walls of an in-
sulated box built to accommodate the battery . The heat (200— 300 watts/battery)
is thus applied directly to the interior of the p l a t e s , where  i t  is most

e f f e c t i v e  because it causes a rapid t empera tu re  l i l i -r o a se  of  the active m a t e r i a l
due to ti le low heat capacity of the plates . Work at DREO , t o  he discussed be-
low , indicated that the barrier to charge acceptance is probably a l i m i t a t i o n
within the pores of the plates , which would be among the  f i r s t  components  of
the b a t t e r y  to feel  the e f f e c t s  of ti le i n d u c t i v e  h e a t i n g .  The e f f e c t  of the
inductive heating, whi ch can be app l ied be fore  or d u r i n g  c h a r g i n g ,  is inrnedlate
and d r a m a t i c  in increasing the charge c u r r e n t  at very low t e m p e r a t u r e s  (25)
The p r i c e  quoted (Augus t  1975) for  one u n i t  fo r  c o n t r o l l e d  hea t i ng  of 4 h a t t e r —
ics was 7350 DM , ha l f  of which was fo r  the  900 W (4  b a t t e r y )  d . c . to  a .c .  in—
v er t e r .  This equi pment appeared to he t h e  s i m p l e s t  and most effective and
required ti le least energy of those assessed . An i n s u l a t e d  wound b a t t e r y  box
(Temp er i erk ~isten) was received in late Apr i l  1977 , for  eva lua t ion  at DREO .

Another method proposed to improve low temperature charge acceptance
(lIb) was a pulse charging technique . This was examined under contract (20—22)
and will be discussed later.

IDENTIFICATION OF LIMITING CO~II’ONENT(S)

The lead acid battery is not really just a black box but an ax-
tremely complex system of components. Success in improving performance via
the black box approach , depends on finding a solution which improves the
limiting ~omponenc (s) without causing an unacceptable deterioration in per-
formance of other components. Thus magnetic induction heating must be reg-
ulated , lest it cause undue grid corrosion or loss of electrolyte through
overheating. The components of the battery are the case , metallic conductors ,
electrolyte , separators and the conductive supporting gri-is and active
materials which make up the positive and negative plates. The positive plate
itself is porous and unusually complex , consisting of at leas t 10 compounds
or alloys of Pb in the solid phases : the Pb alloy of the grid , two crystalline
mod !’ications of both PbO and PbO2, PbSO~ and the basic suiphates nPbO~ PbSO ,~
f ar which n = 0 ,1,2,3 and 4; as well as the electrolyte constituents to the
u or ~-~~ . Where in such a complicated system is the limit to low temperature
charge acceptance likely to be?

It is unlikely to be related to the case; the  e f f e c t s  of cell
geometry or interactions of components required a better basic understanding
of the mechanisms of •reaction and of the role of individual components;
separators were a possibility , but the effects of separators could be de-
termined by later comparison of half cell and full cell characteristics.
This left tile electrolyte and the positive and negative plates for consid—
eration in depth.
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TIlE 1- I L E C I  RO Ll I I I

Bet. 1.000 room r > npc i t !  ro and —40 O (.  , t h e  res is t a n c e  of I 5/ sulphuric
acid increase:: by a f a c to r  ot i O o u L  7 ( 31)  but t h e  r ,y. ist ince of i t  f u l l y
c l i : tr ged  b u t t  er\ ’  I I c Cre da e s  by a f a c t  or  of o n ly  a b o u t  2 . 3 (25) . V iscos i t y  of
the  acid  illc rC LIS es by a factor of about 15 (32) . The clc Lro lyte resistivity
and visc- ~’siLv var l ot  ions wi  LII temperature have  been p l o t t e d  in Fi gu re 1 in
such a way as to o b t a i n  values of ;ictiv; it ton energ ies f or  the  a s soc ia t ed
t r anspo r t  p r o c e s s es .  A t  t em p e r a t u r e s  above 0° C , energ ies  of act  i v a t  ion of
2. 9 and 4 .1 keal  mol ’ are o b t  a m cii f r o m  t i l e  res i s t i v i ty  and v i s c o s i ty  data
r c -~p€- ct  iv e  l v .  R o t  t h t e s :  v a l ue s  are  of t i le  ex p e c t e d  o rder  of rnaj ;n I t ude  fo r
d i f f u s i o n  in s o l i l t i > ’:!. T u e  Ii ici er dy -r a g e  v a lu e n , of 4 . 5  and 6 . 9  kcal mol~~
r e s p e c t  ive  1’: , f o r  tiie se p:ir ame te r s  (and the  i nc reas ing  n o n — l i n e a r i t y  of the
p l o t )  a t  l o w e r  t e ; i i p e r . l t u r c s  , suggest t h a t  some change t r an s p o r t  mechanism
occurs b e l o w  0° C. FIto a c t i v a t i o n  u e r g ica  a re  s t i l l  in  t he  range  possible
for dii fusion in a > l  it i o n  hut prob ab l involve d i f f e r e n t  d i f f u s i n g  species .

I i  c h a ng e s  of e l ee  L r o l v t c  res i st a n c e  were  t h e  on l v  cause of poorer
low t e m p e ra t u r e  clii r gc acceptance , ‘no m i ght  ex p e c t  t h a t  i t  could he remedied
by sirlp lv cil.i r giitg a t  h i g h e r  v o l t ag e s .  T h i s  approach  had  a l r e a d y  been found
m e t  f e c t i v e  ( 1) b u t  is b e i n g  r e — e x - i n  i t i ed  in the  c u r ren t  w o r k  (2 6 )  . R e s i s t a n c e
e f f e c t s , o ther  than  t h a t  du ~ to  electrolyte resistance , must a l s o  he in—
p o r t  ant , i n  view of the s m a l l e r  r at e  of i nc rease  of t o t  cell r e s i st an c e  in
c om p a r i s on  to e Lc trHyte r e s i s t a n c e .  I S o  tenipe r ;ltcnn. d~~p cnden ce of e l e c t r o —
lvte d i f f u s ion p r o p e r t i e s  was s tud ied  at  DRE O , as p a r t  of  t h e  electrode

by u s i n g  rotatin g disc electrodes t o  d e te r m i n e  the  r e l a t i v e  im p o r t an c e
- .r  d~~i t u s i o n  effects d u r i n g  r echa rge , and w i l l  he d i sc : : - ,sci f u r t h e r  below .
The e: - Ta ct  of a n u m b e r  of e l e c t r o ly t e  a d d i t i v e s , on low t e m p e r a t u r e  charge
accept-~r :v o~ pos i t i ve  e lec t rodes  (2 1 , 22 , 23) and of b a t t e r i e s  (20) was ex—
anined~ a l t h o u g h  p rev ious  e f f o r t s  to find a beneficial additiv e (1,2) had
been unsuccessfuL . These studies were not aimed at electrolyte modification ;
r e l a t i ve ly  small q u a n t i t i e s  of add i t ives  were  usual ly  involved . They were
p a r t  of a: e f f o r t  to f ind methods  of i n t roduc ing  agents  which mi ght f avourab ly
m o d i f y  the elec t rochemical  cha rac t e r i s t i c s  of the  e lec t rode .

;- er s u l p hat e  f o r m a t i o n  at Pb e lec t rodes  d u r i n g  anod iza t ion  at lcw
t e m p e rat u r e s  x i s  also  i n v e s t i g a t e d  ( 7 ) .  F’aradaic efficiencies for persulphate
fo a nt i c a  were  f o u n d  to inc rease  w i t h  acid concentration and with decreasing
ten  e ca t u r e s .

F inall y, the  so l uh i l i t y  of l e a d  s u l p h a t e  in sul p h u r i c  acid was
determine.i as a function of temperature from +25°C to --50°C since it had been
suggested (2 ,13 ,42) that both electrode r eac t ions  l~’ere related to the solution
rate of lead sulphate and that the “r> c ipi tat 11 ) 11  or dissolution of Ph SO . was
controlled by i t s  sclubility (2).
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Ni - B A i l  VI-; A N I )  PO SI T 1V1.  l ’ I A i i

Based on t h e  earlier work 1) , E l i  1ilin~ynnz - - oj i c luded (2) that at
t h e beg i n n i n g  of re& - l i a r~’.~- at  low t emu>cr~ Lures , i l t ~~rge :j c cep t a f l e e  was limited
by t i l e  negat ive  p lat e . t ie a t c r  ihuted t h e  poor r a t e  of char ge  accep t ance  of
Ilegat ly e  p at  es to an a d sor b e d  B a r r  er  l ay e r , probab l y a h e r  I cellulose . Th is
may h a v e  b een  present as an i m p u r i t y  i t t  i- r ude t i gnin su lp h o n i c  ac id , an or-
gan Ic c ::tml ~l~: ot  , v i i i  CII was  0 g i m ill ’: added to the nega t I ye p l a t e s  to increase
low t e m p er a t u r e  capa c i t v .  l-d-: t r i c t  ion of t i e  i mp u r i t  l e o  v i  t h i  s u l p h u r i c  ac id
l e f t  a p u r i f i e d  l i g n h r t  ;i il ~~lm iilc ac id  w h i c h  r e m a i n e d  b e n e f i c i a l  to  .low temper—
a t t i re ccl~)tIC icy  h u t  i n t e r  f e  r i  >- .‘ i th charg> - ucc c t  Once  t u e  h less than t he  im-
pur e  0:-: : u : u i i d  c .

Al t l t , i i 1i t i l e  t i _ g i L  iv e  p l.i t ’. x i :  f o u n d  to  B I m i t  in at t h e s t a r t
i f  r e c i t i rg e , W i  i i l hng~iiix a is o found ( 2 )  t i i ~~t th e  p> ~~ i t  lye p la t e  b ecame
limit Lug verr soon a f t e r  t S r  b:itter~’ d is c imary:d by > 0  l v  a few p e r c e n t  of
i t s  coca temperature c: n a c  i t  y . Ti m e c> - , - - ’ t s  f o r  t i~ i -  poor  pus it lye p l a t e  charge
acceptance w e re  I n t ’ L  c l ear  and i~e ,ncoc luded t ha t , s i n - . c t h e  work  seemed to
ind ica t e  a method f o r  s o l v i n g  the  n e ga t i ve  p l a te  p r o b l e , f u r t h e r  work  should
be devoted to unde r s tand  i m p  inc reasons fo r  poor p o s i t  i ‘Jo p l a t e  charge
a ccet  L a n c e .

L a t er  ‘-rock by Berndt  ( 13) silo\-:ed t ha t  the ch a r g ing  efficiency of
t i lO  negative plate depended m c c c  s t r o ng ly on c i l a r g ing  c u r r e n t  dens i t y  and on
t e m p e r a t u r e  ( a t  low t e m p e r a t u r e s )  than did that of the positive plate.
However , Be rnd t ’ s plates were onl y recharged to a 50/ State of charge ,
fol lowing a deep d i s c h a r g e , to avoi d t i m e  c o m p l i c a t i o n s  of gas e vol u t i o n  so
th a-r  c m r e  may be no c o n t r a d i ct i o n  b e t w e e n  the  two r e su l  L s .  Berndt  ‘ s s tud ies
w e r e  - one wi th f l a s h l i g h t  b a t t e r y  p l a t e s , which  p robab ly  con ta ined  no cx—
pander  and t h e r e f o r e  had r e l a t i v e l y poor low t e m p e r a t u r e  n e g a t i v e  p l a t e
p e r f o r m an c e .  Fur ’:hermore a b u t t e r y  des i gned for  opera t ion  at — 10° C us ing
B erndt ’ s p lates w o u l d  show l i t t l e  f u r t h e r  d e t e r i o r a t i o n  of n eg at i v e  p la te
char ge a c c e pt a t - e  L u t  substantial deterioration of  p o s i t i ve  p l a t e  pe r fo rmance .
This is due to  t he  f a c t t h a t , a t  a reasonable ch irg ing current density
(s ay ~0 im~\/c m )  , mos t f tile dotoriorat i a  in c l i : t r g ing e f f i c i e n c y  has already
taken p1 ice when t i e  : c~’at i vc  p l a te  t -m l ’ e r a t u r i _ -  d e c ru ises to —10°C whereas
the  d c i  on o orion is ion l v  heginu i n g  w h e n  t i ne  p i s  I t ly e p l at e  rca -h ex  t h a t
t e m p e r r i t u r - .

:~ a ~ i : : i l t i c  s tud y ol charge accep t ance  e f f i c ie n c y  ( B )  at  somewhat
highet t em p e r at u r e . ;  (0 to 60 ° C) , in which the  r a t e  of both H 2 and 0 2 gas
evolution were measured , r e c har g e  was con t inued  u n t i l  the :: c torcycle  ba t ter -
ies being used reached f u l l  charge .  Pos i t ive  t r i t e  e f f i c i e n c i e s  became pro—
gress ive -iv  poorer in comparison to n eg a t iv e  plate e f f i c i e n c i e s  as the
ba t t e r i e s  became more f u l ly  charged . At 0° C, a f t e r  t h e  r e t u r n  of 7 Ah and
10 Au (to a 12 Ah b a t t e r y , p r e v i ou s l y  d i s c h a r ged b y 10 A u ) t i l e  p o s i t i v e  re-
c har g e  e If i c i encies were  63.4 and 34.2% respect i v e l v  w h e r e a s  the negative
e- f f i c H n c i e s  we r .- 98 .9  and 7 0 . 0/  a t  r I t e  0 .8(1 r a t e  of charge , It was suggested

h i t  t i e  c h a rge  acceptance of t h e  pu s i t  i v e  p l : t t ~i- was i n f l u e n c e d  by the pro-
d u c t i o n  and s u b s e q u e n t  decompos it i on  of p e r su l p h u r i c  ac id .

I NCLAIS I V I  C i t
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There is good evidence (35) from discharge characteristics of
battery p lates that , for a ba ttery f ull y charged at room temperature , the
n e g a t i v e  plates lose recoverable capacity much more rap idly than the positive
plates as the discharge current increases and as temperature decreases. From
the functional relationships between capacities , current densities and dis-
charge times and the discharge parameters determined (34), it is possible to
derive an equation to optimize discharge capacity at a desired temperature

- by varying the relative areas of positive and negative plates. Thus for the
plates tested , the capacities (A mm /cm2) of the negative and positive plates
respectively were given by

C_ 0.32 (1 + 0.021T)/I°’ 4 [1]

C~ = 0.24 (1 + 0.0l5T)/I°’~ 121

where I is the discharge current density (A/cm2).

These will be equal at T = —26°C. Therefore at T < —26°C a la rger
negative plate area would be required to equal the positive plate capacity.
If the negative and positive plate current densities are defined by I_ = i/A

p and 1÷ = i/A± for discharge current i , the optimum ratio of negative to
positive plate area A_ /A+ for any temperature T can be calculated from

0 . 14

(A _ — 0 
(1 + 0.0151) 

3— ~~~ (1 + O.02 1T)

Hence A / A + 
= 1.83 at —4 0 °C or 0.75 at 0°C.

Further studies of the effect of temperature and current density
on the utilization of lead acid plates (13) also indicated that prsitiv~
plate utilization was limited at low temperatures and high discharge current
densities but that , in addi tion , nega tive pla te utiliza tion was l imited due
to coverage of ac tive mater ial by PbSO 14 .

Both these studies are related to limitations of the discharge rate ,
not of the charge acceptance rate and as the above calculations suggest , can
be obviated by design considerations of optimum negative to positive plate
ratios.

On the basis of the limited amount of work that had been published ,
it appeared that the positive electrode temperature dependence should re-
ceive the most attention and that an intensive research study of its
mechanism at normal and at low temperatures was warranted . Electrochenmical
studies on pure lead electrodes were carr!ed out at DREO and were supplemented —

UNCLASSIFIED
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by e l e ct r o c hem i c a l  and p h ’ s  i e m ’c h e i n i c a l  contracted studies at  Cominco and at
Could , w h i c h  w i l l  be d i s cu s se d .

Al t h o u g h t  the neg u t I ye elect rod - w ;e - ; ~ d g e d  to  i c - i f  s econdary  im-
p or t ance  , t h er e  v - m s cons 1 k-crc )  Ic  ~- o o r , ~ di ne eu i t  it  Cominco and some at DREO .
t oni imi co  comp i r e l  t h e  r e su l  Is or u Fe l e d  as a subs t r a te  f o r  bo th  nega t ive
and p o s i t iv e  d c c  t r i c l u e m i  c a l l  v fo rmed  e i c e t r o d e c w i t h  similar studies on
antimonial Ic ud a l l oy s  and i n  -i l i i ’ s - ‘ t i t - t i n i n g  c a l c i u m  and t in .

i l ie  reciti ts and i n t i - r p r - t a t  ion of a l l  t h e  research will now be dis—
cussed , fol lowed by conclusions am i d r e c o i r i i ;t e n d a t  ions f o r  f u r t h e r  w o r k .

Rr -:s EARCI! AD v ANC :i-:S (I  ~~~ t) ~-L\Y 1977)

i) iscus s  ion of the research carried out x it h in  t i m e  c u r r e n t  program
wi l l  be f a c i l i t a te d  by dividin g it into t h e  two - at e g or i e s  used in the
previous sec t ion : f i r s t l y  into s tudies  r e l a t ed  to s p e c i f i c  components of the
b a t t e r y  and secondly into  s tudies  of tin e b a t t e r y  sy s tem as a whole (black
box).

STUDIES OF BATTERY CO~~ ONENTS

POSITIVE ELECrR0DE STUDIES

Since the posi t ive e lec t rode  seemed most likely to he the l imit ing
component based on previous work , i t  was s tudied more thoroughly than were
the  o ther  components .

Electrochemical techniques were applied to the study of electro—
chemically f i r m ed PbSO ,/Pb02 electrodes in s u i ; - h u r i c  acid at temperatures
f r om 0°C to —50°C (36)  . Anodic  0:: id~nm; ion peaks in time cyclic voltanlmogram~.
were obse:ved at lower p o s i t i v e  p o t e n t i a ls  than  t i m e  appa ren t ly cor responding
r e d u c t i o n  peaks at  m o d e r a t e l y  cold (

~~
- 0° C) te m p e r a t u r e s . This seemed im—

p ’ssible u n l e s s  the e lec t rode  i n t e r i o r  d u r i n g  o x i d a t i o n  ( c h a r g i ng )  was less
a c i d i c  than d u r ia r !  the  r educ t ion  ( d i s c h a r g e ) . A l t h o u g h  i t  l a t e r  became
ap p ar e r t  ( 3 7 ) t ha t  the re  was an a d d i t i o n a l  ox i d a t i o n  peak and r e d u c t i o n
p lateau tO explain the or ig ina l ly  o i r s or ” e d  phenomenon , the  conclusion of a
more a lkal ine  e lectrode i n t e r io r  rem -i in ed valid.  i)ur ing constant  p o t e n t i a l
oxidat ion of such a deepl y d i scharged  anodic  f i l m , a q u a n t i t a t i v e  fit of a
model o f charg ing curren t , limited by a nucleation and growth process , pre-
ceded and followed by diffusion processes within the pores , was ob tained
(36 ,38) at all temperatures in the  range 25°C to —50°C. The observed lack
of  dependence of charging current on electrode rotation rates (at 400 rpm to
3600 rpm) during most of the charging period , clearly indicated that the

IJNCLASS1 FlED
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d i f f u s i o n — l i m i t e d  processes were o c c u r r i n g  w i t h i n  t ime e l e c t r o d e -  p - i c e s  and not
in the b u l k  of the e lec t ro ly te . This  c o n c l u s i o n  was s u p p o r t e d  by i n t e r —
f e r o m e t r i c  s t ud i e s  of a lead acid t e l l , fun d ed  bY a PHIl g r a n t  (23 ) . At low
tempera tu res , f u r t h e r  anomolous r e su l t s  w e r e -  ‘i ’t  i u i m m e d  in r ’ t r i t  ing r i n g  disc
e lec t rode  (RRDE) s tudies  desi gned to d e t e c t  solu b le r ca ,  l i o n  i n t e r m e d i a t e s .
Because of inadequate in s t rumen ta t ion, time-  c u r r e n t s  measured  w e r e  v e r y  n o i s y
and no conclusions could be reached. A doub le  p o t e - n t i i - ; t a t  has j u s t  been re-
ceived for further experimental RRDE work .

When the t empera tu re  dependence of  t i e  r a t  e l aws  f r  di  f t  us ion were
q u a n t i t a t i v ely anal yzed (39 ) it was found  t h a t  d i f f u s i o n  c i i e f l  i c i e r m t s  and
a c t i v a t i o n  energ ies (up to 23 kcal mol ’) we re of time wr mlg order i f  m a g n i t u d e
for diffusion in solut ion . The cycl ic  v o lt a m m c t rv  r e s u l t s  a l s o  i n d i c a t e d  a
charging process wi th  an act ivat ion energy ~ 13 kcal  n ’eil m ( 2 1 1 , 3 ]) .  lLi- ie d

- 
Ofl time model for  room tempera ture  o x i d a t i o n , p rev ious l y deve loped  (38) , i t
was concluded (39)  th at pore blockage , and d e p l e t i o n  of r e a c t an t  specie s  in
the l imi ted  f ree  space in the  pores , occur red  at  low t e mp e r a t u r e s , b e f o r e  t ime
e lec t rode  was fu l ly recharged . The blockage appeared to be d i m e - to t he f o r —
n a t i o n  of ice in the s l i gh t ly a lkal ine p o r e — e l e c t r o ly t e , a l t h o u g h  some o t imer
mode of pore r e s t r i c t ion  was possible , such as p e r s ulp h at e  a d s o r p t i o n  or the
f o r m a t i o n  of ~ —Pb0 2 f rom PbO (posi t ive  volume of r e a c t i o n ) .  This last
poss ib i l i ty  is consistent  with observat ions of the e f f e c t  of p hosphor ic  acid
on low temperature charge acceptance , which wil l  he discussed l a t e r .

The conclusions reached above were based on s t u d i e s  of e l e c t ro d e s
formed on pure lead subs t ra tes  (36 , 38 , 39 , 22a—22d , 2 2 f ) . however i t  was shown
in f u r t h e r  cyclic vol tammetry  work that  the ma jo r  o x i d a t i o n  and r e d u c t i o n
p rocesses , at  po ten t ia l s  relevant to pos i t ive  p l a t e  c o n d i t i o n s  f o r  a lead
al loy containing 3.4% antimony (a norma l b a t t e ry  gr id a l l o y ) ,  showed no
a ig nif i c a n t  qua l i t a t ive  d i f f e r ences  compared to pure  lead ( 2 2 e , 22 p , 3 ?)  al-
though negat ive  electrode processes and pos i t ive  cha rg ing  e f f i c i e n cy  were
a r t e c t e d .  Similar conclusions w i t h  respect  to p o s i t i v e  e l e c t r o d e  behav iou r ,
were reached (22h)  fo r  Pb—Ca and Pb—Ca—S i-i alloys which are used in “main tenance—
free ’ oa t t e r i e s .

It was confirmed that the low charge acceptance of the pos i t ive
electrode at —4U°C was indeed very low (21f) and an unusual energy storage—
re l-~ase pher amenon , related to s t a te  of charge (charge  level) and t e rmina l
d i scharge  potent ia l , was observed (2lm) , which may be r e l a t e d  to a d i scharge—
a~-ie solut ion species , as previous ly suggested (6) . The si g n i f i c a n t l y  higher

~th oug h less reproducible)  charg ing e f f i c i e n c y  obta ined ( 2 l m )  fo r  an t imonial
lead In comparison w~ th pure lead , suggested tha t  e f f i c i e n c y  migh t be improved
by the act ion of an added metal  ion , a suggest ion which was pursued wi th
posi t ive results , in a stud y of the e f f e c t  of e lec t ro ly te  addi t ives , to be
discussed in a la ter  section. Conf i rmat ion tha t  cer ta in  meta l  ions , when
added to n pasted plate , improved the posi t ive e lec t rode  charge acceptance
at —40 °C will  be discussed in the same later sect ion.

Confirmation of the conclusions drawn from purely electrochemical
studies were sought by means of physico—chemical measurements. Although
these are still incomplete , the following results have been reported : the
l owering of temperature to —40° resulted in a reduction of PbSO + crystal size
from t’ 2 to 3 ~im to “ 0.5 to l~im and an elongation in s h a p e .  Identification
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o f  i r m l i t e - r i r i i  of r-t u h umil cr um l dit i t e u t r i omms , be t i - y e - I I_ i h e  l b 0 2 o t t  t h e  ic -ad s u l p h a t e
c r v - ; t t l  u i t c e~~, was b e y o nd the  r e s o l u t i o n  of t h e -  g i ~ -i ( s c a n n i n g  e l e c t r o n  m i c r o —
sceg ) cr ) ( d l b ,dlt I . X — r a y  d i f l r i c t  ion  r - i - su r v i ; t t r t s  (dld ,d h l  ) i o t t i  i rmed smal le r
‘ i r ~ ic Ii- s ice  and i n d i c a t e d  t h a t  ; — h ’ h 0 2 ~~~~ d i s i - h i i m - e d  in p r e f e r e n c e  to ~—Pb0 2
m t room t e m p e r a t u r e .  I l m i s  is in agreement with r e t - I l L wo rk , on pasted p la tes

c o n t a i n i n g  m i x t u r e - s of  ~~
— and ~— l ’ i O , w i m i c h  showed equa l  p a r t i c i pa t i on  of the

t W O  Pb0 2 m o d i f i ca t  i e m m i -; in Lh e  d i s c h i r ; ~e ceac t ion  - i t  !,5° C b u t  p r e f e r e n t i a l  dis-
c har g e r  o h  . - — P bO ( and t h us  rd a t  ive i nh ib i t  i i i  of °- — P b 0 2 r educ t ion)  a t  lower
te m p e r a t u r e - s  err as t i m e  d i s c i m a r p i  c u r r em l t W 5 ; -; jui ce -e d . I t was con c luded
( 7 1 )  t i m a t  p o s i t i v e  a c t i ve  m a s s e s , r i c h  in  : — i h i O ; , have i h i gher  p r o p o r t i o n  of

• f i ne  pores  w i m i c h  b lock up r e l a t i v e  i y q u i c k l y d u r i n g  d i s c h ar g e . The X—ray
d i f f r a c t i on  s t u d i e s  ( d I d , 21 ) alsi ’  m d i  c at e - d  t l u t t  t i l e  I’h0 2 /P lnS O14 r a t io , w h i l e
l owe-c in f i  I n s t  charged or d i o c h r r i r g e d  at —40 ° than at room t empera tu re  (2ld ,
21 f )  ( mr- ex p e c t e d )  , u- is not  n e c e s s a r ily  corre I r i t e d  v i  ti m c imar g ing  e f l i e  iency
( d i n t )  . L i c e  t r on mi  c r o p r o h e  n m e a s u r c n ;e r n t s  (40 )  i nd i ca t ed  t h a t  the su lphur  con-
ce n t r a t i o n  was hi gh est a t  t h e  s u r f a c e  but t ine  r e s o lu t i o n  was i n s u f f i c i e n t  to
f i n d  s i g u i i i  l e a n t  di f f e r e -t t c e s  between films formed at room t e m p e r a t u r e  and at

— -~0 ’ (21 1) .  in the  e a r l i e r  w o r k  ( 2 l f ) ,  Cite Si- M technique seemed to be the
- t f l O sL  u s e f u l , and t h e  most significant r e sult reported above was time decrease

oh : r ’st a l  s i ze  w i t h  t e m p e r a t u r e , w h i c h  mci - b e - a fac to r  in i nh ib i t i on  of
nuc id f o r m a t i o u m  a t  low t e m p e r a t u r e s .  The e l cc t r o c h e m i c a l  s tud ies  of nuc lea t ion
(36) also indicated that the size of PhD2 nuc]ei formed decreased wi tb l  temper-
a t u r e .

Difficulties were encountered in the prepara tii t n an d ex ami n a t i on of
samples of eiectre chcm icallv formed films using tine electron microprohe and
X — r a ’,- diffraction techniques. These d i f f i c u l ti e s  are  not expected to be as
great when study ing battery plates. Work will continue under a new contract
(60) to solve tile difficulties in order to obtain further direct evidence in

~uppc ’r t  of t i le e lect r o c lm e m ic a l  T v — b a s e d  i n fe r e n c e s  (41) . Further cc-nclusions
rei~ te- -i to  p os i t ive plate charging will be discussed in a l a te r  sect ion (on
elect me lvte and plate additives)

N E U A i l V i -  ELECTRODE STUDIES

Al though  s tudied in less detai l , a number of in t e r e s t i n g  and
p o t e n t i a l ly u s e f u l  resul ts  arose f rom the negative electrode studies , ca rried
out c i m i e f i r -  by Cominco (21 , 22 , 37) r u t  a t  DREO as well ( 3 7 ) .  The cyclic
vol tammetrv  in the  region of the  negat ive  p l a t e  potential was extremely com-
p l i c a t ed .  This w±s particularly true at low scar  ra tes  and t emperatur e s  (37)

r p u n  lead , and fo r  l ead—calc ium a l l oy s  i f  e v e  I ing was ca r r ied  out  over a
range  of  ~~ t en t ia ls , i n c l u d i n g  t imose more p o s i t i v e  than  the  Pb /PbS O 14 p o t e n ti al
be 601) my or more depending  on scan  r a t e . Some por t ions  of the  voltamnmogram s
v r e  also dependent  on e lectrode r o t a t i o n  in such a way as to indicate a
l i m i t i n g  r o l e  by bu lk  e l e c t r o l y t e  d i f l u s i o m n . Even f u r th e r  compl ica t ions  arose
f o r  a n t i m o n i a l  lead (37 ) , i n c l u d i nt !  a l o w e r i n g  of tile h y drogen  ove rpo ten t i a l
by about  0 . - + V  compared to pure lead. Althou gh tin e hydrogen overpotential
was ni - i t  very s e n s i t i v e  to t e m p e r a t u r e , t ime  PbSO 14 r e d u c t i o n  (ci larg ing) neak
s h i f t e d  to more n e g a t i v e  p o t e n t i a l s  as t e m p e r a t u r e  decreased so that  the
current ri s -s for both  p roces se s  t i v e r i  d i pped  at  — 4 0 ° C (2 2 g ,  2 l f )  . This suggests
t h a t  fo r  w e l l — c y c l e d  a n t i m o n i a l  g r id  b a t t e r i e s , where t ime—dependen t  antimony
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Ce )ntdit tmimla ti on of the surface of negative plates may occur , the- m e - c h a r g i n g  of
time batter y could e v e n t u a l ly  become l i m it ~~d b y the  n e g a t i ve -  p i ~~t t e , e v e - f l  i f
initi~m l1v limited by the p o s i t i v e  ( d d g)

On the  o ther  hand , the  a d d i t i o n  of c a l c i u m  to lead seent e-d to
facilitate the reduction of PbS0~ to metallic lead , especially at —40°C ( 2 2 h )
but tim e addition of tin reduced the hydrogen overvol tit e by si u t  0. dv com-
pared to pure lead.  (More recent work at l)RE () of h y drogen ev olution on
electropolished electrodes calls this latter finding into question.)
“~iaintenance free” SLI batteries typically contain grid ;illt i vs of 0 .6 /  Sn and
O.06~ Ca , with the tin added to increase castability and reduce- corrosion .
Lead—calcium alloys without tin have long been i-used in b a t t e r i e s  on full—
float service in telephone systems . Sonme batteries contnminin g calcium grids
and hybrid antimonial and calcium grid systems are being evalurmted for low
temperature performance in a current l)RE() evaluation program ( 2 6 )  . More
quantitative low temperature and room tenmperature r hydror’en cv lut ion  studies

-~ on lead and lead alloys are also in progress a t  DEED to  study time effect of
alloying metal nmore carefully.

Other aspects related to negative plate cilaracter istics arose from
the full battery studies and will be discussed in a separate section.

EFFECTS OF ELECTROLYTE COMPOSITION

An early e f f o r t  was made to increase tine pH of the so lu t ion  w i t h o u t
increasing the freezing point excessively and thereby favour the  f o r m a t i o n  of
Pb0 2 relative to 02 at the positive electrode and the formation of Pb re-
lative to hydrogen at the negative electrode. Solutions of aqueous sulphuric
acid , anrmonium sulphate and alcohol mixtures were evaluated 1mm terms of

— positive electrode charge acceptance (33) at room temperature , Encouraging
results were obtained in the room temperature half cell studies cited but
solutions near the optimum composition did not result in sigr’iticantlv in—

— proved low temperature charge acceptance in commercial batteries .

An intensive study was made of tine temperature dependence of le:nd
sulphate solubility in sulphuric acid solutions (34) both at DREO and at
Cominco. The information obtained was relevant to previous timeroretical work
(38 ,39) and was required to try to clarif y the role of dissolved lead in the
low temperature electrode kinetics (1,2,13 ,42). The results of this work
showed that while thermodynamicall y predicted solubilitie-u w in s eventually
estab lished at each temperature , equilibration was a very lengthy process.
Days or weeks , depending on ag itation and other experimental conditions , were
required to redece solutions supersaturated with l ead to their saturation
values in solutions with small excesses of lead sulphate. Titus states of
supersaturation with respect to lead might easily be maintai ned for very long
periods of time in a battery at low temperatures , unless time battery p lates
acted  as much be t t e r  auclea tion  centres  than  the f ine  c r v s t i  I l ine lead sul-
phate precipitates present in the DREO solubility studies. It was concluded
that the kinetics of dissolution were probab ly of more importance than the
thermod ynamics (34).

UNCLA SSIFIED
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ELECT ROLY I 1- AX ii P LATE AD!) I TI VES

Gould  (2Db) studied the effects of a d d i t i o n s  of phosphor ic  acid ,
nicke l sulphate and cobalt sulphate to the acid in commercial batteries.
Alt hm ougim all three reduced the charge voltage at —25°F, the sulphates slightly
incre-aseci capacity but did not improve charge efficiency and the phosphoric
acid had a detrimental effect on low temperature capacity. Elsewhere , phos-
phoric acid has been found to have a beneficial effect on corrosion and cycle
life (-‘+3-45) but to cause excessive nmossing (59) and to be detrimental to high
rate and cold performance (45,59). Increased cycle life is apparently related
to  increased er...pb O2 content  in posi t ive Plates whereas electrocheuuical capac—
itv i-may he relemted to 8—Pb02 content (46). Thus ~—Pb02 formation , wh ich
appears to be facilitated by the presence of small amounts of H3POz, (47),
could be a cause of poor low temperature performance by contributing to a loss
of p 11Cc porosity during charging at low temperatures . Alternatively , ~—Pb02
is inhibited at low temperatures (71); accordingly the relatively small amoun t
of ~—PbO 2, wh ich is d ischarged , may passivate quickly at high rates due to
blockage of its relatively fine pores . Such blockage may be due to freezing
or to some other mechanism.

As previ ously mentioned , the beneficial effects of antimony on
charge acceptance (2lh ,2lm) suggested timat the efficiency might be improved
by metal ion additives. It was proposed (2lm) that the effect of -antimony on
charge efficiency is a catalytic one , although Ruetschi and Angstadt proposed
(48)  that Sb gives rise to holes and pores in the PbS0t~ layer. Panesar (49)
disagreed with the  latter explanation , but his arg umen ts were based on an
assignment of the cathodic peak near —800 mV (relative to Hg/Hg2SO1) to ~—Pb02
reduct ion , wh ich is pr obab ly erroneous . The postulate that antimony increases
positive plate porosity may still remain tenable but in view of the finding
that actimony gives r ise to increased ~—PbO2 content in the formed active
material (50), some inconsistencies between the relationship of ~—PbO 2 to
plate porosity and to the presence of Sb and H3PO 4 obvio usly remain to be re—
solved. Perhaps cemperature is an additional independent parameter or porosity
ane t x —PhD 2 content are not directly related. A key to the resolution of this
problem may exist in more recent work by Burbank (72), who found that cycling
of a n t i m o n i a l  lead increased the amount and crystallinity of 8—Pb02 gradually
in comparison to pure lead . A corrosion layer of x_PbO 2 was attached to the
metal in both can.~ s. It was concluded that antimony acted as a nucleating
catalyst f ir 13—PbO 2 in the corrosion layer and promoted intercrystal bonding
between the two Pb02 polymorphs .

The e f f e c t s  of t h ir t een  soluble elec trol y te addi tives and one lead
substrate additive (Sb) were tested on electrochemically formed films (2li,
2lj). Add itions of a few hundred ppm were made both at —40° and dur ing f ilm
formation at room temperature . When added at —40° only one of the additives
(designated here as M to prevent premature disclosure , pending the completion
of patent procedures , but disclosed in restricted reference 21n) produced a
def inite positive effect (21m) and three (Co, P and Th) gave decidedly
negative effects. For additions during film formation at room temperature ,
the low temperature charge efficiency was increased by the following six
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elements in order of decreasing effectiveness.

tl >> Mn(VlI) Sn(i 0 > Sh(Ill) :-~ Ld~(l) > ~ r ( l I I )

F u r t h e r  s tudies of e lement  N at  190 PP IR i n d i c a t e d  a 7 0 — f o l d  im—
provemeil t fa c t o r  (2 lm)  . The add itive appe-ared  to d e p o s i t  on t i m e  p o s i t iv e
electrode (as was conf i rmed by AA a n a l y s i s )  and i ts  b en e f i c i;t l  e f f e c t  was re-
t a ined  when tile electrolyte containing t h e - a d d i t i v e  was r e mo ve - i and r ep laced
by pure acid solution .

For films formed on antirnonial lead (21h ,dInr ) and fur films formed
in t ime presence of additive M (2lj,2lni), tile capacity ir icr e ur;ed more slow ly
wi t im  cyc l i ng  than for  pure  lead in pure e l e c t r o l y t e - . F’emr t lm erm n ore  tile c apac i ty
per unit weigh t  of film was lower than for pure lead , in dic a t ing that Sb and
N had entered  tin e f i lm .  Tile improvement factor more than ctt ~ pe -~n s a t e d  f o r  the
increase in weight for  films of s imilar  c ap a ci t”  ( 2 1 m )  . / c ; t r u t i t r g  e lec t ron
micr ogra phs were taken of the f i lm in tile d i s cha r’ed  s t a t e  ( 2 l i , 2 1j )  bu t
timere appeared to be no correlation between morph o i ogy  and the charge acceptance
resu l t s .

There was some evidence from open circuit de~~~’- p i le l n e irs er a observed
dur ing thin film half—cell studies (2lj,21m) that the presence of N in tine
electrolyte may be incompatib le with proper functioning of the negative
electrode. Accordingly , tests of N as well as Mn (VII) and Sn(Il) as electro-
lyte additives were carried out in commercial 6 Am motorcycle batteries (2ln).
Mn(VII) , added as KNnO 4, had a small negative effect on c s ar / e  acceptance
efficiency (unlike its effect on thin films) and Sn had a slight positive
effect even at low charging rates . Time addition of 1000 ppm of M to tile
elec troly te of a battery had no apprec iab le  e f f e c t  on — 40° C cItarg -:~ acceptance.
At 3200 ppm or more , massive deposits of M formed on the mnegative plates and
cell potentials fell to as low as l.6V. The direct addition of either N or
Sn to a battery after manufacture was thus found to be i n e f f i c i e n t ,  due to
extensive reaction with the large active surface of time negative electrode ,
where these elements are precipitated .

Tests were carried out in cells made up of a single pasted pc-ritive
electrode between two lead sheet electrodes in a large excess of acid.
Additive M was added in two ways : via the electrolyte by continuous addition
during formation of the positive , or directly to the leady oxide of tine paste ,
Alth ough there was no appreciable improvement in —40°C charge — eceptance at
low rates , a slight improvement was ob tained at the 1.25—hour mate and an
improvement by a factor of almost 2 was obtained for immediate recharge at the
4~ minute rate , for electrodes for which N was added to the  paste . The
relatijo imp~’ove.nent seemed to be due to a reduction in charg ing  e f f i c i e n c y
~~ the untreated plates to about 30% when the charge rate was doub led whereas
the ef f icienay for the treated plates remained at about 50 to 65/ , which is
more characteristic of 1 to 3 hour charge rate-s .

Further work is planned under contract (60) to  i n v e s t i g a t e  the pre-
ferred mode of addition of M to the- positive electrode , its optimum con-
centration and its effects on negative electrode performanc e- and b a t t e ry
cycle life . Patent applications are being processed . As v e t  unexamined
additives and additive combinations , will also be screened u s i n g  th in film
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positive electrodes.

It is ne )tewortmiv t i m a t , in comparative studii- ~ e f  batte- ries made with
antinmetnia l l ead g r i d s  and w i t h  l e a d — c a l c i u m — t i n  g r i d s , Gould repor ted  ( 2 0 d )
re la t  ive- ly  good low t e m p e r a t u r e  charge  a c cep t a n c e  f o r  t i le l a t t e r .  For approx—
imatelv time same am ount of paste- , antimonial cells y ie lded only  27/ of their
r oom~i t em p e r a t u r e  c a p u t - i t v  it  — 2 5 ° F f o l l o w i n g  a low r a t e -  e l m m r g e  ( C / 2 0  to  C/ 15)
w i tic IL” o v e r e - i m . u  l e e - , w i u e  r e -a s  the correspond i ng  val ue for lead— c -ale i u r n — t i n
C e l l S  was  6 I~~. At — 15° F time capac it ic- s were 24;- and ‘t i ~ of ro om t emperature
v a l u e- s r e s p e c t  I \ ’e  I v .  h owe v e r  ti m e roonm Len mp er atumre- i m p a t i t l e t - i  f o r  tim e
a n t i n u o m m i a l  e l  i s  were -  lm i giu ~ - r t i t an  Ie ) r I ’ b — ( ; i — S u u , f o r  t i m e  501111! paste- wei gh t .
l it e s e  f i n d  i tug s i t iv  he re l o t  ed to Conm i - f l C O ’ 5 o l) se rva  t j oin t h a t  I I Im we igim t per
ui-l i t ~ t e l ee  i - ni cal c aj u a e  i t y  w an  i lw n e - :u se d  w l m e n  Sb or N i u u d  b e -en added to t i le
pu r e lead pos i t i vs  c - i  i- t i -  roc h e-  t h u s  r e - d u e  i lug room tempe- rature -apacity hut im—
i rov in  l ’ e  t e m p e r a t u r e  c h a r g e  ac ct i i ~ tan ce (2  I i i )  . Charge-  ace - c -p tance efficiencies
a- c - re  a l s o  lest-i  for o t t  inmo ill al than for e a l c  ium—tin lead a l  Toy b a t t e r i e s  at low
tem pe rimtimre - -c . Gould ’ s f i n d i n g  ( 2 ( L i )  t i m ; i t  the room temperature capaci ties of
l e a d — c u e  j u n — t i n  c e l l s  decrea sed  eOi cyc i  i t i g  m u s t  be- q w m l i f  ied . The deep d i s —
e :ima r g e s  t i m a t  (;~~~Id w e d  to  measure  r ecoverab le  capar  i tv  w o u l d  have been ex-
pected  to cau s e  e ar l i e r  f a i l u r e  and lot-i s of c a p a c i ty  fo r  l e a d — c a l c i u m — t i n
cells than  m o r  a n t im o n i a l  c e l l s  s i n c e  t i m e  f o r m e r  a re  more su scep t ib l e  to
f a i l u r e  on ch eep  c e li n g  (5 1 , 6 9 ) .

The f l a t t e r  c a p a e i t ’ - ’ — t e m p e r a t u m r e  m e - l o t  ion sh ip  fo r  l e a d — c a l c i u m — t i n
c e l l s  s u g g e s t  t ha t  t i l l  (or  p o s s i b ly  c a l c i u n m ) a d d i t i o n s  to the  ac t ive  m a t e r i a l
cou ld a l so  be made via the  grid or s u b s t r a t e , as was found f o r  Sb in the
Lominco w o r k .  B a t t e r i e s  w i t h  l e a d — c a l c i u n m — t i n  g r i d s  f o r  bo th  pos i t ive  and
t n e : a t i v e  p l a t e s  as wel l  as hy b r i d  b a t t e r i e s  w i t h  c a l c i u m — t i n  negative grids
and an t imon ial  pos i t ive  grids are currentl y being evaluated at DREO (26) .
Time presence of an t imony in the positive plate might be expected to improve
i t s  e i h i r g e  acceptance  whereas  i t s  absence in the  nega t ive  grid mi ght increase
hy drogen overpoten t ia)  u n t i l  the  ant imony corroding f rom the posi t ive  p late
de -n o s i t s  a t  the  n e g a t i v e  and lowers hydrogen overpotenti-il. If this occurs
the  pe r fo rmance  of tin e h y b r i d  b a t t e r y  mi ght  be expected to de t e r io r a t e  dur ing
shallow charge—discharge cycling faste r than the antimony—free battery . An
evaluation cf the opposite hybrid nigh t he carried out later if considered
worthwhile.

Carbon has also been s t ud i ed  as a p o s i t i v e  p lat e  add i t i on  agent .
Preliminary results (20b) suggested th at 0.2 to 0.4% carbon might be beneficial
to positive electrode charge acceptance. The earlier results were not ro—
prod ucible (20c ,20d) however , even though several types of carbon were tested
(20d). Even when small beneficial effects were obtained , they did not persist
a f t e r  a few charge—discharge cycles .
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STUDIES ~)I-~~~~E C0t~WLE TE BATTERY

BATTERY H EATING

Techniques and devices fo r  increas ing tine i n t e r n a l  b a t t e r y  temper-
a t u r e  by various heating methods have a l ready been discussed . The device
judged quickest , most efficient and most promising was a magnetic induction

i m e a t e r  p roduced by VART A AG . L i f e  c c i  ing  tes ts  wi l l  be c a r r i e d  o u t  a t  i)RE ()
( 5 2 )  to  d e te rmine  the e f f e c t s  of m a g n e t i c  i n d u c t i o n  l i e - - i. lun g on b at t e r y  c y c l e -
l i f e .  t i m e  i V c  I ing  test  i s  based on L i f e  h e - s t  SAF J240a  ( 5 3 )  hut w i t h  a l t e r —
n a t e -  w e e -k s  ;mt t i m e  +40° C tes t  s p e c i f i c a t i o n  t e m p e r a t u r e  am n d a t  — A0 ° C amn d w i t h
f u r t h e r  m u m o d i f i c a t i o n s  to allow for battery size and for ti-me lower capacities
d u r i n g  t h e  low t empera tu re  in te rva l .  Al though f a i l u r e  d u r i n g  t h e -  SAE J240a
t e s t  may occu r by d i f f e r e n t  fa i lure  modes than in real  au t o m i t i v o  service ,
the prime objective of the study is to confirm the value of the magnetic  in-
duc t ion  hea te r  and to look for  possible de t r imen ta l  e f f e c t s .

CHARGING METHODS

The e f f e c t  of pulse charg ing  on ch a r g e  a c c e p t ; i m n i - e ef ~ i r i e ncy of
electrochemically formed positive films was investi gat ed by Cominco (21e)
over a wide range of conditions , including sine , square  and t i iangular  wave
forms of various amplitudes , frequencies ( 10— 1920 Hz)  and n - -m oe - t r i e s.  Corn—
parison w i t h  smooth charging at the same average currents showed no e f fe c t ,
but some work on th icker  fi lms was suggested because t ine  b e n e f i t s  of pulse
charg ing cou ld no t be comple tely discounted .

At Gould the effect of square wave (120 Hz and 2000 Hz)  pulse
charg ing  on ba t t e r i e s  containing PVC separa tors  was s tud ied  (2 D b ) at -25 ° F .
Symmetry  and d . c .  o f f s e t  were varied and i t  was found t h a t  a small improve—
ment  in charg ing e f f i c i ency , in comparison to a steady curren t of the same
average- value , was observed when the pulse duration was vet r \ - s i lo r t  (50 ~is)
and the rest period between pulses at least 10 times longer t han  the p u l s e
duration. No estimate of reproduc ibility was given to determine whether the
improvement (of “~ 10%) was significant .

PRIOR DISCHARGE

Al though perhaps of limited practical application , it was found
(20b) tha t an Inunediately prior discharge improved battery charge acceptance
substantiall y due to internal heating during t i m e  d i s c h a r g e - . P m n l v  one dis—
charge—current was reported (25A fur 1 hour from an 80 Mn battery — this was
termed a “low ra te” dis charge , pres umabl y relative to cranking rates).
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A d c - c r e a s e  of t e m h i e n a t u n e  was observed d u r i n g  an immedia te ly  subsequent  re-
charge , contp~c r ed to an i-nc  r e - o ne  of t emperature during recharge following an
ove r m n i g } m t  s t a n d .  Tlmi s~~t~ m y i ma ~re been due to r e lease  of l a t en t  heat  of fusion
d u r i n g  t ime  d i sch a r g e  due Co i reezimn g of d i l u t e d  e l e c t r o l y t e  in the  pores.
Du r in g  t i m e  i m m e d i a t e ly  subsequen t  c bm ~mr g e , ce) o l ing  may be due to thawing
( a b s o r p t i o n  sf  l aL ~ - u i t  h i t - a t  of f u s i o n )  or to heat  dissipation down thermal . -

gradients established i n  i - l ie hatter t-- during tlm c discharge. Independent ob—
servations (25) sugges t t h a t  tine b e n e f i c i a l  e f f e c t  should be even more pro-
nounced w i th  h i g h e r  d i s c l t ; u r g e  c u r r e n t s , when bo th  the  l a t e n t  heat  and ohmic
I m e a t  released w i t h i n  t he  b a t t e ry  p r e v e n t  exi essive pore electrolyte freezing
and produce an i n c rea se  of internal temperature. This effect should he
gr e~mt c- r at i mi gim rates sh e -mu t i m e r m a l  d i s s i p a t i o n  is slow re l a t ive  to the r a t e
of production.

DREO M00l- EN LEAD AC Li) [VAIJAi iu g

During time course- of the work described above , i t  became apparent
t h a t  a number  of poss ib le  a pp r o ac h e s  to improving low t e m p e r a t u r e  charge
acceptance and p e r f o r m a n c e  mig h t a l r e a d y  inave been incorpora ted  into some of
the  newer modern lead ac id  b a t t e r i e s  which  h ave recent ly  appeared on the
marke t , or w i l l  be ava i l ab le  soon .

One approach  to improved  low t e m p e r a t u r e  c a p a c i t y  ari d charge accept-
ance is an increase of active plate surface area per unit weight or volume,
by the use of thinner plates. This would not have been fe-asible with
traditional Pb—6~ Sb grid alloy batteries due to the excessively high rate of
self discharge of antimonial batteries at normal temperatures . This is not
so serious a problem in non—antimonial cells made wi th  lead—calc ium—tin  grids ,
such as those in maintenance—free batteries , and is even less serious f or
currently available sealed cells with almost pure lead electrodes .

Maintenance—free batteries made by Delco and by Gould were therefore
acqui red  fo r  t es t ing  in the DREO evaluation task (26). Hybrid batteries made
by Gould containing antimonial positive plates and lead—calcium—tin negative
plates were also obtained for comparison , to obtain an indication as to
whether antimony migration across the cell and consequent negative plate dis-
charge , was more or less i m p o r t a n t  than positive plate corrosion alone in
caus ing  s e l f — d i s c h arge- , and whether antimony migration and deposition might
lead to increased hydrogen evolution at the negatives .

Batteries made Dv Yuasa with thin (0.1 to 0.2 mm) microporous
Yum icron R seh)~irators , lined with (~ 0.5 mm) glassmuats , claimed to be imper—
meable to antimony , are also being evaluated . Tile antimony impermeability
was claimed to have been measured directly although no references are given
(54). If substantiated , such a separator , which is microp orou s PVC with
f ibres of polyester or polypropylene as base material (70), could he used in
a cell with antimonial positive plates to prevent the lowering of hydrogen
overpotential at the negative caused by antimony deposition . However the
Yuasa batteries are also being evaluated because the thinner separator is
claimed to have a lower electrical resistance (3xl0 °~l2 /d m 2/sheet) than con-
ventional separators and would permit the incorporation of additional active
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mater ial into the  space s a v e d  by us ing  t h e  t i u i m n n c r  se p a r a t o r s  ( 5 4 )  . 1-ligher
en e r gy  densities , particularly at im i gh cranking r a t e -c , a re t h e r e f or e -  to be
ex p e c t e d  P i t h  because of increased capiu c it ’ . and I u i g l i e i  d i s c  h z u r g t ’  v o l ’  - i c - - .

Se-~u Ie -ei l ead—acid  cc h i s  ( 55 , t o )  pr & i dut ed iv~’ Ca tes  t i e - rg v P r o  i t t -  i-s lnc
(and  by General h- lie -c tr he - , under (2a t e s  ‘ i i  C: c-n c  e -)  h iv e b ee -n  t - ; m t o w : l  to  have ix—
c e - l i t  i o i m ~m I  los t e m p e r a t u r e  p e r f o r m a n c e - , I i  l e t  etc ( 2 ( 1 ( 1  dee- p ( 11) 0 , , )  d i s e h i t i r g e -  s
O ve- r 2000 i i t i i i e  r a t e  ( i0l~) d i s c h a rg e s )  and wet s tor :i r e- d i m  roe: i-c r h t - i .  ics ( 3 e a r s
a t  2 Y L )  ( 5 5 — 5 9 )  . The Gates c e l l s  c o n t a i m m  p h o s p h o r )  c a c i d  as ar m a d d i t i v e  t o
inmprov e  p o s i t  ive e l e c t  rode’ p e r f o r m a n c e  and h i v e  ex t r a o r d  i tori i y h i  I gh s u r fa c e
a re - u e l e c t  r de-n because  of theIr um l i q i me ‘‘ c i I v — r o l l  ‘‘ sp i rail v—wound c -o i l s t r u e -  t ion.
Sep iur o t e ir  res is tance  is low and s imn c e  no a i m t  imony is pee-t en t , n i l  f d i s c f m ; m r g e t
is ~~t f f  id ienti y slow (58) to p e r m i t  v e r y  In igh  a rea  p L tt e-n and i - l i e  f o r e  hi gh
d i s c i m a r g e -  r a t e s , l ime l a rges t  cells c u r r e n t l y  p r o d u c e d  . r c  25 Aim “ tt 6” cells
( B . C .  L o r  Beer C o mm ce l l s )  and cells are p ri c e - c l to c o m p e t e -  w i t h  s ea led  N i — C d
(~~~~

-‘+ D cell). Although they are still relativel y c - o p u i f l S i V e  , e h u h — i o n  is
b e i n g  c u r r i e d  out to d e t e r m i n e  w h e t h e r  t i m e  e e l  is ’ I e - t t t u i e e -  p r i t - i t t e - low temper-
a t u r e  c har g e  acceptance sufficientl y to juntif y ch e ’ ’ e t l o p i i i g  t ine n i : c i p 1e~ of
thin p l ate , amn timony—free construction for batterie s de- t ; i : t ied for ertmmnking
app l ica t ions , it  is likely t ha t  much s m a l l e r  b a t t e ry  c : t c c u c i t  l e n  c u l d  he
u s e d  e-: i th t he  sealed sys tem (unless  r eq i i ir e t nnent s  for  p ow er  sr  ot in er  t inan
c rank ing  purposes were of o v e r — r i d i n g  im p o r t a n c e)  l e c : t i t s e -  of  t ine cells cap—
a b i l i ty  f o r  much higher  discharge ra tes  t iman norma l , eg. 40% of ra ted  cell
c a p a c i ty  at the l5C rate (55).

In addition to attempting to confirm that features which  are a l read y
present  in existing commercial batteries will promote low t eo rer a t-are charge
acceptance , as well as good discharge cha rac te r i s t i c s, the  lead acid eval-
uation program in progress should lead to the development of low temperature
test procedures and upgrading of specifica ti n for CF batteries.

FURTHER DISCUSSION,  CONCLLIS ION S - \ N i l  RE SE. - l - lt l i P~- lg- fMi - :NI h ~~T IONS

The positive PbSOL+/ P b 0 2  e l e c t ro d e - has r c e - l y e - c t  the  most a t  t e c t i c i n
during the current investigation because it h - ms upp e ired , on t im e basis of
previous work , to be the cell componen t mos t likely to limit low temperature
charge accep tance .  A model fo r  pos i t i ve  e l ec t rode  c h a r g i n g  s a n  developed
(38 ,39) , based on results with pure lead electrodes , WIl l i -l i suggested t h a t
pore bl ockage due to elec trolyte freezing or some other mechan inm , eventually
prevented positive electrode charge acceptance at very ~s- temperatures .
Since the model for low temperatures was drawn by inference from electro—
chemical measurements and was supported by direct physico—chemical evidence
only for more normal temperatures , further electron—optical work is required
for direct confirmation (60).
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Acid i t  i mcii l e - e : t r o c h e - m- i l c u l  s t u d i e s  w o u l d  also he u s e f u l  i n  refining
t he -  m o d e l  u r t i t c - r .  i i i m i - : m i  a in v o l t u i : u u i -t  ry  am id p o t e n t i os t a t  ic  t r a n s i e n t
n e - t h em W e - r e  t p p l  ice l 10 oLet m i n  g m a i m t  i L m l i ’ et k i n e t i c  in f o r m a t i o n  abou t  e - l e - c t r o d e
e h i u r g i t ; : , . l I t e  e - l e c t m i l w r  e e h i - ~~l t - u t  :~:e l  f a i r l y  d e e p l y  j i m  P i t h  cases b e f o r e
l- e e l t a r~~i n g .  F’u r t u e - r LS V d m l o , l e i i i s - t n g  - u d i s c imarg e -  at  100 mV cathodic to
t ime  PbStL. / 1b l ) . p o t en t i a l , w e u l  d b~: u s e f u l  ltm o r d e r  to aid the  anal ysis  of the
previousl y acquire d data , for s-li tch disi - li zr ge was at 0 . 6\’ ( t o  0 .6  pA) i . e- .
~ 500 mV cathodic c e v e r p o t e - l u t  i o h  . T h is  a d d i t i o n a l  da ta  w o u l d  he lp  to i n t e r p r e t
tine r e l a t i v e-  c o n tr i b u t  i u t-: t o  th~ observed currents due I t  .e_Pb 0 2 and ~— i ’h0 2
f o r m a t  i n , w h i c h  nov be - h i gh Iv re-I c -v - m in t to  low tenmperature charge acceptance.

FarLlda ic im p e e l a m i c e  m e t  l i e - i - ; We - r e  al so  emp loy ed  imn t i m e  DREO s t u d y (36)
to obtain t h ì e  r e s i s t i v e- and c O m ae L i - a t  ly e  cornp ornen t s  of ac d u r i n g  charge and
d i s c h a r g e . l I t e  d t t a  i -hums o b t a i n e d  was 1 i u i m i t e d , however , and was used only in
a semi—q u :t i t a t i v e  wlv , to interp ret t i m e  p rog re s s ive  cbma n ges  of PbSO k re-
s i s t ance and P h D 2  surface - Lure -a d u r i n g  t i m e  course  of timeir consumption or
fo rma t ion . Alth t e ugit d i f f e r e m n t i a l  capacitance and electrode resistance
mea s u r e me nt s  i t mv e :  been made on - i — a n d  - —l ’b0 2 (6 1 , 6 2 ) ,  a de ta i l ed  s t u d y ,  in
w h i c h  both :tc components were  m e a s u r e d  on a PbSO~~/PbO 2 e lec t rode  as a f u n c t i o n
of imposed p o ten t i a l  ;mn d over a wide  ramm g e - of frequencies , is needed . An
e f f o r t  could thus he made te e f i t  a detailed analogue circuit model of an
eIe-c trod~- wi tbn tinm et— de iie - utd e -nt the c uig neun ts , due to the  cinanges in PbSO~ and
Pb0 2 c o n t e n t  and c t u i f i g u r t t t  ion .

Ro ta t i ng  disc ( RD E) amnd r o ta t i n g  r i n g  disc e l e c t r o d e  ( RRDE) methods
were  used at  DREO in an a t t e m p t  to  study d i f f u s i o n  amnd to de t ec t  long—lived
soluble in te rmedia tes , w h i c h  upon t o r m n a t i o n  at  the d isc , could be de tec ted  by
c a p t u r e  a t  t h e -  i nsu la ted  and e l e c t r i c a l l y  sepa ra t e  s u r r o u n d i n g  r i ng .  Al thoug h
no dependence of d isc  o x i i l t i o n  c r m r r e m n t s  in rotation rate was de tec t ed  between
400 and 3600 r . p . m . , nt -a r  t he PhSO /Pb0 2 p o t e n t i a l , an anomolous inverse de-
pendence wa: ; i b s e -  rvecl be i - We e l I  0 ;mnd 400 r . p .m .  (36)  i . e .  the  current  was
h i g h e r  fo r  a s t a t i o n a r y  e l ec t rode  i - m an f o r  a r o t a t i n g  one : in con t r ad ic t ion
to w h a t  w o u l d  he  e x p e c t e d  if  diffusion in solution was current—limiting .
Clear , distinct , hemt complicated red uction current peaks were detected at the
ring of the RRDE as the P e t e - t n t  i - il of the disc was scanned cathodically through
the Pb02 reductiomn peak (December 1974). Ring reduction currents were also
observed d u r i n g  the cathodic st:ans at more positive potentials . However ring
pote n t i a l s  w e - r e -  somet imes  di~~f i cu l t  to  maintain , ring currents , apparently in
the  wrong d i r e c t i o n  (u s  in the  c050 cited above unless tetravelent lead or
some other oxidized spe cie - s i-as released dur ing  r e d u c t i o n  of tine Pb0 2 ) ,  were
often observed arid excessive - n o i s e  was a problem. If the ring reduction
current durin g disc redemction W L m S I t  sp dm r i ou s , i t  was p r o b a b l y  re la ted  to
loss of active material d imrin g rot mtion , wh ich would exp lain the inverse
rotation dependence observed in 0—400 rpm range. However , since the results
may have been s p u r i o u s , due to amn undesireable interaction between tile
p o t e n t i a i — c o n t r o l l i n g  c i r c u it s  f o r  the - d isc  and tin e ring, confirmation and
more quantitative further study is required , using a double potentiostat
recently acquired.

Potentiostatic positive electrode oxidation transients were followed
for only a limited time to ensure quantitatively reproducible data (36,38 ,39).
Some further studies , in cluding ph ysico—chemical measurements , of elec trodes
polarized for longer times following the minimum in the current (after the
nucleation and growth peak) would be of use. In this way , the changes in the
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d c c l  r e - h e - d u r  ing  the subsequent cur e -c- i t  increase at normal t -u :h i e -ra tu r e - n (i-lie
e u r r e -n i  d i d  m l ot  l un c r e a s e  a t  low t e - t - ; p e r ; u t c t m e ; ;  ; t u u e i  u n o r u u e t l  e :i z r g . i : m g  p o t e n s i a l s )
w o u l d  I c u -t i m e r  e lu c i d a t e  t ime  mec i ; m n i t - ;mm -- o t  l w  I c t - p o r t tu re  c l t t u r g e -  h l e e - h u g e - .

(1 mle  i uz z l i ln g  expe rimute ntah p l t e - i i o u : : e u i o u t , wh; icim um nfort ;uu;a te - ly w ;ms not
ptmrs ued , s- ms t ime ohse rvat  I om i th at  ti le c u m r r e m n t , l u r i n g  d i  sc i t ;h r g e  of t . i u e -  POSitive

~- 1~ - c t r - d ~- at  i m i g h  e o n s t an t  o v er p o t e u n t i ; i l s  ( 2 0 0 — 6 ) 1) nV) , u- - t n  ve ’r .  p ; e - i s el v
in v t u n e l v  p r o p o r t i o n a l  to t i m e  O V e  r :m r U g - c- o~ se ve r - i l  o l i e C S  o t  ::. t g u t i t u d e -  li-i
t i n e  m i l d  m e - i  c i i i- .  N e t  mo de - I was eve r f o u m m m d  or d e -v e  lope -u  o e- :- :p I ;u i n  t h i s
I t  i t t  loi~~h t i1n

F u r t h e r  o p e u n — c i r c e m i t  decay me~m s i t r e - m n e - ; u t  n f o r  b o t h  pu s i i - l y e - and
n ecg m t  i Ve- e l~~e i- rod e-s a t  —40 °C and a t  room t o t - i c  u - t i -  are would e l - t m  i f v  p r ev io u s
r e t - u i  I s .  l i t  c-n t  ia  I arrests frequent l v  occurred O t  i t e n t  i ; m i s  e r r e - spond j in g
to  pr e :e - e- s seu ;  , w h i c h  have no t  bee-n  c - le ;mr lv e S t ; t l i S l t e - - ) .  l ’ l : t t e ;i i x  have-  been
o h — e r e d  a t  — 4 ) 1 ° C tIt p o te n t ia ls ot i me r thman and in  add  i I i omn L o  those-  r e - ) e e ) r t  cci
b y  ot he u s  m t  h igli e - r temperatures (63 ,64,65) . ( t p e -n  - - ir e - i l it d e c ay s , w h m i c h  ;m r e
uu muc hm s l o w e r ;mt —40°C, might be coupled w i  t im s em i t a b l e  t m n : i l - . - t  i c a l  er  e l e c t r o m n —
opt  i c a l  tee- thu ds  to s tud y t ime  p o t e n t i a l  de :t e - rm uu u m n in g  coup iet at  -~ u t e - h ;  a r r - ~n s  or

i h ;e -  p rocesses  o c c u r r i n g  at t h e -  f l e g t t i v e  e l e ct r - eL e , a l t ; ; o u g i u  less
p r e t -~~ i ng  f rom a p r ac t i c a l  point of v iew , Lu re  fl oe - i -  me ~- eSs TIC) b e t  t er  understood .
Once t i le  low temperature charge a c c e p ta n -e is s u f f i c ie n t l y  i m p r o ve d by m u d —
ific ;ntions to the positive plate (se-c he-low) ~t Is l i k e 1~’ t h a t t h e -  i c : at i y e-

p la te  w i l l  become l i m i t i n g .  To some e x t e u n t i - h .  is c~un p r o :-  - lv t o  ov er co m e  f o r
p r a c t i c a l  purposes by increasing the negative area as discussed (not a
feasible approach for positive antimonial plates) or by e xp . ;n d e c  p u r i f i c a t i o n .

i h iwever , such measures may not be a d e q u a t e .  F u r t h e r m o re  d u r l u l g  the  e a r l ie r
s tag e- s  of cha rg ing ,  the charg ing c u r r e n t  d ue - s  appear tee be l imi ted by the
n ega t i v e  p l a t e .  Thus f u r t h e r  r e sea rch;  in t o  t h e -  m e c i t a n i s m n s  of negative
electrode charg ing reactions t-ire reqem i red . Some- i i  d l : ; e l l  e v o i t t I  nun s n u d i e - s
on lead alloys ar e .i c u r r en t ly in p r u g r e -s ; . Tt;ese nh  ;ul d be continued , in-
cluding a s t u d y of the  hy drogen e q u il i br i u : : :  w l l i i - n  a p p e a r s  to  t ak e  p l : u  e under
a lead sulphlate film , when Pb electrod e-u in suiphnur 1.: acid t e a c h  an ape -ut
circuit potential of about +350 mV relative to ti le P b / P b S I i  p e t ~~m n t i a i  (- 1+ )  .

Although negative plates are rarely dinc }; rgen i tinat dee glv , an unders tanding
of the  e lec t rode  structure c o r r e s p o n d i n g  to sucin a p o t e n t i - u i  ar r e s t  would  be
u s e f u l  and would  c o n t r i b u t e  to an unde r st an . i  h u t ; of t ime  p rocesses  of p ) i t  e
f o r m a t i o n .

Other negative electrode stud ic:- c o m m i d  be c a r r  i c -h  out  e n i n g  t ine  same
el ec t roch emica l  and physico—chemical  m ; et inods  a - u  for  pos i t iv eu  e l e c t r o d e  s t u d i e s .
I t  would be p a r t i c u l a r ly i n t e r e s t i n g  to be a b l e  to cxpl;lin the- complicated
voltammetric pattern (37) observed dur ing  reduc t ion  of an a n o d i c ;n l l - - fo rmed
f i l m , which is usually considered to contain only PbS O~~, but must contain
other divalent lead compounds as well.

Cer tain electrol yte additives produced beneficial effects on low
t empera ture  positive electrode recharge and ac t ion  has been taken by D Pat A
(Wayne Anderson) to protect the patent rights of the crowmn . Further work is
in progress (60) to evaluate other additives suggested by tin e gr e - v i e - u s  work ,
and to evaluate combinations of the mos t promising one s for poss~ hle svuncrgistic
effects. Additions to the electrol yte- resulted in t h e 1 u c i ~e :  icial t l g e m n t s  b e ing
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t ak e n  up and retained by time positive elect rode- but with simnultaneou s do-
pe s i i-ion, and ce im l se quen t  do t r i m u m e n t a .l e t l e t s  , ( O h  L l i e  u n e g a t  lye p lates in  com—
mere -  i t u l  ceu l ls . h o wever  cer t a i n  o t  tile s t Ifl e - ;e dd it  i v e s also - - ave  b e n e f i c i a l
e-ffec i-s wimen t -mdd ed d i r e c t ly  to t ime ac t  i c -  e l e c t r o d e  e L i t e - r i o  1 b e f o r e  p a s t i n g .
F u r th e r  work  is in progrc-ss  (60) to i t t y c - s i  I g u i - c  time ;ito e lc of a d d i t i o n  (via
electrol yte , paste or grid) and re l t t i v e u  e f f e c t  i v e ule:- s of i - h u e -  additives and
t h e i r  s i d e — e f f e c t s  on h z m t t e r v  and n e g a t i v e -  p l a t e  p e r f o r m n a m n c e - , in terms of
C\- cIe i i  I c , t em p e r a t u r e  depen d ence , cell  p o t e n t i a l , e t c .  h o d i n t  inguish be-
tween e iec i -r e ) ly t e  add i t ives  which  rema 1 m m iri  tile e l t ee - I  r o i v  t e  tim id thosu t h a t
ar e ta ken up by t ime a c t i ve: m a t e r i a l , t ime - t e rm “ mo di  f i cr ” is imow being used
tor t i l e  i t - u t t e r (60) . Work is also req em i reel i - e u  d e - t e - m : : i  I t i  i m m nd e - r wh at  cond i t i ons
tI ne- p o s i tI V e -  e l ec t r o d e  or nega t ive  l i m i t s  t ime  charge- e-n-cc-pta nce , p a r t i c u la r l y
u n  c e l l s  e : e ’m l t o  i m n i m i g  m o d i f i e r s .  Some stud ies along t i m e - s e -  line-s are planned as

L i re- e l e c t r o n — o p t  h e a l  s t u d  ios to i-n,- to d e t c - rmi mne t i t i -  e - f f e - c tt ;  of tine n mo d i f  iers
on e l e c t ro d e  p r op e r t  ies (6 0) . E l e c i - r o m i— o p t i c a l  s t ud i e s  of anodic  f i lms  on
pure lc ad ~m r e  p l mi ;ned  to a t t e m p t  to  v e r i fy  t ime mode l s  d e v e l o p e d . Th is work
s h m o u l d  p r e be d u l y  he -  expanded to inc Lude X — r ~ v , p o r o s i m e t r y  and other appropriate
. : e t h i e i e i n  to  he t e rmi mn en ~/~- }‘bO t- ratios and bas ic  s u l p h a t e  c o n t e n t s  of b a t t e r y
plates , r eich under  var ious  cond i t i ons  of t e m p e r a t u r e  and cy c l i n g ,  and w i t h
or w i t h o u t  the m o d i f i e r s  found to b e -n e  f i ~ low temperature charge acceptance.
As previous I v  d iscussed , t In e r e l a t i o n s h i p  between ant imony , phosphor ic  acid ,
o:/3 PbO : r a t i o  and porosity required c: l a r i f i c at i o n . Very recent work (67),
part of a stud y on battery paste reactions (68), indicates that X—ray d if—
fractometr ’.- cnn he used to quantitatively determine tetragonal PbO and t n —
b a s i c  and t e t r abas ic  lead su lpha te  contents  in quar te rna rv  mixtures  a l so
c o n t a i n i n g  o r t h o r h o m bi c  PhD , using a cold moun t ing  resin technique . P b O (0 )
can also be determined provided that its particle size is within an acceptable
ranue- . Perhaps an even more powerful  tool , t inough less q u a n t i t a t i v e, is an
unrepor t ed  tecinni que (73 ) , which involves the use of polar ized  li ght for  sample
iilumination , developed at Glob e—Union . Metallographic grid sections , in-
cluding active material , are mounted by a vacuum impregnation method and micro—
photographs are taken using reflected polarized light. By suitable choice of
polarizing angles ~—PbO 2, 8—Pb0 2, PbO and PbSO~ appe ar as colou red phases,
which can clearly be distinguished . Chemical and physical analyses were used
to correlate the colours with composition and morphology . Results , obtained
at norma l room tem peratures , were in agreement with tile DREO electrode
modelling (38). Such a technique could be directly extended to studies of
temperature effects on the morphology of pasted plates .

Some solubilitv studies to determine lead sulphate dissolution
kinetie:n i n n  real batteries would be useful , particularly if separate catholyte
and nu n uh’ -te analyses could be made.

Ne-u - grid alloy compositions are actively be ing developed and tested
by the industry to find alloys which combine the favorable properties of
a n t i m o n i a l  and calcium—tin—lead alloys without their disadvantages . As
batteries containing these alloys become available , they should be tested for
low temperature charge performance as part of an ongoing modern lead acid
battery evaluation program . New plastic separators sucin as PVC , pol ye thy lene ,
polypropylene , etc. are also being introduced into modern batteries and this
may necessitate testing for low temperature charge efficiencies. For example
Yuasa ’s Yumicron separators , in addition to their thinness , low resistance
and chemical stability, are claimed to be impermeable to antimony . This may
be an important characteristic in maintaining high negative plate hydrogen
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overpotentials and thus retaining negative plate chargeability at low temper-
atures. New electrolyte or paste formulations may contain additives such as
phosphoric acid to promote desired battery characteristics for particular
alloy compositions . Since these may also be harmful to low temperature per-
formance , testing may be required. Such testing is not normally done by tine
manufacturer in an standardized way and is needed if the CF tire - to have a
standard basis of comparison of the newer batteries.

The required lines of development of the electrode modifiers being
evaluated by Cominco (60) can be anticipated to some extent. Timus an
optimization phase , following or in parallel to time current research work ,
using a commercial manufacturing process , is a logicil next step. The details
of optimization parameters , anticipated benefits , justifiable funding, likely
exploitation etc., remain to be worked out. Some will follow directl y and
n a t u r a l ly  from the current work but it is premature to recommend a specific
development program in the present report.

Tln e research results  which were negat ive  or inconclusive, such as
pulse  charg ing, certain electrolyte  or plate additives etc. have been dis-
cussed earl ier in the repor t, and will not be repeated here since the purpose
of this section is to indicate the direction of future work.

— In sum , a great deal has been learned about the lead acid battery ,
both at normal and at low temperatures , during the last few years , and a
significant contribution to knowledge in this field has been made . Although
progress has been substantial , answers to many questions are still needed

- . before a clear understanding of the battery mechanisms will be possible .
However , there are encouraging signs of inexpensive methods of obtaining
practical improvements to low temperature performance . Some of these require
further exploration and others have already been built into available com-
merc ial batteries .
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