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ABSTRACT 

The life of lead-acid batteries is typically governed by corrosion of the positive grid.  The 

grid experiences highly oxidising environments which, in turn, corrodes the grid material.  

However, the resulting corrosion layer is essential to create an electrically conductive 

bond between the grid and active material.  Additionally, alloying elements are necessary 

to allow low-cost production techniques to be used.  The selection of grid material is 

therefore a compromise between function, life and ease-of-manufacture.  Tubular plate 

lead-acid batteries have historically used antimonial-lead alloys as the grid alloy.  These 

alloys impart mechanical strength within a die-cast grid and provide a suitably conductive 

oxide within the corrosion layer.  The use of tin in many lead alloy blends has resulted in a 

beneficial effect on the corrosion rate of these alloys.  Tin-lead alloys are used in thin plate 

lead-acid batteries.  However there is no published data on their use for grids of tubular 

plates in deep-cycling applications. 

A simple binary, low-tin lead alloy has been tested and found to exhibit a significantly 

lower corrosion rate during periods of heavy cycling when compared to a traditional low-

antimony based alloy.  However, it was shown that under severe over-charge conditions, 

the tin-lead alloy corroded at a significantly faster rate than that of an antimonial alloy.  

The lead-tin alloy performed well as a positive grid material throughout 500 cycles.  No 

indications of premature capacity loss were observed and the ability of the alloy to be 

recharged was excellent. 

Electron microprobe analysis of sections of cycled positive plates showed the doping 

effect of tin within the corrosion layer of the grid material.  This effect led to an increase 

in the conductivity of the layer, resulting in an increased ion-conductivity of the corrosion 

layer. 

The corrosion layer of each alloy type was found to be fine, densely packed and uniformly 

structured under cycling conditions, but it became more porous during periods of severe 

over-charge.  The tin-based alloy was shown to produce a thinner corrosion layer at 

completion of 500 cycles when compared to that of the antimonial alloy.  Further, the 

corrosion layer of the tin based alloy was found to be less cracked than that of the 

antimonial based alloy. 
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Finally, this investigation could not identify any reasons why a tin-based grid alloy has not 

been identified for use in tubular plate deep-cycle batteries previously.  The alloy was 

shown to perform well under both charge and discharge conditions and was not found to 

suffer premature capacity loss. 
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CHAPTER 1 INTRODUCTION 

When Alessandro Volta built his ‘Voltaic Pile’ in 1800, he probably did not anticipate that 

over 200 years later the idea behind his series of copper and zinc discs separated by brine 

soaked pieces of cardboard (Figure 1) would grow into today’s battery industry.  The lead-

acid battery market currently generates an annual revenue stream of approximately 

US$50 billion (Buchmann 2011) with global sales predicted to reach US$74 billion by 2015 

(Buchmann 2011).  The industrialised world of the 21st century has clearly embraced the 

battery in all its forms with demand for improved batteries continuing to grow year on 

year. 

 

Figure 1: Simplified schematic of Volta’s original Voltaic Pile (Borbrav 2008) 

The global battery market can be split into two distinct categories: 

 Primary batteries – these are sold charged and cannot be recharged once exhausted 

(e.g. alkaline and zinc-air batteries), and 

 Secondary batteries – these are sold either charged or discharged, but are able to be 

recharged many times over (e.g. lead-acid, nickel-cadmium and lithium-ion batteries). 

The lead-acid battery was the first true secondary battery.  It was developed and built by 

Raymond Gaston Planté in 1859.  His battery (Figure 2) contained positive and negative 

plates made from lead foil, spirally wound with an intermediate insulating layer (Bode 

1977; Planté 1879; Wade 1902).  This structure was immersed in a solution of 

approximately 10% sulfuric acid.  Unfortunately, the capacity of this battery was low, due 
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to its lack of active material (Wade 1902), however, it did possess a long life (Guruswamy 

2000). 

 

Figure 2: Planté's original lead-acid cell: (a) completed cell; (b) spirally wound 

electrodes; (c) lead electrodes with rubber strips prior to being wound (Planté 1879) 

The lead-acid battery has been significantly improved since Planté’s initial design.  The 

electrodes are no longer constructed using lead foil (except in special circumstances).  

Modern batteries are manufactured with electrodes containing a current collector (the 

grid) which is separate from, but electrically connected to the active material (Figure 3).  

The grid draws the stored energy from the active material and directs the electrical 

current to the required duty.  Consequently, a number of key characteristics must be 

satisfied during design and construction the electrode grid.  First, it must be constructed 

using a material that is reasonably inert to the corrosive sulfuric acid electrolyte.  Second, 

it must be constructed using a material that provides good electrical conductivity.  Finally, 

it must be made from a material that allows the active material to form an electrically 

conductive bond to it, thereby providing a high utilisation of the active material within the 

electrode. 

(a) (b) (c) 
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Figure 3: A typical lead-acid battery grid 

Today, lead-acid batteries are employed in a multitude of applications ranging from 

portable and hand-held appliances (power tools, monitoring equipment, etc.), 

automotive, stand-by and solar power (photovoltaic – ‘PV’) to high demand applications 

such as heavy traction equipment (including mining equipment and submarines).  The 

design of the battery must be strongly coupled to its intended application.  Batteries 

designed for stand-by and solar applications require high storage capacity and must 

deliver this energy slowly over a long period of time.  Automotive batteries are not 

required to possess high storage capacity.  However, they must provide the stored energy 

rapidly.  By contrast, submarine batteries (blue boxes in Figure 4) require high energy 

storage capacity and the ability to deliver this energy both quickly and slowly (Bagshaw 

1992) – submariners’ lives depend on it! 
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Figure 4: Schematic of a typical Submarine and its battery placement 

Like all battery types, the lead-acid battery consists of two electrode types; positive and 

negative.  These are arranged alternately and are separated by a micro-porous separator.  

This complete assembly is immersed in the sulfuric acid electrolyte.  To achieve the 

desired electrical capacity, the number of electrodes per cell is varied.  Figure 5 provides a 

cut-away of a typical submarine lead-acid battery. 
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Figure 5: Cut-away of a typical submarine lead-acid battery's construction 

During operation, the lead-acid battery undergoes two electrochemical half-cell reactions.  

These reactions produce the electrons that ultimately provide current.  The negative 

electrode half-cell discharge reaction is an oxidation reaction (Equation 1).  Negative 

active material (NAM; spongy Pb) reacts with ionised sulfuric acid to form lead sulfate 

(Crompton 2000; Rand et al. 2004).  The discharge half-cell reaction is anodic because the 

lead starts the reaction at an ionisation state of zero (0) and finishes at an ionisation state 

of plus two (+2) (i.e. Pb(II)).  Conversely, during recharge this electrode is cathodic as the 

reaction reverses and the ionisation state of the lead is reduced. 

 𝐴𝑛𝑜𝑑𝑒:  𝑃𝑏 + 𝐻𝑆𝑂 
    ⇌    𝑃𝑏𝑆𝑂  +  𝐻  +  2𝑒     𝐸  =  0.356 𝑉 (1) 

Equation 1: Negative electrode half-reaction 
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The positive electrode half-cell discharge reaction is a reduction reaction (Equation 2).  In 

this half-reaction, lead is initially at an ionisation state of plus four (+4) (i.e. Pb(IV)) and 

following reaction, it finishes at an ionisation state of plus two (+2) (i.e. Pb(II)).  As in the 

negative electrode, positive active material (PAM; PbO2) reacts with ionised sulfuric acid 

and forms lead sulfate (Crompton 2000; Rand et al. 2004).  During recharge this electrode 

is anodic as the ionisation state of the lead increases. 

 𝐶𝑎𝑡ℎ𝑜𝑑𝑒:  𝑃𝑏𝑂  +  𝐻𝑆𝑂 
  +  3𝐻  +  2𝑒    ⇌    𝑃𝑏𝑆𝑂  +  2𝐻 𝑂     𝐸  =  1.685 𝑉 (2) 

Equation 2: Positive electrode half-reaction 

Note: Both half-reactions produce a Pb2+ ion, one through oxidation of Pb, the other 

through reduction of PbO2.  At both electrodes, the Pb2+ reacts with SO4
2- to form 

PbSO4(s). 

The overall cell reaction is determined by summing the two half-reactions, as presented in 

Equation 3 (Bode 1977; Crompton 2000; Rand et al. 2004). 

 𝑁𝑒𝑡𝑡:  𝑃𝑏 + 𝑃𝑏𝑂  +  2𝐻 𝑆𝑂    ⇌    2𝑃𝑏𝑆𝑂  +  2𝐻 𝑂           𝐸     =  2.0 𝑉 (3) 

Equation 3: Overall cell reaction 

During recharge the previous reactions are reversed; the reactions commence with lead 

sulfate and conclude with the formation of the respective active materials.  Equation 2 

shows that the positive electrode half-cell charge reaction produces two electrons 

(oxidation) during discharge and these electron generations contribute to positive grid 

corrosion.  This corrosion can be likened to the action of electroplating – the application 

of current corrodes the anode with the corrosion products depositing on the cathode 

(Alhassan 2005). 

As is the case with a number of other battery systems, significant volume changes occur in 

the electrodes as a result of the reactions that occur during charge and discharge.  PbSO4 

has a substantially greater volume than both PbO2 and elemental lead.  The conversion of 

PbO2 to PbSO4 results in a volumetric increase of 92%, whereas the volumetric change 

from Pb to PbSO4 is 164% (Pavlov 2011).  These changes can cause electronically-

conducting active material to shed from the electrode.  This material falls to the bottom of 

the cell, potentially causing electrical shorting between adjacent electrodes. 
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Normally, the positive and negative electrodes are flat and assembled in stacks.  A 

different configuration is also employed where the positive electrode reactants are 

enclosed in tubes of a porous and inert material which serve to contain the active 

material and reduce active material shedding.  This design is called ‘tubular’ and is 

employed in high capacity, long life designs, such as for submarines. 

An important factor that must be considered in the design of the electrodes is the 

influence of the electrolyte.  The concentration of the acidic electrolyte depends on the 

intended application of the battery: stand-by batteries use a lower concentration 

electrolyte compared to that of traction batteries.  By increasing the concentration of the 

electrolyte, higher discharge currents and higher energy capacity are achieved.  However, 

a stronger electrolyte concentration does contribute to one major disadvantage: a greatly 

increased corrosion rate of the electrode grids.  The grid (Figure 3) is the most important 

component of the lead/acid battery, not contributing to electrical capacity (Bagshaw 

1995).  Positive grid corrosion (Figure 6) is a consequence of the highly oxidising 

environment experienced and this is a dominant mode of cell failure during service 

(Furukawa, Nehyo & Shiga 2004).  It can clearly be seen in Figure 6 how grid corrosion can 

impact the life and performance of the battery. 

 

Figure 6: Positive grid corrosion 
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This oxidising environment causes accelerated corrosion of the positive electrode grid 

structure.  This reduces the electrical conductivity of the grid as well as the means of 

physical support for the active material.  Without alloying additives, the lead spines are 

mechanically very soft and weak.  The addition of antimony to the grid alloy increases its 

tensile strength and hardness, as well as improving its resistance to fatigue.  Antimony 

addition also maintains the electrically conductive bond that occurs between the 

electrode grid and the active material (Prengaman 2009).  High antimony contents 

produce excellent fluidity, a uniform grain structure, and enhanced initial and aged 

mechanical properties (Prengaman 1995; Xu et al. 2006).  Unfortunately, the addition of 

antimony also leads to relatively high (although uniform) corrosion rates and increased 

water consumption of the battery during service (Bagshaw 1995; Clark 2009; Prengaman 

1995).  Water consumption also increases with the age of the battery due to the 

deposition of antimony onto the negative plate (Prengaman 1995).  The latter two issues 

are the principal reasons why alternative alloys have been investigated for use as grid 

materials. 

All lead-acid batteries produce hydrogen and oxygen gas under normal operating 

conditions (O'Donnell & Schiemann 2008).  Gassing (also called outgassing) primarily 

occurs during the final stages of charge as the cell voltage increases and the required 

charge current decreases.  The resulting excess charge electrolyses the water (in the dilute 

sulfuric acid electrolyte) producing hydrogen gas and oxygen gas.  Lead-acid batteries 

produce this gas to varying degrees under almost all conditions (O'Donnell & Schiemann 

2008).  During the final stages of recharge, when the cell voltage can reach 2.5 - 2.7 volts, 

outgassing is very rapid. 

During outgassing, oxygen is generated at the positive electrode while hydrogen gas is 

developed at the negative electrode.  The equilibrium voltage for the water 

decomposition reaction is 1.227 volts (Equation 4).  As the voltage of the lead-acid battery 

is 2.0 volts, electrolysis of water is unavoidable.  A graphical representation of this is 

shown in Figure 7, below. 

 𝐻 𝑂    ⇌       𝐻  +  ½ 𝑂     𝐸  =  1.227 𝑉 (4) 

Equation 4: Water electrolysis reaction 
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Figure 7: Water electrolysis potentials within a lead-acid battery (O'Donnell & 

Schiemann 2008) 

A detailed review of the published literature shows that developments in lead-acid 

battery components, particularly high cost components such as grids and grid materials, 

have been predominantly driven by the automotive (starting, lighting and ignition; 

normally abbreviated as SLI) and stand-by markets.  Consequently, the search for reduced 

costs, lower maintenance and ease of use/handling has predominantly driven lead-acid 

battery research.  Work on flat plate batteries for these markets has led to the 

development of new, and in their own right successful materials and technologies.  These 

developments have overlooked tubular plate batteries, especially those for use in 

submarines. 

The dominant grid alloy used in today’s lead-acid batteries is lead-calcium (Clark 2009; 

Prengaman 2009).  These alloys contain calcium at a concentration of 0.03-0.15% (w/w) 

and often contain other alloying elements such as aluminium and tin (Bagshaw 1995; 

Prengaman 2009). 

Low-tin lead alloy batteries are available in current markets.  However, the available 

designs are flat-pasted (thin plate).  Low-tin lead alloys have not been considered for use 

in submarine (i.e. tubular positive plate) battery applications.  A research gap clearly exists 

and this project has consequently been undertaken to investigate the potential for low-tin 

lead alloy as an improved tubular-positive grid material and to determine its suitability for 
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use in submarine battery applications.  Tin-lead alloys have previously been reported to 

exhibit excellent corrosion resistance in the sulfuric acid electrolyte (Culpin, Hollenkamp & 

Rand 1992; Osório, Peixoto & Garcia 2010; Petersson & Ahlberg 2000; Xu et al. 2006).  

Very little information is available on the effect of tin on gas evolution within the cell.  

However, as tin-lead alloys are currently being marketed as maintenance-free batteries it 

is assumed that gas evolution from these cells is very low. 

Additionally, the introduction of new technologies, such as lithium-ion batteries, has 

altered the position of the lead-acid battery industry.  The lead-acid battery must continue 

to evolve and thus exhibit advantages that newer battery technologies simply cannot 

provide.  For the lead-acid battery to maintain its current market share, new grid 

materials that provide a longer life must be found.  Table 1 below presents a brief 

comparison of the advantages and weaknesses of lead-acid technology compared with 

lithium-ion technology (Wikipedia: The Free Encyclopaedia 2011). 
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SUMMARY OF ADVANTAGES 

LEAD-ACID TECHNOLOGY LITHIUM-ION TECHNOLOGY 

Very high recyclability of materials. 

Highly resilient to over-charge. 

High cell weight (submarines). 

Can be deeply discharged. 

Very high energy to weight ratio. 

Environmentally friendly construction. 

Low cell weight. 

No maintenance required during service. 

 

SUMMARY OF DISADVANTAGES 

LEAD-ACID TECHNOLOGY LITHIUM-ION TECHNOLOGY 

Low energy to weight ratio. 

Environmentally hazardous construction. 

High cell weight (most applications). 

Requires maintenance during service. 

Liable to ignite or explode with over-

charging. 

Cell capacity diminishes over-time due to 

deposit formation in electrolyte. 

High charge levels and elevated 

temperatures diminish cell capacity. 

Cannot be deeply discharged. 

Multiple safety design features are required 

to protect the cell during use. 

Table 1: Comparison of lead-acid and lithium-ion technologies 

The above table has been compiled using information on lithium-ion batteries that was 

found in the public domain, to provide a very brief comparison of the two technologies. 
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CHAPTER 2 PROJECT DETAILS 

2.1 INTRODUCTORY BACKGROUND 

2.1.1 Lead-Acid Battery Design Differences – A Brief Summary 

To appreciate the challenges that manufacturers and designers face in developing new 

lead-acid battery technology it is important to understand the various lead-acid battery 

designs that are available. 

Worldwide, the lead-acid battery is generally constructed with either of two basic plate 

designs – flat pasted (used in both positive and negative plates – Figure 8) and tubular 

(used in positive plates only – Figure 9).  The vast majority of lead-acid battery grids are 

cast (either by gravity/book-moulding or by pressure casting) and these are made from 

various lead alloys depending upon the battery’s duty (i.e. starting, back-up power, deep 

cycle, etc.).  The negative plates of most lead-acid batteries (independent of size) are flat 

pasted (Clark 2009).  The design of the lead-acid battery is predominantly differentiated 

by the positive plate.  The bulk of lead-acid batteries are designed so that either the 

positive active material or the electrolyte provide the factor that limits the capacity of the 

cell.  If the cells were designed to be capacity limited by the negative plate, the cell would 

be very difficult to recharge if discharged deeply. 

The flat-pasted positive plate design is typically utilised in automotive (SLI), stand-by, 

portable and some large industrial batteries.  They provide sufficient capacity, are able to 

be manufactured in high volumes relatively easily and are easily handled by automated 

equipment.  The tubular positive plate design is typically utilised in large industrial 

batteries, for duties such as forklifts, submarines and other high-capacity deep-cycle 

applications.  They provide increased cycle life and flatter discharge voltage curves than 

flat-pasted plate designs (Prengaman 1995).  Tubular plates also inhibit the loss of active 

material due to shedding, thereby increasing the cycle-life of the battery. 

During charge-discharge cycles, the lead species in each electrode undergo a significant 

volumetric expansion and contraction.  This phenomenon is caused by a density change in 

the active materials during charge/discharge.  As shown in Equation 1, pure lead changes 
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to lead sulfate during discharge then returns to spongy lead during charge.  Lead sulfate is 

less dense than spongy lead and therefore the active material expands as it decreases in 

density.  Equation 2 illustrates that lead dioxide likewise changes to lead sulfate during 

discharge and returns to lead dioxide during charging.  Again, lead sulfate has a lower 

density than lead dioxide and consequently the active material expands as the density 

decreases.  This repeated expansion and contraction of active material ultimately leads to 

premature material loss. 

Flat pasted plates utilise a grid which is typically cast or moulded from a lead alloy.  Some 

advanced lead-acid batteries utilise other grid materials for their negative plates such as 

copper and aluminium, electroplated with a protective lead layer, on to which a lead 

‘paste’ is applied.  The plate grid consists of a series of conductive rods to provide a 

current pathway and areas void of grid material to provide space for the lead paste to be 

applied.  A typical flat pasted plate is shown in Figure 8. 

 

Figure 8: Flat-pasted plate design 

In the flat-pasted plate configuration, the active material (lead paste) is typically not held 

in-place by any physical means: active material is contained by the presence of the 

adjacent plate (or the side of the battery container) that provides the necessary 

compression to hold this material in place.  Consequently, throughout the life of a flat-

pasted plate a large amount of active material shedding can occur, leading to a loss of 

capacity. 
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The construction of tubular positive plates is significantly different.  First, the active 

material is not applied to the plate as a paste.  Second, the tubular plate design is not 

used in the construction of negative plates.  In the tubular plate configuration (Figure 9), 

the active material is a dry lead powder (red lead) and it is filled by holding the plate 

upside down and gently vibrating the plate.  The active material is held in place by the 

outer ‘gauntlet’ (white coloured covering in Figure 9) with an end-cap at the bottom of 

the plate.  The gauntlet maintains required compression on the active material during 

cycling as well as providing a mechanical means to retain the active material within the 

plate.  This design leads to a reduced amount of active material loss by shedding when 

compared to the flat-pasted plate design.  Given the construction of the tubular positive 

plate, the design is normally restricted to applications involving high current draw and 

deep-cycling.  The tubular positive plate is also utilised to provide high capacity for 

forklifts, submarines and traction cells. 

 

Figure 9: Tubular plate design 
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2.1.2 Lead Alloy Development – The History of Lead Alloys 

Pure lead is mechanically very soft and exhibits low yield strength.  Such electrodes are 

unsuitable for thin plates and, as previously stated, the power density of the first lead-acid 

battery was very low (Guruswamy 2000).  Table 2 below highlights some key parameters 

of pure lead compared to basic lead-antimony alloys (Guruswamy 2000; Habashi 1998). 

 PURE LEAD 1% Sb Alloy 6% Sb Alloy 11% Sb 

Alloy 

Tensile strength (MPa; 30 days) 11.7 37.9 73.8 75.9 

Hardness (Brinell) 3.2-4.5 7 13 19* 

Yield strength (MPa; 30 days) 3.5 19.3 71.0 74.4 

Elongation (%) 55 20 8 5 

Table 2: Mechanical property comparison of lead alloys 

* Containing 3% Sn 

Early developers improved the power density and mechanical properties of the grids by 

experimenting with different plate designs and grid alloys.  The first successful alloy was 

the lead-antimony alloy proposed by Sellon in 1881 (Bode 1977; Wade 1902; Williamson 

& Kim 2008).   

The addition of 1-13 wt. % antimony to lead produces alloys possessing excellent tensile 

strength, resistance to fatigue and hardness far exceeding that of pure lead.  Hence, 

longer grids were produced, leading to increased battery capacity.  High antimony levels 

offer excellent fluidity, uniform grain structure, high initial and aged mechanical 

properties, and uniform (although relatively high) corrosion rates (Prengaman 1995; Xu et 

al. 2006).  The hardness of antimony-lead alloys is also greatly influenced by the addition 

of other alloying elements such as silver, arsenic and copper (Guruswamy 2000; Wade 

1902).  Further, the addition of antimony to the lead alloy also assists in maintaining the 

electrical conductive bond that occurs between the electrode grid and the active material 

(Prengaman 2009).  Early lead-antimony alloys (such as those used by Sellon) consisted of 

an essentially eutectic lead/antimony binary alloy containing ~12% w/w antimony.  These 

alloys provided superior strength and creep resistance compared to pure lead, but also 
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possessed a low melting point of 252oC (Guruswamy 2000; Prengaman 2004), as shown in 

the lead-antimony phase diagram (Figure 10) below (Habashi 1998). 

 

Figure 10: Lead-antimony alloy phase diagram (Guruswamy, 2000) 

It is noteworthy that in the early days of lead/antimony binary alloy use, the eutectic 

point of the system was widely debated.  Dean (1923) stated that investigations 

conducted in 1896 ‘found by thermal investigations that the system was a simple 

eutectiferous one with the eutectic containing about 12.5% antimony and melting at 

228oC’.  However, in the very next sentence Dean states that another investigation in 1897 

found that ‘in a thermal and microscopic examination of the system found a eutectic 

temperature of 247oC’ whilst still confirming the system was a simple eutectiferous one.  

The use of the word eutectiferous in this context means that the alloy contains a single 

eutectic point, with the melting point of the alloy increasing either side of the eutectic 

composition.  What was concluded from these investigations, however, is that the eutectic 

temperature for the lead-antimony system undergoes hysteresis and is different when 
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heating the alloy as opposed to cooling it and therefore requires a clear indication of what 

process is being carried out. 

Since their development in the late 1800’s antimony lead alloys, until lead-calcium alloy 

grids were developed, served as the regular grid material for manufacture of almost all 

lead-acid batteries.  This is despite concerns about dissolved antimony (in the form of 

Sb2O3) being re-deposited at the porous negative electrode thereby increasing the gassing 

rate (Wade 1902).  It is widely recognised that antimony has a lower over-voltage than 

lead thereby promoting increased gassing and water loss in service (Bode 1977; 

Prengaman 1995; Wade 1902).  Antimony-lead grid batteries are still widely available 

(typically containing lower antimony (Sb) content) and Sb is almost the sole alloy used in 

deep-cycle and traction battery grids (Clark 2009; Prengaman 1995, 2009).  In tubular 

positive plate grids, the presence of antimony is an important factor in increasing the 

creep resistance of the lead alloy as well as increasing the overall tensile strength of the 

alloy (Guruswamy 2000; Mahmudi, Geranmayeh & Rezaee-Bazzaz 2007; Prengaman 

2009). 

Unfortunately, antimony in the grid material produces increased gassing (water 

consumption) within the battery especially as it is cycled and aged, due to the migration 

of antimony from the positive plate grid alloy to the negative plate (Xu et al. 2006).  For 

this reason lead-antimony alloys are not well suited to stand-by applications as a 

consequence of antimony-poisoning, whereby the continuous charge experienced by the 

cells leads to antimony from the grid being deposited on the negative plate surface 

leading to local points of discharge (Clark 2009).  This antimony-poisoning leads to an 

increased float voltage and increased water consumption and is directly related to the 

operating temperature, charging voltage and antimony content of the alloy. 

A major trend in lead-acid battery technology has been the move toward maintenance 

free designs by decreasing: 

 Water loss due to gassing, and 

 Energy loss and heat production due to oxygen recombination within sealed lead-acid 

battery designs. 

Consequently new grid materials have been investigated to decrease the maintenance 

load of traditional antimony-lead based lead-acid batteries.  The antimony content of 
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lead-antimony grid alloys gradually decreased from the original 12% antimony-lead alloy 

to 6-8% antimony.  By decreasing the antimony content to ~6% (w/w) the alloy still 

maintained high mechanical strength and creep resistance and the water consumption of 

the battery was greatly decreased.  These alloys also have lower mechanical properties 

and are more difficult to process than the traditional high-antimony alloys (Prengaman 

2009).  Unfortunately, whilst the water consumption was greatly reduced it was still seen 

as significant and consequently still required a reasonable amount of maintenance to 

ensure the battery did not dry out, possibly leading to thermal runaway. 

As a result of the continuing need to reduce the maintenance load, water consumption 

and gassing rate of lead-acid batteries, the industry was forced to look at other options.  

The American lead-acid battery industry investigated alloys that completely eliminated 

the use of antimony, instead substituting with calcium-lead alloys.  In 1935, manufacturers 

began the successful development of lead-calcium alloys which currently dominate the 

automotive (SLI) market.  Most manufacturers today have opted for lead-calcium-tin 

ternary alloys but lead-calcium binary alloys are also used (Culpin, Hollenkamp & Rand 

1992).  Lead-calcium-tin-aluminium alloys are a further subset of lead-calcium alloys; 

aluminium being added to prevent oxidation of the alloying elements during casting and 

tin being added to improve corrosion characteristics and improve the ability to cycle lead-

calcium alloys (Williamson & Kim 2008).  Lead-calcium alloys are not susceptible to the 

antimony-poisoning phenomenon inherent in antimony-lead alloys and are therefore 

more suited for stand-by applications (Landers 1955).  The disadvantage of lead-calcium 

alloys is their inability to withstand a large number of charge/discharge cycles.  It is 

reported that even repeated shallow cycles (to less than 20% of rated capacity) rapidly 

age the battery (Clark 2009).  Calcium does not readily mix with lead making production 

of lead-calcium grids difficult and if not controlled properly the alloy content can differ 

between plates (Xu et al. 2006).  Lead-calcium alloys have found use in so-called 

maintenance free batteries as a result of their decreased water consumption, however 

they are disadvantaged by the fact that the cycle-life of the grids is reduced as they tend 

to suffer from grid growth (potentially leading to cell rupture) and active material 

shedding (Prengaman 1995) as the battery ages.  In general, tubular positive grids made 

from lead-calcium alloys also exhibit lower energy density and a lower rate of discharge 

than lead-antimony alloy grids (Prengaman 1995).  It is believed that the cast lead-calcium 
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alloys used in tubular grids have insufficient mechanical properties, possess a grain 

structure conducive to corrosion and a chemical composition optimised for processing 

rather than for ultimate cycling performance (Prengaman 1995). 

While American manufacturers developed lead-calcium alloys to eliminate the antimony-

poisoning phenomenon, European manufacturers looked at even lower concentration 

antimony alloys to reduce the antimony-poisoning issue and to improve stand-by 

performance.  However, to reduce the antimony-poisoning to an acceptable level for 

stand-by service, the antimony content of the alloy had to be reduced to below 2%.  

Binary low-antimony lead alloys are difficult to cast and produce a large grain structure 

which leads to cracking and increased corrosion (Williamson & Kim 2008).  Antimony-lead 

alloys containing antimony contents below 2% are very hard rendering them essentially 

impossible to cast making it unsuitable for use in a battery plate (Clark 2009).  Therefore, 

in order to achieve a castable alloy European manufacturers experimented with adding 

different elements as grain refiners.  The most common low-antimony alloy available 

today is a selenium doped alloy (with 1.5% antimony and < 0.05% selenium).  The benefits 

of this alloy include low self-discharge, low float current and good ability to cycle 

(Williamson & Kim 2008). 

The move away from traditional high-antimony lead-alloys has also increased the 

occurrence of the following problems: 

 Premature loss of capacity on cycling; 

 Poor charge acceptance of deeply discharged batteries; and 

 Poor performance of dry-charged positive plates when processed at elevated 

temperatures. 

All of the above problems are associated with the positive plate and have been attributed 

to two causes, namely; 

 Lack of tin in the positive grid alloy; and 

 Reduced content of grid antimony (Culpin, Hollenkamp & Rand 1992). 

Giess (1984) separated the behaviour into: 

 “Antimony-free effect” that hinders the discharge of positive plates; and 

 “Tin-free effect” that creates corresponding problems during recharge. 
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Interestingly, Terzaghi (1998) stated that it is in fact compression of the positive active 

material that is one of the key determinants of the life of lead-acid batteries, rather than 

the grid alloy used.  He stated, with supporting information from the Advanced Lead Acid 

Battery Consortium (1997), that optimal life of lead acid batteries is dependent on the 

following factors: 

 Appropriate recharge regime; 

 Maintenance of adequate compression on active material; and 

 Reservation of the high surface area of the active material. 

However, today’s lead-acid battery industry is segregated into different lead alloy 

batteries, depending upon the battery’s primary use.  Lead-antimony based alloys 

dominate the market for deep-cycling applications whilst lead-calcium based alloys 

dominate the SLI and stand-by market (as VRLA batteries).  The dominance of lead-

antimony alloys in cycling applications is reportedly due to the fact that the alloy is 

extremely resistant to distortion or damage from repeated charge-discharge cycles (Clark 

2009).  Recently, pure lead-tin (PLT) and thin plate pure lead (TPPL) batteries have been 

produced and marketed.  These batteries utilise a low-tin pure-lead alloy and thin flat-

pasted positive plates rather than tubular plates.  They are marketed as a replacement for 

existing VRLA applications such as stand-by and telecommunications. 

An advantage of the pure lead grid design is that they provide very long-lived batteries 

which are relatively resistant to corrosion, even under high temperatures and over-

charging conditions (Clark 2009).  Unfortunately they do have the disadvantage of low 

capacity. 

2.1.3 Lead Alloy Investigations – The Current State of Knowledge 

A recent investigation, focusing on a direct corrosion rate comparison between a 1% 

antimony-lead alloy and a 1% tin lead alloy achieved a significant reduction in the 

corrosion rate of tin-lead alloys in sulfuric acid (Osório, Peixoto & Garcia 2010).  Numerous 

studies describe how the use of non- or low-antimonial grids in lead-acid batteries may 

result in the development of an apparently high-impedance ‘passivation’ layer at the 

positive grid/active material interface which causes this accelerated corrosion.  It is 

generally agreed that the passivation layer consists of a bilayered structure composed of 
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α-PbO deposited directly on to the grid’s surface beneath an outer layer of PbSO4 (Babić, 

Metikoš-Huković, Lajqy & Brinić 1994; Culpin, Hollenkamp & Rand 1992; Hollenkamp et al. 

1992; Nelson & Wisdom 1991; Petersson & Ahlberg 2000): α-PbO is formed under the 

PbSO4 layer, where the local pH value is close to 9, due to the semi-permeable properties 

of the PbSO4 layer (Petersson & Ahlberg 2000).  The development of this structure is 

postulated to hinder recovery from prolonged deep-discharge or self-discharge.  The 

incorporation of tin into the positive grid (either within the alloy or as a surface layer) has 

been reported to reduce the occurrence of α-PbO by thinning the PbO layer (Petersson & 

Ahlberg 2000, Mattesco et al. 1997) and consequently alleviating the passivation 

problems relating to charge acceptance (Williamson & Kim 2008). 

Various mechanisms have been proposed to explain the aforementioned effect and they 

range from a semi-conductor type doping of α-PbO to changes in the porosity of the 

PbSO4 layer and/or the reactivity of α-PbO towards oxidation (Culpin, Hollenkamp & Rand 

1992).  Hämeenoja et al. (1989) explains that the growth of the oxide layer follows a 

parabolic rate law, indicating that the rate of oxide layer growth is diffusion controlled.  It 

was also shown that the oxidation rate of the alloys studied exceeded that for lead alone 

at 200mV.  The increase in the oxidation rate was explained by either an increase in the 

number of oxygen vacancies caused by the introduction of cations with a lower valence 

than IV (i.e. Sb(III)) in the PbO2 lattice or from an increase in the electron conductivity, i.e. 

an introduction of cations possessing a valence higher than II (i.e. Sb(III)) in the lattice.  

Pavlov et al. (1989) proposed that by incorporating Sn3+ in the PbO2 crystal lattice, the tin-

catalysed oxidation of α-PbO to PbOx proceeds.  The incorporated tin ions were explained 

to have introduced an increased ‘hole’ concentration and thereby increased conductivity 

which in turn caused an increase in the reaction rate.  Döring et al. (1990) also assumed 

the formation of a mixed semi-conducting lead-tin oxide (which they describe as an ‘npn-

transistor structure’) due to the increase in the conductivity of the passivation layer.  This 

theory is supported by a study by Jiang et al. (2011) who states that the doping of tin 

oxides can cause an increase in the conductivity of the oxide. 

In a further study, Bojinov et al. (1994) determined that tin facilitates the oxidation of Pb2+ 

to Pb4+ (in the degenerate highly-conducting layer) by 0.1-0.2V.  They also found that the 

addition of tin stabilised and increased the amount of non-stoichiometric oxide formed in 

the anodic oxide layer.  Cyclic-voltammetry experiments determined that tin additions 
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hindered oxygen evolution as well as the amount of PbO2 formed by cycling.  This reduced 

further with an increasing tin content, thereby reducing the corrosion rate of the alloy. 

Following a review of published papers on the effect of tin in sulfuric acid, Bui et al. (1997 

& 1998) concluded that: 

 Alloying with tin decreases the thickness of the PbO passivation layer. 

 The electron conductivity of the passivation layer increases with increasing tin 

concentration. 

 The optimal tin concentration in the alloy varies depending on service life, and the 

states of charge and discharge, but ideally should lie between 1.5 – 2 wt. %. 

 Tin dissolves slowly from alloys in sulfuric acid to produce ionic tin (Sn2+) which can be 

reduced to tin metal on the negative plates and is oxidised to conductive SnO2 on the 

positive plates thereby enhancing plate capacity due to an increase in the 

conductivity of the active material (Bickerstaffe et al. 1986). 

 Tin present in the grid alloy decreases oxygen and hydrogen evolution at the positive 

and negative electrodes, respectively. 

X-ray diffraction (XRD) studies on the corrosion of pure lead in sulfuric acid have identified 

relationships between the polarization potential and the phase composition of the 

corrosion product.  For example, one study (Pavlov et al. 1969) showed that at potentials 

of up to -300mV (vs. Hg/Hg2SO4 electrode) PbSO4 formed, at potentials between -300mv 

and +900mV α-PbO together with small amounts of basic lead sulfates formed and both 

α- and β-PbO2 formed above +900mV (Culpin, Hollenkamp & Rand 1992).  At high 

potentials (~1.4V vs. Hg/Hg2SO4) the corrosion layer of pure lead also consisted of an 

outer film of α-PbO2 and an inner film of α-PbO (Culpin, Hollenkamp & Rand 1992). 

Giess (1984) determined that at a potential of ~1000 mV (vs. Hg/Hg2SO4) the corrosion of 

pure lead produced a thin PbSO4 layer and an immense underlying α-PbO layer.  By adding 

0.2-0.4 wt. % tin to the lead, the extent of corrosion was reduced by a factor of 6-8 and 

the formation of α-PbO was greatly suppressed.  Another study (Pavlov et al. 1989) 

arrived at similar conclusions and suggested that tin was added to the PbO/PbOx (where 

1≤x<1.5) crystal lattice as Sn3+ and this accelerated the rate of reaction of α-PbO to PbOx 

by increasing the electronic conductivity of the α-PbO and shifting the potential for 

oxidation of α-PbO to a more negative value.  Landers (1955) stated however, that in 
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order to appreciably reduce the corrosion process in cycling cells, it would be necessary to 

reduce the diffusion-controlled penetration of SO4
2- ions into the PbO2 – PbSO4 film on the 

grid. 

The 1992 study by Hollenkamp et al. stated that corrosion of lead-calcium alloy grids 

produced a bi-layered corrosion layer where detachment of the inner corrosion layer from 

the grid is apparent but bonding of the porous positive active material (PAM) to the outer 

corrosion layer is apparently strong.  The corrosion products from lead-calcium grid alloys 

were also reportedly less coherent and more prone to fracture than those of lead-

antimony alloys.  Whilst not confirmed by Hollenkamp, the less coherent nature of the 

corrosion products of lead-calcium alloys could be a factor in the reported premature 

capacity loss (PCL) observed from low-antimony/antimony-free alloys. 

Tin has been proven to improve the corrosion resistance of lead-calcium alloys and to 

increase the recharge ability after over-discharge and standing.  The anti-corrosive 

property of the lead-calcium-tin mix depends primarily on the ratio of tin/calcium: alloys 

with a low tin/calcium ratio (below 9:1) show high corrosion rates with small/fine grains 

while high tin/calcium ratio alloys show low corrosion rates with coarse grains (Xu et al. 

2006).  Furthermore, alloying with tin can slow the corrosion rate and promote growth of 

the compact passive layer. 

According to Xu et al. (2006), the effect of tin on the anti-corrosion properties of the alloy 

can be attributed to two effects: conductivity and ion transportation.  Transportation of 

ions and electrons in the passive layer are two of the most important processes to 

determine the corrosion rate of the alloys and the slower of these two could be the 

controlling step for the corrosion reaction (Xu et al. 2006).  This study reported tin 

contents below 0.8% (w/w) introduced an accelerated corrosion rate (compared to higher 

tin% alloys) due to the enhancement of ion and electron transportation.  Tin compositions 

between 0.8–1.5% (w/w) produced lower corrosion rates as ion transportation was the 

controlling step for the corrosion process and was reduced by increasing the tin level.  

When the tin level exceeded 2.6%, corrosion again accelerated due to excessive tin 

segregation and intergranular corrosion (Xu et al. 2006).  However, Kiehne (2003) stated 

that a tin concentration of 0.6% (by weight) was optimal for valve-regulated lead-acid 

(VRLA) batteries. 
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Pure-lead cells are reported to experience a dramatic drop in capacity through the first 

10-20 cycles, which can be improved or eliminated by either of two different treatment 

techniques (Nelson & Wisdom 1991): 

i) Leave the cells to stand for an extended period of time (6-12 months) 

ii) Subject the cells to heat soaking – placing the cells in an oven at 50-60oC for 15-

30 days depending on the severity of the capacity loss.  The cells under these 

conditions allow dissolution/re-crystallisation of the passivation layer of the grid, 

slowly opening up the grid structure destroying the “perm-selective” membrane 

condition that maintains a high pH at the grid surface. 

An oxidation investigation by Petersson & Ahlberg (2000) on tin-lead alloys using cyclic-

voltammetry concluded that the presence of tin increased the conductivity of the 

passivation layer.  This study electro-deposited (electroplated) varying tin-lead alloys onto 

carbon electrodes and subjected these electrodes to 5M sulfuric acid.  Unfortunately in 

the study, no compositional analysis of the electrodeposited layer was conducted prior to 

the corrosion tests.  Further, the composition of the electrodeposited layer was estimated 

by anodic stripping voltammetry.  It was stated that “for low concentrations of tin in 

solution, no distinct peak for tin dissolution can be observed”.  However, personal 

experience with electrodeposited lead has shown that these layers can be quite porous 

when thin.  This porosity causes an increase in the surface area of the test piece, which 

contributes to a higher rate of corrosion.  Thus, the results obtained from Petersson’s 

study (2000) may not be indicative of those of cast tin-lead alloy grids.  Further, corrosion 

rate testing was performed via cyclic-voltammetry, not at constant current.  This test 

method is again not indicative of that experienced by submarine battery grids.  Finally, the 

corrosion investigation was conducted on raw electrodes; the electrodes did not contain 

active material.  By using raw electrodes, the external stresses applied to the grid (and 

passivation layer) because of the density changes of the PAM were ignored.  These 

external stresses may contribute, possibly significantly, to a major change in the apparent 

corrosion rate of the grid material. 

A 2003 study of new grid alloys (Furukawa, Nehyo & Shiga 2004) subjected test specimens 

to 4.88 M sulfuric acid under constant potential conditions.  Again these conditions are 

not representative of those experienced by submarine batteries and therefore the results 
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of this study may not be indicative of those for the intended application.  Furthermore, 

the electrodes were not cycled during corrosion testing.  It can be argued that the ‘battery 

test’ conducted as part of this study does go some way to describing the cyclability of the 

alloy.  However, no quantitative analysis of cycled, corroded grid alloy was undertaken.  

Finally, it is hard to draw a conclusion on the effect of tin from this work, as all alloys 

studied contained varying concentrations of tin.   

Julian et al. conducted a study (2003) on lead-calcium-tin alloys.  This study was based on 

corrosion testing in 1.27s.g. sulfuric acid (referenced to 20oC) at 75oC at an over-potential 

of 200mV (i.e. 1350mV vs. SCE (Hg2Cl2)) for 20 days.  The corrosion products were 

removed in an ethanol-hydrazinium hydroxide solution and then were analysed.  Again, 

corrosion rate testing was performed under constant potential conditions.  Further, 

cycling of the electrode during corrosion testing was not performed.  The relevance of this 

is stated in the review of Furukawa’s study above.  Julian also stated that recently it has 

been considered that tin alone in the alloy is not sufficient and that an additional element 

is needed.  He concluded that the addition of barium to lead-calcium-tin alloys improved 

the mechanical properties and the corrosion behaviour and kept these properties steady 

because over-aging was prevented.  This conclusion is drawn for lead-calcium-tin alloys, 

not lead-tin alloys alone.  Therefore, this conclusion may be incorrect for binary tin-lead 

alloys. 

A study by Papazov et al. (1981) was used to clarify the influence of the positive active 

material (PbO2) on the corrosion rate of tubular positive plate spines.  The authors 

concluded that the corrosion rate of antimonial-lead alloy spines decreases with 

increasing antimony content under charge/discharge cycling.  The study also found that 

the opposite was true under both constant polarisation and discontinuous polarisation 

(i.e. corrosion rate increased with increasing antimony content). 

2.2 OBJECTIVES OF THIS PROJECT 

In recent times, most research has focussed on lead-calcium based alloys due to their 

widespread application in automotive batteries.  Consequently, a plethora of data on 

these alloys is available (Zhong et al 1996, Lakshmi 1998, Prengaman 1995).  This study 
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will focus on alloying with tin, as lead-calcium alloys have been shown to exhibit beneficial 

properties when alloyed with tin. 

Previous research on the corrosion of tin-lead alloys in sulfuric acid has been performed.  

Unfortunately, these studies have been performed under constant electrode potentials.  

As a consequence, their results are not representative of the behaviour of the grid alloys 

utilised in submarine service.  The vast majority of corrosion rate testing methods utilise 

constant potential charging, with the potential between a reference electrode and the 

positive electrode held constant.  Furthermore, the potential difference between the 

reference electrode and the positive electrode has been performed over different ranges 

for each investigation. 

Papazov’s 1981 study clearly demonstrated that the corrosion rate characteristics of lead 

based alloys were different depending on whether the alloy was constantly polarised or 

whether it was cycled.  Corrosion rate testing of grid alloys with an active material 

covering has been conducted for lead and antimonial-lead alloys, however, no literature is 

available for tin-lead alloys. 

Constant-voltage corrosion rate testing of tin-lead alloys has been applied in previous 

investigations as a consequence of lead-tin alloys being studied or developed for stand-

by/VRLA applications.  These cells are placed on float charge for most of their working life 

and corrosion of these cells occurs at a constant (cell) voltage.  Float voltages are slightly 

above that of the open-circuit cell voltage (OCV) at approximately 2.25-2.28 volts per cell 

(VPC).  Therefore by corrosion testing the new alloy under constant voltage conditions (at 

200-250 mV above the positive ‘plate’ potential), a good correlation to in-service 

corrosion performance of the alloy can be obtained.  However, in this study the suitability 

of the low-tin lead alloy will be investigated for use in tubular positive plate cells, typically 

the case for submarine use.  Recharging of submarine batteries seldom occurs at constant 

voltage; instead submarine batteries are typically charged under constant current 

conditions which are somewhat more oxidising/corrosive than VRLA/stand-by float 

charging. 

Whilst the data obtained by the journals studied may be applicable to tubular plates made 

from low-tin alloys, an investigation into how the alloy corrodes under constant-current 

conditions needs to be undertaken to better understand the grids’ (and consequently the 
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cells’) behaviour.  No clear comparison on the corrosion rate characteristics between 

antimony-lead or tin-lead alloys has been undertaken.  This project will compare the 

corrosion characteristics of a low-tin lead alloy directly with that of a typical antimony-

lead alloy found in submarine battery grids.  This study will examine the corrosion 

characteristics of each alloy under constant current over-charging conditions.  These test 

conditions have been chosen as they are more representative of the conditions 

experienced by submarine electrodes. 

The aim of this research is to investigate the corrosion characteristics of a current 

technology lead-antimony alloy and to compare the results against a new generation low-

tin lead-based binary alloy.  There is a significant body of work in the open literature 

regarding tin concentrations and their use in flat-pasted positive plates.  This project will 

not focus on optimising the tin content, but will instead focus on a single tin concentration 

and will investigate whether a binary low-tin lead alloy may be attractive for use in tubular 

positive grids. 

Specifically, the corrosion characteristics of each alloy sample will be examined and 

compared.  By performing this study, a thorough understanding of the differences in 

corrosion characteristics between current generation lead alloys (i.e. antimonial-lead and 

calcium-lead alloys) and low-tin lead alloys can be identified.  Characteristics of the 

corrosion layer of the grid material will be examined and a comparison between current 

technology antimonial-lead and new generation tin-lead alloys will be made. 

Furthermore, the effect of positive grid corrosion on active material will be briefly 

investigated and compared.  Whilst a brief examination of the influence of tin (and 

antimony) on the positive active material may be included, this examination is beyond the 

scope of this project and will consequently only be covered very briefly.  By performing 

this study, an understanding of the effect each alloy has on the active material within the 

plate can be achieved and this knowledge applied to the construction of new generation 

battery grids (tubular plates). 

Throughout the literature review, a standardised testing regime comparing tin-lead alloys 

to antimonial-lead alloys could not been identified.  As part of this project, a standardised 

test procedure will be developed which subjects both alloy varieties to identical 

experimental conditions and analysis techniques.  By undertaking this standardisation, it is 
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expected any interferences from test setup, experimental conditions and analysis 

methods will be eliminated.  This test procedure will also be used to investigate the 

suitability (or otherwise) of lead alloys as used in service, rather than subjecting the alloys 

itself, without any surrounding active material, to corrosion and additional effects of 

electrode cycling (i.e. active material expansion/contraction stresses and thermal cycling 

stresses).
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CHAPTER 3 METHOD 

3.1 MATERIALS AND CELL DESIGN 

3.1.1 Positive Plate Design 

The literature reviewed for this study indicated that tin-lead alloys containing tin at 

concentrations ranging from ~0.5% (w/w) up to ~2.0% may provide enhanced corrosion 

resistance when compared to traditional antimonial-lead alloys.  The prime focus of the 

project is to investigate the feasibility of a tin-based grid alloy, rather than optimising the 

tin content applicable for submarine applications.  As a consequence, a tin-lead alloy 

containing 0.5% (w/w) tin was selected.  The antimonial-lead alloy used as a baseline was 

a 1.6% alloy, which also contains selenium as a grain refiner.  This alloy is representative of 

those used for submarine applications.  Table 3 below summarises the chemical 

composition of the alloys examined in this project.  The chemical composition analysis 

was performed on the master batch of alloy used, not the individual grids. 

Element 
Sb Alloy 
% w/w 

Sn Alloy 
% w/w 

Ag 0.033 <0.0015 

As 0.048 <0.0005 

Bi <0.03 <0.01 

Cd - <0.0002 

Cu <0.002 <0.0005 

Fe <0.005 - 

Ni <0.001 <0.0002 

S <0.005 - 

Sb 1.64 <0.0005 

Se 0.021 - 

Sn 0.041 0.52 

Zn <0.001 <0.0002 

Table 3: Chemical composition of alloys examined in this project 
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Tubular grids are normally pressure cast under extreme pressure (typically around 5 000 

psi).  This casting process minimises the occurrence of cracks and voids within the grid.  

This enhances the mechanical properties of the grid.  Unfortunately, due to equipment 

and alloy quality concerns, this casting process was not able to be used for this project.  

Consequently a new grid manufacturing process was identified.  This process needed to 

ensure that the grids were not work-hardened, thereby producing inconsistent and 

inaccurate results, and were devoid of cracks and voids, leading to accelerated corrosion 

and loss of performance.  In order to maintain standardisation in testing, grids of both 

alloy types were manufactured using the same process. 

First, ingots of the raw alloy were extruded into solid plates 75 mm wide, 3.0 mm thick 

and 150 mm long.  Whilst still hot from the extrusion process, these plates were hot-

rolled to a thickness of 2.5 mm (Figure 11).  This hot-rolling process minimised the 

occurrence of work-hardening the alloy.  These solid plates were then cut to the required 

plate profile.  The grid profile was generated by the use of a high-pressure water-jet 

cutter.  This process developed the required profile based on a computer-aided design 

(CAD) drawing.  This allowed each grid to be identical in shape and size.  Water-jet cutting 

was performed at 40 000 psi using garnet addition to increase cutting speed.  The final 

grid profile contained square spines 2.5 mm wide x 2.5 mm high x 150 mm long (Figure 

12). 
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Figure 11: Lead alloy after extrusion and hot-rolling 

Initially, positive grids comprised of 14 spines were to be used for this project.  The 

extrusion die available to extrude the ingots into sheets was 75 mm wide (maximum).  

This required 2 grids to be cast and welded together.  To minimise excess weight in the 

grid, 2 separate CAD drawings were created, each was identical except that the second 

grid did not contain the lug welding area atop.  These grids were then to be welded 

together using the nodule at the end of the top bar (circled and identified in Figure 12).  

Welding of trial grids occurred successfully when using the antimonial based alloy, but 

proved exceptionally difficult when welding the tin based alloy.  Tin based alloys exhibit 

very high fluidity when molten.  Due to this fluidity, the grids were not able to be 

successfully welded. 
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Figure 12: Positive plate grid profile 

It was therefore decided that each plate was to be constructed using seven (7) spines.  

Initially the lug on the grids was to be used to attach power and monitoring cables.  

However, in order to minimise corrosion of cables and attachment points due to wicking 

of the sulfuric acid electrolyte, a longer, secondary lug was soldered to the grid (illustrated 

in Figure 13). 

 

Figure 13: Positive grid with lug attachment 

Welding nodule. 
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A pitch of 9.7 mm between spine centres was used.  Each plate was also stamped with a 

unique identification number (e.g. SB01, SB02, SN01, SN02, etc., Figure 14) to indicate 

both alloy type and plate number.  This enabled accurate weight data to be recorded for 

raw grid weight, active material weight and weight loss due to corrosion.  

 

Figure 14: Positive grid stamped with identification number 

Polyethylene bottom bars were used to seal the lower end of the plate (Figures 15 and 

17).  Spine locating feet (cut from bottom bars) were used to provide a seal between the 

grid and the outer gauntlet as well as to help centralise the spine within the gauntlet 

(Figure 16).  Gauntlets used were type AP507, supplied by Mecondor SpA.  These 

gauntlets were a woven polyethylene design and had an inner diameter of 8.6 mm.  The 

gauntlets (Figure 18) were cut to the same 150 mm length as the grid spines. 
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Figure 15: Positive plate bottom bar 

 

Figure 16: Positive plate grid with top seals in place 

 

Figure 17: Positive plate with top seals and bottom bar in place 
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Figure 18: Positive plate gauntlet 

Being tubular in design, the positive plates were filled with red lead as the active material.  

The red lead used for these plates contained a lead dioxide content of 26.0% and a 

stamped density1 of 2.75 g/mL.  In order to achieve an unformed active material density 

of 3.0 g/mL, approximately 155 g of red lead was used in each plate.  Positive plates were 

filled by hand to the design weight (as close as possible).  Bottom bars were added to the 

plate to seal the ends, and provided a physical means of support and protection from soft-

short circuits (from shed active material sludge).  Once sealed, the plates were dipped in 

sulfuric acid with a specific gravity of 1.14 (at 20oC) for a period of 15 seconds.  This 

process encapsulated the red lead allowing safer handling as well as commencing the 

sulfation process of the active material.  At this point, the positive plates were ready for 

assembly into the cells. 

3.1.2 Negative Plates and Supporting Componentry 

As this study focussed on positive grid materials, the negative plates used were standard 

automotive (SLI) plates.  These were sourced from a local Adelaide automotive battery 

                                                      

1
 Stamped density is an industry standard used for specifying red lead.  It is a representative measure of the 

density of the active material as it is filled in the plate.  As tubular plates are filled by vibrating the red lead 
into the plate, the stamped density is measured by replicating (as best possible) this vibration filling process.  
Stamped density is typically slightly lower than the actual density of the filled plate’s active material. 
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manufacturer (Exide Technologies, Elizabeth, SA).  The plates used (UF-CNX) were made 

with a calcium-based grid material and were 150 mm wide x 100 mm tall x 1.0 mm thick.  

To facilitate more effective utilisation of the active material, these plates were folded in 

half and pressed (ensuring no loss of active material), thereby producing a plate 75 mm 

wide x 100 mm tall x 2.0 mm thick (Figures 19 and 20). 

 

Figure 19: Folded negative plate 
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Figure 20: Profile view of folded negative plate 

The test cell containers used were also sourced from Exide Technologies, SA (model X56D 

automotive cases).  Separators were supplied by Daramic.  These separators were the 

‘Darak 5005’ model, which is described by Daramic LLC as a “micro-porous duroplastic” 

based separator (Darak 5005 brochure).  The separator thickness was 2.45 mm, height 

was 200 mm high and width was 140 mm.  The separators were manufactured to be wider 

and taller than the plates, thereby eliminating the possibility of short-circuiting between 

plates.  The separators contain two (2) distinct patterns on each face (Figure 21), allowing 

for both positive and negative plate placement.  The narrow-ribbed face was placed 

toward the negative plate, whilst the wider-rib face was placed toward the positive plate 

(Figure 21). 
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Figure 21: Separators used during testing; (a) negative plate side, (b) positive plate side 

The electrolyte was battery grade sulfuric acid (Australian Standard AS 2669) at 50% 

strength (specific gravity of 1.40) sourced from Incitek Pivot Limited (Port Adelaide).  This 

50% bulk sulfuric acid was carefully diluted using demineralised water to the strength 

required for each process.  Cell electrolyte was normalised to a specific gravity of 1.300 ± 

0.005 at 30oC.  Cells were placed in excess electrolyte to replicate the battery design 

typically used in submarines; flooded cells.  This design was also chosen as grid corrosion 

is more dependent on electrolyte strength rather than volume; electrolyte volume 

predominantly facilitates the capacity of the cell. 

3.1.3 Cell Construction 

Test cells were constructed using a single positive plate and two supporting negative 

plates.  PVC spacers (10 mm and 6 mm thick) were located within the cell containers to 

provide the compression required to ensure adequate cycling.  Four cells were placed in 

each six-celled test container.  Within the six-cell compartments of the containers used, 

two antimonial based cells and two tin based cells were placed, as follows: antimonial 

based cell, tin based cell, left empty, left empty, antimonial based cell, tin based cell.  This 

placement ensured all antimonial based cells and all tin based cells were adjacent an air 

(b) (a) 
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cavity as well as being the end-most cell.  Further, this design ensured no single cell was 

surrounded on both faces by another cell thereby promoting increased cell temperatures.  

By minimising temperature variation between all cells, accelerated corrosion due to 

temperature increases was minimised.  This resulted in minimal corrosion rate variation 

due to temperature differences.  Cells were placed within the cell containers in a totally 

random manner.  Further, each cell container was also placed within the test chamber in a 

random manner.  Table 4 shows the placement of cells within containers.  This random 

nature of cell distribution was undertaken to eliminate systematic errors in cell production 

and testing.  Further, during analysis, the cells were dismantled in a random manner.   

Container No. Compartment 
1 

Compartment 
2 

Compartment 
5 

Compartment 
6 

01 Sb-05 Sn-07 Sb-17 Sn-21 

02 Sb-08 Sn-10 Sb-14 Sn-20 

03 Sb-03 Sn-15 Sb-23 Sn-03 

04 Sb-11 Sn-08 Sb-21 Sn-09 

05 Sb-15 Sn-11 Sb-13 Sn-17 

06 Sb-01 Sn-19 Sb-12 Sn-12 

07 Sb-04 Sn-13 Sb-24 Sn-14 

08 Sb-06 Sn-02 Sb-19 Sn-04 

09 Sb-09 Sn-23 Sb-22 Sn-16 

10 Sb-07 Sn-18 Nil Nil 

11 Sb-20 Sn-24 Sb-18 Sn-05 

Table 4: Plate location within test containers 

3.1.4 Plate Formation 

Plate formation can be undertaken in either of two ways: dry-charging or jar/container 

formation.  During dry-charge formation, plates are placed into formation cells where they 

are charged.  At the end of the formation charge, the plates are removed from the cells, 

rinsed in demineralised water and then dried.  Once dry, the plates are then assembled 

into cells.  Conversely, for the jar formation process, plates are assembled into their final 

cells and formed.  They do not undergo plate rinsing or drying.  The overall charging 

process is the same for either method.  Cells for this project were assembled and charged 
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using a jar formation process, thereby eliminating the rinsing and drying steps of dry-

charging. 

Being unformed, the negative plate active material comprised a mixture of lead sulfate 

and lead oxide (with some residual lead metal).  The positive plate active material was 

comprised of red lead2 and lead sulfate.  In order to form the plates, they were first 

soaked in a weak sulfuric acid electrolyte to allow the entire active material mass to 

become wetted by the electrolyte.  During this soaking process, the active material in 

both positive and negative plates reacts with the sulfuric acid electrolyte and forms lead 

sulfate.  At the end of the soaking period, the plate’s active material contains a majority 

lead sulfate. 

The plates were then charged using a suitable power supply.  As Rand et al. (2004) states, 

lead sulfate is an electrical insulator.  Thus, it is the material immediately in contact with 

the grid which converts to either spongy lead (negative plate) or lead dioxide (positive 

plate) initially.  With this layer converted to active material, the layer in contact with the 

recently reacted material is then converted.  This process repeats until all material is 

converted to the respective active material.  Due to the highly insulating nature of the 

plates after the soaking period, the overall voltage of the cell prior to the formation 

charge is 0 volts.  Therefore chargers which are able to overcome this high resistivity are 

required.  As the formation process progresses the conductivity of the plates increases as 

the active material is formed. 

3.2 CELL CAPACITY DETERMINATION 

In order to obtain a satisfactory comparison to be made, a minimum of 500 cycles was 

determined to be required.  A submarine lead-acid battery is typically subjected to 

approximately 500 charge / discharge cycles throughout its life.  Thus, a charge / discharge 

rate was required to be established to allow ~500 cycles to be completed within a 6-

month time-frame.  It was determined that three (3) discharge/recharge cycles per day 

were required to be undertaken (i.e. 500 cycles / 180 days = 2.8 cycles per day). 

                                                      

2
 Red lead, lead tetraoxide (Pb3O4), itself is not a single chemical compound. It is an amalgam of both lead 

monoxide and lead dioxide and is often given the chemical formula 2PbO.PbO2.  Typical battery grade red 
lead contains approximately 26% PbO2, with the remaining 74% as PbO. 
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Testing was designed to replicate the application this study was aimed at helping (i.e. 

submarine batteries).  In order to determine the cell capacity, a single antimonial alloy 

positive plate and a single tin-based alloy positive plate were fabricated and filled with red 

lead to the design weight.  Two (2) preliminary test cells were then made using these 

plates along with negative plates.  The cells were placed in sulfuric acid electrolyte with a 

specific gravity of 1.120 ± 0.005 at 30oC and left to soak for a period of 4 hours.  These 

cells were then subject to a formation charge of 2 amps for 138 hours (formation charge 

profile in Figure 22).  Following formation, a constant current charge/discharge cycling 

regime was undertaken.  This charge/discharge regime was used to determine the 

capacity of the cells, in order to allow a safe and repeatable level of discharge to be used. 

 

Figure 22:  Formation charge profile for trial cells 

A total of 274 Ampere-hours were charged in during the formation charge; 1,640 Ah/kg 

(PAM) for the antimonial based cell and 1,690 Ah/kg (PAM) for the tin based cell.  The 

large ampere-hour input during the formation charge was provided to ensure the plates 

were completely charged prior to undertaking charge/discharge cycling.  The slight 

difference in specific ampere-hour input was due to the slight difference in PAM weight 

(red lead) filled into the cells.  The ampere-hour input difference between the alloy types, 

however, was insignificant (3% difference). 
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Once the cells were formed, cell electrolyte was normalised to a specific gravity of 1.300 ± 

0005 (temperature corrected to 30oC).  The cells were then given an equalising charge of 

1.0 amps for 28 hours followed by a float charge for 66 hours.  String voltage was held at 

5.0V (2.5V cell average) during the floating period.  This process allowed the electrolyte 

contained within the plates to equalise.  Charge/discharge cycling was then performed on 

the cells at different rates for different periods of time.  A graphical summary of the 

discharge rates trialled can be found in Figures 23 and 24.  Figure 24 depicts the same 

capacity determination data without Cadmium reference potentials.  These reference 

potentials were collected to ensure that the positive plates were not being exhausted 

during capacity determination trials.  Reference potentials are indicated by the ‘+’ and ‘–‘ 

suffixes in Figure 23; ‘+’ indicating the positive plate reference potential and ‘–‘ indicating 

the negative plate reference potential (referenced to a pure Cadmium electrode). 

The first discharge (indicated by the prefix ‘D1’ in Figures 23 and 24) was carried out at 2.5 

amps for a period of 3 hours.  At this point, it was evident the discharge rate was too low 

to allow 3 cycles per day to be undertaken.  The cells were recharged at 3.5 amps until a 

string voltage of 5.1 volts was reached.  At this point, the recharge continued with a 

voltage limit of 5.1 volts (2.55 volts average).  The second discharge was performed at a 

current of 5.0 amps to a minimum cell voltage of 1.85 volts.  This discharge was found to 

occur for a period of 2 hours before minimum cell voltage was reached.  Using this 

discharge rate, approximately 5 cycles per day could be achieved.  The cells were 

recharged at a constant current of 2.5 amps for a period of 20.5 hours.   

The third discharge was undertaken at a rate of 4.0 amps until a minimum cell voltage of 

1.85 volts.  This end of discharge criteria was reached after 3 hours.  Using this discharge 

rate, approximately 3 cycles per day could be achieved.  The cells were recharged at a 

constant current of 1.5 amps for a period of 24 hours.  Discharges 4 and 5 were 

undertaken at the 4.0 amp rate. 

A final discharge rate of 3.0 amps was tested with minimum cell voltage to be 1.88 volts.  

This discharge occurred for a period of 4 hours 24 minutes until end of discharge criteria 

was reached.  Using this discharge rate, 2-3 cycles per day could be achieved. 

Submarine batteries are typically capacity tested under constant power conditions to best 

replicate in service use.  In order to minimise the occurrence of premature cell failure due 



New Generation Submarine Battery Electrodes Using A Tin-Lead Grid Alloy 

Chapter 3: Method 43 

to extended (deep) discharging, however, it was decided to perform the discharge and 

recharge cycles under constant current conditions.  A defined discharge time ensured 

adequate depth of discharge.  By performing the discharge under constant current 

conditions, voltage influences for each cell do not interfere with overall depth of 

discharge.  Constant current discharge is also not affected by the possible corrosion of cell 

power cables.  In order to ensure the cells would reach the desired 500 cycle requirement, 

it was decided to discharge the cells to approximately 80% of their capacity.  In 

considering all these constraints and the cell performance data obtained above, discharge 

6 was found to fulfil testing requirements best of all.  Therefore the discharge regime 

chosen for this project was a constant current of 3 amps for a period of 3 hours, thereby 

providing a total of 9 ampere hours discharged. 

 

Figure 23:  Cell capacity determination discharge voltage trends 
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Figure 24: Cell capacity determermination discharge voltage trends, without Cadmium 

reference potentials 

Submarine batteries are typically recharged heavily with extended periods of ‘gas 

charging’.  This is done in order to try and ‘equalise’ the individual cell voltages across the 

entire battery.  This equalisation is performed so that when the battery is discharged, cell 

voltage divergences are kept to a minimum.  To best replicate this in-service characteristic, 

a recharge ratio of 1.3 was chosen.  Nine ampere hours (9 Ah) was established as the 

discharge capacity, this lead to a recharge requirement of approximately twelve ampere 

hours (12 Ah).  Consequently, a recharge profile of 3 amps for a period of 4 hours was 

selected.  A one hour rest period between recharge and subsequent discharge was 

mandated to allow the cells time to equalise and to recover from the recharge.  With a 4 

hour (re)charge, 1 hour rest and 3 hour discharge chosen for each cycle, the total cycle 

time was found to be 8 hours.  This profile allowed for 3 cycles per day to be completed, 

thereby fulfilling the original requirement. 
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3.3 CHARGE / DISCHARGE CYCLE TESTING 

3.3.1 Equipment Setup 

A test chamber was employed to house all cells within a clean environment, thereby 

minimising the occurrence of both electrolyte contamination and temperature variation.  

This test chamber was also used to entrap the sulfuric acid mist generated during the 

extended charging cycles.  The test chamber used measured 3 metres long, 0.7 metres tall 

and 0.4 metres deep.  All 42 test cells were placed within this chamber.  The enclosure 

was not temperature controlled, thereby replicating in-service use of submarine batteries.  

Temperature was, however, monitored during the last ~300 cycle of the project.  A type K 

thermocouple was used to measure and log cell temperature.  With all cells in the same 

test chamber, undergoing the same charge/discharge routine at the same time, 

temperature effects can be considered to be consistent between all cells.  Figure 25 shows 

the layout of test cell containers (with grid identifications provided in Table 4) within this 

test chamber. 
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Figure 25: Test cell container location within test chamber 

Test cell containers shaded light blue above were connected as string 1, whilst those 

shaded light orange were connected as string 2. 

Monitoring equipment and charge/discharge equipment was placed on top of the 

chamber, rather than within it.  Placement of the charging, discharging and monitoring 

equipment was chosen such that corrosion of the electronic equipment would not occur.  

This chamber also provided a means of containing the acid mist generated during over 

charging. 

3.3.2 Charging, Discharging and Monitoring Equipment 

To maintain adequate safety during cycling, a low voltage setup was used.  A maximum 

string voltage of 60 volt was chosen, thereby eliminating the possibility of electric shock.  

Charging and discharging equipment was chosen to support this 60 volt string 
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requirement.  With maximum cell voltage at top of charge expected to be close to 3 volts, 

a maximum of 20 cells could be connected in series.  Therefore, two (2) cell strings were 

used.  Once a total of 20 cells were remaining, they were all combined into one test string.  

Cells on both strings were connected in series and both strings were setup in the same 

manner. 

This test setup was also chosen to provide redundancy in case of charger/discharger 

failure.  With an equal number of antimonial based cells and tin based cells on each 

string, if a charger or discharger happened to fail in service, the results for each cell group 

could still be compared.  This comparison could still occur as both cell types had 

undergone an identical charge/discharge regime due to the serial connection employed. 

Charging equipment used was 2x ZUP60-7 60 volt, 7 amp chargers (serial numbers LOC-

332A084-0001 and LOC-332A095-0001), supplied by TDK Lambda.  Model 8510 electronic 

loads (serial numbers 85100123509040035 and 85100123509010009), supplied by BK 

Precision, were used as the dischargers.  These electronic loads could be programmed to 

discharge under constant current, constant power or constant voltage modes.  These 

loads also provided low voltage cut-out, maximum current and power draw protection 

and thermal overload protection. 

The voltage of each cell was monitored and logged by a DataTaker DT-80 series 3 data 

logger (serial number 093980, firmware version 9.08.3932; supplied by Thermo Fisher 

Scientific).  This data logger provided a maximum of 15 analogue channels on its own.  

Additional channels were provided by a DataTaker CEM20 expansion module (serial 

number 094184; supplied by Thermo Fisher Scientific).  This expansion module provided 

up to 40 additional analogue channels.  44 analogue channels in total were used for data 

logging; 42 for cell voltages and 2 for string current.  Temperature monitoring and logging 

was undertaken through a 43rd channel on the data logger.  Data was logged every 60 

seconds for all channels.  Charge/discharge current on each string was measured by the 

use of 5 amp, 50 mV current shunts (supplied by Jaycar). 

It is noted that reference potentials for 4 cells were initially undertaken, on cells Sb18, 

Sb20 Sn05 and Sn24.  Reference potentials, measures against Ag/AgSO4 electrodes, were 

measured for the first ~40 cycles, but then discontinued due to instability in voltage 

readings.  The authors work experience has also shown these Ag/AgSO4 electrodes to be 
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unstable and unreliable when used continuously, especially in a high acid mist generating 

environment.  The two (2) cell strings were assembled with cells as shown in Table 5. 

A computer (Intel® Pentium 4 3GHz running Windows XP SP2) was connected to the 

chargers, dischargers and data logger via USB 2.0 interfaces.  A dedicated program written 

in LabView (provided by National Instruments, version 2012 v12.0f3) provided 

computerised control to the chargers and dischargers.  Dischargers were connected to the 

computer independently.  Chargers were connected to the computer in series; charger 2 

connected to charger 1 via a serial link, while charger 1 was connected to and controlled 

by the computer.  Charger 1 then relayed the charge profile commands to charger 2.  Data 

logging equipment was controlled by the program DtUSB (v1.2.0.0), written and provided 

by Thermo Fisher Scientific. 

Wire used for voltage sensing was 24 gauge (0.2 mm2 cross-section) speaker cable (part 

number WB1709, supplied by Jaycar).  This heavy gauge wire was employed due to its 

high conductivity.  A heavy gauge was used for voltage monitoring to minimise voltage 

losses, thereby providing better voltage accuracy.  Similarly, the power cable used to 

connect the cell strings was 2 gauge multi-strand cable (part number WH3070, supplied 

by Jaycar) with a 35.2 mm2 cross-section.  This power cable was employed due to its high 

conductivity.  Again, a heavy gauge was used to minimise voltage drop across the cell 

string. 
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String 1 String 2 

Sb-01 

Sb-04 

Sb-05 

Sb-07 

Sb-09 

Sb-12 

Sb-17 

Sb-18 

Sb-20 

Sb-22 

Sb-24 

Sn-05 

Sn-07 

Sn-12 

Sn-13 

Sn-14 

Sn-16 

Sn-18 

Sn-19 

Sn-21 

Sn-23 

Sn-24 

Sb-03 

Sb-06 

Sb-08 

Sb-11 

Sb-13 

Sb-14 

Sb-15 

Sb-19 

Sb-21 

Sb-23 

Sn-02 

Sn-03 

Sn-04 

Sn-08 

Sn-09 

Sn-10 

Sn-11 

Sn-15 

Sn-17 

Sn-20 

Table 5: Cells placed in each cycling string 

Alligator clips (12mm, part number HM3025, supplied by Jaycar) were used as connectors 

between the power cable and the cells.  Power cable was crimped into these clips to 

provide good electrical contact.  Cable entry was protected with silicone sealant then 

sealed with epoxy-lined heat-shrink tubing.  This preparation was used to minimise cable 

corrosion due to acid attack.  After the first ~40 cycles it became obvious that corrosion of 

connections due to sulfuric acid attack was going to be significant.  At this point, all 

connections were coated with petroleum jelly (supplied by Shell Australia) to minimise 

this acid attack. 
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3.3.3 Cycling Setup 

Cells were assembled using unformed positive and negative plates, as per the trial cells 

detailed above.  Each cell was filled with excess sulfuric acid electrolyte at a specific 

gravity of 1.120 ± 0.005 (temperature corrected to 30oC).  The plates were allowed to soak 

in this electrolyte for a period of 6 hours.  The plates were then charged at a constant 

current of 2.0 amps for a period of 170 hours.  This provided a total of 340 ampere hours 

to be charged into the cells.  The long formation duration was used as the overall cell 

voltage for the cells was found to be unstable after ~140 hours.  Thus, the formation 

charge was allowed to continue for another 30 hours to ensure the plates were at top of 

charge.  Figure 26 presents a plot of average cell voltages during the formation charge.  It 

was noted during formation that the voltage measurement lead on one tin-based cell was 

not connected adequately, which lead to inaccurate voltage measurement. 

 

Figure 26: Formation average cell voltages 
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Figure 27: Formation voltages without erroneous data 

At the end of the formation charge, all formation electrolyte was removed from the cells.  

The cells were immediately refilled with sulfuric acid at a specific gravity of 1.300 ± 0.005 

(temperature corrected to 30oC).  Due to the flooded nature of the cells being tested, 

electrolyte volume was not measured (nor critical).  However electrolyte level was 

maintained to the upper rim of the cell container throughout testing.  This was done to 

ensure that the plates within the cells were not cycled without adequate electrolyte; 

possibly leading to premature capacity loss due to burning of plates.  The cells were then 

placed on a float charge with average cell voltage limited to 2.45 volts.  This float charge 

occurred for a period of 87.5 hours.  At the end of this float charge, the computer based 

control program was initiated and the charge/discharge process commenced.  Stage 1 was 

a 3.0 amp charge for 4 hours, followed by a 1 hour rest.  At the end of the rest period, a 

3.0 amp discharge occurred for 3 hours, followed by the 3.0 amp / 4 hour recharge.  This 

process continued until the cycle count (originally set at 50 cycles) reached zero (0).  At 

this point, the cell group identified for decommissioning were removed from the cell 

string, rinsed in demineralised water and dried.  The remaining cells in the strings were 

then charged and discharged again.  This process occurred until all cells were 

decommissioned (approximately 500 charge/discharge cycles). 
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Electrolyte density was monitored and corrected each day at the end of a recharge stage.  

This occurred for the first week, after which no change in electrolyte density was noticed.  

After the first week, water top-up occurred twice per week; after approximately 10 cycles. 

Despite the precautions taken during setup, after the first 40 cycles it was noticed that 

corrosion of the voltage sensing leads and power cables was occurring.  The 

charge/discharge process was halted after 42 cycles to remedy this corrosion.  During 

reassembly of the test setup, petroleum jelly (supplied by Shell Australia) was applied to 

all connection points. 

3.4 GRID AND PLATE ANALYSIS 

At the completion of each 50 discharge/recharge cycles, a cell group of two (2) antimonial 

based alloy cells and two (2) tin based alloy cells was dismantled (decommissioned) for 

analysis.  One (1) cell of each alloy type was used for corrosion rate analysis whilst the 

second was used for corrosion layer analysis.  It has been reported that tin (and antimony) 

‘dope’ the corrosion layer.  This doping reportedly increases the conductivity of the 

corrosion layer, thereby enabling easier recharge.  By performing analysis on the corrosion 

layer, a thorough understanding of the doping effect produced by adding tin into the alloy 

can be achieved. 

During cell decommissioning, the plate group was removed from the cell container.  All 

plates (both positive and negative) and separators were placed in demineralised water to 

rinse the plates, removing residual sulfuric acid.  All plates were subject to 3 successive 

rinse cycles before being dried.  Plates were all dried in an electrically heated, 

atmospheric oven at 75oC for 24 hours.  This drying process is not desirable for negative 

plates, as it causes the plates to oxidise during drying.  However, as negative plates are not 

the subject of this project, this drying process was used so that the plates could be stored 

for future analysis (if required).  At the completion of drying, negative plates were placed 

in sealable bags and stored for future reference.  Positive plates were subject to one of 

either of the analysis methods below. 
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3.4.1 Corrosion Rate Analysis 

Corrosion rate analysis was undertaken on positive grids by carefully removing all active 

material from the outer surface of the grids.  Firstly, the bottom bars were carefully 

removed using bull-nose pliers, taking care to avoid breaking the spines during removal.  If 

significant resistance was evident, the bottom bar was carefully sectioned with a sharp 

scalpel to aid removal.  With the bottom bar removed, the gauntlet was then removed 

from the plate.  A sharp scalpel was used to slice through each tube on the gauntlet 

allowing the gauntlet to be easily removed.  The active material situated within the 

gauntlet tubes was then carefully removed from the plate grid by use of hand.  Final 

removal of adhering active material was performed by gently tapping the grid with a small 

hammer.  This allowed the entire corrosion layer to be removed from the grid with 

minimal damage occurring.  With the majority of the active material removed, the grids 

were immersed in a solution of 5% acetic acid in demineralised water for 180 minutes (at 

ambient temperature).  This weak acetic acid solution was chosen as its reaction with lead 

oxides is quite rapid.  However, the reaction with the underlying lead alloy is minimal.  By 

limiting the exposure to acetic acid to 180 minutes at ambient temperature, acid attack of 

the grid alloy was minimised.  After acetic acid removal of the corrosion products, the 

grids were rinsed in demineralised water, then in methylated spirits and finally placed in 

an oven at 50oC to dry.  Methylated spirits was used as a rinse to minimise further 

oxidation of the grid during drying.  Once dried, the grids were weighed on an analytical 

scale (model PM-4000 with 10 mg resolution, supplied by Mettler Toledo) and the weight-

loss due to corrosion calculated.  The grids were then stored in sealable bags for future 

reference. 

3.4.2 Corrosion Layer Analysis 

Two sections from each plate were taken for analysis.  The two sections were located at 

the same place on all plates to eliminate inconsistencies in sampling methods.  The upper 

section, taken to allow cross-sectional corrosion layer analysis to be undertaken, was 

taken 15 mm from the top of the plate and was 15 mm in length.  The second section, 

taken to allow longitudinal corrosion layer analysis to be undertaken, was taken 50 mm 

from the top of the plate and was 25 mm in length. 
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These samples were mounted in a hot-mount epoxy resin.  Resin mounting was 

performed in a mild vacuum to allow the resin to completely fill all pores within the PAM.  

These mounted samples were then cut using a fine diamond blade and carefully polished.  

Polishing compound used was an oil-based diamond suspension.  An oil based suspension 

was used to reduce the chance of oxidation of lead which occurs from water based 

suspensions.  Final polishing was performed using a 0.5 µm diamond suspension. 

Initially, a sharp scalpel was used to cut through the gauntlet and active material.  The grid 

spine was then cut using sharp side-cutters.  These samples were then taken to Adelaide 

Petrographic Laboratories for resin mounting.  The as-cut samples were mounted in a hot-

set epoxy resin.  The epoxy resin used also exhibited low shrinkage during curing, thereby 

minimising damage to the corrosion layer.  Due to the porous, but compact nature of the 

active material within the plate, samples were placed in a vacuum chamber during 

mounting.  This ensured the resin penetrated the entire plate cross-section.  Upon curing 

and hardening of the epoxy mounts, these samples were then finely cut using a diamond 

blade to provide a smooth edge.  The samples were then ground on a fine stone using an 

oil-based lubricant to remove all deep cut marks.  Polishing was then performed on the 

samples.  Polishing was performed using fine diamond particles in an oil lubricant.  First 

polish was performed with a 5 µm grade diamond suspension.  Successive polishing steps 

were performed with finer grades of diamond suspensions (3 µm followed by 1 µm).  Final 

polish of the samples was performed with a diamond suspension grade of 0.5 µm.  All 

sample polishing was performed on an automated polishing machine.  Residual polishing 

oil was not removed from the samples upon completion of polishing.  By retaining this oil 

layer, a protective layer was applied to the raw grid alloy.  This protective layer minimised 

the rate of oxidation of the grid alloy during storage and analysis. 

In order to obtain adequate analysis data during microprobe analysis, the samples were 

required to have a highly polished surface.  By measuring the x-rays reflected off the 

sample and the angle of reflection being determined by the elements within the sample, 

sample preparation is very important.  Figure 28 shows the highly polished samples at 

completion of the polishing process.  It can be seen in this photograph how the epoxy 

mounting resin has penetrated the entire plate cross-section.   
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Figure 28: Resin mounted and polished plate sample 

The mounted and polished samples were then taken to Adelaide Microscopy for scanning 

electron microscopy (SEM) imaging and electron probe micro-analysis (EPMA; 

“microprobe analysis”).  Prior to any analysis taking place, the samples were first coated in 

a fine layer of carbon.  This carbon layer, approximately 15 nm in thickness, was applied in 

order to provide a more conductive surface for the electron beam.  SEM imaging was 

performed on a Phillips XL40, while the microprobe analysis was performed on a Cameca 

SXFive.  SEM images of the area being investigated were first obtained and then both spot 

analyses and area mappings were performed. 

Microprobe spot analysis was performed on a spot area (pixel size) of approximately 2 µm 

diameter.  Analysis of each pixel was performed for a period of 180 seconds.  With 111 

pixels per sample analysed, this resulted in a total analysis time of approximately 6 hours 

per sample. 

Area mapping was performed on an area 2,026 µm in length and 388 µm in width.  Each 

measurement pixel was 2 µm by 2 µm in size, thereby providing 1,013 pixels in length and 
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194 pixels in width.  During mapping, each pixel was analysed for a period of 100 

milliseconds, thereby resulting in a mapping time of approximately 5.5 hours per sample.  

The electron beam was set to a potential of 15 kV with a current of 20 nA (focussed 

beam).  Raw counts per second (cps) net intensity and quantified maps were compiled 

and created in CalcImage; a subset program of Probe for EPMA (used for probe 

automation and analysis).  Quantified maps were calculated using pure elemental 

standards and were also corrected for background interferences. 

3.4.3 Grid Grain Morphology Analysis 

Sections of unused grids, from both grid types, were mounted in resin and polished.  

Section locations, mounting techniques and polishing were performed as described in 

section 3.4.2.  These mounted grid samples were then subject to an etching process.  This 

etching process was used to highlight the grain boundaries within the grid, thereby 

allowing a determination of the grain morphology to be made.  The etching solution used 

was a solution with the following composition: 

 2 mL concentrated nitric acid (A.R. grade) 

 10 mL isopropyl alcohol (A.R. grade) 

10 drops of the above solution was placed on top of each of the polished samples for a 

period of 30 seconds.  The samples were then rinsed with isopropyl alcohol (A.R. grade) 

and gently blown with air to dry.  Immediately following etching, the samples were 

examined under optical microscope (supplied by Metallurgical Microscopes Inc.), at 

varying magnifications, to examine the grain morphology of the grids.  Micrographs were 

taken using a digital microscope camera (DCM-310, supplied by ScopeTek). 
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CHAPTER 4 RESULTS AND DISCUSSION 

4.1 CYCLING PERFORMANCE 

Each cell used throughout this investigation was attached to a data logger, to enable cell 

voltage measurements to be recorded.  It must be reported that due to sulfuric acid 

corrosion of certain data sensing leads, some recorded cell voltage data is inaccurate.  

However, as all cells were connected in series, the current draw (and therefore depth of 

discharge and recharge) on each cell, regardless of the degree of cable corrosion or 

reported cell voltage, was identical.  Further, as a constant current discharge and recharge 

profile was used, cell voltages were not used to calculate discharge/recharge current.  

Finally, as the charge/discharge regime investigated and specified throughout this project 

was designed to discharge the cells to a safe and repeatable level, the inaccurate cell 

voltage readings are not anticipated to be of any consequence to this project. 

Prior to commencement of the cycling program, two pilot cells were selected; one of each 

alloy type.  These cells were used to provide accurate voltage data throughout the 

anticipated 500-cycle life of the project.  To ensure voltage data from these two cells was 

measured and recorded accurately, the voltage sensing leads were thoroughly coated in 

petroleum jelly and all traces of acid were removed from the leads on a daily basis.  The 

cells selected to act as pilot cells were Sb18 (antimonial based cell) and Sn24 (tin based 

cell).  These pilot cells were selected from the last group of cells to be dismantled, thereby 

providing accurate voltage data for the entire cycling life of the project. 

The above cleaning process was not carried out on all cells within this project, due to the 

labour required to ensure exclusion of electrolyte contamination during this cleaning 

process.  By eliminating the chance of electrolyte contamination, erroneous cell behaviour 

could be eliminated, such as excessive gassing and premature capacity loss. 

Further, as described above, voltage measurements, whilst important to determine state 

of charge, are not critical to this investigation due to the cycling parameters employed; i.e. 

constant current cycling.  Therefore the additional effort in maintaining this minimisation 

of corrosion was not warranted. 
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Ideally, two of each cell type were to be dismantled and analysed after each 50 cycles.  In 

practice, due to various influences, the cells were broken apart at varying, but known, 

intervals.  The physical breakdown of cells occurred at the completion of the following 

number of cycles: 

 End of formation 

 42 cycles 

 82 cycles 

 130 cycles 

 171 cycles 

 221 cycles 

 302 cycles 

 353 cycles 

 404 cycles 

 454 cycles 

 504 cycles. 

Whilst undertaking analysis of the logged cycling data from the cells, it was discovered 

that the discharge units did not always provide the required discharge profile.  After 

investigating the logged cell data, it was determined that the discharge units failed to 

provide discharge on the cells for a limited period.  This period of zero discharge occurred 

between cycles 130 and 375.  During this period, the cells were recharged as per the 

design charge regime (i.e. 3.0 amps for 4 hours) and then rested for 1 hour.  However, the 

cells underwent the 3.0 amp discharge for 3 hours only intermittently.  Instead, the cells 

continued at rest for this 3 hour period.  This error was found to be a consequence of 

communications failure between the computer and the discharge units.  The “initiate 

discharge” command was being sent by the computer but it was not always interpreted by 

the discharge units, which then failed to respond to the command.  Once this issue was 

addressed through updated software code, the discharge profile occurred as designed.  

Whilst this error was not desired or expected, it has been a source of useful data as it was 

used to identify patterns in the corrosion of positive grids during severe over-charge 

conditions. 
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4.1.1 Formation 

During formation charging, the antimonial based cells produced a higher cell voltage than 

the tin based cells as shown in Figures 27 and 29 (all cells and pilot cells, respectively).  

Before any charge had occurred, i.e. with all cells in a completely unformed and highly 

sulphated state, the tin based pilot cell showed a marginally higher voltage (-75 mV for 

Sn24 as opposed to -104 mV for Sb18).  Across all cells however, the difference was 

greater: +148 mV for the tin-based cells, compared to -136 mV for the antimonial-based 

cells.  IT must be noted that the small voltage ‘dips’ which are seen to occur at 24-hour 

intervals are due to the cells being topped up with demineralised water, thereby 

producing a momentary and localised decrease in electrolyte concentration. 

 

Figure 29: Formation charge cell voltage for pilot cells 

Upon application of the formation charge current (2 amps), the antimonial-based cells 

maintained a higher charge voltage than that of the tin-based cells.  At the 

commencement of the formation charge, the antimonial-based cells exhibited a cell 

voltage approximately 275 mV higher than the tin-based cells (2.495 V as opposed to 

2.220 V).  This difference gradually decreased as the charge progressed, ending 20 mV 

higher than the tin-based cells. 
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At the start of the formation charge, clearly no corrosion layer has formed.  This results in 

the grid being in direct contact with the active material.  Once the charge is applied, the 

corrosion layer commences forming and the electrochemical bond between grid and 

active material starts to form. 

Lead-acid cells are not defined as ohmic materials, and therefore do not show a linear 

relationship between voltage and current according to Ohms Law.  However, Ohms Law 

does still provide the basis for the basic physics at work: voltage is the product of current 

and resistance.  Thus, when cells are placed on constant current charge (with all else 

being equal), a higher cell (charging) voltage indicates a higher internal resistance within 

the cell (being an accumulation of PAM, grid and grid/corrosion layer/PAM interface).  As 

the corrosion layer at the beginning of formation charge has not formed and with the 

antimonial based cells showing a higher initial charge voltage, this shows that these cells 

already exhibit a higher resistance through the grid material and/or grid/PAM interface.  

With this voltage differential decreasing over time, and the alloy remaining the same, it is 

evident that the resistance of the grid/PAM interface is changing.  The increased charge 

voltage of the antimonial cells shows that the resistance between PAM and grid starts off 

higher than those of the tin based cells, but gradually decreases as the corrosion layer on 

the grids forms.  Upon completion of formation, it is seen that the difference in charging 

voltage between antimonial and tin based cells is significantly smaller (approximately 20 

mV). 

The above formation voltage data also indicates that the tin based cells should be easier 

to charge in formation, when compared to antimonial cells.  With lower resistance across 

the cells, more electrical energy is utilised within the plates rather than overcoming the 

increased resistance of the grid.  This will potentially result in a lower ampere-hour 

requirement for formation charging of tin based cells over antimonial based cells.  This 

observation was not tested during this project, however can be examined in future 

studies. 

4.1.2 Charge / Discharge Cycling 

Whilst cells are on load (i.e. during constant current discharging), the internal resistance 

observation of cells is reversed to that of charging; the lower the cell (load) voltage the 
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higher the resistance across the cell.  This is most evident in a detailed discharge voltage 

plot for cells (Figure 30).  At the start of the discharge, when the cell is completely charged 

and exhibits the lowest internal resistance, the cell voltage is high.  Upon completion of 

the discharge, when the active material has been converted to lead sulfate (an electrical 

insulator), the cell voltage is lowest.  Therefore, the lower the voltage upon completion of 

discharge then the higher the internal resistance within the cell. 

 

Figure 30: Typical discharge voltage plot for pilot cells 

The first indicator used to determine suitability of the tin based alloy as a grid material 

was whether the cells would continue to provide adequate performance through 500 

charge / discharge cycles.  In order to best determine this indicator, the average cell 

voltage across groups 25 cycles was monitored (only on pilot cells).  This entailed 

averaging the cell voltage at the end of both recharge and discharge for each group of 25 

cycles.  Data for end of discharge is presented in Figure 31. 

The end-of-discharge data confirms that the cycling performance of both antimonial and 

tin based cells is very consistent.  Differences in end-of-discharge voltages between the 

two alloy types are minor, with the tin cells being an average of 3 mV lower than the 

antimonial cells over the entire 500 cycle duration.  After 500 cycles, Sb18 had an end of 
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discharge voltage only 59 mV lower than that after the first 25 cycles; Sn24 was only 107 

mV lower (Figure 31).  However, the tin cells were found to decay in performance at a 

slightly higher rate than the antimonial cells.  Performance decay was measured as being 

a reduction in the end-of-discharge voltage in each subsequent discharge.  In looking 

closely at the end of discharge voltage data however, it becomes clear that the 

performance decay is the result of the period when no discharge occurred. 

 

Figure 31: Average end of discharge voltage for pilot cells 

From the beginning of cycling, until the end of cycle 220 it can be seen that the tin based 

cells showed a higher average end of discharge voltage.  However, after this point, the tin 

based cells exhibited a declining end of discharge voltage.  This decline in voltage was also 

found to exceed that for the antimonial based cells.  The above figure indicates that the 

end of discharge voltage for antimonial based cells reduced by 14 mV per 100 cycles, 

whilst the tin based cells reduced by 23 mV per 100 cycles.  It is clearly evident in Figure 

31 that the increased decay of the tin based cells occurred during the period when zero 

discharge occurred (i.e. cells were over-charged).  A detailed look at the end of recharge 

voltages of each cycle showed that the end of recharge voltage for all cells was lower after 

a cycle which did not undergo discharge, as opposed to cycles which did undergo 
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discharge.  It is not understood why this observation occurred and is not the topic of this 

study, and should be examined in future studies. 

Both grid alloy types continued to perform well at completion of the anticipated 500 

cycles.  No signs of PCL were observed from either grid type. 

 

Figure 32: Average end of recharge voltage for pilot cells 

‘End of recharge’ voltages were also consistent after 500 cycles – Sb18 increased by 4 mV 

(negligible), whilst Sn24 increased by 6 mV (again, negligible).  

4.1.2.1 Period of Zero Discharge 

Figure 31 shows the period of zero discharge, as described in section 4.1.  During this 

period, discharge occurred intermittently on the cells and the cells were simply charged, 

then rested, then charged again.  This occurred for a total of approximately 200 cycles.  

During this period, it was found that the average cell voltage of the tin based cells decayed 

at a faster rate than that of the antimonial based cells.  At the start of this period of zero 

discharge, the tin based cells showed a higher average cell voltage than the antimonial 

based cells (1915 mV for tin cells as opposed to 1879 mV for the antimonial cells).  By the 

end of this period of zero discharge (i.e. period of severe over-charge), the cell voltages 
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had reversed and the antimonial cells were higher than the tin based cells (2131 mV for 

the antimonial cells as opposed to 2097 mV for the tin based cells).  However, the 

experimental error in these voltages cannot be estimated due to the small (and 

inconsistent) corrosion which occurred on the voltage sensing wires.  However due to the 

very close proximity of each cell to adjacent cells and corrosion being a result of acid mist 

from gassing, it is expected that the experimental error in the results was low and 

consistent across the cells. 

During the period of excess over-charging, it was found that the tin-based cells exhibited 

an increase in either internal resistance or self-discharge.  Increases in self-discharge were 

easily identified by simply measuring the voltage drop in the cell during periods of rest 

(i.e. cell neither charged nor discharged).  If a cell has an increased rate of self-discharge, 

the voltage decay during extended rest periods is high.  The self-discharge rate for the 

pilot cells was investigated (Figure 33) and no signs of elevated voltage decay could be 

found.  Cell voltage for both antimonial and tin based cells demonstrated good stability 

during rest periods.  This shows that an increase in internal resistance across the tin-based 

cells had occurred. 

 

Figure 33: Rest period voltage trend for pilot cells 
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4.2 CORROSION RATE 

With the above analysis confirming that a low-tin lead alloy is suitable for use as a grid 

material in tubular plate lead acid batteries, a corrosion rate comparison was performed.  

The mass loss due to corrosion of each grid alloy type was plotted against the number of 

cycles completed and the results are shown in Figure 34.  This figure presents the raw 

mass lost, in grams, plotted against the number of cycles completed, whilst Figure 35 

presents the same data but represents the mass lost as a percentage of the initial grid.  

Percentage mass loss is a significantly more representative measure to use in this analysis, 

given the differences in initial grid mass that exist as a result of the density difference 

between the alloys.  To better understand the corrosion rate characteristics of the alloy 

types, the mass loss per cycle may be easily determined.  This was done by dividing the 

mass loss by the number of cycles performed, to give a mass loss rate per cycle.  This 

value may then be compared between the alloy types to give a true corrosion rate 

difference. 

With all grids fabricated using computer controlled water-jet cutting, the density 

difference between the alloy types can be quantified.  CAD drawing of the grids show grid 

type 1 to possess a volume of 7.96 cm3, whilst grid type 2 has a volume of 7.21 cm3.  Raw 

grid weight data shows for the antimonial alloy, grid type 1 has an average weight of 89.38 

g and grid type 2 has an average weight of 80.95 g.  Based on the grid volumes, the 

antimonial alloy has a density of 11.23 g/cm3.  For the tin based alloy, grid type 1 

possessed an average weight of 90.19 g, whilst grid type 2 has an average weight of 81.86 

g.  This equates to a density of 11.35 g/cm3 for the tin based alloy.  Whilst rather rough in 

measurement, these densities correlate very well with published density data for these 

materials: pure lead has a density of 11.34 g/cm3 (Bode, 1977) whilst 1.6% antimonial 

lead has a density of 11.22 g/cm3 (interpolated using data from ASM metals reference 

book, 2006). 

To eliminate any variances in corrosion product removal, both alloy types were subjected 

to the removal process at exactly the same time, thereby maintaining consistency in 

ambient temperature, dissolution acid strength, residence/reaction time and rest time 

after the plates were subject to cycling.  Figures 34 to 38 show the corrosion rate trends 

across the 2 alloy types.  These trends are the result of the corrosion rate analysis on all 

grids and are not specific to individual grids. 
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Figure 34 shows that, on a raw mass lost basis, the tin-based grid alloy exhibits a very 

linear corrosion rate.  Further, this corrosion rate (on a raw mass loss basis) did not appear 

to slow during the period of no discharge (between cycles 130 and 375), unlike the 

antimonial based alloy. 

 

Figure 34: Grid mass loss against number of cycles 

Figure 34 illustrates that the antimonial based alloy exhibits a higher corrosion mass loss 

than the low-tin alloy throughout the entire cycle life of the batteries.  It does appear 

from this graph, that the antimonial based alloy exhibits a significantly larger corrosion 

mass loss when the cells are cycled, when compared to continuous over-charge.  This is 

evident from the reduction in mass loss between cycles 130 and 375 (the period of zero 

discharge) for the antimonial based alloy, compared to the low-tin alloy.  This observation 

is consistent with and supports the observations of Papazov’s study (1981). 

However, the grid mass loss percentage presents a different and much more accurate 

story.  Figure 35 shows the corrosion rate comparison based on the percentage mass loss.  

This graph shows that both the antimonial based alloy and the low-tin alloy did suffer a 

reduction in corrosion rate during the period of zero discharge.  It is evident, however, 

that the tin-based alloy was not affected by charge / discharge cycling as much as the 
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antimonial based alloy.  This is confirmed by the lower difference in corrosion rate 

between charge / discharge cycling compared to the period of zero discharge which 

occurred between cycles 130 and 375. 

 

Figure 35: Grid mass loss as a percentage against number of cycles 

During the formation period, corrosion of the tin based alloy was higher than that for the 

antimonial alloy.  The antimonial alloy lost 6.21 g of grid material whilst the tin based alloy 

lost 6.78 g.  This result suggests the tin based alloy corroded 9.2% faster than the 

antimonial alloy on a mass lost basis.  Analysis on a grid weight percentage basis, indicates 

that the antimonial based alloy lost 5.08% of its mass during formation due to corrosion, 

whilst the tin based alloy lost 5.61% of its mass.  This result again shows the tin based grid 

corroded faster than the antimonial based grid during the formation charge by 10.3%. 

During the first 130 charge / discharge cycles (i.e. prior to the period of zero discharge), 

the corrosion rate of the 2 alloy types was found to be very linear.  Throughout this 

period, the corrosion rate of the antimonial based alloy was 0.13 g/cycle, whilst that for 

the tin based alloy was 0.08 g/cycle.  This equates to a 36.6% reduction in corrosion rate 

exhibited by the tin based alloy.  Using mass loss percentage as the basis, the antimonial 

based alloy was found to corrode at a rate of 0.11% (by mass) per cycle, whilst the tin 
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based alloy corroded at a rate of 0.07% per cycle.  Again, this represents a 38.1% 

reduction in corrosion rate of the tin based alloy. 

Interestingly, during the period of zero discharge, the results are in direct contrast to 

those of the first 130 cycles.  This period showed the antimonial alloy corroded at a rate of 

0.03 g/cycle, whilst the tin based alloy corroded at a rate of 0.04 g/cycle.  This result 

shows a 62.0% reduction in corrosion rate of the antimonial based alloy.  On a mass loss 

percentage basis, the antimonial based alloy corroded at 0.02% per cycle, whilst the tin 

based alloy corroded at 0.04% per cycle.  This again equates to a 62.4% reduction in 

corrosion rate of the antimonial alloy. 

As noted earlier, the final cycling period occurred once the communications error 

between the computer and dischargers was rectified and occurred from cycles 353 to 504.  

During this period, where both charge and discharge were again performing correctly, the 

corrosion rate exhibited by the tin based alloy was lower than that of the antimonial 

based alloy.  Throughout this last cycling period, the antimonial based alloy reduced in 

mass by 0.06g per cycle whilst the tin based alloy lost 0.04g per cycle.  This equates to a 

38.4% lower corrosion rate by the tin based alloy.  Again, using a mass loss percentage 

basis, the antimonial based alloy lost 0.06% per cycle, whilst the tin based alloy lost 0.03% 

per cycle.  This equates to a reduction in corrosion rate from the tin based alloy of 43.5%.  

These results are all shown in Figures 36 to 38 below. 

These corrosion rate comparison results indicate that during typical charge and discharge 

cycling of a battery cell, the low-tin based grid alloy exhibits a lower corrosion rate than 

that for a current generation low-antimony based alloy.  However, during periods of 

extended over-charge, the results reverse and the antimonial based grid alloy provides a 

lower corrosion rate than the low-tin based alloy.  This higher corrosion rate during period 

of overcharge may render this alloy as unsuitable for use in stand-by batteries, where the 

majority of the time these batteries are placed on float charge.  However, in the 

application this project is aimed at (submarine batteries), the substantially reduced 

corrosion rate during periods of charge / discharge cycling would prove highly beneficial.  

The lowered corrosion rate not only allows the battery to last longer whilst in service, but 

more importantly for a submarine, allows a higher rate of current to be drawn from the 

electrodes toward the end of the batteries life. 
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Figure 36: Corrosion rate comparison (mass loss basis) 

 

Figure 37: Corrosion rate comparison (percentage grid loss basis) 
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Figure 38: Corrosion rate difference between alloy types at various stages 

The increase in corrosion rate, shown in Figure 35 above, during periods of charge and 

discharge cycling is at least partly a consequence of the increased stresses experienced by 

the corrosion layer.  Additionally, the corrosion of grids is widely reported to occur at grain 

boundaries.  Therefore, the material phases present at these boundaries will also 

influence the overall corrosion rate.  Grid and therefore corrosion layer stresses result 

from the repeated expansion and contraction forces experienced as a result of the change 

in volume of the active material at various states of charge.  As described in Chapter 1, 

positive active material experiences a volumetric increase of 92% when discharged 

compared to when charged.  This repeated expansion and contraction during cycling 

damages the corrosion layer which leads to an increased corrosion rate.  The corrosion 

layer is adhered sufficiently to the grid and is sufficiently strong to avoid cracking.  After 

approximately 75 repeated cycles, however, the tensile stresses are high enough to cause 

the corrosion layer to crack.  Evidence of cracked and uncracked corrosion layers are 

shown in Figures 39 to 42.  Evidence for this damage is the development of cracks in the 

corrosion layer.  These cracks appear relatively uniformly, such as those in Figure 45.  

Noting that the cyclic load profile applied to this grid was uniform, it is reasonable to 

deduce that the stresses in the corrosion layer are tensile. 
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Figure 39: Uncracked corrosion layer of Sb-12 after 42 cycles 

 

Figure 40: Uncracked corrosion layer of Sn-19 after 42 cycles 
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Figure 41: Cracked corrosion layer of Sb-21 after 130 cycles 

 

Figure 42: Cracked corrosion layer of Sn-09 after 130 cycles 
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Elemental oxygen is formed during all phases of operation of lead-acid cells, as the voltage 

of the cell is always above that required to begin dissociation of water.  The rates of 

oxygen release at the positive gird increases markedly during charging and over-charge 

conditions as a result of the increased plate voltage.  Creation of oxygen immediately at 

the surface of the plate: 

i) Oxidises the metal adjacent to cracks in the corrosion layer.  Figures 43 and 44 do 

not show any notable increase in corrosion adjacent to the large radial cracks 

that allow electrolyte to directly permeate throughout the entire corrosion layer. 

ii) Is evidently permeable through the corrosion layer.  This is demonstrated by the 

observation that the corrosion layer builds up quite uniformly whether it contains 

cracks or not (Figures 43 and 44). 

 

Figure 43: Sn-21 after 221 cycles showing no radial cracks and uniform corrosion 
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Figure 44: Sn-11 after 302 cycles showing radial cracking and uniform  

The corrosion rate of grids is also at least partly related to the thickness of the corrosion 

layer.  Simon (1966) explains the corrosion rate of antimonial based lead grid alloys are in-

part influenced by the stresses experienced by the corrosion layer.  Lower stresses are 

experienced by the corrosion layer when it exhibits a reduced thickness (and therefore 

lower volume), which thereby reduces the magnitude and severity of cracking and 

consequently the oxidation of the grid material.  The reduced corrosion layer thickness of 

the tin-based alloy helps reduce the corrosion of such grids partly through this 

mechanism.  Whilst not examined as part of this study, it is possible that the lower 

recrystallization temperature of tin-based alloys allow recrystallization of cast/fabricated 

grids to occur.  It is widely known that the recrystallization temperature of tin and tin 

based alloys is close to room temperature (Sharma 2005).  This recrystallization could 

result in small grains being formed, thereby facilitating a lower corrosion rate.  However 

this postulation needs further investigation to determine its accuracy. 

Figure 45 presents a back-scattered scanning electron microscope (BSE) image of the 

corrosion layer of grid Sb-18.  This image shows the corrosion layer in this sample to be 
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approximately 1 100 microns in thickness after 500 charge / discharge cycles: an increase 

in thickness of roughly 2 microns per cycle. 

 

Figure 45: BSE image of Sb-18 corrosion layer 

Figure 46, shows an SEM image of the corrosion layer of grid Sn-05.  This image indicates 

that the corrosion layer of this sample after 500 cycles is approximately 750 microns in 

thickness (1.5 microns per cycle) or a reduction of 32% compared to that of Sb-18.  The 

reduced thickness presented in the figures clearly supports previous postulations that tin 

within the grid alloy assists in reducing the thickness of the PbO passivation layer (Bui et 

al. 1997 & 1998). 

The electrical resistance of the corrosion layer must increase with thickness as the layer 

grows in a relatively uniform manner.  This increase in thickness is reflected in increased 

charge voltages and decreased load voltage for equivalent current flows.  Figure 32 shows 

the increase in charging voltage (at the same charging current) of the pilot cells as they 

were cycled (i.e. corrosion layer increasing in thickness).  Similarly, Figure 31 shows the 

decline in load voltage (at the same load current) of the same pilot cells. 
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Figure 46: BSE image of Sn-05 corrosion layer 

The above images confirm that the tin based alloy does exhibit a thinner corrosion layer 

compared to that for the antimonial based alloy.  Closer examination of the images also 

indicates that the corrosion layer of the tin based alloy is denser, more closely packed and 

not as fractured when compared against the antimonial alloy.  It is reasonable to deduce 

that the reduced cracking in the tin-based alloy contributes to the overall corrosion rate 

reduction, but it is clear that this is not the only contributing factor.  The increased 

‘packing’ of the corrosion layer may also help contribute to the corrosion layer exhibiting 

a higher electrical conductivity (lower resistance), thereby facilitating better electron 

transfer between the active material and the grid. 

SEM montages of grids Sb-18 and Sn-05 are shown in Figures 47 and 48.  It can be seen in 

these images that the corrosion layer for the antimonial based alloy shows a uniform, and 

highly layered and cracked structure.  The corrosion layer for the tin based alloy also 

shows a uniform structure, but is not as fractured as that of the antimonial alloy.  

However, it can be seen that whilst the corners of the grid and subsequent corrosion layer 

are highly fractured, this has not led to accelerated corrosion of the corners of the grid.  
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The greater degree of cracking within the antimonial based alloy sample is highly likely to 

be caused by the additional stresses experienced by the corrosion layer of this alloy, due 

to the additional thickness of the layer when compared to that of the tin based alloy.  As 

previously reported, the corrosion layer of the antimonial based alloy at the completion of 

500 cycles was found to be 1 100 microns, compared to 750 microns for that of the tin 

based alloy.  This additional 32% thickness in the corrosion layer occupies a volume 

previously reserved for the PAM and grid within the gauntlet and therefore exerts stresses 

on the corrosion layer as the cell is cycled. 

It can also be seen, particularly in Figure 47, that radial cracking within the corrosion layer 

has not led to accelerated corrosion either.  This observation indicates that corrosion of 

the grid material does not simply occur through passivation alone.  With the grid directly 

exposed to the acidic electrolyte through the development of cracks within the corrosion 

layer, the generation of oxygen, and consequent passivation, is easy.  However, the 

corrosion rate of grid material at each of the cracks was not found to have accelerated. 

 

Figure 47: SEM montage of Sb-18 showing corrosion layer structure 
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Figure 48: SEM montage of Sn-05 showing corrosion layer structure 

4.3 GRID ALLOY OPTICAL MICROSCOPY 

Microscopic examination of the etched antimonial grid sample revealed the grain 

structure of the grid.  Due to the grid fabrication measures described in section 3.1.1 

above, the rolling direction of each grid is known.  Grain structure of the antimonial grid is 

provided in Figure 49.  This image shows the grain structure of the grid to be composed of 

irregular grains, approximately 25 microns in diameter.  The grain boundaries are not well 

defined and are difficult to see.  However, this observation shows that the manufacturing 

process used to manufacture the grids did not produce long, needle-like grains. 

Microscopic examination of the etched tin grid sample revealed the grain structure of the 

grid.  Grain structure of the tin grid is provided in Figure 50.  This image shows the grain 

structure of the grid to be composed of roughly spherical crystals, approximately 20 

microns in diameter.  The grain boundaries are well defined and can be clearly seen. 

 

Image stitching artefact 
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Figure 49: Optical micrograph of antimonial grid, shown at 40x magnification 

 

Figure 50: Optical micrograph of tin-based grid, shown at 40x magnification 
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4.4 CORROSION LAYER INVESTIGATION 

The first corrosion layer analysis undertaken was composition mapping of the analysis 

area.  This mapping produced the following analysis maps (Figures 51 and 52 below).  

Both images have the PAM located on the left-hand-side of the image, with pure grid alloy 

located on the far right. 

 

Figure 51: Sb-18 antimony concentration map 

Figure 51 covers the area map for antimony within sample Sb-18.  It shows the grid alloy 

containing antimony at approximately 1.6% (w/w) throughout the grid.  The distribution 

of antimony within the grid material is found to be widely dispersed with small and 

localised pockets of antimony rich phases seen.  The boundary between grid and 

corrosion layer is not a clearly defined boundary.  Five (5) distinct ‘zones’ can be seen in 

this figure, as follows: 

 Zone A – Positive active material (PAM).  This region shows low levels of antimony 

migration into the PAM.  This migration is well known as antimony is widely reported 

to eventually transfer to the negative plate.  Of note, there is some discussion at 

present that antimony within the PAM is believed to be beneficial to increasing the 

conductivity of the discharged PAM. 

 Zone B – Initial corrosion layer, formed during first 130 cycles of deep discharge (prior 

to over-charging). 

 Zone C – Corrosion layer formed during the heavy overcharge regime.  This region 

shows a coarsely layered structure with substantial cracking and voids created by 

more extensive corrosion of the grid material.  It is most likely that the lack of 
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uniformity in this region is due to oxidation (from oxygen generation) being at 

preferred reaction sites. 

 Zone D – Final corrosion layer, formed during last 100 cycles of deep discharge (post 

over-charging).  This layer is uniformly structured and layered with fine interlayer 

cracking. 

 Zone E – Grid alloy material.  Antimony is distributed primarily at the grain 

boundaries.  Thus, the fine distribution shown in this diagram indicates grain size. 

For reference, the corrosion layer to grid interface is located at approximately 14 250 

microns.  The concentration of antimony within the corrosion layer is between 1% (w/w) 

and 1.5% (w/w); not too dissimilar to that of the grid material itself.  Investigation of the 

PAM confirms that the antimony content directly adjacent to the corrosion layer is 

approximately 1% (w/w) and gradually decreases to almost zero.  It is evident from the 

above chemical map that migration of antimony from the grid through the corrosion layer 

to the PAM occurs to a reasonable degree. 

The same zones, as described for the antimonial alloy in Figure 51, are found in the tin 

based alloy (Figure 52).  Unlike the antimonial based alloy, a defined corrosion layer 

boundary is present.  The corrosion layer of the tin based alloy contains tin at a 

concentration of between 0.1% (w/w) to 0.5% (w/w); significantly lower than that of the 

raw grid material.  Similarly, there is a well-defined boundary between corrosion layer and 

PAM; the Sn content of the PAM decreases again, down to <0.1% (w/w).  It was 

determined that tin content within the active material gradually diminishes to 

undetectable levels.  It can be clearly seen in Figure 52 that the migration of tin from the 

grid through the corrosion layer to the PAM is not as pronounced as that for the 

antimonial alloy.  A large proportion of the corroded tin is contained within the corrosion 

layer rather than migrating into the PAM.  This is in contrast to that of the antimonial alloy, 

which shows a larger degree of antimony migration into the PAM. 
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Figure 52: Sn-05 tin concentration map 

Figure 52 shows the chemical map for tin within grid Sn-05.  The grid alloy is shown to 

contain tin at a concentration of between 0.5% (w/w) and 1.0% (w/w), but it is not as 

finely distributed as that in the antimonial based grid.  It can be seen that the grain 

boundaries within the alloy contain a higher concentration of tin than the grains 

themselves.  There are large grains within the alloy of approximately 25 microns diameter 

which contain a lower tin concentration (approximately 0.5-0.8% w/w).  There are also a 

few grain boundaries which contain a much higher tin concentration than the rest of the 

alloy, at approximately 1.5-2% (w/w) whilst some boundaries record up to 3% (w/w).  This 

result clearly shows that tin preferentially precipitates on the outside of grains within the 

alloy rather than within the grains. 

Corrosion layer compositional analysis was undertaken using the same microprobe 

equipment as per area mapping.  Instead of being performed at 100 ms, compositional 

analysis was performed on each pixel for 180 seconds.  This extended dwell time produces 

significantly more accurate and precise results, but does have the disadvantage of taking 

much longer to perform.  Figure 53 shows the location of each corrosion layer pixel 

analysed.  Compositional analysis was designed to analyse a large number of locations (a 

total of 111) stretching from within the raw grid material through to the corrosion layer 

and the active material. 
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Figure 53: Sb-18 corrosion layer analysis spot locations 

Grid Sb-18 was one of the two pilot cells used throughout this study and the corrosion 

layer shown above was built up through all charge/discharge cycles, including the period 

of zero discharge.  The same ‘zones’ (identified and discussed in section 4.3 above) can 

clearly be seen in Figure 53.  However in the above image it is much easier to see the 

structure of the corrosion layer: 

 Zone A – Positive active material (PAM). 

 Zone B – Initial corrosion layer – formed during the first 130 cycles of deep-discharge 

(prior to over-charging).  This layer has been pushed outward from the grid as 

corrosion continues at the grid surface.  Note, there are regions of very fine corrosion 

product structure created during these periods of uniform cycling. 

 Zone C – Corrosion layer formed during the period of zero discharge (heavy over-

charge).  This region shows a coarsely layered structure with substantial cracking and 

voids created by more extensive corrosion of the grid material.  It is most likely that 

the lack of uniformity in this region is due to oxidation (from oxygen generation) 

being at preferred reaction sites. 

A 

B 

C 

D 
E F 
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 Zone D – Final corrosion layer – formed during the final 100 cycles of deep-discharge 

(post over-charging).  This layer is uniformly structured and layered with fine 

interlayer cracking.  Note the large radial crack which has perpetuated through deep-

discharge cycling (and also reported by Simon, 1966).  This crack allowed electrolyte 

to have a direct path to the grid material. 

 Zone E – Grid alloy material (antimony in this case).  There is some sign of grain 

boundary corrosion at the interface between the grid and the corrosion layer.  Note 

the corroded edge of the grid is quite uniform with no evidence that cracks or direct 

exposure to electrolyte had any influence (Points F). 

The results from compositional analysis for the antimonial grid alloy are shown graphically 

in Figure 54.  As illustrated in the area mapping analysis, the antimony content within the 

grid material is very evenly distributed.  The antimony content increased from ~1.5% in 

the grid to 17% at the corrosion layer interface upon the completion of 500 cycles.  This 

then reduced to 1.5-1.6% throughout the thickness of the corrosion layer.  Antimony was 

barely detectable within the active material.  It is interesting to note the dramatic increase 

in antimony content right at the interface of grid to corrosion layer.  This increase in 

antimony content indicates that for antimonial alloys, antimony aids in the formation of 

the corrosion layer.  With the concentration of antimony within the corrosion layer 

remaining similar to that of the raw grid alloy further indicates that antimony plays a part 

in the formation of the corrosion layer. 
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Figure 54: Sb-18 corrosion layer antimony concentration 

The oxygen concentration throughout the corrosion layer was also determined by 

compositional analysis, with the results presented in Figure 56.  The oxygen concentration 

within the corrosion layer is initially quite low (around 2-3% by weight) at the grid / 

corrosion layer interface but this concentration increases very rapidly to approximately 

11% by weight.  The oxygen concentration is 10.24% by weight throughout the entire 

thickness of the corrosion layer.   

A calibration plot was created by plotting the oxygen concentration against the equivalent 

number of oxygen molecules in the oxide.  Four (4) data points were used for this 

calibration plot; namely Pb (0 oxygen molecules & 0% by weight), PbO (1 oxygen molecule 

& 7.17% by weight), Pb2O3 (1.5 equivalent oxygen molecules & 10.38% by weight), and 

PbO2 (2 oxygen molecules & 13.38% by weight).  The resultant calibration graph is 

presented in Figure 55.  With the corrosion layer containing an average oxygen 

concentration of 10.2%, the oxygen equivalent was determined to be 1.48 (i.e. the 

corrosion layer contains lead oxide with the formula PbO1.48). 
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Figure 55: Oxygen concentration to number of equivalent molecules correlation graph 

 

Figure 56: Sb-18 corrosion layer oxygen concentration 

Figure 57 illustrates the location of the compositional analysis pixels for sample Sn-05.  

Clearly, the location of these points is identical to those for the antimonial sample.  Like 
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the antimonial alloy, the tin based alloy also showed a significant increase in tin 

concentration right at the grid to corrosion layer interface.  The tin content was found to 

increase from 0.6% in the grid, spiking at 1.7% right at the corrosion layer interface.  

Again, the tin content was found to decrease back to the same composition as the alloy 

itself, through the thickness of the corrosion layer.  Figure 58 summarizes the results from 

the compositional analysis in a graphical manner. 

Unlike the antimonial alloy and as also briefly discussed in the preceding section, the tin 

content within the raw grid was quite variable and not evenly distributed.  The tin content 

varied between 0.5% and 1.5% throughout the grid material.  The tin content within the 

corrosion layer was also quite variable, with the concentration ranging from 0% to 0.85%.  

Tin was not found to have migrated to the active material.  

 

Figure 57: Sn-05 corrosion layer analysis spot locations 

Whilst the SEM image shown in Figure 57 does not clearly show the area ‘north’ of the 

corner of the grid (and its lack of corrosion products), it can be seen that the corner of the 

grid has not corroded at a rate higher than the straight edges.  This observation shows 

that, for the tin-based alloy, exposure of the grid material to electrolyte through such 

cracks has no effect on the corrosion rate of the alloy.  It also indicates that cracking of the 
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corrosion layer, thereby allowing direct access of electrolyte to grid material, is only part 

of the whole corrosion rate determination. 

 

Figure 58: Sn-05 corrosion layer tin concentration 

 

Figure 59: Sn-05 corrosion layer oxygen concentration 
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Similar to the antimonial alloy, the oxygen concentration within the corrosion layer of the 

tin based alloy also increased.  However, the concentration of oxygen within the tin based 

alloy’s corrosion layer was not as high as that for the antimonial alloy, at 9.67% by weight.  

Using the same correlation graph (Figure 55), this yields an oxygen equivalent of 1.38, 

thereby providing the corrosion layer with a composition of PbO1.38.  This observation 

agrees with the findings and conclusions of Bojinov et al. (1994), Bui et al. (1997 and 

1998) and Geiss (1984), who collectively conclude that the addition of tin suppresses the 

formation of PbO/PbO2 within the corrosion/passivation layer.  These results also 

correlate well with Pavlov’s conclusion (1989) that the corrosion layer consists of PbOx, 

where 1≤x≤1.5. 

Metal corrosion is an oxidation process.  Clearly the lower the oxidation state of the 

parent metal, the lower the extent to which corrosion has occurred.  For the two alloys 

investigated, applying this theory indicates that the low-tin alloy (with an oxidation state 

of 2 x 1.38, or +2.76) has corroded to a lesser extent than the antimonial alloy (with an 

oxidation state of 2 x 1.48, or +2.96).  This has been confirmed in the results presented 

above. 

Electrical conductivity of the elements of interest in this project are reported to be as 

follows (Engineering Toolbox, 2014): 

 Tin 9.1 x 106 S/m – highest conductivity 

 Lead 4.5 x 106 S/m 

 Antimony 2.4 x 106 S/m – lowest conductivity 

It is clearly seen that tin has a conductivity twice that of antimony, which is twice that of 

lead.  However, the oxides of these materials are found to produce significantly different 

conductivities (Moseley (1997), Bode (1977)): 

 β-PbO2 8 x 105 S/m – highest conductivity 

 Sb2O3 4 x 105 S/m 

 α-PbO2 1.4 x 105 S/m 

 SnO2 1 x 104 S/m 

 PbOrhombic 1 x 10-14 S/m 

 PbOtetragonal 1 x 10-15 S/m – lowest conductivity 
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In contrast to that for the metals, it is seen that (β-) lead dioxide has a conductivity twice 

that of antimony oxide, which is forty times that of tin oxide.  However it can clearly be 

seen that both PbO forms exhibit the lowest conductivity.  The above oxide conductivities 

are confirmed by Ovenston (1997) who stated the electrical conductivity of SnO2 can be 

increased by several orders of magnitude by doping with Sb2O3.  What can clearly be seen 

in the above data is that the increase in conductivity of the corrosion layer of tin-based 

alloys is not due to the formation of SnO2, but rather the presence of tin (Sn3+) ions within 

the layer.  This observation confirms the postulations of Pavlov et al. (1989).  The above 

results support the postulation that the addition of tin to the positive grid alloy provides a 

thinner corrosion/passivation layer through an increase in electron conductivity of the 

corrosion layer.  This increase in electron conductivity is provided by the availability of tin 

ions within the layer, rather than the presence of tin oxide.  These tin ions provide a 

means of ionic conduction through the corrosion layer, as postulated by Bui et al. (1997). 

4.5 FINAL DISCUSSIONS 

The results from this study have not provided any indication as to why this technology has 

not been utilised within tubular plate battery markets to date.  While only hypothesising, 

there are a few reasons why this may be the case. 

 Lower sales volume – With the increased corrosion life shown by the low-tin alloy 

grid, the life of these batteries is increased.  This reduces the sales volume of the 

replacement market.  By utilising a low-tin grid alloy, manufacturers would be 

reducing their sales potential. 

 Low market pressure for longer life cells.  Current tubular plate cells have a life 

sufficient to meet typical financial planning cycles (between 2 to 5 years) – market 

emphasis is presently low cost.  Thus, there is pressure on manufacturers only to 

reduce costs and not invest in or produce batteries with longer life.  Niche markets 

such as submarines may be an exception to this trend. 

 Difficulty in handling – Tin lead alloys are more difficult to process due to the 

increased fluidity and reduced strength of the alloy.  With the large volume of 

automation within many battery manufacturing plants, this increase in material 

handling is undesirable as it increases costs. 
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 Higher raw material costs – Current (as at 19 May 2014) market prices shows that tin 

costs around $23,500 per metric tonne (approximately two and a half times that of 

antimony) and up to $33,000; antimony costs around $9,700 per metric tonne 

(approximately four and a half times that of lead) and up to $18,000; lead costs 

around $2,100 per metric tonne and up to $3,000 – Figures 60, 61 and 62. 

 Tin-lead alloys are used in premium flat-plate sealed cells.  This produces longer life 

when operated at higher temperatures as well as lower losses through the oxygen 

recombination cycle. 

 

Figure 60: Tin price over the past 5 years (MetalPrices.com, 2014) 
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Figure 61: Antimony price over the past 5 years (MetalPrices.com, 2014) 

 

Figure 62: Lead price over the past 5 years (MetalPrices.com, 2014)
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CHAPTER 5 CONCLUSIONS AND FURTHER WORK 

This investigation has found that the use of a low-tin lead alloy was successful for tubular 

positive plates.  The premature capacity loss phenomenon reported in literature was not 

observed throughout this study.  Further, after 500 charge/discharge cycles, the 

performance difference between typical low-antimony based cells (as used by 

manufacturers today) and low-tin based cells is minimal (based on end-of-discharge 

voltages).  Both end-of-discharge and end-of-recharge voltages between the two alloy 

types were consistent. 

This study has confirmed that a low-tin lead alloy can effectively be used as a grid material 

for tubular batteries for submarines.  The corrosion rate of the tested alloy was shown to 

be approximately 38.4% lower than that of a current generation low antimonial lead alloy 

(based on mass loss) or 43.5% based on mass percentage lost.  This reduction in corrosion 

rate leads to longer life of these batteries in service. 

The presence of antimony and tin were found in the corrosion layer of each respective 

grid.  Further, it was found that both alloys exhibited a significant increase in alloying 

element at the grid to corrosion layer interface.  However, throughout the corrosion layer 

the concentration of alloying element was found to fall back to that of the raw grid 

material. 

Investigations throughout this project have confirmed that the presence of tin in the grid 

alloy suppresses the formation of PbO/PbO2 within the corrosion layer, as postulated by 

Pavlov et al. (1989).  By determining the oxygen concentration of the corrosion layer, the 

composition of this layer could be determined.  It was identified that the antimonial alloy 

produced a corrosion layer containing an average oxygen concentration of 10.2% (w/w).  

This resulted in an oxygen equivalent (per lead atom) of 1.48; the composition of this 

layer was therefore PbO1.48.  This same analysis on the tin based alloy showed the 

corrosion layer to contain an average oxygen concentration of 9.67% (w/w).  This resulted 

in an oxygen equivalent of 1.38 (i.e. composition was PbO1.38).  With corrosion being an 

oxidation reaction, it can clearly be seen that the tin based alloy was oxidised (corroded) 

to a lesser extent than that of the antimonial alloy. 

This study has only focused on a single tin concentration and as such a possibility exists to 

optimise the tin concentration in alloys for submarine applications.  The tin alloy used was 
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chosen with a low-tin concentration (0.5% w/w).  Opportunities exist to further study tin-

lead alloys for use within tubular plates and optimise the concentration based on the 

intended application of the battery.  However, it was found that the low-tin based alloy 

would be unsuitable for use in stand-by applications due to an accelerated rate of 

corrosion during periods of over-charge.  This observation indicates that a tin based alloy 

would only be suitable in applications involving constant cycling, rather than float 

charging. 

Observations made through the use of SEM microscopy have shown that the corrosion 

layer of the tin based alloy was both thinner and less fractured than that of the antimonial 

based alloy.  It was found, however, that the development of cracks within the corrosion 

layer did not result in an accelerated corrosion rate of the grid.  Instead, the grid 

continued to exhibit uniform corrosion across the grid surface.  Additionally, the presence 

of severe cracking at the corners of the grid did not lead to accelerated corrosion within 

the region.  It was clearly evident from the investigations undertaken that there are a 

number of contributing factors which influence the corrosion of grids.  Further work exists 

to examine each of these factors in detail. 

The corrosion layer of both alloys consisted of a fine, densely packed and uniformly 

structured layer under constant cycling conditions and became quite porous during period 

of severe over-charge.  When cycled again, the resulting corrosion layer again became 

dense and finely layered. 

Whilst not examined as part of this study, it is possible that the lower recrystallization 

temperature of tin-based alloys allow recrystallization of cast/fabricated grids to occur.  

This recrystallization could have resulted in small grains being formed, thereby facilitating 

a lower corrosion rate in the tin-based alloy.  However this postulation needs further 

investigation to determine its accuracy. 
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