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Abstract

A new technology for grid production by electroforming is found to improve grid properties and thus, to increase cycle-life, save costs, and
increase the ecological efficiency of lead—acid batteries beyond the corresponding features of competing designs. The particular aspects
the superior corrosion behaviour of the new grids are addressed with respect to the effects of chemical and anodic processes, microstructu
corrosion-induced creep and grid growth, and adherence of the positive active-mass. Along with each of these factors of influence, the prospec
for improving battery behaviour and lowering cost is also discussed. The properties achievable by using electroformed grids are presented |
terms of experimental results from a comparison with the properties of conventional grids, and by modelling and simulation.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction This study examines the factors that influence grid cor-
rosion, namely, chemical and anodic processes, effects of

The major aim of any development of new grid materials microstructure, creep and grid growth, and adherence and

and grid structures for lead—acid batteries is to control the contact resistance of the positive active-mass. The prospects

corrosion behaviour in order to enhance the performancefor lower battery costs through the use of electroformed grids

and reduce the cost of the batteries. Grid corrosion is ais also discussed.

key determinant of the functional properties and life of

lead—acid batteries. Two effects dominate: (i) dissolution

and disintegration of the grids through corrosive attack; 2. Features and effects of grid corrosion

(i) corrosion-induced grid growth. Furthermore, the mode

of grid corrosion and the properties of the oxides formed  The corrosion of grid materials in lead—acid batteries leads

influence the interfacial resistance and the adherence oftg various effects that determine the functional properties, life
the positive active-mass. Therefore, the development of gnd cost of the batteries. For example:

new grids aims at improvements through a melioration of
corrosion-related effects. In the development of electro- - General corrosive dissolutigmmass loss and associated

formed grid41-3], we have studied their corrosion behaviour  reduction in the cross-section of the grid structure (wires,
in comparison with that of conventional grids in order to  spines) determine:

elucidate any qualitative and quantitative improvements. e the duration of battery life;
o the magnitude of plate resistance and ensuing battery
* Corresponding author. Tel.: +49 351 4659 400; fax: +49 351 4659 477. power;

E-mail addresswarlimont@dsl-dresden.de (H. Warlimont). e the gassing and ensuing water loss of the battery.
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- Localised dissolutiorby preferential attack along grain

487

geometry of the active mass must be taken into account. In

boundaries, as well as along other boundaries such as thosgeneral, the active mass decreases the rate of corrosion, but

of precipitates, inclusions and weld interfaces, determines:

o the duration of battery life as dependent on grid disinte-
gration;

in detail the rate is time-dependent as corrosion procgds
This brief discussion shows that most results obtained
from investigations of the rates of corrosion of different grids

o the magnitude of plate resistance and ensuing batterycannot be compared quantitatively to a reasonably high de-

power.
- Oxide formatiordetermines:
o the corrosion-induced grid growth due to the volume dif-

gree of accuracy because they depend not only on the differ-
ences in experimental conditions, but also on the differences
in specimen design and dimensions. For grid specimens of

ference between metal and oxide and build-up of stressesidentical design and size, only an ‘effective’ rate of corro-
and strains, which result in shedding of the active mass sion can be obtained by measuring the mass losg ef.

and, there by, premature capacity loss;

This procedure can, however, serve to compare different grid

o the contact resistance between the grid and the activematerials to assess the effects of differences in chemical com-

mass and its effect on battery power.
The mechanism and rate of corrosion are influenced by:

- the composition, microstructure and properties of the grid
material;

position and microstructure.
3.2. Corrosion data

Numerous studies of the corrosion of planar samples have

- the corrosion conditions, as dictated by the type of battery been performed to quantify the basic chemical corrosion be-

operation;
- grid, plate and battery design.

haviour of lead and lead alloys, particularly in sulfuric acid
[6]. For chemical corrosion, Hofmariid] has summarized

that at 20°C in a 70% aqueous solution 0bB0Oy, the rate of

This list of causes and effects shows that the development.qrrosion ¢) varies from 0.7 to 2.9 mg cn? (10 d)~* when
of new grids is a task of simultaneous engineering. This has going from high purity Pb to Pb—0.1wt.% Cd in a series of
essentially been achieved through the development of elec-3phqut 40 different grades of Pb and dilute Pb alloys. This is
troformed grids that have superior corrosion properties com- equivalent to a reduction in thickness from 0.6 to 206 in
pared with present-day grids, as well as high economic and 10 days! Chemical corrosion of Pb—Sn alloys as a function
ecological efficiency4]. of Sn content and acid concentration in boilingS®, [6]
has been shown to exhibit a maximum at about 0.3 wt.% Sn.
At higher Sn contents, the rate of corrosion decreases with
increasing Sn content. Copper in excess of 0.01wt.% dras-
tically decreases the rate of chemical corrosion of lead in
boiling HoSOy (70% aqueous solution) from about 250
(10d)y ! to ~110pum (10d) 1 [8].

Systematic measurements of anodic corrosion are of par-
ticular relevance for the development of improved grid ma-
terials if they show quantitavely the effects of Ca and Sn
on the effective rate of corrosion of plate specimens of
Pb—Ca—-Sn. The results showrfig. 1 [9] were obtained by
whereAmy is the mass of metal or alloy dissolved during the galvanostatic polarization at 2 and at a current density
test timeAt andA is the area exposed to corrosion. In chem- j=0.84 mAcnt2. The data shown iffig. 22 were obtained
ical corrosion, it is assumed that the temperaflignd the at 50°C and atj=8.6 mAcnt2. The data inFigs. 1 and 2
areaA are constant. In electrochemical corrosion, the applied indicate quantitatively that Ca increases, and Sn decreases,
potentialE (in potentiostatic testing) or the current dengity  the rate of corrosion under both test conditions significantly.
(in galvanostatic or constant-current testing) is also assumedlt is interesting to note that the effect of Sn concentration
to remain constant. Obviously then, the simple relatibn on the rate of corrosion decreases with decreasing Ca con-
does not hold for all grid corrosion tests, since the geometry tent. Other systematic corrosion measurements on Pb—Ca-Sn
changes with time such thAtandj become time-dependent.  grids with varying Ca and Sn contents at ) and 50°C
Furthermore, no rate-determining effect by oxide formation [10] have led to corresponding results. Silver additions in the
is included in relatior(1). Semiconducting oxide is formed range of 0.02-0.07 wt.% Ag decrease the rate of corrosion,
and this may determine the rate of corrosion increasingly asbut increase the oxygen evolutifil].
its formation proceeds to the extent that the mechanism and
kinetics of oxide formation dominate the reaction kinetics ———— .

. . . . Wherever it appears reasonable, we have recalculated and normalized
more than the chemlcal or _ano_dlc proce_ss of g”d corrosion. various data from the literature to a corrosion time of 10 days, i.e., (10 d)
If the rate of corrosion of grids is determined from measure- i order to facilitate comparisons.
ments of the mass loss of pasted grids, the properties and the 2 Data provided by a major battery manufacturer.

3. Chemical and anodic corrosion
3.1. Corrosion testing

The rate of corrosion is generally defined by the rate of
mass loss per unit area of a planar interface, i.e.,

Amm weightloss
AtA  time x specimen surface

dmpm

drA

@

VLE,j =
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20.0 sets in when the oxide layer begins to form cracks and
E@ disintegrates due to the stresses built up after a critical thick-
15.0 ——— = ness has been attained. At this stage, the rates of oxide for-
V}’Oﬂght /___________ 0.25 mation and oxide disintegration reach a steady state. The rate
mgcm2  10.0 g,;—-é‘————j—fﬂf—-—fg of corrosion of grids covered with active mass is decreased
(10 days)! —— by at least a factor of two compared with that of bare grids. It
5.0 is also observed that this ‘protection factor’ depends not only
on the composition and thickness of the active mass, but also
0.0 on the rate of corrosion of the alloy.
0 0.05 0.1 0.15
Ca content, wt % 3.3. Anodic corrosion of electroformed grids

Fig. 1. Weight loss by corrosion of Pb—Ca—Sn alloys at room temperature ; ; ;

(“322"0) C?lst plate s)iamples test parameter€.84 m?;\ cnT?,t=45 da@s Pre\”ous studies have ShOW!’] that pure b!r}ary Pb-Sn a”oys
H,S04 = 1.25 g cm3. Data of[9], converted to weight loss in 10 days, re- prowde the most stab'le chemical comppsmon under con_dl—
plotted, and extrapolated to 0wt.% Ca. tions of battery operation. Therefore, a binary Pb—Sn coating

is used as the major coating layer of electroformed grids.
The designatiorj;, the initial current density, should be  The results at elevated temperature, showfign 2, are par-
used for all ‘galvanostatic’ tests of grids in order to recog- ticularly relevant for this choice because testing at higher
nize that these grid tests are not galvanostatic at all. Thetemperatures is in accordance with the temperature regimes
current density j() relates only to the initial grid surface. that are characteristic of modern cars. Taken at face value,
In actual tests, the current is kept constant. Since the corro-the data show that the amount of corrosion is reduced by
sive dissolution of the grid leads to a continuous decrease ofabout 30% in going from about 0.07 wt.% Ca, which is rep-
the grid surface, the current density increases continuously'esentative for present grid alloys, to Owt.% Ca. This can be
during the test and the results become dependent on the initranslated into either keeping the same grid thickness and in-
tial cross-section and shape of the grid wires. In this paper, creasing the battery life by approximately 30%, or decreasing
the designatiof is used deliberately for all ‘galvanostatic’ ~ the grid thickness by 30% — and saving the Pb cost accord-
tests. A simple geometric consideration shows, for example ingly — while keeping the average battery life the same as
that removal of a 85sm layer by corrosion leads to a 20% before.
increase in current density if the initial wire cross-section ~ Since present Pb—Ca-Sn based grid materials contain Ca,
is 1mmx 2mm, and to a 40% increase in current density Al, and Ag as alloying additions to provide hardenability and
if it is 0.6 mmx 1.2 mm. This means that a ‘galvanostatic’ increase corrosion resistance, these alloy components add
grid corrosion test is invariably a self-accelerating test and Significantly to the material cost through the alloy premium.
is dependent on the individual grid geometry. Thus, test re- All three components are unnecessary in the electroformed
sults obtained from grids under nominally identical constant 9rids. Thus, the alloy premium for electroformed grids is
current conditions are not comparable. significantly lower; this lowers their raw material cost still
The rate of grid corrosion is decreased in the presencefurther.

of positive active-magd 2,13] Detailed measurements have
shown[13] that the rate of corrosion of bare grids decreases
with time of exposure due to oxide formation, and then re- 4. Effects of microstructure on corrosive attack

mains constant. A linear dependence of corrosion on time . _ _
4.1. Comparison of different grid structures

8 Sn content, wt % | [, o A decisive difference in corrosive attack arises from the

L 1.0 differences in grid microstructure that arise from the use of

Weight 80 /// la varions production processes. The primary factors of influ-
rT:O%Srhz &0 — ence are: grain size, grain shape, and orientation of grain
(10days)" ,, = | boundaries with respect to the corroding interface. Since
grain boundaries are lattice defects of higher energy than

20 the grains themselves, they will invariably be local paths of
0 higher rates of attack. Their energy depends strongly on the

000 002 004 006 008 010 012 crystallographic type of each individual boundary inthe sense

Ca content, wt % that the higher is the structural disorder, the higher is the en-

. . _ ergy and, vice versa, and the rate of corrosive attack varies ac-
Fig. 2. Weightloss by corrosion of Pb—Ca-Sn alloys atG0Cast plate sam-

ples test parameteis: 8.6 mA o2, t= 14 daysp (H,SQs) = 1.28 g cm 3. cordingly[14]. The instability to corrosion may be increased

Original data converted to weight loss in 10 days, re-plotted, and extrapolated _by grain b.oundary S_egreg.ati_on if the Segr@jg_ated component
to Owt.% Ca. is enhancing corrosion. Similarly, the precipitates that form
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cast grid: punched grid: electroformed grid:
deep grain irregular grain layer-wise
boundary dissolution dissolution uniform dissolution

Fig. 3. Microstructures of grids produced by different manufacturing processes and subjected to a bare-grid corrosion°@satgi 76 mAcni 2, D
(H2SOy)=1.28gcnrs.

along the grain boundaries increase the local rate of attack ifbattery test standard. It was found that the grids, which had

they contain components prone to corrosion. The reverse islost about half of their thickness, were still fully ductile, i.e.,

true, if segregated atoms or precipitated phases increase théhey did not show any wire breaks. In plate form, electro-

stability against corrosion. formed grids have also passed the SAE-J240 test that applies
The characteristic and decisive differences in corrosion 1500 cycles at 75C.

behaviour between the grids made by the major processes of

present grid production are illustrated by the micrographs in

Fig. 3. All specimens were subjected to bare-grid corrosion

tests under identical conditions, namely:°T5 6 mA cnT 2,

10 daysD (H2SQy) = 1.28 g cnv3. Itis immediately obvious

that the cast grids are most prone to grain-boundary attack.

The depth of penetration along the grain boundaries essen-

tially determines the mechanical instability of the grid and

leads to catastrophic failure by early wire breakfgjeeven

if the general weight loss is low. Grain-boundary attack is re-

duced in Ag-alloyed cast grids but at the expense of a higher

alloy premium.

4.2. Mode of attack of electroformed grids

The layer-like deposition of the grid structure in the coat-
ing stage of the dispersion strengthened lead (DSL) elec-
troforming process yields a variation in Sn content between
adjacent layers. Typically, this variation may be of the order
of +£0.2wt.% Sn. This leads to a layer-wise, almost uniform,
dissolution of the grid material as showrHig. 4. Due to this
uniform dissolution layer by layer, the corrosion attack along
grain boundaries is limited to the actual corroding layer and
is impeded at each Sn-rich layer so that deep crevice forma-
tion is inhibited. No exfoiliation occurs with electroformed
grids because the grain boundaries are normal to the free sur
face and the layer interfaces of varying Sn concentration do
not interrupt the coherency of the crystal lattice, i.e., they are
not grain boundaries. The integrity of electroformed grids
is maintained for much longer than for grids made by con-
ventional processes, in particular book-mould casting, which
lead to microstructures that are prone to deep grain-boundary 500 pm
corrosion. The electroformed grids remain ductile practically _ ) ) ) )

. . . . . Fig. 4. Cross-section of a wire of a DSL grid before and after corrosion
until th_e end of battery life. The technical result Of_ this umqu_e testing. Layer-like, uniform corrosive dissolution. Top: cross-section of grid
behaviour was borne out upon tear-down analysis of batteriesas formed: centre: after corrosion, unetched, showing oxide layer; bottom:
subjected to the corrosion test according to the VW 750 73 after corrosion, etched, oxide layer removed.
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5. Grid growth exposure. The results correspond essentially to those quoted
above.
5.1. Driving forces and modes of growth
The grid growth of bare grids is caused by the oxidation 5-2. Growth of electroformed grids
process because the specific volume of the ofidebO
is 22% higher than that of the Pb from which it is formed

[15]. !During plate forma}tion and battery Cha,rging' the vol- Pb-Sn only, the growth is comparatively high and is accel-
ume increase of the oxide formed on the grid wires causesg 10 with time of exposure. If the grid core is dispersion

a tensile forci. Tfhehresigaancl:le to.this for:ce ifo giyen by the hardened, however, the grid growth is decreased significantly.
creep strength of the grid alloy times the eflective €ross- 1, composite structure of the DSL grids permits control of

_sgction Qf the grid wires. Dur_ing battery operation, the pos- the rate of growth by adjusting the strength and the fractional
itive active-mass adds to this effect. WhitePbQ, has a cross-section of the grid core

specific volume Off)l-los chy~*, PbSQ has a specific vol- Numerous parameters are influential in grid growth and
ume of 0.159 crg™*. Even tho‘ﬂgh the pos.,|t|ve'act|ve mass  tpe geometric variability of grid structures does not permit
IS porous, part c_’f th_e volume dlffer_ence will _bu'ld up tensile reliable transfer of data obtained from model experiments to
stress on the grl_d WIFEs. 'I_'he charging and dlschargm_g Cy_desdifferent grids in technical use. Therefore, it was decided to
exert a concomitant cyclic stress reversgl on the grid wiIres carryout extensive calculations based on modelling and simu-
and lead to the accumulate effect of grid growth. In addi- |45 of the growth process. The prime aim is to understand

tlo_g, thehOX|de fo:]matmn ahlong Fh%graln bqupdanes O,f cl:lagt qualitatively and semi-quantitatively how the main factors
grids e—& ar_:_c;]est E growth strain Tz;:ause it 'Sh essentllaf Y ™ot influence affect the amount of growth strain. The results
reversible. Thus, the microstructural features that result from ¢, , 5 simple model for uniform grid material have been re-

the process of grid production play a significant role in grid
growth.

Typical growth data for experimental DSL electroformed
grids are shown irFig. 6. If the grid core is made of soft

ported previoushy3]. In those simulations, it was revealed
. ) ) ) for massive grid materials how variations of the width of the
,G”d growth can be observed n bare-grid corrosion as well grid wires, which is proportional to their cross-section, and
as in plate corrosion tests. A typical gxample of grid growth ¢ye yield stress of the material affect the magnitude of grid
data and some plate growth data obtained from Pb—Ca—-Sn-Al

. . - ! . ‘growth.
alloy grids for industrial batteries h_as b_een r_eported by Giess In subsequent work, the growth strain of a composite grid
[17]. A summary of the results is given iRig. 5 Two

. ) : . wire, which is representative of the composite structure of
domlnhatlng fgctors of |_nfll(Jjence 0? thr? ma_g”';gdlf of g“dd the DSL grids, has been modelled and simulated. The aim of
growth may be recognized, name'ly, the grid thic NESS anlyig calculation is to assess the compound effects of different
the strength of the grid alloy. In addition, there are significant levels of yield stress and thickness of the core with different
differences in microstructure and concomitant observations ..\ thicknesses of the grid wire. The cross-section of the
of differences in t.he amount and th? penetration of oxide [ay- ire mogel consisting of the core and the outer coating layer
ers along th.e grain boundane.s, which can be correlated to theOf the grid wire is shown iffFig. 7(a). The additional surface
extent of grid growth. Extensive growth data have also been layer permits simulation of the expanding force of the ox-
published by Fougche et #16] for the effects of Ca, Sn, Ag, . ide and positive active-mass and the growth strains that they
the process of grid making (rolled expanded versus gravity

h th d the fi hedul Tcause. The magnitude of the total strain veeigy=ex + ey
cast), the state of heat treatment, and the time or schedule o s given inFig. 7(b). The particular strain distribution results

12

) 3.0
‘\ “"'m?“e Pb-Sn core
10 tensile 2.5
\\ stress /
8 . Grid 2.0
Grid \‘ growth, /
growth } 42 MPa % 1.5
9 8 \.\ 10 Pb-Sn-Cu core
4 /
0.5
(N It 48 MPa —
2 | 0.0 : : .
. [ T——— 55MPa 0 5 10 15 20

4 Test time, days

1 2 3
Grid thickness, mm

Fig. 6. Corrosion-induced bare-grid growth observed by testing experimen-
Fig. 5. Test results of corrosion-induced grid growth for Pb—Ca—Sn—Al al- tal electroformed DSL composite grids of different composition containing

loys of different composition and thickness in cast industrial battery grids a soft (Pb—1 wt.% Sn) and a hard (Pb—1 wt.% Sn—0.3 wt.% Cu) core, respec-
[17]. tively. Test conditions: 75C, ji =6 mA cm 2, D (HoSOy) =1.28 g cnt3.
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/ Oxide + ' Growth, %
/ Pb : 4 id
: grid core
Ll displacement, Rm, MPa
vector sum, % 3 "\
=20
‘[ ° MW
. — ’ l\ 30
- 40| |
X 0.76
1.14
151 gm 1+
1.89
/ 2.27
\ Pb + : 2.65 0 ' '
\ Oxide 54 500 1000 1500
| 150 um ‘ g7 I Grid wire thickness, um

Fig. 7. Simulation of corrosion-induced grid growth based on modelling of a composite grid wire. Left: model structure, composite layers;aentre: st
distribution due to tensile stress built up in outer oxide layer; right: selected strain detdirigction that indicate the dependence of grid growth on core
strength and grid thickness.

from the differences in mechanical properties between the - favourable corrosive behaviour of the grid surface for the
core and the coating, and from the stress and different elas- formation of the initial oxide layer;
tic moduli assumed for the oxide layer. Some characteristic - sufficient Sn concentration to prevent the formation of a
results of the simulation are summarizedig. 7(c). This is passivating PbO layer with a high electrical resistance on
a plot of the strain componean, which is equivalent to the deep discharge;
overall growth strain, as a function of grid thickness, core di- - controlled roughness to provide a high interfacial area and
ameter, and yield strength of the core material. The diagram favourable conditions for contact at the interface between
shows that a given specification of maximum permissible grid  the metal and the positive active-mass.
growth can be met by different combinations of grid thick-
ness, core thickness, and core strength as design parameterg,1. Corrosive behaviour of grid surface
The core strength can be adjusted by different mechanisms
that have been established during the developmental work.  In battery manufacturing, the process of plate formation in
Acceptable amounts of grid growth are specified in var- an electrolyte of high pH is associated with the initial forma-
ious statements and standards. Accordingl1f@, magni- tion of a passivating interfacial layer between the grid surface
tudes of growth that are adequate for long-life value-regulated and the active mass. This layer consist8-6fb Gy, which per-
lead—acid (VRLA) batteries are 3-6% in 54 weeks at@0 sists as long as acidic conditions prevail. The oxide is formed
According to VW standard 750 73, maximum growth in the on the surface grains and preferentially along grain bound-
direction of grid height must remain below 2 mm. aries. Therefore, if grain boundaries near the grid surface are
In conclusion, it can be stated that electroformed grids can provided at a high density per unit area and are oriented pre-
be produced to conform to any specified growth limits by uti- dominantly normal to the surface, they serve optimally as
lizing the variability of the parameters that are available inthe short local paths of oxide formation and result in an inter-
manufacturing process of the electroformed composite grid, locking structure between the metal and the oxide.
i.e., strength of the core, thickness of the core, and thickness
of the grid. 6.2. Favourable microstructure at surface of
electroformed grids

6. Corrosion-assisted increase of adherence of active Afavourable microstructure is ideally realized by galvanic
mass and decrease of contact resistance deposition if the conditions are chosen in such a way as to
favour columnar crystal growth. Such growth usually occurs

The initial formation of a solid-state bond between the at a comparatively high current density. The surface of an
grid surface and the positive active mass, the subsequent proelectroformed DSL grid which exhibits exactly this kind of
cess of oxide formation, and the properties of the interfacial ideal microstructure is shown iRig. 4 The subsequent in-
oxide layer are decisive for the adherence of the active massterlocking microstructure with thB-PbQ, phase has grown
and for a high conductivity across the interface. There are partly into the material along the grain boundaries. This is
three factors of influence that may be optimized to achieve revealed most clearly by the micrograph shown in the centre
optimum properties at the interface, i.e., of Fig. 4.
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Fig. 8. Galvanic coating of a punched grid. The microstructure shows cross-section of a grid wire. The coating reveals columnar grain growttt&he Sn co
was chosen to be higher than that of the substrate grid.

6.3. Sufficiently high tin content a high conductivity upon deep cycling. This would provide

low polarization upon charging and a significant reduction in
The effect of additions of Sn to the grid alloy to decrease premature capacity loss.

the rate of corrosion and the thickness of the passivating

PbO (tetragonal PbO) layer formed upon deep cycling has6.5. Controlled surface roughness of electroformed grids

been studied by Gied48]. It was established that Sn ad-

ditions between 0.2 and 0.4 wt.% decreased the polarization In contrastto all other grid-making processes, galvanic de-

and increased the charge-acceptance significantly. Simon eposition according to the DSL process allows control of the

al. [19,20] analysed the effect of Sn additions further. The surface roughness reproducibly within wide limits. This is

electronic conductivity o&-PbO in a series of Pb—Sn alloys  simply achieved by a suitable combination of bath additives

was studied by determining polarization currents and X-ray and control of the current density applied in the final stage of

photoelectron spectroscopy (XPS) spectra of the oxide lay- grid deposition. For example, roughness curves have shown

ers formed in a basic solution. It was found that the passive [3] that the average roughness vaRyex 4 um of a ‘natural’,

layer of PbO shows no electron transfer if the alloy contains fairly smooth deposit can be increased®g~ 40 u.m. Obvi-

less than 0.8 wt.% Sn. Above this concentration, the conduc-ously, such a high increase is associated with a concomitant

tivity of the passivating layer increases sharply. It was also increase in interfacial area and, thus, in a potentially higher

established that as the alloy content was raised from 0.5 toadherence of the positive active-mass, which contributes fur-

2.5wt.% Sn, the Sn concentration of the oxide layer rose from ther to a reduction in premature capacity loss.

3 to 44wt.% Sn. Moreover, in accordance with the earlier

investigationg18], it was found[10,20] that the thickness  6.6. Galvanic coating of expanded and punched grids

of the PbO layer is decreased with increasing Sn content,

which contributes to the lowering of its resistance. By met- A galvanic surface layer can also be applied to grids made

allographic analysis, it was found that at tin levels between by rolled and expanded, or rolled and punched, strip mate-

1 and 1.5wt.%, at which the alloy is a homogeneous solid rial. Such a coating process, which can be integrated directly

solution, the highly conducting Sn(phase is precipitated  in a plate-making line, provides the same improved surface

along the PbO grain boundaries. At tin contents greater thanproperties as for fully electroformed grids. An example of a

1.5wt.%, the alloy is two-phased and a very thin So®ide favourable surface layer on a punched grid is shovwign8.

layer is formed directly at the grid surfaf#l].

6.4. Higher Sn content at free surface of electroformed /. Conclusions

grids The innovative process of electroforming of battery grids

permits, for the firsttime, the production of grids as composite
materials that exhibit corrosion properties superior to those
found with all present processes for grid-making. Accord-
ingly, these novel grids provide superior battery properties
and the unique prospect of lower battery costs.

In detail, the advantages in corrosive behaviour analyzed
in this paper lead to the following conclusions:

In producing grids by the electrodeposition process, the
inherent use of a sequence of galvanic baths permits the ap
plication of a final layer of increased Sn-concentration with-
out major modification of the equipment and at low cost.
For example, a final surface coating of 1 thickness and
1.5-2wt.% Sn may be applied. By virtue of this feature, the
DSL process provides a possibility to optimize battery be-
haviour in terms of charge-acceptance of the plates by con- (i) The major fraction of the grid cross-section can be made
trolling the formation of a PbO layer with a low thickness and of pure Pb—Sn and this lowers the corrosion rate by
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about 25-30% compared with Pb—Ca—Sn grids. This canthrough its FUTOUR programme and by the State Ministry
be exploited by saving about 25-30% of grid thickness of Economy of the Free State of Saxony through its pro-
and, thus, saves lead cost without decreasing battery life;gramme for the promotion of industrial research and devel-
moreover, the alloy premium for Caand Ag can be saved. opment.

(i) The microstructure of the grid is a multilayer composite
of periodically varying Sn content. Therefore, the cor-
rosive attack occurs layer by layer without deep grain- References
boundary attack. Consequently, the grid remains intact
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