Available online at www.sciencedirect.com o

SCIENCE<dDIRECT° PnWEn

www .elsevier.com /locate /jpowsour

ELSEVIER Journal of Power Sources 127 (2004) 33-44

Aging mechanisms and service life of lead—acid batteries

Paul RuetscHi
CH-1421 Grandevent, Switzerland

Abstract

In lead—acid batteries, major aging processes, leading to gradual loss of performance, and eventually to the end of service life, are:

Anodic corrosion (of grids, plate-lugs, straps or posts).

Positive active mass degradation and loss of adherence to the grid (shedding, sludging).
Irreversible formation of lead sulfate in the active mass (crystallization, sulfation).
Short-circuits.

Loss of water.

Aging mechanisms are often inter-dependent. For example, corrosion of the grids will lead to increased resistance to current flow,
which will in turn impede proper charge of certain parts of the active mass, resulting in sulfation. Active mass degradation may lead to
short-circuits. Sulfation may be the result of a loss of water, and so forth.

The rates of the different aging processes strongly depend on the type of use (or misuse) of the battery. Over-charge will lead to accelerated
corrosion and also to accelerated loss of water. With increasing depth-of-discharge during cycling, positive active mass degradation is
accelerated. Some aging mechanisms are occurring only upon misuse. Short-circuits across the separators, due to the formation of metallic
lead dendrites, for example, are usually formed only after (excessively) deep discharge. Stationary batteries, operated under float-charge
conditions, will age typically by corrosion of the positive grids. On the other hand, service life of batteries subject to cycling regimes, will
typically age by degradation of the structure of the positive active mass. Starter batteries are usually aging by grid corrosion, for instance
in normal passenger car use. However, starter batteries of city buses, making frequent stops, may age (prematurely) by positive active
mass degradation, because the batteries are subject to numerous shallow discharge cycles. Valve-regulated batteries often fail as a resu
of negative active mass sulfation, or water loss. For each battery design, and type of use, there is usually a characteristic, dominant aging
mechanism, determining the achievable service life.

Temperature has a strong influence on aging. Grid corrosion rates, and rates of water loss due to evaporation or hydrogen evolution at the
negative plates (self-discharge), increase with increasing temperature. On the other hand, a (moderate) temperature increase may improvi
service life in applications involving severe cycling.

Aging also depends on acid concentration (and concentration variations, for instance due to acid stratification). In general, very low acid
concentrations, as prevailing in the discharged state, are harmful to the grids. On the other hand, at very high acid concentrations, service
life also decreases, in particular due to higher rates of self-discharge, due to gas evolution, and increased danger of sulfation of the active
material.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction tation of hydrogen and oxygen evolution on open-circuit
in terms of a thermodynamic “open-circuit hydrogen and
The lead-acid battery is an old system, and its aging oxygen over-voltage”, as influenced by acid concentration,
processes have been thoroughly investigated. Reviews reand discussion of acid stratification considering the effects
garding aging mechanisms, and expected service life, areof diffusion potentials.
found in the monographs by Bod#&] and Bernd{2], and The major aging processes in lead—acid batteries are:
elsewherd3,4]. The present paper is an up-date, summa-

rizing the present understanding. New aspects are: interpre® Anedic corrosion (of grids, plate-lugs, straps, posts).

e Positive active mass degradation (shedding, sludging) and
loss of adherence to the grid.
* Tel.: +41-24-436-13-00; fax:-41-24-436-22-00. e Irreversible formation of lead sulfate in the active mass
E-mail addresspaul.ruetschi@bluewin.ch (P. Ruetschi). (crystallization, sulfation).
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e Short-circuits. teries and in stand-by batteries. Pictures, as shoviaignl
e Loss of water. taken during post-mortem inspection, are familiar to every
) ) ) battery technician. One must, however, immediately add the
Aging mechanisms are often inter-dependent. For ex- remark, that (occasional) misuse, or abuse conditions, may

ample, irreversible formation of lead sulfate in the active gtrongly contribute to accelerated corrosion, as will be dis-
mass is usually the result of insufficient charge. The latter ¢ssed in the following.

may arise from excessively high acid concentration, due to |, fully charged condition of the positive plates, a dense
loss of water; but it could also be the result short-circuits. layer of PbQ protects the positive grid from rapid anodic
The latter, in turn, may result from positive active mass aiack Fig. 2). The interface between the metallic (lead al-
degradation. _ _ _ loy) grid and the Pb@ corrosion layer is thought to com-
Several aging mechanisms may contribute S|multane0uslyprise a very thin interlayer, having a nominal composition
to loss of performance. However, for each battery design, and s PbO,, wherebyx has a value of 1-1.5. This interlayer has
each type of use, there is usually one characteristic, dominantypnarently an almost negligible ohmic resistance, and has
aging mechanism, determining the achievable service life. possibly a thickness of a few molecular layers only. (Thicker
inter-layers may be present in dry-charged positive plates,
or in washed and dried electrode samples, as prepared for

2. Anadic corrosion (of grids, plate-lugs, straps and microscopic investigations). The intermediate (two-valent)
posts) state is thus quite elusive.

Regarding ionic transport, it is unlikely that £bions,
2.1. Positive plates formed at the Pb/Pbpinterface, could move across the

corrosion layer, towards the Pbf@lectrolyte interface, to be

Regarding positive plates, grid corrosion is the “natural” hydrolyzed and precipitated there, to form Bb@lIthough
aging mechanism, causing finally “natural” death. Metal- thea-PbQ structure appears to contain cation vacanggés
lic lead in the positive plate is thermodynamically unstable the latter are known to be practically immobile, at least at
and anodic corrosion is thus practically unavoidable. Fortu- temperatures below 20€. The above transport mechanism
nately, the formed corrosion film is protecting the metallic would also raise questions, how to explain inter-crystalline
substrate, such that corrosion kinetics becomes sufficientlygrain-boundary corrosion.
slow, to allow satisfactory service life. Nevertheless, positive ~ Much more likely is an ion transport mechanism across the
grid corrosion is probably still the most frequent, general corrosion layer involving the movement of surface-adsorbed
cause of lead-acid battery failure, especially in prominent water, from the electrolyte/PhQnterface to the Pb&Pb
applications, such as for instance in automotive (SLI) bat- interface. Water may react at the inter-crystalline surface of

Fig. 1. Corroded positive plate of a starter battery, at the end of 5 years of service life in a passenger car.
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Corrosion Reaction:

Pb + 2H,0 — ©o-PbO, + 4 H' + 4¢
Oxygen evolution reaction:

2H,0 > O, +4H + 4e-

Fig. 2. Anodic corrosion mechanism in positive plates, during float-charge or over-charge.

PbQ particles[6,7], to form surface OH groups, according potential increase must be attributed to polarization at the

to electrolyte/Pb@ interface, and only the rest would then be
available for accelerating the ionization (and ion transport)
H20 + PbG* — PbQ(OH),* process near the Pb(Pb interface. Experimentally deter-
) ) mined Tafel slopes for the anodic corrosion reaction have
wherex designates surface sites. been reported to be 150-250 mV per decade of cufi@jt

The surface OH groups may provide sites for relatively Thjs is indeed about two to three times higher than that of
mobile surface protons, allowing ionic current flow, as re- {he oxygen evolution reaction (80mV per decade of cur-
quired for the electrochemical corrosion process. Newly rent), confirming that only part of the total polarization is
formed PbQ would thus precipitate at the Pb/Pp@iter- active for the lead ionization process.
the Pb@/electrolyte interface. This is confirmed by exper- - jsons between different alloys should preferably be made at
iments, using'®0 as tracer elemeri8]. Since Pb@has @ the same(constant) electrode potential, and not at the same
lower density than Pb, the existing Ppl@ayer would have to  ¢yrrent. In order to obtain the best service life, over-charge
be pushed upwards, in order to make room for newly formed of patteries should be avoided, and charging should be car-
PbG, material. The latter precipitates, in absence of sulfu- ried out by appropriately limiting end-of-charge voltage. At
ric acid, in fo“r.m of theq-mod|f|cat|on[?]. The corrosion  he pperating potential of the positive electrode, corrosion is
layer zazct§ as “ion-selective membrane” which is impervious accompanied by oxygen evolution. In view of the high elec-
to SQ;°" ions. This mechanism could possibly also explain tonic conductivity of Pb®, oxygen evolution takes place
the detrimental influence of certain alloy constituents, such 4t the PhG/electrolyte interface. At high anodic potentials
as antimony, on the corrosion rate. Anodic dissolution of the oxygen evolution current is typically about 100 times
antimony, and accumulation of hydrated antimony oxides |arger than the corrosion currefig. 3 illustrates the cor-
in the corrosion layer, could possibly lead to an enhanced rgsjon mechanism under open-circuit conditions. Tine

transport rate of surface OH groups. Clearly, the transport ogic oxidation of lead at the Pb/PhGnterface is now being
rate of water is of decisive influence on the corrosion rate.

At highly anodic potentials, in the region corresponding
to float-charge or over-charge, the rate of anodic corrosionof =/ _ . .
. L. L. . . o Recently, the author has been informed, through a private communi-
positive grids increases with increasing anodic polarization. cation, that L., Lam has found a Tafel slope of 60mV per decade of

A quantitative, theore'_iicaﬂ treatment, regarding this depen- corrosion current, which is in discrepancy with the above resuits reported
dence, has not been given. At least part of any forced, overallby Berndt.
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Overall Reaction:
4e
2 B-PbO, + 2H,SO, + Pb — 0-PbO, + 2PbSO, +2H,0

Fig. 3. Anodic corrosion mechanism in positive plates at open-circuit.
driven by a simultaneousathodicreduction of Pb@ at the thus guesswork. Potentials Fig. 4 are expressed against

PbQy/electrolyte interfac¢l1]. The overall reaction is then  Hg/Hg SO, reference electrodes in tkamesolution as the
test electrode.

2B-PbG + 2H SOy + Pb— a-PbG 4+ 2PbSQ + 2H,0 The increase of the corrosion current at potentials above
1.20V versus Hg/HgSOs (corresponding to the range of po-

with a standard free enthalpy of reaction 8fG° = tentials of the positive plates during charge or over-charge),

—176.8kJ (for the transfer of four electrons !). in accordance with the above-mentioned Tafel slope, is ac-

It should be mentioned, that some oxygen evolution takes companied by a rapidly increasing oxygen evolution rate.
place (at low rates) also under open-circuit conditions, re- At lower potentials, namely at about 50 mV above the re-
sulting in self-discharge of the positive electrode, as will be versible Pb@/PbSQ potential, the anodic corrosion cur-
discussed later. The formation of lead sulfate in the corro- rent reaches a minimum. For 5 molal acid (32.9%), this is
sion layer will lead to mechanical stress, causing the for- at 1.18V versus Hg/HgOy. This then would represent the
mation of crevices, or cracks, which in turn may accelerate preferred float potential of positive plates, for this particular
water transfer and thus increase the corrosion rate. acid concentration. At still lower potentials, the corrosion

Fig. 4 depicts schematically (quasi) steady-state anodic rate is observed to increase sharply, to reach a maximum at
corrosion currents on pure lead electrodes, as a function ofabout 50—-100 mV below the reversible open-circuit poten-
electrode potential, over the entire potential range occurring tial. The corrosion layer now contains also PhSThe lat-
in lead—acid batteries. This figure was derived from early ter has a considerably lower density than Bp€ausing in-
experimental work, regarding anodic behavior of pure lead, creased mechanical stress within the layer, which could lead
or lead—calcium alloys, at constant potenfi2,13] These to the formation of crevices, or cracks, wherein water could
experiments indicated that, after an initial period of about be transported even more readily to the Pb/Pbterface,

24 h, the corrosion current remains almost constant, for ex-thereby increasing the corrosion rate.

tended periods of time. The steady-state currentBSigf 4 Fig. 4 illustrates that the optimum float voltage must be

are estimated values, for a temperature of@5 Insuffi- carefully adapted to acid concentration. It is important to

cient experimental data is, in fact, available concerning the note, that the corrosion rate, particularly at potentials near
long-term behavior at potentials just above the reversible or below the open-circuit potential, where the corrosion

Pb/PbSQ electrode potential. Part of the datakify. 4 is film is partly, or completely, composed of Pb&@ncreases



P. Ruetschi/Journal of Power Sources 127 (2004) 33-44 37

STEADY-STATE CORROSION CURRENTS

25 I
S Pb/PbSO, PbS0O,/PbO,
£ 20— -0971V 0.952V 1.120
iy [Pb/3PbO PbSO4
315 i i
> Pb/PbO PbSO, \ ‘Pb/PbO \ PbO/PbO,
Py T
g 10 1 molal (8.9 %) [
w et /
[a) |
5 5 —
g AL/
£, (™ 5 molal (32.9 %)
o)
O
-5

12 -1 08 06 04 02 0 02 04 06 08 1 12 14
ELECTRODE POTENTIAL (V vs. Hg/Hg,SO,)

Fig. 4. Schematic representation of long-term, steady-state anodic corrosion currents, at constant potential ‘@dTéteREetical electrode potentials
of corrosion processes occurring underneath the “ion-selective” Pteg@r, according torable 1

strongly with decreasing acid concentratifit?,13] The the positive grids. It must be pointed out, that the corro-
PbSQ corrosion film becomes then less and less protective. sive attack may not be uniform. Inter-granular corrosion
This may be related to the increased solubility of lead sul- is a frequent phenomenon. Alloy constituents acting as
fate, as the acid concentration decreases. The float voltagegrain-refiners, and appropriate casting techniques (cooling
should preferably also be adapted to the operating tempera+ates), producing a fine-grain metallographic structure, will
ture, typically about by-3 mV/°C. have a beneficial effect on service life. Examples for such
Determination of anodic currents at potentiaiowthe alloy constituents are selenium in antimony—lead alloys,
reversible (open-circuit) potential of the positive electrode, and aluminum in lead—calcium—tin—tin alloy%6,17] The
andabovethe reversible potential of the negative electrode, addition of arsenic (0.15-0.25%) improves the corrosion
at a given, constant acid concentration, is, of course, only resistance of lead—antimony alloys drastically.
possible with small test electrodes in a large excess of acid. As will be discussed later, valve-regulated batteries must
In a real battery, positive plates kept at potentials below be operated at considerably higher float voltages than tubular
open-circuit potentials, and negative electrodes kept at po-(flooded) batteries, in order to avoid sulfation of the negative
tentials above open-circuit potentials, would undergo dis- plates. The float voltage recommended for valve-regulated
charge, leading to a corresponding decrease of acid concenbatteries is typically 2.25-2.27 V. This is mainly due to
tration. This, in turn, would accelerate corrosion, as illus- the higher acid concentration, used in valve-regulated bat-
trated inFig. 4. teries. However, since the cathodic over-voltage at the
In Fig. 4, the minimum corrosion rate in 5 molal acid, negative plates is notoriously low, this would mean that
at 1.18V versus Hg/HE Oy, is shown to be approxi- the positive electrodes will operate at much higher poten-
mately 2uA/cm?. In the literature, also lower values have tials (50 mV and more), than those of positive electrodes
been quoted, down to Op2A/cm?. However, the value of in tubular-plate (flooded) batteries, with correspondingly
2uAlcm? is probably more representative for the average adverse effects on the corrosion rates. The corrosion rate
condition in practical float service, which may include in valve-regulated batteries may then be as much as two
also occasional (partial) discharge. This quasi steady-statetimes higher than in tubular (flooded) batteries. Under op-
corrosion current remains nearly constant over the entiretimum conditions, their service life may be estimated to
life-span of the battery. The rate ofu/cm? corresponds  reach about 10 years. In practice, a service life of 10 years
theoretically to a corrosive attack (transformation of metal- is usually not being achieved, because of other life-limiting
lic Pb to PbQ) of about 0.03mm depth per yef2,14]. factors, causing premature failurg§s3]. Automotive bat-
Regarding batteries with tubular-plate positives (spine di- teries, with very thin positive grids, will have an average
ameter 3mm), one would then calculate, under optimum service life, as regards to grid corrosion resistance, of about
float voltage conditions, a theoretical maximum service life 5 years[15].
of about 20 years. In fact, a service life of this order may
probably be achieved in practice with modern, gravity-cast, 2.2. Negative plates
low-antimony (1.8% Sb) grid alloys, operated at a float
voltage of 2.20V at 20C [15]. Obviously, the service life In flooded lead—acid batteries, corrosion at the nega-
of a battery, as determined by anodic corrosion, will depend tive plates is never hardly a problem. During float service,
not only on the type of alloy, but also on the thickness of the grid is cathodically protected, the electrode potential
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being maintained at about 50—100 mV below the reversible Table 1

Pb/PbSQ potential. Only during discharge, the potential of Calculat(_ed electrode _potentials (vs. Hg#3gx) of corrosion processes
the negative plates is forced temporarily to values positive 2" €ad in sulfuric acid at 25

to the reversible Pb/PbSQpotential, where anodic oxida- H9/HgSO/aqueous HSG/PbSQ/PD

tion of Pb to PbS® can occur. However, upon recharge, Ebf?()*g?;'g_’ P+ HgSQy

formed PbSQ is being reduced back metallic lead. '

The anodic behavior of lead, in the range of negative plate Sgggfé%/iq:egg ﬁsz:/mf%g EZO;:SCS)(/; b+ Ho
potentials, is shown in the left part 6fg. 4. The reversible E — —0.7459+ 6.0148Iogegs/aN) @ 2
Pb/PbSQ potential versus Hg/HEO, in the same solu- g _ _g73av
tion, is at—0.971V, independent of acid concentration. The Ho/HgSOu/aqueous HSQ,/PhSQ//3PbOPbSQ/Ph
quasi steady-state anodic corrosion currents just above theyp,oppsq + 31,50, + 8Hg — 4Pb -+ 4HEKSO, + 3H,0
equilibrium potential are surprisingly high, and strongly de- E = —0.5784+ 0.0222logé/aw)
pendent on acid concentration. One must also remember thaE = —0.560V
the corrosion reaction is here the transformation of Pb t0 pg/Hgsay/aqueous HSOW/PbSQ/PLO/PD
PbSQ, a two-electron process, causing for the same currentPbO + H,S0; + 2Hg — Pb + Hg,SOQs + H20
a corrosion penetration depth twice as high as that of anodicE = —0.3654+ 0.02958 logés/aw)
oxidation of Pb to Pb@ A small peak may be observed at E=-0341V
potentials just above the reversible Pb/Ph$atential (rem- Hg/HgSOu/aqueous HSO,/PbSQ//PbO/PbQ
iniscent of the corresponding peak in linear-sweep voltam- PbG + H2S0s + 2Hg — PbO + HgoSOs + H20
metry curves). As the PbSQCcorrosion layer increases in Ef g'jggf;r 0.02958 logas/aw)
thickness, it becomes impervious to £0 ions and then o
acts as ion-selective membraji®]. Hg/Hg,SQy/aqueous HSQ,/PHSQ/PLC,

At potentials above —0.734V versus Hgh®Dy (in 5 PO, -+ 2HpSQy + 2Hg — PDSQ + HEoSQ, + 2H,0

) ! i E = 1.0718+ 0.05916 logés/aw)
molal acid), the corrosion film may contain, underneath an g — 1 120v

OUte.'r PbSQ Iayer, an mner. Iayer of PbBbSQ, at po- As the outer PbS@layer builds up in thickness, acid diffusion becomes
tem'a|$ above —0.560V an lnper Iayer of 3PBOSQ, at impeded and inner corrosion products are formed, at increasingly higher
potentials above —0.341V an inner layer of PbO and at po- pH. In accordance with international norms, the potential-determining re-
tentials above 0.490V an inner layer ®PbQG, (Table J). actions are written as electrochemical reduction processes. The calculated
These values were calculated using standard free enthalpiegumerical values refer to 5 molal sulfuric acid at*Z5 Acid activity

of formation as per referend@0] and activity coefficients ¢ = 4M°/3/_ = 4506 and water activitys,, = 0.7032; values as per

L reference[22]. Standard free enthalpies of formation as per reference
and activities of water as per referer{Q&,ZZ], and they are [20]. For each process, the first line shows the electrochemical system,

considered to be more precise than those given egtégr including the Hg/HgSOy electrode as anode; the second line shows the
In particular, the standard free enthalpies of formation of potential-determining electrochemical reaction; the third line shows the

the basic sulfates, given [20], differ considerably from the standard potential and the dependence on acid and water activity and

values used earlier. During deep discharge, plate potentialsthe fourth line th_e_numerlcal value, calculated for 5 molal aC|_d (bul_k
electrolyte, containing the reference electrode). The double oblique line

pass succesglvely throth .reglons, Where the Composn_'onindicates the liquid junction between bulk electrolyte and acid-depleted
of the corrosion film, that is the various crystallographic electrolyte at the interface.

phases present, may vary. The resulting mechanical stressrable )

in the film is "k?'Y to mcr_ease the corrosion rate. Theoretical potentials (vs. Hg/H8O4) at 25°C for anodic dissolution
Alloys containing a high percentage (2% or more) of of alloy constituants

tin are known to be relatively resistant against corrosion

at potentials slightly above the reversible Pb/Ph$0ten- LeﬂngngQ/aqueous HSOL/PbSQ/Pb

tial, probably because (selective) anodic dissolution of lead ppsq + 2Hg — Pb + HgSOs

results in a tin-enriched surface layer, which will limit fur- E=-0971V

ther dissolution of lead. Anodic oxidation of Sn to SnO is 1y,

only possible at a potential above0.694 V, that is nearly Hg/HgSOy/aqueous HSOy/PbSQ/SnO/Sn
300 mV above the Pb/Pbg@otential (selfable 9. How- SnO + H2SOy + 2Hg — Sn + HgpSOy + Ho0

ever, even at potentials above this value, the advantage of- E: _8'2323 0.02958 logés/aw)
fered by Sn seems to persist, possibly due to the formation ~~
of mixes tin—lead oxides. Antimony would theoretically be Antimony
even more noble than tin. However, antimony alloys are un- H9/H&SQv/aqueous HSQy/PbSQ/S;05/Sb
desirable. Ani ” lativelv soluble | ifuri 2SIp0s + 6H2SQy + 12Hg — 4Sb + 6Hg SOy + 6H,0
esirable. Antimony oxides are relatively soluble in sulfuric £ " 485 1 0.02958 logéy/an)
acid, causing increased hydrogen evolution at the negative g — _g.458v
electrode,_ partlcula_rly at elevated temperature. _ Calculations as pefable 1
Regardm_g negative plates of valve-regulated batteries, an-  atpe free enthalpy of the alloying reaction between lead and the
odic corrosion can become a problem, even under normalyespective constituant is neglected.
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Fig. 5. Corrosion of plate-lugs, straps or posts of negative plates in
valve-regulated batteries.

float-charge condition, in particular on those metallic plate
parts (lugs, straps, posts) which are not in direct contact
with the micro-fiber glass separatofsd. 5). This is due to
insufficient “throwing power” of the cathodic current into
the electrolyte film covering these parts. The latter may thus
loose their cathodic protectid23]. In valve-regulated bat-
teries, the electrolyte film on plate-lugs, straps and posts is
not being periodically renewed by acid spray, and may thus
be thinner, and more dilute, than that on equivalent parts in
flooded batteries. Oxygen gas, evolved at the positive plates
will readily diffuse through the thin electrolyte film and will
be cathodically reduced at the metallic surface, according to

10, +2H" + 267 — H0

Cathodic oxygen reduction requires the flow of ions (pro-
tons), up into the electrolyte film, resulting in a corre-
sponding ohmic voltage drop in the film, forcing the
electrolyte film to increasingly negative potentials, with in-

39

The sum of the two above processes results in the formal
overall process:

$0; + Pb+ H2S04 — PbSQ + H,0

This reaction will, of course, also take place under
open-circuit conditions. With increasing length of the
electrolyte film above the separators, the local acid concen-
tration decreases, which tends to accelerate corrosion. At lo-
cations far above the separator, the local electrode potential
should finally reach a value corresponding to the mixed po-
tential established by cathodic oxygen reduction and anodic
lead dissolution. Experiments have shown, that the anodic
corrosion rate seems to reach a maximum at a distance of
10-20 mm above the separators. Further up, the corrosion
current starts to decrease, because of acid depletion.

Instead of oxygen reduction, other cathodic processes,
such as accelerated evolution of hydrogen on antimony-
contaminated plate-lugs, straps or posts may also drive their
surfaces into the potential range, where anodic dissolution
takes place, in particular under conditions of high tempera-
ture [24].

In order to avoid the described problem, valve-regulated
lead—acid batteries are often maintained at an excessively
high float voltage, again with correspondingly adverse ef-
fects on grid corrosion, as already mentioned. Keeping
the length of the metallic parts above the separator edge
as short as possible, and using for plate-straps and posts
antimony-free lead alloys, with a high content of tin (for in-
stance 2%), anodic corrosion of these parts may, in practice,
be almost completely avoided.

3. Positive active mass degradation and loss of
coherence to the grid

Loss of coherence between individual particles of the
positive active mass, or loss of contact between posi-
tive active mass and grid, is a dominant aging factor
in batteries subjected to cycling regimes. Transforma-
tion of PbQ into PbSQ, during discharge occurs via a
dissolution—precipitation mechanisf25,26] PbSQ has a
completely different morphology and crystallographic struc-
ture, and occupies considerably more volume, than,PbO
Upon recharge, PbOmay be re-deposited in a slightly

creasing height above the separators. The metallic surfacedifferent morphology than the one having existed before
of plate-lugs, straps or posts, on the other hand, is beingdischarge. With continued cycling, this may lead to a mor-
kept at thesamepotential throughout, because of metallic phological “shape-change” of the positive active mass. It
conduction. The result is, that the local electrode potential has been speculated that the “necks” connecting individual
(electrode—solution interface) is polarized to correspond- PbQ; particles may slowly become thinner, resulting finally
ingly more positive values, with increasing length of the in loss of coherence between partic[23].
film above the separators. At sufficient height above the = With prolonged cycling, the positive mass will become
separators, the local electrode potential of the film-covered softer and softer and will finally be subject to what is called
metal surface may finally reach a value where metallic lead “shedding” or “sludging”.Fig. 6 shows a “post-mortem”
will anodically corrode, according to picture of a starter battery positive plate having served
in a city bus for 6 months. In this application, the bat-

Pb+ SO4>~ — PbSQ + 2e~ tery has experienced about 3000 shallow cycles (5-10%
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Fig. 6. Picture taken at “post-mortem” inspection of a starter battery, having served in a city bus for 6 months.

depth-of-discharge). The active material is totally disinte- of tin to the grid alloy (preferably more than 0.7%) im-
grated. proves the contact between grid and active material, possibly
It has been known for many years, that positive plates aided by the formation of conducting, mixed lead—tin oxides
with antimony-free gridsilloys will suffer degradation dur-  [29].
ing cycling more rapidly than plates with lead—antimony  Cycle life is dependent on a number of construction fac-
grids. This has been called the “antimony-free effect”. It tors. One important aspect is active mass utilization during
appears that antimony, dissolved anodically from the grid, discharge. The thicker the plates, the lower is usually active
will be retained in the positive active mass in form of hy- mass utilization, and the better will be the cycle life. Simi-
drated antimony oxides and these tend to act as “cement”larly, a higher active mass density (that is a lower porosity),
between Pb@patrticles, and between active mass and grid, will decrease active mass utilization, and increase cycle life.
in promoting a more dense and coherent PtsDucture High active mass density can be achieved by using high den-
during recharge. However, antimony is an undesirable addi- sity pastes, and by curing at high temperature, resulting in
tive, because it decreases corrosion resistance, and increaseke formation of tetra-basic lead sulfate. Active mass utiliza-
self-discharge. tion can also be simply restricted by limiting the quantity of
The so-called “premature capacity loss” during cycling is acid in the battery.
probably due to deterioration of the (mechanical and elec- Active mass degradation can be counteracted by appro-
tronic) contact between grid and active material. During priate charging techniques. Charging at high currents has a
discharge at high currents, the active material adjacent tofavorable effect on cycle lif§30-32] The effect of high
the grid surface is being discharged preferentially (utilizing charge currents may, at least partly, be attributed to the re-
acid within the pores of the active mass). During recharge sulting higher temperatures. It has been known for a long
at low rates, Pb@is being re-deposited (via dissolution of time, that cycle life improves with increasing temperature
PbSQ) more uniformly, over the entire plate cross section. [33]. Better coherence between individual Phgarticles is
With continued cycling, there is then a slow displacement achieved during charge at elevated temperature. Conversion
of active mass, away from the grid, towards the plate sur- of PbSQ to PbQ occurs via dissolutiofi25,28] and it is
face. With time, the porosity of the active mass near the possible that the increased solubility off?hons is respon-
grid may become too large. Too much acid is then available sible for this effect. However, at excessive temperature (e.g.
near the grid surface. Upon discharge, Ph$@®med there above 60C), grid corrosion, or plate sulfation, may become
will interrupt the electronic contact to the rest of the active the life-limiting factors. There appears thus to be an opti-
mass. The capacity deteriorates prematurely. The additionmum temperature, for best service life during cycling.
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An effective means to decrease positive active mass REDISTRIBUTION OF CHARGE
degradation is mechanical compressi@d4—36] Regard- AS A RESULT OF STRATIFICATION
ing valve-regulated lead—acid batteries, micro-fiber glass SHegative Positive

. - K . . Electrode Electrode
separators having a good resiliency will help to maintain
mechanical pressure on the positive plafdg—40] An
excellent way to keep the positive active material under
compression is realized in tubular-plate positive electrodes.
Such batteries may achieve routinely 1500 cycles, to a Dilute Acid
depth-of-discharge of 80% d&E/5. With valve-regulated
lead—acid batteries, one obtains up to 800 cycles. Standard —» PbSO, PbSO,
SLI batteries, on the other hand, will generally not even Il |
reach 100 cycles of this type. . 1 Pb 2 H,0 —» PbO,
e [] 2e-
S0,? SO 4 H+

4. Irreversible formation of lead sulfate in the active 2L
mass (crystallization, sulfation) — Ilb 2 H,0 4__Pb(l2

The phenomenon called “sulfation” (or “sulfatation”) has PbSO, PbSO,
plagued battery engineers for many years, and is still a major : Concentrated Acid
cause of failure of lead—acid batteries. The term “sulfation”

descnb_ed the condition of a battery plate, In WhICh h'ghly Fig. 7. Mechanism of the redistribution of charge, resulting from acid
crystalline lead sulfate has formed in an practically irre- gratification.

versible manner. This type of lead sulfate cannot, or only

partially, be reconverted back to an electrochemically ac-

tive form, resulting in a corresponding loss of capacity. The In tall, vented cells with a height above about 25 cm, sul-
danger of re-crystallization of PbgGilways exists, when  fation may occur as a result of acid stratification. This is a
the plates remain in a (partly) discharged condition for pro- conditions of high acid concentration at the bottom of the
longed periods of time. This can arrive, when batteries are cell, and low concentration at the top. Stratification may be
not being charged sufficiently, or not frequently enough. In initiated by preferential discharge of the top portion of the
fact, the active material should, at least from time to time, be battery, due to a lower ohmic resistance for current flow
completely converted back to the charged state, to Pb in theto upper part of the plates. The electrolyte concentration
negative plates, and to Pb@ the positive plates, in orderto  in the upper part of the battery will then (temporarily) be
avoid sulfation. Long periods of open-circuit stand, or long lower than at the bottom. Under these conditions, a diffu-
periods of discharge at very low rates, can result in sulfated sion potential should develop between top and bothj.
plates, especially at elevated temperature. Self-discharge cafhe diffusion potential is, however, being short-circuited by
thus be an important factor regarding sulfation. Charging the electronically conducting plates, leading to discharge of
rates and charging intervals must be such, as to compensatéheir bottom part, and charge of their top part, as illustrated
self-discharge. in Fig. 7. This aggravates the unequal charge distribution

Negative plates have a larger tendency to become sulfatedbetween top and bottom. Upon subsequent recharge, the top
than positive plates. In order to avoid formation of highly part will reach the state of full charge quicker than the bot-
crystalline sulfate during cycling, the negative active mass tom part and the latter may possibly even never reach full
must contain the so-called “expanders”, that is an addition of charge, with the result that the active material will sulfate.
typically about 0.3% BaS§) about 0.2% ligno-sulfonates, An effective means to avoid stratification is the installation
plus about 0.1% of carbon black. of an electrolyte circulation pump.

Water loss, as a result of gas evolution, or evaporation, In valve-regulated lead—acid batteries, negative active
leads to an increase in acid concentration. Insufficient at- material can become sulfated at locations which are not suf-
tention is sometimes paid to the fact, that increased acidficiently wetted with sulfuric acid, and not sufficiently pro-
concentration results in a higher reversible cell voltage, re- tected by cathodic polarization. Then, the same phenomenon
quiring theoretically a correspondingly higher float volt- can result in the negative active material, as that already
age, or a correspondingly higher charge voltage, to main- described for corrosion of negative lugs, straps or posts. In
tain an adequate state of charge. Furthermore, as will bethese locations the negative active mass may then become
discussed later, at high acid concentration, self-dischargeinactive. Similar conditions may arrive in liquid electrolyte
due to gas evolution, is increased, requiring a correspond-cells, in which the acid level is so low, that the acid does no
ingly higher float-charge current, in order to avoid sulfa- longer cover the plates. Regarding valve-regulated batteries,
tion. Water loss and its effects will be further discussed in ingress of atmospheric oxygen, because of defects in seals
Section 4 or valves, may aggravate sulfation.
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5. Short-circuits the first place, a nuisance, requiring maintenance in form
of water addition. Today, batteries are required to be as
5.1. Short-circuits across the separators maintenance-free as possible. A remarkable improvement,

regarding maintenance requirements, was achieved already

Short-circuits across the separators are practically alwaysyears ago, by the decrease, or total elimination, of the anti-
the result of prolonged deep discharge. In automotive (SLI) mony content in the grid alloys. In this manner, water loss
batteries, orin train-lighting batteries, such inadvertent abusec0u|d be greaﬂy decreased. Many types of batteries, such as
conditions arrive relatively frequently. In dilute acid, lead most SLI batteries, or modern, low-antimony, tubular-plate
sulfate tends to precipitate in a voluminous form, filling stationary batteries, are today practically maintenance-free
the separator pores. Upon recharge, the lead sulfate in thesver a service life of several years, if the charge voltage
separator pores may then be converted to dendritic, metallicis proper|y regu]ated_ This is, unfortunate|y7 not a|Ways the
lead, causing “metallization” of the separators. case. Over-charge leads to a rapid loss of water through elec-

This phenomenon is related to the fact, that the solubility trolysis. In order to minimize water consumption, charging
of PbSQ increases sharply as the acid concentration drops of tubular-plate traction batteries, for instance, should prefer-
to near zero. While in 0.1 M acid, the solubility of Pb&ax ably involve not more than about 4% over-charge. Mixing
25°C is only about 16 x 10->mole/, it rises in pure water  of the acid should be done by means of a circulation pump,
to 1.5x 10~% mole/I. The relatively high solubility of PbSO rather than by over-charge.
in acid concentrations near zero can be drastically reduced Electrolysis of water takes place not only during charge
by the addition of NaSOy to the battery electrolyte. A con-  and over-charge, but also on open-circuit, although at lower
centration of about 0.1 mole per liter is sufficient to prevent rates. However, in many applications, batteries are experi-
impregnation of the separators. Separator types with largeencing relatively long periods of open-circuit stand. Water
pores are more prone to become metallized than separatorfoss by “self-discharge electrolysis”, that is oxygen evolu-
with very fine pores. The thinner the separator, the larger tion at the positive plates, and hydrogen evolution at the
the danger of such short-circuits. negative plates, may then represent an important part of to-
tal water losq42]. The rate of these reactions depends on
temperature and acid concentration. The dependence on acid
concentration has not, in the past, received sufficient atten-
tion. Regarding oxygen evolution, one must consider that
the reversible (open-circuit) potential of the R#RbSQ
electrode is 0.4-0.5V higher than the potential of a (hy-
pothetical) reversible © electrode in the same solution.

5.2. Short-circuits due to mossy, metallic deposits,
or due to sludge

Short-circuits of this type are usually a result of posi-
tive active mass degradation. Once the Plp@rticles have
lost mechanical and electric contact, their surface will be

slowly converted to PbSp) due to self-discharge (oxygen This “thermodynamic” over-voltage for oxygen evolution

evolution). Loose, and partly sulfated, Pi)@grtlcles may can be readily calculated from thermodynamic d&ig. 8
become suspended in the electrolyte (causing the latter to.

illustrates, how it increases with acid concentration. | be-

turn dark-brown) and can then be transported by electrolyte . . . .

X . . lieve, that it has never been pointed out, that the experi-

convection to the top- and side-edges of the negative plates.mema” (volumetrically) measured (self-discharge) oxygen
There, they may be reduced to metallic lead, to form mossy y y 9 Y9

deposits. These can provoke short-circuits. evolution rate, on open-circuit, is increased by a factor of

" : . 10, when th i ncentration is incr h to in-
On the other hand, loose positive active material can form 0, when the acid concentration is increased such, as to

. : crease the “thermodynamic” over-voltage by about 80 mV.
sediments (sludge) at the bottom of the cells. Such sedlments]_hiS is, for example ythe case when thg aci)(; concentration
can produce short-circuits as well. Finally, it should be men- ' '

. i . o . increases from 1 to 5 M. The “thermodynamic” polarization
tioned, that inter-granular corrosion of positive grids can re-

i - . has thus a similar “Tafel slope” as a current—voltage po-
sult in growth of the positive plates, such that their edges , . .. : )
. Y7~ larization curve. Regarding hydrogen evolution, one must
can touch the negative plates and thus provoke short-circuits. : . .
) . -~ ~consider that the potential of the reversible Pb/Ph8@c-
In the fight against the development of such short-circuits,

. trode is 0.3-0.4 V below the potential of a reversible hydro-

pocket-type separators are frequently used today in many . : o =

L : S . gen electrode in the same solution. This “thermodynamic
applications. Cells with short-circuits usually end up in a

. - o over-voltage for hydrogen evolution at the lead electrode in-
permanent state of insufficient charge, resulting in sulfated ; : . . .

) creases with acid concentration, as illustratedrlay 8. It is
plates, as already discussed.

of interest to note, that hydrogen evolution on open-circuit
(as measured for instance volumetrically) increases with acid
concentration by a factor of 10, when the acid concentra-
tion is increased such as to increase the “thermodynamic”
6.1. Vented batteries over-voltage by about 120 mV. This corresponds to the Tafel
slope of current—voltage polarization curves for the hydro-
In vented cells, loss of water is, as such, not an aging gen evolution reaction. The hydrogen evolution rate may be
mechanism leading to a decrease of service life. It is, in strongly influenced by certain impurities in the electrolyte.

6. Loss of water
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H, - AND O, - OVERVOLTAGE ON Pb AND PbO, ELECTRODES
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Fig. 8. “Thermodynamically imposed” over-voltage for oxygen evolution on positive electrodes, and for hydrogen evolution on negative ekctrodes,
25°C, as a function of acid concentration. The calculated over-voltages correspond to the voltages of the electrochemical gZbyfMesq@ous
H2SOy/PbSQ/PbG,, respectively H/H,O/aqueous HSO4/PbSQ/Pb. Calculations based on data of references as givdabte 1

For vented cells, loss of performance, due to the loss of Water loss must be kept as small as possible, in order
water, only arises, when maintenance intervals are not be-to avoid an undue increase of acid concentration, with the
ing properly respected. Then, the acid concentration rises,mentioned adverse effects. This again shows, how much the
which results in an increase of the reversible electrode po-aging factors may be inter-dependent.
tential. Theoretically, the (float) charge voltage should then
be adapted, in order to keep the battery properly charged.
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