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REVIEW ON THE LEAD-ACID BATTERY SCIENCE AND TECHNOLOGY

PAUTL RUETSCHI
Leclanché 5.A., 1400 Yverdon (Switzerlard)

Why Still Lead -Acid Batteries?

In spite of extiensive and continued efforts aimed at developing new
light-weight, low-cost secondary electrochemical power sources, the old
“lead-acid” bhattery, invented 118 years ago, has still not been dethroned as
the major battery system. Today, hundreds of millions of lead—acid cells are
in use for starting automobiles, to power electric fork-lift trucks, for deliver-
ing emetgency electric power, for transmitting and signaling operations in
telephone central offices, for railway car lighting, for starting diesel engines,
to name & few of the mare important applications.

A brief look into their history may be helpful in answering the question
heading this introduction: Why still lead -acid batteries? First, history
teaches us to be patient. More than haif a century of exploratory work went
hy, after Volta's discovery, in 1800, of the first primary “pile” until Planté
was able to demonstrate, in 1860, the first practical rechargeable lead—acid
battery [1]. Planté used large lead sheet electrodes which he “formed” by
eycling in dilute sulphuric acid.

Gautherot had already observed in 1801 the so-called “secondary™
current flow, f.e. current obtainable in the opposite direction after a preced-
ing “charge”. Two years later Ritter reported results with a large number of
different ‘““secondary” electrode systems. But only Sinsteden, in 1854,
experimented systcmatically with lead elecirodes in sulphuric acid and found
them to deliver large “secondary’ currents, Praviously, from 1836 to 1843
De la Rive had already investigated lead dioxide as a positive electrode in
sulphuric acid primary cells. For inventions also, one plants, another waters,
and a third reaps.

By the time Planté made his successful demonstration, a large number
of various other hattery systems had been proposed, as summarized in
Tomassi’s impressive review [2].

The history of the lead-acid cell may be divided into three chapters.
During the first period fram 1860 to 1910, efforts were concentrated on
finding the most suitable electrode structures and practical manufacturing
techniques. The endeavour and struggle, mostly by Edison-type trial and
error, is reflected in Jumeau’s monumental 900-page book [3]. Some
cxamples of early plate structures are shown in Figs. 1 and 2,
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Fig. 1. Collection of plate designs, as used at the beginning of this century. (Courtesy
ESB Inc., Philadelphia)

Today, only two types of plate structures have major impaortance, the
pasted plate, introduced first by Faure in 1881, and the fubular plate, devel-
oped at the beginning of this century (Fig. 3). The pasted plate is made by
applying a paste, made of {incompletely) oxidized lead powder and sulphuric
acid, to o cast lead—alloy grid structure. The tubular plate {alsa called “iron-
clad” plate in the U.8.A.) is made by filling a mixture of oxidized lcad pow-
der and minium into porous tuhes of glass-, polyester-, or other acid-resistant
fibres. The tubes are arranged in paraiiel fashion to form a plate. A central
lead-alloy wire or “spine’ serves as current collector in each tube.

The plates are charged (or formed) in dilute sulphuric acid solution to
form sponge lead in the negative electrodes and lead dioxide in the positive
electrodes,

In 1880 Gladstone and Tribe published the “double sulphate theory’
[4]. For many years it was heavily disputed and was only well established
many years later [5]. According to this theory, the overall reaction in the
lead-acid battery is given by:

PhO), + Ph + 2H,80, = 2PhSO, + 21,0

By 1910, the basic design features, as well as the basic chemical interpreta-
tion of the electrochemical cell reactions, had assumed their final forms.

During the second period from 1910 to 1950 the technology of plate
and cell manufacturing evolved by the use of new machinery allowing the
munufacture of finer and purer lead oxides, the more rapid casting of grids,
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Fig. 2. Early tubular hsttery construelion, about 1900, The tubes are formed of hard
ruhber washers. piled upen another. (Courtesy ESB Ine., Philadelphia)

and the mechanized pasting of grids. An important milestone was the intro-
duction of lignin expanders into the negative plates [6]. These had a dramatic
effect in improving the cycle-life, hy preventing grain coarsening, Micropo-
raus ruhber separators (introduced in 1927) and resin-bonded paper (intro-
duced in 1948) replaced the old wood separators [7]. Antimony-free grid al-
loys were first used in 1935 {8]. Arsenic was added to lead antimony alloys
to improve greatly their corrosion resistance {9].

Among the scienlific progress yealized in this period was the establish-
ment of precise thermodynamic data on the lead and lead dioxide electrodes
in sulphuric acid [10}. The double sulphate theory was further substantiated
[11].

The state of the developments at the end of this period was summarized
in Vinal’s classic baok [12].

Among the technological advances during the third period, since 1950,
one might mention the use of polypropylene, instead of hard rubber, for
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Fig. 3. Modern traction battery plates; (left), pasted negative plate; (right), tubular posi-
tive plate.

batlery casings, shorter intercell connections (through the cell partitions) for
starter batteries, a widespread use of low-antimony or antimony-free grid al-
loys, the use of thinner plates with optimized grid design and better active
mass utilization at high discharge rates, and a morte generalized use of dry-
charged battery manufacturing technology.

Since 19560 progress in research on lead and lead dioxide slectrodes has
been spurred by the use of much more sophisticated experimental techniques
[13 - 16]. New electronic equipment, such as galvanostats (constant current
generators), potentiostats (individual electrade potential regulating means)
and swecp generators became available. Considerable progress was made in
the mathematical treatment of mass transport phenomena. Rotating disc
electrodes were used to separate mass transfer polarization from charge-trans-
fer polarization. Scanning electron microscopy, radioactive tracer methods,
X-ray- and neutron-diffraction, nuclear mapnetic resonance and electron
spectroscopy allowed a betier understanding of solid surfaces. Attention
turned away from thermodynamies to the kinetics of electrode processes [ 16].

New stimulus for research came as a result of the discovery of a second
polymorph, called «-Ph(},, in positive plates and in corresion films, by Rode
and Voss [17] and Ruelschi and Cahan [18]. This new modification of
Ph{), had been synthesized shortly before by Zaslavsky et @f. {19] and
Katz [20].

Also in recent years, the commercial use of the lead- acid battery has
continued unabated, serving many applications. In 1960, in the midst of
widespread enthusiasm on fuel cell research, an article had raised the ques-
tion: “Is the lead—acid battery obsolete? ™ [21]. It was not obsolete then,
and it is not obsolete today, 17 years later. No new battery system is in sight
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now, which could do better than the lead—acid batterv when it comes to a
comparison of those price performance-life ratios which alone are relevant
to commercial use, The abundance of lead and ils ease of recycling are also
helping the lead-acid battery defend its position. Renewed interest in electric
automobiles will give lead—acid battery research a new boost [22, 23], The
future will see many new approaches to lead-acid battery technology, in-
cluding the study of ultra-light grid structures,

In the following, progress in four areas of major interest will be dis-
cussed: (1) the kinetics of the electrode processes; (2) side reactions. Hs; and
0O, evolution. Low 8b, and Sb-free grids. Maintenance-free and sealed lead-
acid cells; (3) the theory of porous electrodes; (4) anodic corrosion of lead
and lead alloys. Emphasis is given to recent progress, not covered in the latest
reviews [24 - 26],

The kinetics of the electrode processes

Lead-acid battery electrodes are obviocusly much more complicated
struetures than those which a theoretical electrochemist would ideally
choose for fundamental studies. In order to characterize and predict the
clectrochemical behaviour of such complicated porous structures, a number
of physical parameters must be determined separately : porosity, surface area,
pore size distribution, electrolyte conductivity and viscosity as a function of
concentration, solubility and diffusion coefficient of lead sulphate, electro-
chemical rate constants, transfer coefficients, chmic resistivity of grids and
active materials, and ohmic loases at the solid-solid and solid-liquid inter-
faces.

In a porous electrode various forms of polarization are coupled: charge
transfer (activation) polarization, mass transport (concentration) polariza-
tion, ohtoic polarization and crystallization polarization [27].

After switching on a cutreni flow to the electrode, double layer charg-
ing across the electrolyte resistance in the pores will cause time lags in estab-
lishing the pseudo steady-state current distribution throuphout the interior
of the electrode. Furthermore, as will he discussed later, the pseudo steady-
state current density can vary from the surface to the interior of the plates,
because of the ohmic resistance in the pores.

The discharge curve for a positive and a negalive electrede is illustrated
schematically in Fig. 4. The instantaneous patential drop, A, after switching
on the current, is due to the electrolyte resistance in the electrolyte-filled
pores of the separators, the ohmic resistance in the grids, active material
layers and solid-solid and solid-liguid interfaces. The sloping portion, B,
arises from double layer capacity discharge, as coupled through the chmic
electrolyte resistance in the pores ol the active mass. Supersaturation, nu-
cleation and crystallization phenomena lead to the initial voltage dip, C, in
the discharge curve of the positive electrode [28]. This behaviour of the pos-
itive electrode may be related to the relatively poor charge acceptance of the
positive elecirode during recharge at low temperatures and at high rates.
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Fig. 4. Schematic discharge curves for positive and negative plates.

Section D in Fig. 4 represents the successive discharge of the active
materials to lead sulphate. It is finally followed by rapid polarization at E,
due to acid depletion and pore obstruetion by lead sulphate crystals.

The basic electrode processes in the positive and in the negative elec-
trodes involve a dissolution—precipitation mechanism, and not some sort of
solid-state ion transport and film formation mechanism. Thus, during dis-
charge of a lead electrode in sulphuric acid:

Ph — Pb* (in solution) + 2e~
Pb** + 80% - PbSOy(cryst.)

A micropore undergoing discharge is schematically depicted in Fig. 5. Even
though the solubility of lead ions in a 35% sulphuric acid solution is only
about 2 mg/1 [29] a dissolution -precipitation mechanism may support large
currents, because of the high internal surface area ol porous electrodes.
Vetter [30] has derived a simple equation for the lead ion concentration
buildup (Tig. 5). He assumed uniform current distribution throughout the
poraus electrode, and free availability of the total internal surface area.
Nevertheless, the order of magnitude of the caleulated concentration build-up
must be correct. It is surprisingly small, even at high applied currents perunit
of external geometric plate surface, For instance, at 0.1 Ajem? one ealculates
for the increase in surface concentration of lead ians AC = 4 X 10" "mol/f1, a
value considerably lower than the equilibrium PbSO, solubility. The PbSO,
equilibrium soluhility decreases with increasing acid concentration and with
decreasing temperature. It is apparently high enough in any case to support a
diffusion—precipitation mechanism.

Discharge and charpge of lead eiectrodes may be considered as anodic
dissolution into, and cathodic electroplating out of, dilute lead ion solutions,
respectively. The action of expanders in negative plates may then be under-
stood as inhibition of the growth of large Pb crystals on charge and of large
PbS0, crystals on discharge [31 - 36].
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Fig. 5. Schematic illustration of the dissolution-precipitation mechanism in the pores of
a negative plate.

The dissolution-precipitation mechanism, illustrated in Fig. 5, is
supported by morphological studies using scanning electron microscopy.
One observes growth of well-developed lead sulphate crystals which protrude
from the surface inte the liquid in a manner only explicable by growth from
solution, as demonstrated in Fig, 6 [37, 38].

Also for the lead dioxide electrode the discharge reaction proceeds via
dissclution—precipitation [39]. 'This is schematically depicted in Fig. 7. The
process may be described by the equations:

2¢” + P, + 411" - Ph% + H,O
Pb%* + SO;"; - PbSO,

Discharged PhQ,; electrodes investigated under the scanning electron micro-
scope show well developed PbSQ, crystals whose morphology changes with
discharge rate [40 - 45].

Convincing support for a dissolution—-precipitation mechanism has been
provided by periodic observation of the same pin-point of batiery plates
with the scanning electron microscope [45]. PDuring discharge the surface of
the PhO, grains becomes rough but no lead sulphate becomes visible initially.
As time proceeds, lead sulphate crystals begin to grow rapidly from solution
(Fig. 8). At the end of a b h ratc discharge a considerable portion of the
PhQ; surface remains still visible. Active mass utilization thus appears to be
limited by factors such as acid depletion in the pores and loss of electronic
contact Lo individual PhQO, grains, rather than by the formation of dense,
inert Ph50, layers.
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Fig. 6. Electron micrograph of the surface of a cycled negative plate {38].

Fig, 7. Schematic illustration of the dissolution—precipitation mechanism in the pores of
a pogitive plate.

It has becn proposed that the detailed discharge mechanism may be
more complicated than formulated above and may involve further complex
inlermediates [42, 46 - 50] of 2- or 4-valent lead.

Of interest is the fact that a- and §-Pb0, show different discharge behav-
iour, as first discovercd by Ructschi and Cahan [51] and later confimmed by
many investigators. The «-PbQ,; modification usually yields smaller discharge
capacities than §8-PbO, [28, 52 - 54]. Only (-PbO; produces the initial volt-
age dip shown in Fig. 4 [28, 52, 55, 56]. Apparently, ¢-Pb(Q, forms a surface
having nucleation centres for PbS0O, formation. Thus, during discharge, the
v-Pb0, surface becomes moare rapidly covered by PhSQ, crystals. in general,
a-Pb(; forms smaller surface areas than §-PbO; [b4, 57].
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(b)

Fig. 8. Electron photomicrographs of the same pin-point in a positive electrode during
discharge at the 5 h rate; (a) after 3 h of discharge; (b} after 5 h of discharge {45].

The mechanism of anodic formation of PhQ, is influenced by pH and
by the type and conceniration of anions present. In near neutral or slightly
alkaline solutions, lead ions are complexed with OH groups [58]. It may be
that in the formation of ¢-PbO, an intermediate complex of tetravalent lead
with (OH)™ groups is being formed, e.g. Pb(OH)3", whereas the formation of
B-PbO; proceeds via a complex of tetravalent lead with [HS80,]) " or [80,]1%
for instance {Ph(HSO,)s1%" [17, 46, 51, 59]. Growth of PbO, nuclei from
Ph50, follows a cubic rate law, ie. at constant potential, the current in-
creases with the third power of time [60, 61].

The reversible electrode potential of a-PbO, in I1,80, is higher than that
of g-PhQ, [b1, B2, b4, 62]. The solid state physics of the two b0, modifi-
cations have been studied extensively in recent years. X-ray and neutron dif-
fraction, nuclear magnetic resonance, thermal analysis etc. have been used. It
would be beyond the scope of this review to discuss also these aspects. In
this connection a theoretical study of effective charges on the lead and oxy-
gen atoms is also of im;ereas'f1 [63].

Side reactions, self-disch , gassing, low-antimony and antimony-free arids,
maintenance-free and sealed lead—acid cells

In Vinal’s book [12], no mention is made of maintenance-free or sealed
lead—acid cells, However, since then much interest has developed in this area
and during the past 15 years maintenance-free and sealed lead—acid batteries
have come into being. This has been passible through the contrel of side
reactions, especially passing, Self discharge of lead—acid batteries involves
seven different reaclions [64, 65].
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Lead dioxide and lead are thermodynamically unstable in sulphuric acid
solution. The potential of the PbOy/PhSO, couple (1.698 V vs, Hp)is 04TV
above that of the 0,/H,0 couple, and the potential of the Ph/PhSO, couple
is situated 0.356 V below that of the Hy/H,;O couple. On open circuit, oxy-
gen evolution from the PbO; electrode and hydrogen evolution from the Pb
electrode must cccur. The rates of these gassing reactions depend on the O,
overvoltage on PbO,, and the H, overvoltage on Pb, respectively.

Oxygen evolution from PbhO, according to:

PbO, + HeS80, —~ PbSO, + H,0 + 1/20,

increases with increasing acid concentration [54, 64 - 68] . This is illustrated
in Fig. 9.
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Fig. 9. Oxygen evalved lrom samples of 1.50 g §-PhOg at 30 °"C, with sulphuric acid
gravity as parameter [54].

The rate of oxygen evolution from PbQ, is alsa strongly influenced by
the presence of cerain impurities. Antimony dissolved out of the positive
grids and retained in the positive aclive material increases O, evolution [511].
Also cobalt, silver and copper ions increase the rate of O, evolution from Pb(),,
Oxygen evolution kinetics from «-PhQ; differ from those from ¢-PbO, [51,
532, 54, 82]. After current interruption, the oxygen overvoltage decays slow-
Iy while O gas continues to be evolved. The large pseudo double-layer capaci-
tance in the Oz evolution region is due to adsorbed O, [62, 67, 68].

Anodic corrosion of the prid alloy iz another side reaction which con-
tributes {o self-discharge of the positive electrodes. The rate of this reaction
depends on the type of grid alloy, as well as on acid concentration [64] . Reac-
tion between the lead-alloy grid and the PbO, active material may be des-
cribed by an equation identical to that of the overall discharge process in the
lead acid battery. Figure 10 represents analytically determined lead sulphate
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Fig. 10. Analytically determined lead sulphate content (in wt %) in positive aclive male-
rial, alier slorage of plates, or active material alone, for 16 weeks at 35 °C [64].

content in positive plates, expressed in wit% of the active material, after 16
weeks of open circuit storage at 35 °C. Curve A refers to active material
alone, stored in sulphuric acid in the absence of grids. Curve B refers to ac-
tive material in a positive plate having a 4% antimony grid, and curve C to
active material in a calcium alloy grid.

As seen from the difference between curves A and C, sulphation due to
interaction between grid and active material proceeds fast in low gravity acid.
In the case of active material in 4% Sb grids, sulphation is faster, owing to
increased oxygen evolution. However, at low acid gravities, the reaction be-
tween grid and active material appears to be slowed down.

Hydrogen is oxidized by PbO, according to:

PbO, + Hy + Ho80, ~ PbSO, + 2H,0

at a very low rate [64, 65, 69].

However, the reaction can be made to proceed very rapidly by means of
auxiliary electrodes, whose potential is suitably controlled, as discussed later.
The solubility of H; in Hy80, decreases strongly with increasing acid concen-
tration because of salting-out effects [70, 71].

Negative plates undergo self-discharge by the reaction:

Pb + H,S0; —+ PbSO, + H,

whose speed is controlled by the slow step of H, evolution. Its rate increases
with increasing acid concentration [64, 72] . Owing to the high H, overvoltage
on lead, the process is gquite slow with plates having pure lead or lead- calci-
um grids. However, if the negative active material iz contaminated with Sb,
hydrogen evolution is catalyzed considerably [51, 64]. The nature of the
antimony species present in sulphuric acid solution has been elucidated only
in recent years [73, 74].

Although antimony has a deleterious effect on self-discharge and should
therefore be avoided as much as possible in maintenance-free or sealed cells,
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it is known to confer beneficial effects on the structure of the positive ac-
tive mass, In fact, a very large portion of the Sb dissolved anodically from
the positive grids is retained in the positive active matenal and reaches the
negative plates only with delay [64, 75].

Antimony retained in the positive active matenal not only lowers O,
overvoltage but also seems to act as a binding agent between PbO, particles.
For this reason, positive plates containing antimony grids may show less
shedding of positive active malerial during ¢ycling. Antimony is possibly
present in the positive active material in the form of mixed Sb—Pb oxides
[76]. Bismuth appears to show to a lesser extent the same effects as Sh [77].

The presence of antimony in the positive grid may also influence the
initial a-f-PbQy ratio after formation. Phosphoric acid additions to the elee-
trolyte also tend to influence this ratio [51, 78 - 80],

For maintenance-free lead-acid cells the advantages and disadvantages
of having Sb present must be carefully weighed. In the case where Sh-free
orids are being used, an addition of phosphoric acid to the electrolyte can be
used with advantage to harden the positive plates, at the cost, however, of a
slight capacity decrease. In electrolytes containing phospharic acid, the sta-
hility of 4-valent dissolved lead species is increased [81].

The undesirahle diffusion of Sh species from the positive plate to the
negative plate can be slowed down considerably by using suitable separators
[64, 82]. On the negative plate Sb may be removed in the form of stibine by
overcharge and vigorous H; evolution at cell voltages above 2.4.

Besides Sh, many other contaminants decrease H, avervoltage on the
negative plates [83, 84]. On the other hand, additives to the electrolyte have
been discovered which increase the Hs overvoltage, and which will at least
partly compensate for the effects of Sh on self-discharge [85].

The fact that oxygen is reduced readily on a lead electrode in sulphuric
acid, according to the reaction:

%0, + Pb + H,80, ~ PbSO,+H,0

contributes to the self-discharge of open cells |64 ]. In sealed cells this reac-
tion is of bagic importance, since it allows removal of oxygen produced
during charge, overcharge or storage within the cell. Thus, an *‘oxygen cycle®
may be established [86]. The axygen reduction appears to be diffusion con-
trolled, Oxygen sclubility in Ho8Q, and the oxygen diffusion coefficient de-
crease with increasing acid concentration [T1].

In order to increase oxygen masse transport, most sealed lead-acid cells
make use of semi-dry separator-plate packs in which the sulphuric acid
electrolyte is immohilized by gel-formers such as 8i0,. Grids are of Ca—alloy
and phosphoric acid additions to the electrolyte are used to improve cycle
life [87 93].

For maintenance-free cells, which are not entirely sealed, the use of low-
aniimony lead alloys has been thought to be a practical compromise. Such
grids are characterized by excellent corrosion resistance, as discussed later. In
addition, less problems may be expected than with Sb-free grids during cycling
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service, A large amount of development work on low-antimony grids, with
additions of As, Sn, Se, Te, Co, Ag and Cu has been done in recent years, as
reflected by the extensive patent literature and recent reviews [D4, 95].

For large, stationary lead—acid cells auxiliary electrodes have been
devised to cut watering requirements or to render them completely mainte-
nance-free. Auxiliary electrodes for oxygen reduction, connected to the nega-
tive electrodes, consisting of porous carbon, rendered water-proof by sintered
Teflon particles, catalyzed with silver and partly immetrsed into the electro-
tyte, are able to electrochemically reduce oxygen at hiph rates [96, 97].
Phthalocyanine has been proposed, instead of silver, as a catalyst in oxygen-
consuming auxiliary electrodes [98]. Hydrogen can bhe removed effectively
in large, flooded stationary cells by means of waterproof, partly wetted aux-
iliary electrodes, held at a suitable electrode potential by such means as solid
state diodes [97, 99, 100]. It has also been realized that hydrogen oxidation
and oxygen reduction can occur on the same electrode simultaneously [100] .
The principle of using potential-controlled auxiliary electrodes is illustrated
in Fig. 11. A similar arrangement has been described in arecent patent [101].
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Fig. 11, Auxiliary electrode arrangement for hyvdrogen or oxypen removal in sealed lead—
acid cells. Hydrogen consuming auxiliary electrodes are eonnected through diodes to the
positive electrode. Oxygen removing auxiliary electrodes are connected Lo the negative
electrode.

The pressure-dependence of the hydrogen oxidation, or oxygen reduc-
tion current on partly wetted, porous electrodes, held at constant potential,
is approximately represented by the equation [97]:

logi= const, + (1/2}log p

The exchange current density has a maximum at 4N H,S80, [71].

Recombination of hydrogen and oxygen on supported catalysts in the
gos space above the electrolyte level is another means to reduce water loss
due to electrolysis in large lead-acid cells {102, 103].

The development of sealed and semi-sealed lead—acid cells has necessi-
tated the development of safe venting means in case of overpressure (Fig. 12)
[90, 104].
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Theory of norous electrodes

The positive and negative plates of lead—acid batteries consist of highly
porous active masses of lead dioxide, and lead respectively. In order to
characterize such electrodes phenomenologically it is necessary to measure
the total internal surface area, the porosity and the pore size distribution.
Most methods used by electrochemists to determine these quantities are not
in situ techniques [ 105]. The electrodes must for instance be freed from elec-
trolyte, washed and dried. This may change the morphology of the surface.

Surface area is usually measured by gas absorption technigues. For
positive electrode active material one finds in the charged state typically
values of 2 to 10 m%g [54, 68, 106, 107]. The surface area is higher for §-
Pb(p than for «-Pb0, [54].

For metallic sponge lead, the B.E.T. area is much lower, e.g. 0.46 m%/g
[106]. The surface area of formed active material depends on the paste con-
sistency used to prepare the plates and on forming conditions, such as tem-
perature, rate and acid concentration [108 - 110]. Total porosity and pore
size distribution may be calculated also from gas absorption measurements.
Other techniques to study the pore structure are absorption of solute mole-
cules, microscopic evaluation, X-ray diffraction, gravimetric techniques, fhrid
permeability and mercury intrusion [107],

The measurement of the double layer capacity allows in situ surface
area determinations. Constant current charging curves [68, 106], a.c. meth-
ods and potential-step techniques {111] have been used. Experimental con-
ditions must be chosen so as to diminish interference from Faradaic currents.
The electralyte conductivity should be as high as possible in order to assure
that voltage drops in the pores are much smaller than the charge-transfer
polarization on the electrode interface, rendering the current distribution as
uniforim as possible.

From charging curves it was determined that o-PhO,; has larger specific
double layer capacitance (uF/cm? of true surface area) than 3-PbO, [52].
Far technical, pasted PbO; electrodes one obtains for the double layer capac-
itance of the active material in the oxygen evolution region a capacitance of
125 - 140 pF/cm?, based on the B.E.T. surface [68, 106].
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To what extent the B.E.T. area corresponds really to the electrochemi-
cally active area is, of course, rather uncertain,

For the active material in technical negative electrodes one obtains
values of 10 - 11 uFfem?® of B.E.T. surface [68, 106].

Much progress has been made in the past few years on the mathematical
modelling of porous electrodes with respect to polarization behaviour. Impor-
tant contributions in this field were made by Ksenzhek and Stender [112],
Newman and Tobias [118], de Levie [114], Euler [115] and Dunning et ai.
[118]. A review has been published by Newman and Tiedemann [117].

During discharge of technical battery electrodes the true current densi-
ty throughout the pore structure is non-uniform. The current density distri-
bution is governed by factors such as resistive voltage drops in the current-
carrying grid structure, in the contact-interface grid/active material, in the
active material itself and in the electrolyte-filled pores. Electrolyte resistance
in the pores is of particular importance since it increases during discharge
due to acid depletion. Furthermore, one must take into account electrolyte
displacement and pore diameter decrease as PbSO, crystals, which oecupy
more space than Pb or PhOy, precipitate. This latter effect has considerable
consequences on the electrolyte resistance in the pores.

Thearetical caleulations based on one-dimensional, pseudo steady-state
models are able to predict qualitatively characteristic features of current
distribution during discharge, state of discharge profiles and acid depletion
profiles {118 - 121].

Figure 13 shows a calculated current distribution in a porous PhO, elec-
trode during a 5 h rate discharge [120]. As discharge proceeds, a reaction
zone advances from the front surface of the plate into the interior,
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Fig. 13. Relative current distribution in a porous PhQ; electrode, after 77, 155, 232 and
284 min of discharge, at the 5 h rate, 7.5 maA/fem? of plate surface [120],
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The state of discharge distribution (degree of cpnversion of Pb0Q, to
PbSO,) at various intervals of time during discharge is depicted in Fig. 14,
and the local acid concentration profile in Fig. 15.
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Fig. 14. Relative state of discharge after 4 different time Intervals, as in Fig. 13 [120].
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The following parameters were used for calculating the curves of Figs.
13 - 15, Initial plate porosity, 0.60; initial acid concentration, 5 mol/1; dis-
tance from plate centre to surface, 0.9 mm (plate thickness 1.8 mm); maxi-
mum active material utiiization factor, 0.70.
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Churacteristic features of porous plate discharge behavicur may thus he
accounted for on the basis of a mathematical model. it should be noted that
the profiles shown in Figs. 13 - 15 depend strongly on the discharge rate. At
very high discharge rates, for instance, the discharge is confined to the sur-
face portions of the plates only [122, 123].

The advances made in the mathematical treatment of porous elecirode
behaviour might be of use in the future for the design of plates with opti-
mized pore structures for a special use.

Still more accurate calculations could be envisaged, taking into account
also the variations of acid concentration in the bulk electrolyte, outside the
plates, vertical electrolyte concentration gradients and vertical electrolyte
convection, as influenced by the tightness of cell assembly.

Anodic corrosion of lead and lead alloys

Positive grid corresion is one of the principal reasons why lead—acid
batteries wear out in service. Progress in our understanding of structure and
grawth of anodic corrosion films, as influenced by temperature, electrode
potential, acid concentration, grid composition etc., has been paralleled by
longer service life of the batteries.

The discovery of «-PbO; in corrosion films of lead [18] called for more
detailed explanations concermning mass transport in such films. The formation
of «-PbQ, could then be explained by presuming that sulphuric acid does not
readily penetrate into the corrosion films and that their interior contained an
effectively alkaline medium [51]). It was also found that a-PbQ, content and
thus the degree of blockage against acid penetration depended on grid com-
position, especially on Sb concentration.

After prolonged constant current anodic oxidation in the potential
range of oxygen evolution no divalent lead compounds are ohserved in the
corrosion films [I8, 51]. Superimposing an a.c. sipnal on the anodizing cur-
rent, the transient behaviour during initial film formation, in particular the
transformation of the initial PbS0,, film into PbO,;, may be studied. In the
state where the electrode is passivated by a Pb8Q, film, the double layer
capacitance drops to very low values, e.g. 3 pFfcm? while the film resistance
is strongly increased [124 - 1271.

Using constant potential techniques the composition of the corrosion
films may be studied conveniently over a wide range of potentials. In certain
potential ranges the films then contain two-valent lead compounds such as
PbQ, 3PhO.PhS0O,, PbO.PbSO, and PbSO, [128].

Tracing current—time curves at constant potential it was discovered that
corrosion could proceed rapidly underneath a covering layer of P80, under
certain conditions of potential. The rapid formation of corrosion products
such as Pb{) and a-PhO, could be explained by the alkaline pH in the interior
of the film.

Treating the covering Pb80, layer as a perm-selective precipitation mem-
brane, non-permeable for SO%~ ians, but permeahle for Ho0O, OH™ and H*
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ions, Ruetschi has developed a multilayer model which accounts guantita-
tively for the compaosition of the corrosion films as a function of potential,
and for the potentials observed during open-circuit depassivation [129]. Ac-
cording to this model, a diffusion potential due to the pH gradient must occur
across the film. It amounts to 59 mV per unit pH difference and can thus
reach values of several hundred mV (Figs. 16 and 17).
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Fig. 16, Schematic representation of the diffusion potential and pH gradient across a
multiphase corrosion film [128].

Fig. 17. Compasition of anodic corrosion films on lead in sulphuric acid after anodization
at various constant potentials for 24 h. [128].

This diffusion potential is to be added to the local potential in the
interior of the film in order to calculate potentials which can be compared
with experimental values.

The composite film model of Ruetschi also allows for the first time a
self-consistent interpretation of the current peaks obtained during potentio-
dynamic linear anodic sweep [130 - 135].

The model may also be applied to commercial storage battery plates
during initial formation in dilute acid. I is known that dense lead sulphate
films are formed initially when the plates are immersed into the forming acid.
Owing to these films the interior of the plate stays alkaline for a considerable
time. This explains not only the formation of a-Pb0, but also the low forma-
tion voltages which are observed initially under low rate formation. Further-
more, the dependence of «-PbO; content on paste density and formation
rate may be explained by the Ah input into alkaline regions of the plates.
[18, 51, 80, 136 - 140].

The multiphase nature of ancdic corrosion films on lead in sulphuric
acid, as illustrated in Fig, 16 and 17 is in agreement with experimental results
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concerning X-ray diffraction [127, 139, 141] and electron microscopy
[142 - 145],

The detailed studies of the corrosion phenomena on the positive gridsof
lead—acid cells have enabled battery engineers to understand the importance
of proper float voltage control for longest life stationary batteries [146 - 150} .

Conclusion

This review does not make any claim to being complete. In view of the
vast subject this would have been hardly possible. It has tried to highlight
some aspects of the technological and scientific progress. Also, the reference
list had to be limited. I would like to apologize to all authors whose works
are not quoted here. Part of the non-English literature was unavailable to me.
Obviocusly, an impressive amount of work has been done on the lead—acid
battery. What makes it so hard for new electrochemical power sources to
compete with it, is not only its long head start, but also the high degree of
sophistication and perfection it has reached,
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2. WEIGHT ANALYSIS OF THE
LEAD-ACID BATTERY

Fig. 18. Weight analysis of a typical SLI
battery.

{Source: Ed. Froc. Symp. on Lead Acid
Battaries, ILZIC, 1971, p. 12.)
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Fig. 19. Weight analvais of {a) typical tubular and (b) flat plate traction cells.
{Source: Ed. Proc. Symp. on Lead Acid Batlertes, ILZIC 1971, p. 12.)
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Lead and lead oxides 29
TABLE 1
PROPERTIES OF ELFMENTAL LEAD
Atomic weight 207.2
Atomic number 32
Valences 2 and 4
Crystal struecture Face centred eubic
a, 4,949
Bond length, Pb—Pb, at 25 °C, A 3.499
Ionizalion potential, eV
First electrun 7.42
Becond 15.03
Third 32.08
Fourth 4235
Fifth G9.7
Specific gravity
20 °C 11.34
327 °C (solid) 11.005
327 °C (liquid) 10.686
650 °C 10.302
850 °C 10.078
Specific heat, cal g 1
0°C 0.0297
26 °C 0.0306
140 °C 0.0320
329 °C 0.0390
500 °C 0.037
Vapour pressure, mm Hg
987 °C 1.0
1167 °*C 10.0
1417 °C 100.0
1508 °C 200.0
1611 °C 400.0
Viscosity, cP
441°C 2.12
BBi1 °C 1.70
703 °C 1.55
814 °C 1.19
Surface tension, dvnefem, 327.4 °C 444
Melling point, *C 3274
Boiling point, "C 1751
Electric resistivity, tohm cm, at 20°C 20.85
Thermal conductivity, cal 51 em 2 (*Clem), 20 °C 0.033
Magnetic susceptibility, 107" cgs units —0.12
Tensile strength, kg cm_z‘ 126.R6— 175.77
Modulus of elasticity, 10% kgem 0.155°
Lalent heat of vaporization, cai g 204
Latent heat of fusion, cal g~ 5.89
Superconductivity below 7.23 K
Linear coefficient of expansion, °C 107 units 29.3
Brinell hardness (cast) 4.2
Electrolvtic s¢lution potential, vs, NHE Q.122

{Continuad)
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TABLE 1 {eanfinued)

Thermadynamic properlies

Heat of fusion, cal atom 1,225
Heat of vaporization, eal atom™ ! 42,880
Entropy at 25 °C, cal atom * deg ° 15.49

—1

Heat capaclty at 327 °C, eal atom ™' deg R0

(Source: Kirk and Othner, Encyclopaedia of Chemical Technology, Vol. 12, Interscience,
New York, 1967.)

TABLE 2
STANDARD AND FORMAL POTENTIALS OF LEAD AT 25 °C

Half-cell reaction Potental (V) Conditions
PL¥* + 2¢ =Pb —0.126
—0.280 0.1- 1.3 M NaCl
—0.204 0.1 M NaNG3
- 0.334 0.1 M KBr
—0.472 0.1 M NaF
—0.393 0.2 M Nag8i0,
—0.130 0.01 3 NaHCOj
—0.250 0.2 M NaHCO,
0.12§% 0.2 M HPO,
—0.259 0.1 M NayS0,
—0.456 0.1 M NaAc
-0.177 HyS (satd.)
—0.230 5% 107 to 2 M HaPOy in HCIO,,
pH 1.05
—{0.280} Phihatate bulfer, pH 5.0
PLE + Hg + 2¢~ = PhiHg) —0.185 1 M Pb{Ac)g, pH 5.6
—0.239 1 M Pb{Ac)z, 1 M HAc, pH 3.5
—0.193 1 M Pb{Ac)e, 1 M Nadc, 1 M HAe,
pH 4.72
PhCly + 2 = Pb + 201 —0.268
PhBrg + 2¢ = Pb + 2Br —0.284
Phblg + 22 =Pb+2I” —0.365
PbHPO, + 2 - Pb + HPO42~ —0.465
Pbg(POy)s + Ba~ = 8Ph + 3P04%~ —0.658
Ph8Qy + 3¢ = Ph + 30,2 --0.353 to
—1.359
Pb8O,4 + Hg + e~ = Ph(Hg) + 80,2~ —0.351
PbO, + HyO + 2e~ = Ph + 20H" —0.580
PbOy + Hy0 + 26~ = PhO, + 20H 0.247
PbOg +4H" + 267 = Po¥° + 2H,0 . 1.455
@-PhOg + 80,27 + 4H' + 26~ = PhBO, + 1.697 to
+ 2H,0 1.688
1.709 4.4 M H,80,, 31.8°
f-PbOg + 80,57 + 4H' + 2¢” = PbSO, + 1.590 :
+ 2Ha0 '
1.692 4.4 M H,80,, 31.8°

(Source: “Eneyclopaedia of Electrochemistry of the Elements”, Ed. by A. J. Bard, Vol. 1,
Chapter 5, Marcel Dekker, New ¥ork, 1974.)



Lead and lead oxides

TABLE 3

CHEMICAL REACTIVITY OF LEAD

a1

Reactant Condition Froduck
Air Cold Oxide or carhonate
coating
200 °C PhO
Water Free of oxygen Mo reaction
Oxygenated Pb{OH}>
1000 °C, HyO vapour FbO

Hyvdrochlorie aeid

Hydroagen halides

Sulphuric acid

Nitric acid

Carban, nitrogen,
phosphorus, arsenic
Chiorine

Fluorine

Suiphur vapour

Seleninm or tellurium

Alkalies

Any concentraiion,
cold or warm

Cold

Heated

Concentrated, cold
Concentrated, above
200 °C

Any concentration

Heated
Heated
25°C

Fused
Fused

PhCl, forms slowly

Mo reaction
No reaction, or very
little to form PbXa

No reaction

Ph30,
Pb{NOz)y

No reaction
PhClq

PuFo

Ph&

PbSe or PhTe
No reaction
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Lead and leed oxides
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TABLE 6

FHYSICAL PROPERTIES OF LEAD OXIDES

Property

Lead gnd lead oxides

Pb0O PLO, Phg0y
1. Moleculsr weight 223,21 2349.19 685.57
4. Cotour «: Red Dark brown Orange to

f: Yellow or black brick red
3. Structure @: Tetraponal «: Orthorhombic Spinel

fi: Orthorhambic 8 Tetragonal
4. Density (g/em®)  o: 9.2- 9.5 Reported 9.165, 9.1

fi: 8.5-9.9 9.375 and 9.40

far Pbollglg

Fumed litharge:

0.7 (max)

Black (grey}:

1.4-18

5. Transition
temperatare

§. Melting point

7. Eleetrical
properties

8. Solubility

9. Thermal stability
(See Fig. 23)

Ground cal-
cined oxide:
1.6 - 2.0

488,53 °C

897 °C, sublimes
before melting

p or n type

semicanductor
@ 0061 in
Hy0 at 25 °C

A: 0.107 17 Y in Ho0Q

at 26 C

Stable upto 250 °C
oxidized to PbQy_2a
at 300 - 350 °C and
to Pbg0y at higher
temperalures

Decomposes at
290 °C

semiconduetor
{resistivity at

20 °C, 91 M§2 cm)
Insoluble in cold

or hot water, Sol-
uble in HCL. Slightly
soluble in HNOj5
:-_llld H2804

Decomposes to
lower oxides
abave 290 °C

830 °C (in oxygen
pressure ) deconi-
poses in atm, at
500 °C

non-conductor

Insoluble in ¢oid or
hot water, Soluble
in HCl and HNOj
and warm con.
Ha80,

Stable upto 500 °C
decomposed Lo PO

at higher temper-
atures.
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TABLE 7

CHEMICAL PROPERTIES OF LEAD OXIDES

3h

Reagent

1. Hydrogen

2. Carbon

3. Chlorine or
Bromine vapour

4. Agueous solu-
tions of halo-
gens

5. Hydrogen
halides

6. Sulphuric and
nitric acids

7. Hydrochleric
acid

8. Sulphur

9. Hydrogen
sulphide

10. Sulphur
dioxide

11. Ammonia

12. Nitrous oxide

13. Phosphorus
14. Metallic axides

PhO) PLO, Phz04
Reduction Reduced at 150 °C Reduced above
is slow to lower oxides and 200 °C

Dihalide is formed

Oxidized to
dioxide

Sulphide is formed

Fuses readily to
form double oxides

water

Reduced at 260 °C

Dihalide or oxy-
halide is formed

Diiodide & iodic
acid are formed in

presence of mois-
Llure

Oxidized to halo-
gens

Tetravalent salts
are formed

Tetrachloride is
formed

Qxidized to sul-
phur dioxide

Sulphide is formed

Reacts violently
forming PSSOy,

Nitrogen is formed

Decomposed to
PbhO and oxygen

Reacts explosively

Plumbates are
formed

Reduced above
00 °C

Dihalide is formed

Divalent salts are
formed

Dichloride is formed

Sulphide is formed
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TABLE 8
THERMODYNAMIC PROFERTIES OF LEAD OXIDES AT 25 °C

Property o-PhO (Red)  f-PhO (Yellow) PbO, Phy04

1. Heat of formation

A" (keal mole 1) 5241 -52.07 --64.55  ~175.50
2. Free energy of for-
mation —45.13 —44.95 —50.77 —147.50
AF® (keal mole "1}
3. Entropy
S° (cal deg ! mole 1) 15.60 16.10 18.28 50.50
4. Heat capacity s
T, (cal degdl mc]efl) 10.94 10.96 14 .87 34.00 (0 °C)
5. Heat of sublimation 63 .88 63.54 ~ _

AH, (keal mo]Ej)

{Source: Lead Chemieals, ILZRO, 1975)

TABLE 9
TYPICAL LIMITING PRERCENTAGES OF IMPURITIES IN LEADY OXIDE

This table refers Lo a typical impurity specification in U.8.A. The specificaiion of impu-
rities and free lead in leady oxide is generally agreed to between the manufacturer and
user.

Impurity Percent Impurity Percent
Antimony, ]

o 0008 Nickel, cobalt 0.002

arsenic, tin

Bismuth 0,10 Silver 0.01
Copper 0.01 Zine, cadmium 0.002
Iron 0.02 Calcium 0.04
Silice 0.06 Platinum None
Pb304 0.25 Ph380y 0.20

(Source: Storage Battery Manufacturing Manual, IBMA, p. 11.)
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TABLE 10
THEORETICAL WEIGHT PERCENT OF LEAD IN LEAD OXIDES

Farmula Oxygen/lead ratio % Dead
PhoO 0.6500 96.282
PbO 1.600 92.831
1.100 92.170
1.130 91.974
Phy0y 1.333 90.864
Pbs0q 1.400 20.248
1.410 20.181
PbyaOyq 1.417 90.137
1.420 20117
5 PhO.2H O - 89928
1.470 89.805
FhyOg 1.500 89.619
1.516 89.519
1.R50 A9.310
Fbqe0Oq4 1.671 89.179
PbyuO)q 1.583 89.105
Ph;0g 1.600 as.004
Ph30,, 1.667 88.597
PhgOy5 1.875 87352
1.910 87.148
1.950 86912
Fb(ly 2.000 86.621
212 35.832

Ph{OH) - 85.8986

{SBource: Lead Oxides, IBMA 1074, p. 14.)
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TABLE 11
X-RAY CRYSTALLOGRAPHIC DATA OF OXIDES OF LEAD

System struc- S‘pace Lattzce constanis Moiecu.!es/
ture fype group a, b, ¢, (&) unit cell
0-PbO (red) Tetragonal Dl 3.98, ..., 501 2
B-PbO (vellow) Orthorhombic vio 5.50, 4.72, 5.88 4
n-PhOyp Orthorhombie - 4,94 595 544 -
8-PbOs Tetragonal Dit 4.97,. .., 3.40 2
PhSO, Orthorhombic Vi 8.45,5.38, 6.93 4

[Source: Handbook of Physics and Chemistry, Chemical Rubher Co., 1953.)

TABLE 12
STANDARD DIFFRACTION FATTERNS FOR &+ AND ﬁ'—LEAD DIOXIDES

a-lead dioxide (-lead dioxide

Interplanar Relativa indices fnterplanar Relative Indices
spacing intensity hk! spacing intensity hkl
3.83 12 ilo 3.50 100 110
4.12 100 111 2.80 100 101
2,97 15 020 2.48 70 200
2.74 70 002 2.21 16 210
2.63 70 021 1.856 100 211
248 20 200 1.754 80 220
2,23 6 112 1.693 406 - 002
202 6 c22 1.669 60 310
1.89 30 220 1.527 70 112
1.54 45 130,202 1.486 70 301
1.79 30 221 1.399 50 202
1.64 15 113 1.276 70 321
1.56 17 222,623 1,240 20 400
1.53 30 311,132 1.220 50 222
1.43 20 041,312 1.170 20 330
1.27 156 312 1.152 70 312
1.31 15 233

1.26 a0 330

1.24 a0 241,400

1.20 40 204,313

{Source: J. P. Carr and N. A. Hampson, Chem., Rev., 72 (1972) 673.}
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TAELE 13
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TYPICAL PROPERTIES OF BATTERY OXIDES MANUFACTURED BY DIFFERENT METHODS

Properiy

Barlonr pal

1. Particle size

2. Pariicle shape

3. PhO canient

4. Allotropic
modification®
. Water ahsorption
(ml}100 g of oxide)
6. Malerial ulilizalion
(g/Ah at 20 h rate)

on

8 - 18 pm (normal oxide)

4 - 16 m (ground oxide)

2-16 pm (fine oxide)

0- 95 um (finer oxide)

Tetragonal and

Rhombohedral

70 - 78% (normal & ground

oxides)

74 - 83% (fine & finer oxides)
5 - 15% B-PbhO

halance a-PhQ

12 - 13 ([iner oxides)

9

Rotating drum

4 - “16 um (Hardinge oxide}
- 2um (Shimadzu oxide)
Tetragonal

B85 - 75% (Hardinge oxide)

70 - 78% (Shimadzu oxide)
1- 5% f-FPhO

balance a-PhO
9 - 10 {Hardinge oxide)

10 - 12 {Shimadzu oxide)
9-10

*a, tetragonal; ¢, rhombohedrai.

TABLE 14

DENSITIES Of LEAD COMPOUNDS

Compound Density
Ph0 8.34
o-PpQ gaz
f-PhO 967
Ph30,4 2.10
PLO, 9.37
Pb3O, 6.32
PBO.PHSO, 7.02
3PbO Pb30,. H 0 6.50
4PhO.PhSO, 8.15
7.59

PhO.Pb{OH),
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08

(A} 3

E V)

-1.4
-L&
=1 '&
-0
=22
-24

Fig. 20. Potential-pH diagram of lead.
(Source: Atlas of Electrochemieal Equilibriain Aqueous Solutions, M. Pourbaix, Pergamon
Press, London, 1966.)

VE N.E.E. [v!]

PO TENTIAL

Fig. 21. Potenlial-pH diagtam of lead in the
presence af sulphate ions at unit activity.
{Source: 8. C. Barnes and R. T. Mathieson,
in . H. Collins (ed.). Batterics 2, Pergamon
Press, Oxford, 1965, p. 41.}
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1. HPbO3 + 3H' = PhE" + 2HO

2. PbO3* +6H' =Ph¥ + 3H,0

3. Pb¥ 4+ 2.7 =Ph

4. PbO,% " +6H + 2¢” = Pb® + 3Hs0

5a. PhOg + HSO4 + 3H" + e = PhS0, +
+ 2H,0

5b. PbOy + 8045 + 4H' + 82~ = PHSO, +
+ 2ZH,0

Fig. 22. Portion of poiential-pH diagram showing stability regions for &~ and §-PhOs.
{SBource: J. Burbank, d. Electrochem. Soc., 104 (1957) 693.)

250"
PE0 [} 02 N NaCH %203
] SOLUTICN
SEALED
v
L
TN
(=]
o
=
v
350°C. 0z P—
BP0y
> 450°C, AR I
> 500 AR P

Fig. 23. Thermal stability of lead oxides.
(Source: A, F. Wells, Structural Inorganic
Chemistey, Oxford Univ. Press, Lendon,
3rd edn., 1962.)

a-PbO, Mo,
{ORTHORHOMERIC) {RUTILE)
6XPh DO=2.16/ & 4XPh-D=2

2R U-0=259A
10X 0-0=2562 -33R A

Fig. 25. Packing of octahedra in o and
PbCy

{Source: W. Mindt, J. Electrochem. Scc.,
116 (1968) 1076.)
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=

LU C a Pogy

E 0 P PbOyp

:

g

P16 -

[

o

2

‘-’1.5—

o N R R IO SN N

Wy 9 1 2 3 45 8§ 1 8
PH

Fig. 24. Electrode potentiais of ¢ and §-
PhOs as a function of pH.

(Source: P. Rueischi et al., . Electrochem.
Sac., 106 (1959) 547.)

v)

20~

ELECTRODE POTENTIAL ¥& NH
w

| . 1 1]
i 30 Ko 200 RS U § 1]

CURRENT ([ pa)

Fig. 26. Oxygen overvoltage on &- and [J-
Pb02 (A —&-PhOZ, B —B-Pbog)

(Source: F. Ruetschi, R. T. Angstadt and
B. D, Cahan, J. Eleclrochern. Soc., 108
(1959) 547.)
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TABLE 17
PROPERTIES OF GRID ALLOYS USED 1N SLI AND SEALED LEAD BATTERIES

47

Alloy composition (%) Brinel! Tensile Elongation (%) Electrical con-

(belance lead) hardness strength at fracture ductivity
(kgmm %) (kgmm 2) 55 (mmho mm™ %)

Sb 8 As 0.01 Cu0.01 3.6 2.3 10.2 4.5

Sh 7 As0.12 Cu0.04 10.59 4.0b6 8.4 3.36

Sb 7 As Q.17 Cu0.05 128 1.9 2.9 3.568

Zh 6 As 015 Cu 04 11.2 3.1 3.8 3.580

Sba As0.256 Cu .01 11.1 31 4.2 3.45

5h & As 0.1 Cu004 118 4.3 4.2 3.50

Ca 0.07 9.26 - — 3.68

(Source: U. Heuhner and H. Sandig, LEAD 71, Ed. Proc. 4th Intern. Conf. on Lead, p. 34.)

TARLF 18
ULTIMATE TENSILE STRENGTH OF LEAD ALLOYS

Alloy composition As-cast Aged 1 week al room
(kg mm_2] temperature (kg mm 2)

4.5 Sb-Pb 3.5858 3.7967

0.07 Ca—Pb 2.9530 3.7264

0.01 Li-Phb 2.3203 2,1796

0.02 Li-Ph 3.30456 2 9881

0.03 Li-PL A4.0077 3.5166

The specimens were cast in sheets.
{Source: G. W. Mao et al., J. Electrochem. Soc., 117 (1870) 1327.)

TABLE 19

RAGONE FLUIDITY OF LEAD-CALCIUM-TIK ALLOYS

(90 mim vacuum; liquidus 25 °C)

Weight percent Fluidity*
(balance lead) (em)
Caleium Tin

0.06 1] 00.03
0.06 0.01 52,57
0.06 0.05 30,03
0.06 010 58.42
0.06 0.25 58.92
0.06 1.0 hR.42
Corroding grade lead 45,46
3.0% antimanial lead 914
8% antimonial lead 17.52

* Average of three tests 8.3 mm "

(Source: M. Myers, Tin and Bismuth in Lead-
Calcium Alloy, BCI Con., 1975.)
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TABLE 20
PROPERTIES OF LEAD-ANTIMONY -CADMIUM ALLOYS

Hardness messurements were carried out using a Hounsfield lensometer with a 25-kg load
on a 5-mm dia baill for 15 s. Creep tests were carried out on specimens of dia 0.64 cm and
gauge length 15 em with an initial stress of 1.4 kg mm~ 2. Anodic weight loss tests were
carried out on specimens immersed in 1.25 8G sulphuric acid &t a current density of

155 mA em” ¥ for 24 h. Stress corrosion tests were made on specimens of dia 0.32 em and
gauge length 12 c¢m, using an initial stress of 1.4 kg mm™~ 2 and a current density of 8.5
mA cm 2 in 1.25 SG sulphuric acid.

Composition (wt%) Hardness (BHN) Creegp Anodic  Stress corro-
Anii- Cadmium Silver  After  After zj_r:;n (%) ;f)i;gﬁf sion life
mony 1day 20days 2 years (a) (h)

0.3 0.3 - 8.5 10.5 N.T. 1.4 N.T.
.5 0.5 - 10.7 12.5 MN.T. 1.4 N.T.
1.0 1.0 - 124 14.6 N.T. 11 600
1.256 1.26 - 13.2 15.7 N.T. 1.3 N.T,
1.5 1.5 -~ 13.9 16.5 0.36 1.1 2,500
2.0 2.0 - 15.7 18.3 0.15 1.1 1,300
2.5 2.5 - 18.0 196 0.47 1.1 2,601}
3.0 3.0 - 17.4 19.2 N.T, 1.2 2,700
4.0 4.0 - 17.0 17.7 N.T. 1.3 N.T.
4.5 4.5 - 15.8 16.1 N.T. 1.4 N.T.
5.0 5.0 - 16.8 16.5 N.T. 1.5 2,000
2.0 2.0 0.08 15.8 17.4 0.3 0.9 3,000
2.0 2.0 0.1 141 16.4 0.14 e 3.300
2.0 2.0 0.25 16.5 18.5 0.4 0.5 3,400
2.5 2.5 .05 17.9 180 0.32 0.8 4,000
2.5 2.5 0.1 16.3 17.0 0.41 0.8 5,000

N.T. = Not Tested.
(Source: N. E. Bagshaw, LEAD 68, Ed. Proc. 3rd Int. Conf. ot Lead, Pergamon, Oxford,
p. 210, 211.)
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TABLE 21
ADHESION SCORES* ON TEST GRIDS

Grid FPaste Acid Adhesion score after:
metal fge z‘::ﬁ’a) Sp. Gr. Plate Formution Cycling J'E't'nal _
curing and stand inspection
Ca—Ph 4.27 1.250 100 100 100 100
Ca--Ph 1.27 1.300 90.2 89.7 89.7 87
Ca-Ph 4. 63 1.250 95.1 93.4 93.4 75.8
Ca- Ph 4,63 1.300 an.2 893 86.5 75.2
DS-pPn 4.27 1.250 T4.5 72.9 72.9 68.7
DS8-Pb 4.27 1.300 703 0.3 T0.3 A8.4
DS5-Pb  4.63 1.250 77.9 3.2 78.2 68.7
NS-PL 4,83 1.300 0.4 69.2 68.3 a0.8
4% Sb 3.20 1.250 §7.0 B85.8 26.8 84,2
7% Sb 3.20 1.250 98.8 98.8 98.8 95.6

*Determined aceording to the test procedure deseribed in [LZRO Report LE §2-84, as
given below:

The adhesion tests were conducted on a test grid with 7 each of smooth and threaded
holes of diameters from 1/8" to %" in increments of 1/16”, The scores were related to
the areas of the pellet and the total score for smooth holes was arbitrarily placed at 60
and 40 for threaded holes. The appropriate score, full or half, was subiracted for each
missing (full ot half) pellet after several stages, viz. curing, forming, cycling (and stand)
and final inspection. The adhesion scores are in fact averages of 12 replicates for each of
the 10 grid/paste combinatiana. (DS = Dispersion Strengthened lead. )

{Source: ILZRQ Project LE 82-84 Final Report, Dec. 31, 1971, p. 1/51.)
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TABLE 23

51

MECHANICAL AND ELFCTRICAL PROPERTIES OF LEAD ANTIMONY ALLOY AND
DISPRRSION STRENGTHENED LEAD

Lead-6% antimony
allay

Ultimate tensile sirength, kg mm~

2

{psi)

Tensile yield strength 0.5% offset,

Elongation, %
Proportional limid,

Madulus of elasticity,

kg mm~
(psi)

kg mm 2
(psi)

kgmm - X 10°
(psix 107%)

2

Cllimale compressive sirength,

ke mm 2
(psi)

Unnotched Charpy impact strength, kg m
Brinell hardness, 10 mm ball, 100 kg loarl

Creep rate, % per vear at room temperature

kg mm ¢
(psi)

Stress to rupture in 10300 hours,

kg mm
(psi)

Electrical vesistivity, uohm-em, 20 °C

3.37
(4800)

1.97
(2800)
35

1.41
{2000)

0.0017-0.0025
(2.4 3.6)

10

0.9 at 0.23
(100}

0.81
(1150)

25.3

Dispersion strength-
ened lead

4.32
(6000)

4.08
(H800)

18.5

3.59
(5100)
0.0014-0.0015
(2.0-2.2)

4.57
(65040)
276

13.0

0.1 at 1.41
{2000)

2.39
(3400)
94.3

(Source: M. V. Rase, LEAD &5, Ed. Proc. 3rd Inil. Conf. on Lead, Pergammon, Oxford,

p. 273.)



52 Alloys and grids
TABLE 24
CASTABILITY OF GRID ALLOYS
Ref. Composition %
Mo s As 8n Cu Bi Pb Others
1 0.0016 <0.0001 <0.0005 0.00021 0.0051  Balance
2 73 0.015 0.03 0.0035 Balance
3 6.21 0.16 - 0.011 0.002 Balance
4 5.83 <0.01 < 0.01 0.011 0.003 Balance
5 6.05 0.21 013 0.007 0.0018 Balance
8 1.43 0.18 0.00256 0.003 Balance 0.046 Ag
7 4.43 0.21 0.09 0.00256 0.003 Balance 0.0486 Ag
8 9.63 0.025 - 0.0044 0.0012  Balance
g 5.7 0.03 - 0.0038 0.0028 Balance
10 3.38 0.2 - 0.0029 0.0033  Balance
11 5.97 0.026 - 0.077 0.0063 Balance
12 6.91 0.026 - 0.038 0.0053 Balance
13 5.15 0.20 0.23 0.003 0.0026  Balance
14 1.7 0.14 0.015 0.0156 0.003 Balance
15 587 0.13 017 0.078 0.003 Ralance
16 .05 0.10 - 0.049 0,004 Balance
17 5.84 0.14 0.15 0.049 0.003 Balance
18 1.07 0.02 - 0.0064 0.004 Balance 1.5Cd, 0.18 Ag
19 0.143 - 0.0045 0.606 Balance 0.17 Ag, 0.065 Te
20 .62 - 0.15 Balance
21 8.92 0.15 Balance
22 5.54 - 0.15 Balance
23 511 .15 - Balance
24 2,77 - 0.156 Balance
26 262 0.17 - RBalance
26 931 0.14 0.15 0.007 Balance
a7 5.61 0.146 0.16 0.0038 0.003 Balance
28 2.96 0.15 0.16 0.0021 (G.0039 Balance
24 5.03 0.18 0.11 0.007 0.046 Ralance
30 5,94 0.18 0.02 0.009 0.026 Balance
31 0.0019 <0.0001 <0.0005 0.003 0024 Balance
32 65.42 0.14 - 0.035 0.0036 Balance

{continued)
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TABLE 24 (continued)
Ref. Average castability score
' o T I e e e S
No. Casting lemperature (°C) Maowid temperature C)
400 435 450 475 500 06 125 180 175 200
1 25 29 36 39 43 29 30 a7 a9 42
2 28 30 32 37 41 28 28 as 44 59
3 29 a2 34 43 48 2% 29 33 48 59
4 14 19 21 22 28 12 18 21 av 30
h 26 29 30 3l 33 24 26 30 32 44
6 12 25 26 27 3z 16 23 26 30 46
7 26 A 27 29 33 15 28 28 30 37
8 33 ag 39 12 48 27 30 39 55 59
9 14 17 24 25 279 14 17 24 a7 28
10 15 21 26 26 26 13 24 26 25 28
11 27 26 a7 26 29 20 26 26 28 29
12 25 28 27 28 2 23 27 2T 28 31
13 17 21 28 28 28 16 24 28 29 36
14 12 26 26 26 29 14 19 26 28 28
15 9 15 16 Al 23 15 16 15 26 a0
16 20 232 26 27 27 18 25 26 26 28
1 17 22 28 29 29 16 18 27 29 Al
18 20 27 28 29 33 26 28 29 31 37
18 12 17 22 23 25 1] 1 22 a1 2
20 21 28 27 a0 29 26 28 25 34 61
21 285 28 28 a5 33 28 29 28 34 hh
22 27 28 28 29 29 2% 28 28 29 37
23 23 26 23 28 28 19 24 27 27 29
24 15 19 24 23 28 15 14 24 U4 2%
28 15 14 24 23 27 15 23 24 25 27
26 26 27 3z J7 49 28 30 34 52 68
27 16 27 28 28 28 25 28 27 29 32
28 15 24 26 28 28 17 26 26 27 28
29 23 28 29 29 32 28 28 30 34 51
a0 23 28 28 a1 37 28 28 29 36 62
31 27 30 b1 36 41 23 29 36 38 40
32 27 26 30 29 31 26 26 30 54 45

Canstant mould temp. 150 °C

Constant casting temp. 450 °C

The castakility seore was determined with a “tree mould" with arbiirarily assigned points
to each portion of Lhe mould.

(Source: BHAS puper appearing in edited proceedings of I.ead 74 Conlerence. )
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E; — Ternary eutectic 235 °C

(17.7% Cd, 2.6% Sh)

Eg --- Ternary eutectic 242 °C

(1.8% Cd, 11.3% 8b)
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84 Solid solubility limit
at 275 °C
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Fig. 29. Phase diagram of lead-antimony-cadmium.
(Source: N. E. Bagshaw, LEAD 68, Ed. Proc. Third Tntern. Conf on Lead, Venice,
Ferpamon Press, Oxford, 1969, p. 215.}
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Fig. 41. Tensile strength vs. Sn content of
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treated at 300 “C [or § h and water quenched
and aged at room temperature.
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Fig. 43. Inlluence of arsenic additions on
castability of antimonial lead. The castab-
ility seore was delermined wilh a “tree
mould™ with arbitrarily assigned points to
each portion of the mould, the mould and
metal temperatures being 204 °C and 482 °C.
{Source: G.W. Map and J. GG, Larsen, Metal-
lurgia, Dec. 1968, p. 244.)
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treated al 300 °C [or 5 hours and water
quenched and aged at room temperature,

{Source of Figs. 37 - 42: M. Myers, Proc.
BCI Convention 1975, P. 135.)
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TABLE 25

forming

HEATS OF REACTION OF LEAD OXIDE AND HYDRODXIDES

Reactlanls

63

Products Hea! of reaction™
(keal) (Watt-min)

PbO + HyO Ph{OH}s + 2.64 154.2
4 PhO + P50y, 4 PO PbS(y + 4.89 341.2
PB{OH), + PLSO, PLO.PLEO, + Ha0 + 515 359.8
PbQ + PhSO, PbO.PLSO, + 7.79 643.5
3 PhO + PhSO, 3 PbO.FPhS0y +11.91 830.9
Pb(OH)3 + Ha80, PhS0, + 2H.0 +38.66 2697.3
PbQ + HgSOQy PbS04 + HyO +41.30 2881.5
5 PbO + Hp804 4 PhO.PbB0, + HaO +46.19 3222.6
2 PO + HaS04 PLO.PbS0, + Hz0 +49.08 3425.0

3 PO.PbSOy + HaO +53.21 3712.4

4 PhO + H,S04

*The heat of formation of liquid sulphuric acid rather than its standard state at infinite
dilution was used in calculating the heat af reaction {1 keal = 89.789 Watt-min).

{Source: TLZRO Project LE-82-84 Final Report, Dee, 31, 1271, p. 2/27.)

TABLE 26

HEAT QF REACTION OF SULPHURIC ACID WITH EXCESS PhO

Sp. Gr. Millimales Heal of reaclion in Wit min per em? o acud

HgS0,; for the products

per cin ] ; ; : n

P80, PO .PREO 4 3060.PhS0 4 4Pb0. PBSO 4

1.2560 4.31 7.548 4,972 9.725 4,442
1.283 4.93 8.826 10.491 11.371 9.871
1.300 b.26 9.384 11.164 12.090 10.495
1.307 5.40 9,788 11.834 12,611 10.947
1.525 5.74 10,352 12.304 13.338 11.578
1.336 5.06 10,973 13.043 14.138 12.272
1.371 G.G4 13,467 14.818 16.062 13.943
1.400 7.21 13.431 15.964 17.306 156.021
1.416 7.52 14.460 16.000 18.630 16.172
1.473 8.87 17.191 201433 22,149 19.226
1.500 9.20 17.889 21.263 23.048 20,007

(Source: ILZROD Project LE-§2-84 Final Repeort, Dec. 31, 1971, p. 2/35.)
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TABLE 28
HEAT OF REACTION PER KG OF PhD AT VARIOUS SULPHATE CONTENTS

Maoles PHO Moles 50, * Weight percent Heat of reaction

per nole SO, per kg PbQ PB304 in paste [:.kcal) (Watt-min)
5] 0.896 25.35 37.00 2b81.4
53 0.747 21.38 30.85 21524
7 0.640 18346 26.43 1844.0
8 0.560 16.25 23.13 1613.8
9 (.498 14.52 20,57 1435.1
10 0448 13.12 18.50 1290.7
11 0407 11.95 16.81 1172.8
12 0.373 10,95 15.40 1074.4

*he heat of formation of sulphuric acid is taken as 194.55 kcal per mole in this table.
{(Source: ILZRO Project LE-82-84 Final Report, Dec. 31, 1971, p. 2/356.)

TABLE 29
WEIGHT AND MOLAR PERCENTAGE DATA FOIt THE PO H;0 SYSTEM

Moles HaO Mole perceniage Weight percentege Volume of Ha O per

per mole PbO unit weight PO
PhO Ha PhO Hal} (em? kg 1)

0.027 97.34 2.66 99,78 0.22 2.20
0.333 70.00 25.400 g7.38 262 26.89
0.100 71.43 28.67 96.87 3.13 3219
0.500 66.67 33.3% 96.12 3.88 40.34
0819 04.97 45.03 93 .80 6.20 66.14
1.000 50.00 £0.00 92.63 TAT £0.69
1.100 17.62 52.38 91.84 5.16 HB.TH
1.200 45.46 51.54 91.17 8.83 95.85
1.300 43.48 56.52 90.50 2.50 104.90
1.400 41.67 68.33 S9.HD 10.15 113.0
1.500 40.00 60.00 §9.20 10.80 121.0
1.600 38,48 61,54 88.56 11.44 129.4
1.70¢ 37.04 62.96 87.93 12.07 137.2
1.300 35.72 64 48 57.31 12.69 145.8
1.900 34.45 65.55 86.70 13.30 153.5
2,000 33.33 66.67 86.10 13.90 161.4
2.100 32.26 67.74 55.561 14 .48 169.5
2,200 - 3L.25 68.75 84.92 15.08 177.4
2.300 30.30 89.70 84.534 15.66 185.6
2.400 29.41 70.59 B3.77 1A.28 193.7
2.500 28.57 VA3 Bi.21 16.7% 201.7
3.000 25.00 75.00 8051 1949 2421
3,500 22,22 17.78 77.97 22.03 2826

(Source: ILZRC Project LE-82-84 Final Report Dec. 31, 1971, p. 2/23A.)



68

TAELE 30
WEIGHT AND MOLAR PERCENTAGE DATA FOR THE Ph0-30; SYSTEM

Pasting and forming

Moles PBO Mole % Weight % Weigh! % s Volume f«:‘ma) Grams
permole 50x W S0, PO SO,  PbSO,; 4FbO.FbSO, o perkeFeO H?Sﬁ‘;"
Specific gravity f;;ra
1.336 1.416
1 5¢.00 BO.0G T3.60 2640 100.00 751.70 59570 439.40
2 66.67 31,33 8497 1521 57.61 - 375.80 297.80 219.7¢
k3 Ti.00 2500 R932  1D.GR 4046 - 2AR0.50 19860  148.50
4 80.00 Z20.00 91.77 8.23 3117 - 187.90 148.90 108.90
& B3.33 16487 93.31 6.69 25.34 100.G0 150.30 119.10 B7.86
8 B5.71 14,29 9435 5.64 21.36 34.28 125.30 99.28 73.24
ki 87.50 12.60 9512 4.87 18.45 72.83 107 .40 85.10 B2.77
B B8.89 11.11 9571 4,29 16.25 64.09 93.96 74.46 64.81
9 90.00 16.00 496,17 3.88 14.51 67.22 83.33 66.04 48.80
10 80.91 9.0 96.64 3.46 15.11 51.69 7516 5B.57 43.91
11 91.67 8.33 96.84 3.1¢ 11.97 47.21 BE.38 54.16 30.87
12 52.31 7.6% 97.10 2.20 10.98 43.32 52.54 4964 86.59
13 92.86 7.14 9731 2.69 10.19 40.19 57.82 45,82 332.87
14 93.3%8 6,67 9750 2.60 047 87.35 53.69 42,656 #2141
1% 938.75 4.23 97.0660 2.34 8.86 34.96 50.11 39.71 29.36

{Source: ILZRO Project LE 82-84 Final Report, Dee. 31, 1971, p. 2/93C.)

TABLE 31
WEIGHT AND MOLAR PERCENTAGE DDATA FOR THE H; 0-803 SYSTEM

Sp. Gr.  Moles Male % Weight % Weight % Males H380, Velume (cm’)
20 e HaOQ per HaS04 per litra acid per
mole S0, S0s  Hx@  5G; HyO z niole H350,
1.800 D.50 66.67 §3.33 A989 1011 - - -
1.600 394 23.04 76,86 5710 4290 5985 1141 B7.6
1.500 461 17.83 83217 4911 5089 6016 9.20 108.7
1.400 6.34 13.62 B6.38 41.21 5878 5050 7.21 138.7
1.300 9.29 872 9028 3239 G761 39.GB 526 1901
1.260 11.64 791 9309 4760 7240 3382 4.31 232.0
1.228 13.00 714 8286 2548 T4.52 31.21 3.91 2658.7
1.200 15.19 592 934,06 2263 71737 2772 339 295.0Q
1.178 17.32 46 B4854 2041 TH558 2500 3.00 333.0
1.150 21.03 454 ©546 1745 8255 21.38 2.51 398.4
1.100 32,53 298 97,02 12.02 8798 1473 1.85 6.1
1.050 6h6.45 1.48 BR.52 6.27 9373 T.658 0.82 12146.5
1.025 131.60 D.75 958.25 3.26 96.74 4.00 0.42 2392.3

(Source: ILZRD Project LE-82-84 Final Report, Dee. A1, 1971, p. 2/93D0.)
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TABLE 33
DATA ON RED LEAD MIXES*

Oxide Pb:3, Specific Heat of Pasfe
% surface Mixi T T
(%) (mg ) {'Watrtlinin) Consistericy  Density

{gem %
H1 (1969 preduction material) 25 790 150 26 4.60
H2 {1968 production material) 25 790 451 19 3.69
H3 (1971 production material) 25 110 561 22 169
Blend {very fine particle 98.1% ”
Pb30y4, and very fine PHO) 25 1172 351 L7 375
Furnaced (26% very severely o 870 540 1B.5 3.75
milled)
Fultnaced {75% very severaly 15 890 205 17 3.75
miited)
Control {severely milled 0 1080 290 18 3 14

chemical PhO}

*The H1 mix was made with 113.5 em? of 1.283 8G acid, while 83.5 em® of 1.336 SC acid
was used for making other mixes. The above table is intended to show that replacing a part
of litharge with red lead results in Jess chemical reaction heat being generated during mixing.

(Source: ILZRO Project LE-82-84, Final Report, Dec. 31, 1971, p. 2/69.)

TABLE 34
AMPERE-HOURS TGO FORM POSITIVE PLATES OF DAY CHARGED BATTERIES*

Plate Thicknhess Ampere hours for formation
type {mm) per positive plate
Regular 2.03 46

Low 203 42

High 2.03 50

Narrow 2.03 37

Ttility 2.08 25

Bus truck 4.00 a0

Regular thin 1.78 40

Low thin 1.78 36

High ihin 1.78 43

Narrow thin 1.78 32

*The data in the above table appiy specifically to plate types employed in U.S.A,
(Source: Storsge Battery Manufacturing Manual, IBMA, p. 36.)
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Fig. 45, Molar relations in battery pastes.
(Bource: ILZRO Project LE 82-34 Final Report, Dee, 31, 1971, pp. 2/39.)
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56523 7 PbOSO:
MOLES PX) FER MOLE 503

Fig. 47. Volumne relalitms in battery pastes.
(Source: ILZRO Project LE 82-84 Final Report, Dec. 31, 1971, p. 2/41.)
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g M0 FROM AT REACTION To———» ;0 (RESIDLAL)
PBO. 2 HgO > PO, 2 Hy0

Fig. 48. Transitions of hattery paste components.
(Source: ILZRO Project LE 82-84 Final Report, Dec. 31, 1871, p. 2/26.)
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a
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OXYGEN CONCENTRATION
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Atmospheric oxygen diffuses into the paste, through the sheath, and depolarizes the
cathode areas by combining with the hydrogen ions, and electrons furnished by the lead

anode. .
Q0+2H +2¢ = H,0

Fig. 49. Eectrochemical oxidation of teed particles during curing.
{Source: ILZRO Project LE 82-84 Final Report, Dec. 21, 1971, p. 3/5.)
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TABLE 37

PROPERTIES OF SULPHURIC ACID SOLUTIONS

Specific Gravity Temp. coef. cy’Sp. Gr.  Hy80, Baume  Twaddell
at16°C at25°C ot 157C (10 °) (wt%)  (vol%) deignees _d_egrees_
1,000 1.000 - 0.0 0.0 0.0 0
1.020 1.019 22 2.9 1.6 2.8 4
1.040 1.039 29 5.9 3.3 5.6 8
1.060 1.053 38 8.7 b0 8.2 12
1.080 1.078 43 11.5 6.7 10.7 16
1.100 1.097 48 14.3 8.5 13.2 a0
1.120 1.137 53 17.0 10.3 15.5 24
1.140 1.137 H8 19.8 12.1 17.8 28
1.160 1.156 63 221 13.9 20.0 32
1.180 1.176 63 2497 15.5 2321 36
1.200 1.196 68 27.2 L17.7 24.2 40
1.220 1.216 70 29.8 19.6 26.1 44
1.240 1.23% T2 az.c 21.6 28.1 48
1.260 1.255 73 34.4 23.6 29.9 52
1.280 1.275 74 36.8 25.6 31.7 56
1.300 1,295 75 39.1 27.6 335 &80
1.220 1.315 75 41.4 29.7 a5.2 64
1.340 1.3385 76 43.6 31.8 36.8 68
1.360 1.365 7T 45.8 33.9 35.4 T2
1.380 1.376 78 : 47.9 35.9 39.9 78
1.400 1.3906 79 50.0 35.0 41.4 BO
1.420 1.415 80 52.0 40.1 42.9 84
1.440 1.435 B1 54,0 42.2 44.3 88
1.460 1.455 53 ha.9 44.4 45.7 92
1.450 1.475 54 57.8 46.5 47.0 a8
1.500¢ 1.49% 8% 9.7 48.7 18.3 100
1.520 1.6156 87 61.5 50.8 419.6 104
1.540 1.535 88 63.3 53.0 50.8 108
1.5680 1.5h4 89 66.1 bH.2 bz 112
1.580 1.874 a1 66.5 57.4 53.2 116
1.600 1.594 92 G8.6 297 54.4 120
1.620 1.614 53 70.3 61.9 55.5 124
1.640 1.6834 06 72.0 64.2 b6.6 128
1.660 1.654 a6 73.7 66.5 57.7 132
1.680 1674 98 5.4 638 58.7 136
1.700 1.694 100 77.1 71.2 59.7 140
1.720 1.713 102 18.8 72.8 B80.7 144
1.740 1,733 103 BO.6 76.2 61.7 148
1.760 1.753 109 43.4 78.8 62.6 152
1.780 1.773 11¢ 84.4 817 €3.5 156
1.800 1,793 110 R6.7 348 64.4 160
1,820 1.813 108 89.8 88.9 65.3 164
1.840 1.834 103 94.8 94.4 — 168

The vaiues of temperalure coelficient sirietly apply Lo specific gravity referred to water
at 15 °C. However, for practical purposes, these may be used for 25 °C basis also. To
caleulate BG (8¢ ) for any letnperature L °C, the following equalioh may be used:

5p =518 + (15 — t)
where Sy iz the specific gravity at 15 “C, and & is the temperature coefficient in column
3 of this table.
(Source: G, W. Vinal, Storage Batteries, Wiley, New York, 1955, p. 123.)
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TABLE 38
RESISTIVITY OF SULPHURIC ACID 50LUTIONS

Temp. Resistivity (Ohm cm) For minimum resistivity
e 15% 25% 35% 45% (%) {(Ohm cm)
30 1.596 1.180 1.140 1.312 315 1.129
2B 1.689 1.261 1.231 1.422 3.1 1.213
20 1.800 1.357 1.334 1.549 30.8 1.310
10 2.090 1.606 1.602 1.585 29.8 1.562
0 2.510 1.9¢1 1,998 2.371 28.8 1.928
—1{ — 2.500 2,600 3.100 27.9 2.480
—20 — 3.350 3.570 4.310 26.9 3.340
—30 — — 5,290 6360 —- -
—40 — - 8.300 9.89¢ — -

(Source: G, W, Vinal, Storage Batteries, Wiley, New York, 1955, p. 111.)

TABLE 3¢
FREEZING POINTS OF SULFHURIC ACID SOLUTIONS

Sp. Gr. Freezing Point Sp. Gr. Freezing Point
at 15 °C (°C]) at 15°C )
1.00 0 1.450 —29
1.050 —3.3 1.500Q —29
1.100 —7.% 1.550 —38
1.150 —15 1.600 indeterminate
1.209 —27 1.650 indsterminate
1.250 —b2 1.700 - 14
1.300 ~-70 1.760 +0
1.350 —49 1,800 +6
1.400 —36 1.835 —34

{Source: G. W, Vinal, Storage Batteries, Wiley, New York, 1956, p. 110,)

TABLE 40
VAPOUR PRESSURE OF SULPHURIC ACID 50LUTIONS

Ep. Gr. Percentage Vapour pressure (mm of IHg)

ol 15°¢C of Hz504 0°C 15°C 25°C 35°C
1.0 0.0 46 12.8 23.8 42.2
1.1 14.3 4.2 12.0 21.8 39.0
1.2 a7.2 3.6 10.2 18.7 33.8
1.3 321 2.8 7.0 13.8 25.0
1.4 50.0 1.6 4.5 8.5 16.4
1.6 59.7 0.8 2.0 4.1 7.3
1.8 63.6 ¢.2 0.6 13 2.6
1.7 77.1 - 0.2 Q.4 0.8

(Source: G. W, Vinal, Storage Batteries, Wiley, New York, 1955, p. 113.}
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TABLE 41
VISCOSITY OF SULFHURIC ACID SOLUTIONS

Temp. Viscosity (Centipoise)

°C

cer 10% 20% 30% 40% 50%
30 C.976 1.225 1.596 2.16 3.07
2b 1.091 1.371 1.784 2,41 3,40
20 1.228 1.545 2.0086 2.70 3.79
10 1.595 2.010 2.600 3.48 4.86

0 2.160 2.710 3.520 470 6.52

—10 - 3.820 4,950 6.60 9.15

—20 — . — 7.490 9.89 13.60

—30 — — 12.200 16.00 21.70

—40 — — - 28 80 -

—h0 — - — £9.50 -

(Source: G. W. Vinal, Storage Batt_l;;i_es, Wiley, New York, 1955, p. 119.)

TABLE 42

ELECTROCHEMICAL FQUIVALENT OF SULPHURIC ACID SOLUTIONS

Sp. Gr.at 25°C Amp hrs*
1.05 22

1.10 44

1.15 67

1.20 a0

1.25 115

1.30 141

1.35 167

*Calculated per litre of acid, assumning that all the acid is wsed up in the battery reaction.

TABLE 43
CONVERSION OF DENSITIES TO SPECIFIC GRAVITIES*

Sp. Gr. Sp. Gr. Sp. Gr.
15°C 20°C 25°C
15°C 0°C 25°C
25°¢C
Density  4°0 +0.0011 +0.0019 +0.0020
Density 2203 +0.0010 +0.0013 +0.0028
Density Ijg +0.0009 +0.0017 +0.0027

*This table gives the multiplying factors {(MF) used to convert density (D) to specific
gravity (8G) and vice versa, employing the relationship 8G = D (1 + MF)

The numerator in the above expression for speeific gravity or density denotes the temper-
ature of Lhe solution and the denominatar the temperature of water.

(Source: G. W. Vinal, Storage Batteries, Wiley, New York, 1955, p. 121.)
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TABLE 44
SPECIFIC HEAT OF DILUTED SULPHURIC ACID

Sp. Gr., Dilution Specific Heat
bermole80g)  Ciloriesper  Wattminutesper
g o1 em® o1 g mv! em® mv1

1000 @ 1.000 1.000 1.327 1.327
1.100 32,53 0.870 0.957 1.155 1.271
1.200 15.19 0.787 0.945 1.047 1.266
1.283 10.00 0.707 0.907 0,934 1.204
1.325 847 0,664 0.880 0.879 1.165
1.350 7.53 1.8636 0.85% 0.544 1.140
1.400 6.34 0,585 0,819 0.7786 1.087
1.450 5.40 0.542 0.786 Q.720 1.044
1.500 4,61 0.607 0.761 0.673 1.010
1.650 3.92 0.479 (1.7438 0.637 0.987
1.650 2.98 0.435 0.718 0.578 0,954
1.750 2.23 0.381 (.684 0.519 0908
1.830 1.00 0.380 0.608 0.438 0.B07

{Source: ILZRO Project LE-82-84 Final Report, Dee. 31, 1371, p. 231, based on data
from A. M. Fairlie, Sulphuric Acid Manufacture, A.C.8. Menograph Nao. 69, 1936, pp. 308
and 602.)

TABLE 45

RANGE OF SPECIFIC GRAVITIES FOR DIFFERENT TYPES OF BATTERIES WHEN FULLY
CHARGED

Type of Battery Specifie Gravity

Temperate climate Tropical climate
Stationary batteries 1.200-1.2256 1.200-1.225
Heavy vehicle batteries 1.260-1.280 1.210-1.240
SLI batteries 1.260-1.280 1.210-1.240
Aircraft batteries 1.260-1.285 1.260-1.285

Car-lighting batteries 1.210-1.280 1.210-1.230
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TABLE 46

RELATIVE HEAT CONTENT AND HEAT OF DILUTION OF SULFHURIC ACID SOLUTIONS

Sp. Gr. Relative mola! heat content Heat of dilution
al 25°C at 25 °C (kg cal) at 25 °C (kg cal)
1.835 20.35 3.19

1.774 16.72 6.82

1.648 13.68 9.96

1.548 11.66 11.88

1.416 .45 14.08

1.262 7.30 16.24

1.150 £.23 17.31

1.066 5.78 17.76

1.034 5.62 17.92

1.017 5.41 18.13

1.008 5.02 18.62

1.002 4.04 19.50

1.001 2.90 20.64

1.0005 1.54 22.00

1.00¢ 0.00 23.54

The heat liberated when ordinary concentrated acid (2 .835 5G) is diluted can be caleu-
lated by subtracting the respective molal heat contents in column 3 from 20.35 keal.
(Source: Q. W. Vinal, Storage Batteries, Wiley, New Yurk, 1955, p. 107.)

TABLE 47

SPECIFIC GRAVITY OF SULPHURIC ACID AT DIFFERENT STATES OF CHARGE FOR BLI

BATTERIES

State aof charge for discharge

atl reserve capacity rale

Specific Gravity

in tropical climate

in tempercte climate

100%

75%

50%

25%
Discharged

1.225
1.185
1.150
1.1156
1.080

1.265
1.225
1.190
1.156
1120

(Source: Battery Service Manual, BCI 1972, p. 25.)
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TABLE 48
‘HIDDEN® WATER VOLUME [N SULPHURIC ACID

Electrolvie

3p. Gr. ‘Hidden ' water®
{{:rna 1"1]
1.600 92.2
1.500 90.6
1.473 B87.0
1.416 B1.1
1.400 79.2
1.336 70.9
1.326 69.4
1.283 63.6

*Hidden water ia the amount of water released when eoncentrated aeid is allowed to react
with the paste during mixing. This amount of water recovered from a given volume of

acid during mixing is higher for the more concentrated acid.
{Source: ILZRO Report LE-82-84, Dec. 31, 1971, pp. 2-36.)

TABLE 49
SALUBILITY OF LEAD SULPHATE IN SULPHURIC ACID 3OLUTIONS

Sp. Gr. Weight of PbSO, (mg1™1)

at 25°C at 35°C ot 0°C
1.102 6.28 2.63
1,240 5.18 2.21
1.179 3.76 1.76
1,218 2.76 1.27
1.260 2.02 0.84
1.303 1.52 0.53

[(Source: . W. Vinal, Storage Batteries, Wiley, New York, 1955, p. 183.)
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Fig. 52, Preparation of electrolyte of any

specific gravity from concentrated
phuric aeid.

{Source: G. W. Vinal, Storage Batteries,
WiHey, New York, 1955, p. 129.)
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TABLE 50

ELECTROMOTIVE FORCE AND TEMPERATURE COEFFICIENT OF THE LEAD BATTERY AS
A FUNCTION OF THE SPECIFIC GRAVITY OF THE ACID

Sp. Gr. EMF at 25 °C* Temp. coef **

at 25°C V) (mv°och)
1.020 1.855 —0.06
1.030 1.578 +0,02
1.040 1.893 +0.06
1.050 1.907 +0.10
1.100 1.961 +0.25
1.150 2.0086 +0.28
1.200 2.049 +0.26
1.250 2.095 +0.23
1.280 2.125 +0,20
1.300 24144 +0.17

The EMF {E;) of & lead battery at a temperature ¢ °C, and a given electroivte specific
gravity can be calculated from the relationship E; = Eag + &t — 25)/1000 where Egg, is
the EMF at 25 °C at the same electrolyte specific gravity and @ is the temperature coeffi-
cient in column 3.

*Mean of four directly measured values and three values ealeulated from electrode poten-
tial measurernents.
*¥Mean of three directly measured values and three values calculated from electrode
potential measurements.

(Source: G. W. Vinal, Storage Balteries, Wiley, New York, 1955, pp. 192, 194.}

TABLE 51

TIME IN HOURS TQ RECHARGE ANTIMONY-FREE STATIONARY LEAD BATTERIES™ AT
VARIOUS POTENTIALS

Constant  Charger 10% discharged 50% discharged 100% discharged
tenfial : i F T -

f{; ;:rm Ef;aﬁ Y % Ah returned % Ah returned % Ah returned

cell) Lo 100 110 q0 100} 11¢ 9n 160 IiQ

2.17 Q.15 C** 96 2Z1.7 1056 44 97 516 758 163 872
03 C 7.5 197 103 36 59 508 66 145 952
05 C 7.1 193 102 33 86 506 49 129 8948
1.0 C 6. 19.¢ 101 32 85 504 45 135 a49

2.22 0.16 C 5.9 8.0 16 249 44 231 5B 82 448
03 C 35 6.6 44 17 31 218 32 b6 432
0.5 C 2.7 5.8 43 13 27 214 24 47 413
1.0 C 2.3 5.3 43 13 29 212 18 42 408

2.33 016 C 58 6.5 15 29 33 72 OB 65 142
0.3 C 2.4 3.3 11.5 14 17 g 28 33 111
0.5 C 1.8 23 10.4 9.0 109 50 1B 22 g9
1.0 C 1.0 1.4 9.6 1.8 6.7 416 b8 13.6 91

*These cells are being uscd by Telecom Commissinn af Australia.
**C = Nominal ampere hour capacity at 10-hour rate.
(Source: Lead Batteries for Auxiliary Power Supply, ALDA, Bep. 1973, p. 26.)
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TABLE &2

RELATIVE CAPACITY OF LEAD ACID STORAGE BATTERIES AT VARIOUS RATES OF DIS-
CHARGF, AND TEMPERATURES

Temp. Relative capacity in percent for rates of diecharge and cut-off
*C} voltapes specified below*
Rate of discharge
{min): 600 300 180 120 60 40 g 20 10 5
Cut-off voltage
(V) 1797 175 173 1,71 164 160 154 1.46 1.26 093
27 120 100 88 78 656 58 LR 46 38 a0
10 95 78 68 60 49 44 40 35 28 23
1] 79 65 5¢ 60 41 37 33 29 23 18
—10 64 52 45 40 3z 28 26 22 17 13
—20¢ 50 40 34 30 24 21 18 16 11 i
—30 36 28 23 20 156 13 11 B8 4 —
—40 23 17 13 10 B 4 3 i - -
—50 11 A 2 a - —_ - - - -

*Percentages hased on the capacity at the 5-hour rate and 27 °C taken as 100%. These
data are based on observations made on a group of small cells with 9 plates and wood
separators. The table is intended to illustrate how one can calculate the constants n and ¢
in Peukerts’ equation which can then be used to compute either the time of discharge or
current. For example, the currents at the 1-hour and 10-hour rates respectively are 66 and
12 amperes as given in the table. Peukerts’ equation reads i"t = ¢, where | is the current
and f is the time of discharge, and n and ¢ are constants for a given cell or battery from
which il fpllows that

log t2/ty
n= — = 1.380
tog infi;
and ¢ = (65)]’36 = 291.4. Knowing n and e, the time of discharge or current can he calcu-

lated from Peaulkerts’ equation.
(Source: 3. W. Vinal, Storage Batleries, Wiley, New York, 1965, p. 217.)
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TABLE /3
MODIFIED CONSTANT-POTENTIAL CHARGING OF LEAD ACID EATTERIES*
Time Bus volts Resistance values  Ampere rates per Control adjustment
ilabl i il (oh 100G Ah
?s:‘rﬁch?:rge per ce per vell (ohm) Voltage Al meter
’ ) Normal Maximum Start of Resistor time relay % overcharge

hours chorge capacity

7.0 2.60 G016 0.027 27.5 32.5 2.5-3.0 10

7.5 2.61 0018  0.029 26.5 30.0 2.6-3.0 10

8.0 2.63 0022 0.031 22.5 26.0 2.6-3.0 10

8.5 2.66 0.026 0.035 20.0 23.0 2.0--2.56 10

a.0 2.67 0030 0.03% 18.5 21.0 20-25 10

9.5 2.69 0.034 0.043 17.0 19.5 2.0-25 10
10.0 272 0.040 0.049 15.6 17.5 2.0--2.5 10
12.0 2.84 0.064 0.073 12.0 13.5 2.0--2.5 10
14.0 3.00 0086 Q105 10.0 11.0 2.0-2.5 10
16.0 3.27 0.150 0.160 8.5 9.0 2.0-2.5 10

*Based on 100 ampere hour capacity at the 6-h rate; Specification of The Electric Indus-

trial Truek Association.

This tahle iz intended Lo illustrate how one ean caleulate the value of the modifying resis-
tance {parmal and maximum values) to be used. The modifying resistance per cell is mul-
tiplied by the number of cells in the baltery and this product is divided by the number of
hundreds of ampere hours of the battery-rated capacity. The required bus voltage is deter-
mined by multiplying the bus volts per cell by the number of cells in the battery.

{Source: 4. W. Vinal, Storage Batteries, Wiley, New York, 1955, p. 249.)

TABLE 54

GASSING OF LEAD—ANTIMONY BATTERIES

Cell valtage
(V)

2.2
2.3
2.4
2.5

Compaosition (vol. %)

Rﬂh‘f) Hszg

Hydrogen Oxygen

52 17 1.1
60 38 1.6
67 33

(Bource: G. W. Vinal, Storage Batteries, Wiley, New York, 1955, p. 262.)
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TABLE 55

AVERAGE WEIGHT LOSSES FOR BARE GRID AND PASTED GRID SAMPLES

Composition Weight [osses {mg cm72) al constani current in 56 days
(%) - ,
Bure grid samples Pasied grid samples

.14 mA em™*? 0.84dmAem? O.ldmAem ? 0.84 m4 em~*

Coarse Fine Coarse  Fine Coarse  Fine foarse Fine
grained grained  grained grained grained  grained grained gramed

Pb (pure) 6.3 4.6 24.1 19.5 3.9 3.0 127 5.9
Ph-0.46Ap 4.0 9.2 6.7 19.5 4.3 4.2 3.3 4.1
Ph 11.6%h 43.5 a7.8 78.3 73.9 416 271 86.6 87.7
Ph -68kL 24.8 28.9 69.7 o4.7 22.6 20.6 T01 57.0
Ph--0.09Ca 5.6 5.8 25.5 27.0 3.3 4.0 6.9 11.7
Quinary alloy* 17.5 256 38.4 11.3 12.1 18.4 12.9 26.2

The above samples were subjected fo anodic corrosion in sulphuric acid of 8G 1.25. The
srid pasting was done by hand with & paste containing 23.6% free lead and cured for 48
hours at 40 - 50 °C in saturated humidity. The pasted grids were dried for 1 - 2 days at
room temperature betore they were tested. The structural characteristics (coarse or [ine
grained ) were determined according to the following table:

Materia! Structural chaeracteristics

Parameter Coorse strucfure  Fine structure (mm)

selected {mm)
Ph (pure) (irain size

{mean dia.) 245 .44
Pb-0.467%Ag Grain size

{mean dia.) (.93 0.47
Pb-11.6%3hb Interlamellar

spacing 286 % 10°* 0.97x% 10°%
Ph—6%5k Bize of dendritic

cells 15.2% 1073 9.0x 1073
Pb-0.09%Ca Grain size

(mean dia.} 1.96 .38
Quinary alloy ¥ Size of dendritic

cells 12.5% 1072 7.8% 1073

*8n 0.5%, Ag 0.2% Sb 8%, As 0.24%.
(Source: ILZRO LE-130 Report No. 9, p. 25 - 26.)
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TABLE 56

AVERAGE WEIGIIT LOSSES AT CONSTANT CURRENT FOR GRID ALLOY SAMPLES

Composition Weight loss in 4 weeks at 84 mA em ™2
(%) (mg em™ %)

Ph--4.508h 590.16

Ph ©0.135n-4.305h 602.52

Ph-C.468n -4 _508h 710.88

Sulphuric acid of 8G 1.115 was used in the above experiments, The samples were cast in
the form of rods.
(Swurce: G. W, Mao ef of. | J. Insi, Metals, 97 (18969) 348.)

TABLE 57
WEIGHT LOSSES OF GRIN ALLOY SAMPLES AT CONSTANT VOLTAGF

Compaosition Weight loss in 4 weeksat 28V
(%) {mg cm ~2)

Ph-4.55h 135.4

Pb--0.07Ca 49.5

Ph-0.01Li 46.8

Ph--0.02L1 48.0

Pb -0.03Li 63.1

Pure Ph 61.1

Sulphuric acid of 8G 1.115 was used in the above experiments. The samples were cast in
the form of rads.
(Source: . W. Mao et al., 4. Rlectrochem. 8oc,, 117 (1270) 1325.)
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NEGATIVE PLATE POSITIVE PLATE
ELECTRCOLYTE
P ; -2 -2 -2 2
SRGE pes |==| po | + [0l | |amo | |sel) em == [pesoy
L 1
!
- - dd
2e S B e ] Pt +  [2e
ACTIVE
MATERIELS Pb | Pbog
2H50, 2 Hol:
Fig. 3. Reactions al the plates during discharge.
NESATIVE PLATE POS TIVE PLATE
ELECTROLYTE
ACTIVE P2z | -+ po? ZHz50x coH | - Pr™ = o + [Poog
MATERIALS
l 2z
-2 . -
SCy, + 44 + S0y ?
PRODUCTS OF
JISCHARGE Pb50% 4HRC PBS0,
{-2H20)

Fig. 54. Reactions at the plates during charge.

- E, GASING  HYSER
F L - / .
>13 ~Fo balz + 2H - 2¢ = 2H;0
%asz il izl + PRy = PEO; + 2H30 + 05
77 H202 / @FR; — Z[appo
HzC -l R . 3
128 -%Eié‘ /;r-s-r;;:r- g B Po0y+ 45 ~S04 +2¢ = PRS0 + 2430
66 BEDG: %Ipaot-? PCz | & F PbO2 STABLE ABCVE THIS
- P50, BB0,. % PhO \\ FOTENTIAL UMSTAB.E
e 03 / G BELOW THE POTENTIAL
- 20 / 03 +Be +8H = IHC
" A\\
b, ! T
/ POSITIVE TEST .. Bl + 2H = 2e = PBQY + Kyl
/% ENORE[’ECH\]?XJDE o FhG2 +4g +4H'= Pb + 2HoD
,Q?_f - W+ e +4H T ZTHC
HzG r// NG TEST FOR Lo
/// PERCHIDE t‘_H
l’///} ‘HzO- -
0-25 %Dl / 504 PhO. +2H +2¢ = B+ HyD
0.2¢ Mzé e PBgH)y + 28 +2H = Po + 2150
Ph / &5 & Phsag ) 2
H / 4 PBO.FESO4 + 2H +do 2 2P +Ha(+ 504
200 Hz / .
% : IH + 2¢ * Ha
-od0 ) PbSCy +H + 2 = Pb + HSO

Fig. 55, S{‘hemnt}c cross section of Ph/Ha80, interface during anodic ¢orrosion.

{Source: J. Burbank, J. Electrochem. Soc., 106 (1959) 369.}
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Fig. 56. Graphical illustration of the Ampere Hour Law. This graph illustrates how the
theoretical charging current should fall as the battery is progressively charged according
to the equation I = Ae * where I is the charging current and A is the number of ampere
hours previously discharged from the battery.

{Source: (. W. Vinal, Storage Batteries, Wiley, New York, 1855, p. 245.)
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Fig. 57. Typical final charging voltages at various rates and temperatures. The values on
the lines represent electrolyte temperalures in degrees Ceentigrade. The interval between
the curves is 12.5 mV/°C. These curves apply to a typical cell but illusirale ihe need to
compensate for the temperature variations if voltage relays are Lo be employed to termi-
nate the charging of a battery.

{Bource: . W. Vinal, Storage Batteries, Wiley, New York, 1955, p. 244.)
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values in the graph refer to voltage regulator levels to which the 12V battery was subjected.
(Source: V. M. Halsall, Proc. BCI Convention, 1974, p. 67.)
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Fig. 66. State of charge and ampere hours input during constant potential and constant
current charging of lead batteries.

Constant eurrent (CC) charging with 36 amps and constant potential (CP) charging at
2 25 V were done after 2 h of discharge at 30 amps. of a 300 Ah capacity battery. The
lowermost curves represent the ampere hours wasted in gassing.

(Source: J. L. Woodbridge, Rly. Elec. Engr., 9 (1918) 6.)
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(Source: G. W. Vinal, Storage Batteries, Wiley, New York, 19556, p. 254.)
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Fig. 68. Dependence of capacity on the thickness of the plates. The durations appearing
in the above praph refer to the rates of discharge. The above graph also reveals the great
differences in the discharge capacities of a typical 13-plate cell at high as well as low rales
for plates of the same thickness. {Impiicii in the above graph is Peukert's equation relating
the current to the time of discharge through the relationship it = C, where n and C are
constants for any cell or bailery, and I and ! are respectively the current and time of
discharge.

{Source: G, W. Vinal, Storage Batteries, Wiley, New York, 1955, p. 212.)




100 Tegting and charging

erergzer

Conventiong

BATTERY VOLTAGE (v}

| 1
50 75 100

STATE OF CHARGE (*)

Fig. 69. Charging voltage vs. state of charge of conventional and maintenance free batte-
ries {constant eurrent of 5 A at 26.7 "C).
{Source: J. W. Barrick, Proc. BCI Convention 1974, p. 78a.)
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Fig. 70. Charging current vs. state af charge of conventional anid maintenance free batte-
ries (constant current of 15 A at 26.7 °C).
(Source: J. W, Barrick, Proc. BCI Convention 1974, p. 78a.)
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performance of new, fully charged batteries with 6% antimony in the grids.
{Source: Storage Battery Mfg. Manual, IBMA 1973, p. 35.}
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TABLE 59
PROPERTIFES OOF SFPARATORS
Celluiose PVC Rubber Microporous Nonwouven
polyethylene polypropylene
Standard Thin
Pore size
(Hm): 25 20 1 0.03 12
Purity: fair good good good excellent
Corrosion
resistance; fair excellent excellent excellent good
Mechanical
strength: fair good fair excellent good
Backweb
thickness
(Mils): 20 14-20 20 18--20 10-12 20
Porosity
(%): 60 45 60 60 60 60
Electrical
resistance
(mohm em %) 8.72 3.25 272 3.72 1.86  2.79
Cold start
vaoltage {5 s,
250 A,
—18°C(0°F)) 7.7 7.8 7.9 v 3.3 8.0
Flexibility: brittle shightly brittle excellent excellent
brittle
Sealing: no excellent nao excellent

good

(Source: M. [ Palmer, BCI Convention, April 1975, p. 108.)
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TABLE 61
PROPERTIES OF NATURAL ANL 3YNTHETIC RUBBERS

Properiy Noturol Styrene— Butadiene-Acrylonitrile Copolymer
rubber butadiene  (acrylonitrile content)
copolYmer | Medium High
i Density: 0.92 0.94 0.96 0.98 1.0
¢ Specific heat (cal gﬂrl): 0.452 0.454 — - —
3 Tensile strength
(kg em™2): 274 a11 211 246 281
4 Elongation {(%); 780 650 400 450 400
5 Stress 300%(kgcm72): 98 84 105 105 1656
6 Brittie point {"C): —56 G0 —d0 --30 —1
T Insulation resistance
(ohm-em): 107 1018 1010 101 10
8 Resilience (%): 99 75 — 74 63
9 Creep, 70 °C: 26 14.6 — 17 —
10 Relative permeability
to hydrogen: 50 — - 20 -

(Source: Lange’s Handbook of Chemistry, MeGraw-Hiil, New York, 11th edn., 1973,
p. 7/453.)

TABLE 62
ELECTRODE POTENTIALS OF REFERENCE HALF CELLS AT 25 ¢

Half ceil Potential (V) vs. NHE
Hg/HgsCly, KCI (Sat) 0.2412
Hg/HgoCly, KCI (1 N} 0.2801
Hy/HgoCly, KC1 (0.1 N} 0.3337
Ag/AgCi, KCl 0.2220
Hg/Hg,80,, 80, % 0.6150
Pb/PbS0,4, 80,2 -0.3563

Pt, PhO4/Ph80,, S0, = 1.6849

{Saurce: . 1. G, Tves and G J. Janz, Heferenee Electrodes, Academic Press, New York,
1961)
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TABLE 63
STANRARD REDICTICN POTENTIALS OF SELECTEDR SYSTEMS AT 25°C

Electrode Reaction E°(V)
Ag' +e = Ag +0,7991
Au® +8e7 = Ay +1.50
Bry + 2¢” = 2Br~ +1.0652
Cly + 227 = 2017 +1.3696
Cd'2 +2¢”=0d —0.403
Co*? +2¢” =Co —0.2717
ar'®ie =0t —0.41
Cr'd +8e =0 —0.74
Cu'+e =Cu +0.521
Cu?+e =cu’ +0,153
Cu'? + 27 =Cu +0.337
Fe'? + 2¢” = Fe —0.440
Fe'? +¢~ = Fe'? +0,771
2H + 2" =Hy 0
Hes’ + % = 2Hg +0.789
9Hg'? + 2¢ = Hp, *? +0.920
Ip + 2 =21 +0.5355
Mn™? + 2~ = Mn -1.18
Mn? +e” = Mn™? +1.51
Ni'2 + 2~ = Ni —0.250
0, + 2H' + 2¢7 2 Ha0y +0.682
0y + 4H' + 4~ = 2Hp0y +1.229
Ph'Z + 2 =Ph —(.126
PhOy + 4H + 2¢ = Pb"? + 2H,0 +1.155
Pb0Dy + 80, 2 + 41" + Ze ™ = PbBO, + 2H,0 +1.685
PbS0, 4 2~ =Ph + 80, 2 —0.356

(Source: W. Latimer, The Oxidation States of the Elements and their Potentials in Aque
ous Solutions, Prentice Hall, London, 2nd edn., 1952.)
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TABLE 64
THERMAL E.M.F. FOR CHROMEL P-ALUMEL THERMOCQUPLE
(EMF values in mV}
Temp. (°C) 0 10 20 30 40 a0 &0 70 850 90

0 o.o0 040 G.80 .20 181 202 2.43 2.856 3.26 3.68
100 4.10 451 492 533 373 6€.13 6.3 693 733 7.73
200 8.13 854 H.94 9.3¢ 975 10.16 10,57 10,98 11,39 11.80
300 12.21 12.63 13.04 1346 13.88 14.280 14,71 1513 15.65 1588
400 1640 16.82 17.24 17.67 1509 18561 1894 19.36 19.79% 20.22
500 20,65 21.07 21.50 21.92 2235 22.78 23.20 23.63 24.06 24,49
600 2401 2534 2576 26.19 26.61 27.03 27.45 237.87 2829 28,72
100 29.14 2956 29.97 30.39 30.81 31.23 31.65 32.06 3248 32,89
{Scurce: Handbook of Chemistry and Physics, Chemical Rubker Co,, 55th edn., 19758,
p. E-108.]
TABLE 85
SIEVE DATA

(Based on ASTM E 1161, Adopted 1361)

Sieve design Wire Sieve desigm Wire
Standard Alternate diameter Standard Alternate diemeter
(mm) (No.) ({mm) {ram} {No.) {mm)
26.9 1.06 in. 3.90 Q.707* 25 0.45
22.6% 7/8 in, 3.60 0.695 30 0.39
16.0* 3/8 in, 3.00 0.500+ 35 0.34
11.2% 716 in. 2.45 0,420 40 0.29
B.0* /16 in. 2.07 0.354% 45 0.247
6,73 0.265 in. 1.87 0.297 GO 0.215
5.66% 3 1.68 0.250% 60 0.180
4.76 4 1.64 0.210 70 0.162
4.00* 5} 1.37 0.177* 80 0.131
3.36 é 1.23 0.149 100 0.110
2.83%* i 1.10 0.125% 120 0.091
2.38 8 1.00 0,105 140 0.078
2.00% 10 0.90 0.083* 170 0.064
1.68 12 0.81 0.074 200 ¢.053
1.41%* 14 072 0.,083%* 230 0.044
1.19 16 .65 0.053 271 0.037
1.00% 18 0.58 0.044 326 0.030
0.841 20 .51 0.038 400 0.026

*Thege sieves earrespand to those proposed as an International {I80) Standard.
(Source: Lange’s Handbook of Chemistry and Physies, McGraw-Hill, New York, 1956,

p. 931}
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TABLE 66
RESISTIVITY ANU TEMPERATURE COEFFICIENT OF RESISTIVITY OF SOME ELEMENTS

Element Temperature Registivity Temperature coefficient
istiLif °C,
e (uohm-cm) af registivity (per "C)
Aluminium 20 2.6548 0.00429
Carbon {graphite) 0 1373.0 —0.00028
Copperx 20 1.6730 .0068

Nichrome 20 110.0 Q.0004--0.00003

{Source: Handhook of Chemistry and Physies, Chernical Rubber Co., 1853, p. 169 and
International Critical Tables, McGraw-Hill, New York, Vol. 6, p. 159.)

TABLE 67

VARIATION OF TEMPERATURE, PRESSURE AND DENSITY OF THE ATMOQSPHERE WITH
ALTITUDE

Elevation Summer Winter
(fem) Temp. Pressure Dengsity, dry gir Temp. Pressure Density, dry air
(*C)  (mmofHg) (gem %) {°C)  (mmof Hg) (gem™?)
20.0 - 51,0 44.1 0.000092 —57.0 39.5 0.000085
19.0 —51.0 61.5 3.000108 —57.0 46.3 0.000100
18.0 —51.0 60.0 0.000126 —57.0 54.2 0.000117
17.0 —51.0 T0.0 0.000148 --RT7.0 63.5 0.000137
16.0 —51.0 81.7 0000171 --57.0 74.0 0.000160
15.0 —51.0 95.3 0.000199 —57.0 B7.1 0.200187
14.0 -=51.0 111.1 0.000232 —57.0 102.1 0.000220
13.0 —=51.0 129.8 0.000270 —57.0 11956 0.000257
12.0 —51.0 151.2 0.000318 —57.0 140.0 0.000301
11.0 —18.5 176.2 0.000366 —57.00 164.0 (0.000353
10.0 —45.5 205.1 0.000419 —5H4.6 1020 0.000408
9.0 —3%7.8 237.8 0.000470 —49.5 2241 0.000466
8.0 297 274.3 0.000524 —43.0 2608 0.000526
7.0 —22.1 3149 0.000583 —36.4 3016 0.0:00590
6.0 —156.1 360.2 0.00064%9 —28.1 3475 0.000659
R0 —8.2 410.6 0.000722 —21.2 3&98.7 00007585
4.0 —3.0 466.6 0.000803 —150 4558 0.000621
3.0 +2.4 b528.9 0.000392 —9.8 B519.7 0.0009156
2.5 +5.0 HhE25 0.000942 --6.7 bb4.3 0.000967
2.0 +7.5 5%8.0 0000990 —4.7 KAOR 0.001023
1.5 +10.0 635.4 0.001043 —3.0 6296 0.001083
1.0 +12.0 B74.8 0.601100 -1.3 670.6 0.0011468
0.5 +14.5 7T16.3 0.001157 0.0 71i4.0 0.001215
0.0 +15.7 760.0 0.001223 +0.7  760.0 0.001290

(8ource: Handbook of Chemistry and Physics, Chemical Rubber Co., 1953, p, 3087}
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TABLE 68
VAPOUR PRESSURE OF WATER AT DIFTFERENT TEMPERATURES

Temp. Vapour pressure Temp. Vapour pressure
¢ (mm Hg) e (ram Hg}
0 4.579 55 118,04
3 6.543 60 149.38

10 9.209 BS 187.54
15 12.788 70 233.70
20 17.635 75 289.10
25 23.756 80 358.10
30 31.824 B35 433.60
35 42.175 a0 525.76
40 56.324 95 633.90
45 71.88 100 760.00

30 92.561 - -

(Souree; Handbook of Chemistry and Physics, Chemical Rubber Co., 1975, p. D-159.)
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Ampere hour capacity

t
= f idt, wherei is the instantaneous current and ¢ is the time of discharge.
0

Ampere hour efficiency

ld
fqd,
_ Ampere hours output o

N Ampere hours input te
[ iy
0
where g and i, are discharging and charging currents respectively, and t4 and
t. are discharging and charging periods respectively.

Ampere hour for forming

T X;A;/e where X is the fraction by weight of active material, j and A; is
the theoretical ampere hours required for its oxidation or reduction, and e
is the forming efficiency.

Charging current
{Er, — Eg){r, where E, and £y are the line and battery voltages respec-
tively, and r is the internal resistance of the cell.

Coefficient of charge
1/Ampere hour efficiency.
Coefficient of use of active material
Actual capacity obtained
Theoretical capacity based on complete utilisation of active material

Current through an extemnal resistance
NN E
N,R + N;r

where N, and N, represent the number of cells in series and paralle! respec-
tively, E the em.f. of the cell, R the external resistance, and r the internal
resistance of the cell.

Degree Baume

145
specific gravity

145 —
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Degree T'waddeil
= 200 (specific gravity — 1)

Discharge rate

Ampere hour capacity

Discharge current

Diffusion rate
DA (Co - Ci)
- L

where D is the diffusion coefficient, A the area of cross section, Cy and C;
are concentrations of electrolyte outside and within the pores respectively,
and L is the distance through which the acid diffuses.

Energy Density
_ Watt hours
Weight of the battery

Gassing rate of maintenance-free battery

iX 104

£ v
where g is the volume in em?® of gas evolved per min per cm? of electrolyte
above the plates during charging, { it the charging current in amperes during
overcharge, and v the volume in cm® of electrolyte above the plates. This
equation applies Lo a current acceptance test on a 12 V battery performed at
a constant voltage of 14.1 V and 51.7 °C. The current (i) is measured after it
reaches equilibrium. (S8ource: R. L. Bennet, Proc. B.C.L. Conv., 1974, p. 62.)

Faraday Constant
= 96487 coulomb = 26.8 ampere hour.

Ficks' Laws

dec
l. Flux =D —
ox

where D is the diffusion coefficient, ¢ is concentration, and x is the distance
travelled.
ac a%c
2, —=D——5
At ax

where t is the time.
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Gibbs—Helinholiz equation:

IAG
AG = AH + T(—u-]
aT

‘P
where AG is the free energy change and AH is the enthalpy change for the
reaction, T is the absolute temperature and p is the pressure.
Impedance
_ Amplitude of voliage

~ Amplitude of current

Internal resistance of the battery
_E—E

i

where E is the open circuit voltage, £ is the voltage during discharge and { is
the current during discharge of the battery. (Also = R /n, where B, is the
resistance between a pair of plates in the charged condition and » is the
number of plate pairs.)

Mean pore radius of the separator
(SKL‘! 172
RS )

where K is the permeability constant, L is the true length of the pores, d is
the thickness of the separator and E is the porosity of the separator.

Nernst equation

- 0.059 , ac,™>
P =F o

O n g azn+2
where K and E, are EMF and standard EMF of the cell, n is the number of
electrons transferred, and a’s are the respective activities at 25 °C,

for Zn + Cu*® == Zn*% + Cy,

Ohm’s law

£=_

R

where { is the current, E is the voltage and R is the resistance.

Oxygen requirement for curing
= 0.06915 X weight in grams of lead in the paste.
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Peukerts’ equation
C = i"t, where n and C are constants characteristic of the battery, useful
in determining the duration of discharge (¢) or current (i),

Permeability constant of separator

where Q is the flow rate (cm?® sec™?), d is the thickness of the separator, i the
viscosity of air, A is the area of the separator and AP is the pressure required

(dynes cm ™ ?),

pH
= — log (activity of hydrogen ions)
Porosity of the plates

Apparent density
True density

=1

Pore diameter

—4g cos §
P

where ¢ is the surface iension of liguid, # is the wetting angle and [ is the
pressure of mercury as determined by Winslow and Shapiro’s method.

Power loss
= R where i is the discharge current and R is the resistance of the
eireuit.

Reststance for boosting
Er, — 25N
Biy
where Ep is the line voltage, N is the number of cells and {, is the normal
rate of charging.

Resistance for constant current charging

where £, is the line voltage and E, is the voltage of the battery at the start of
charge, N is the number of cells and i, is the charging current. (Minimum
resistance = (E|, — E.N)/i, where E, is the voltage at the end of charge.)
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Resistance of conductors in series
= R]_ + R2 + .
Resistance of conductors in parallel
_ 1
(L/Ry+ (/R + ......

Short circuit current of the hattery
cell voltage X number of cells

" internal resistance of the battery + line resistance

Specific conductivity

11

Ra

where R is the resistance, ! is the length of the conductor and a is its area of
cross section. '

Specific resistance
1

specific conductivity

Specific surface area of the separator
= 14/p(E%/(1 — E)®K)"', where p is the true density, E is the porgsity
and K is the permeabhility constant of the separatar. '

Tafel equation
n = a + b log i, where 7 is the overpotential, { is the current and 2 and &
are constants characteristic of the electrode reaction defined by
tRT +RT
d .

— an
e fig ank

where o is the transfer coefficient and i, i3 the exchange current density of
the electrode reaction involving transfer of » electrons. (Cathodic current is
taken as positive and anodic current as negative.)

Temperature coefficient of EMF
_ (E+ AH/nF)
T

where E is the EMF of the cell, AH is the enthalpy of the elecirode reaction,
n is the number of electrons fransferred and T is the temperature in degrees
absolute.

Test current
B Ampere hour capacity

Time rating
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|Zi |Ciﬂj_
2 1Z,|Cu;

where Z; and C; and u; are the valency, concentration and mobility of the ith
tom respectively.

Transport number -

Volt efficiency

Average voltage on discharge

Average voltage on charge

Voltage during discharge
= E -~ ir, where E is the open circuit voltage, i is the discharge ecurrent
and r is the intemal resistance of the battery.

Water loss of maintenance free-battery

= 0.0066 if(ml}, where { is the overcharge cutrent in amperes and ¢t is the
time in minutes, at standard temperature and pressure.
Watt hour capacily

]
= [ iEd,
0

where [ and X are the instantanecus curreni and voltage al time §.

Watt hour efficiency

_ Watt hours obtained during discharge

Watt hours put in during charge
Average voltage during discharge

= Ampere hour efficiency % -
Average voltage during charge

Weight of acid decomposed (or formed) during discharge (or charge) of a
battery:

= 3.66 g X number of ampere hours discharged (or charged).

Weight of water formed (or decomposed) during discharge {or charge) of a
battery:
= (0.672 g X number of ampere hours discharged (or charged).

Net change in weight of electrolyte during discharge {or charge) of a battery:
= 2.987 g X number of ampere hours discharged (or charged),
Weight loss = KW
A

where W; and W,; are final and initial weights of the specimen af area A,
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