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ABSTRACT

Lead calcium alloy grid batteries are utilized as
the backup emergency power supply on non-diesel-electric
submarines. Sudden and premature capacity losses have
been experienced when these batteries are operated in a
flocat mode while in standby conditions, hence a continuous
drain, or trickle discharge, is maintained in lieu of
float. This requires periodic battery charges to restore
full capacity. The microstructural effects of float and
trickle discharge operation on positive plates from small
cells, manufactured from full size submarine battery
plates, are studied using a scanning electron microscope.
This is complemented with light microscopy observations
and x-ray diffraction analysis. A patterned dendritic
network of spiny crystals was discovered to be prevalent
in the trickle-discharged plates. This network was seen
on the grid surface corrosion layer and on a dense layer
found in the internal active material. It is postulated
that this network may be related to lead-sulfate dissolution

upon recharge.
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I. INTRODUCTION

A storage battery is a device which supplies direct
current electrical energy as a result of spontaneous
internal chemical action, and has the ability to be
recharged from an external power source; this reverses
the chemical reaction of discharge, and the storage

battery regains its potential to supply electrical energy.

A. HISTORICAL BACKGROUND

The contemporary storage battery evolved from Alessandro
Volta's discovery of the galvanic battery in 1800 and
subsequent research by several experimenters in the field
of electrochemistry [1].

The principle of the lead storage battery was first
discovered in 1850 by Wilhelm Siemens, and, independently,
by Sinsteden [2]. 1In 1860 Gaston Plante presented the
first lead-acid storage battery to the French Academy of
Sciences. This battery resulted from his work on electro-
lytic polarization [1]. Plante's battery consisted of
two sheets of lead separated by strips of rubber and rolled
into the form of a spiral. The electrolyte was dilute
(about 10%) sulfuric acid. Initially Planté formed his
plates (i.e. = increased their capacity by electrochemically
forming lead dioxide (PbOz) at the positive plate and

sponge lead at the negative plate) using primary batteries.

18




This process consumed many of these cells and took as

long as one year to develop a battery's capacity.

In 1881 Fauré patented a process for pasting the
surface of the lead plates with a lead compound which could
be readily formed into the active material of the battery.

However, the adherence of the active materials to the

solid lead plates was poor.

In 1882 Sellon patented a grid structure for holding
the paste. The grid material was an alloy of lead and
antimony. This grid is the basic design for the grids

of today's lead acid storage battery.

B. THEORY AND CONSTRUCTION OF A LEAD-ACID BATTERY

The smallest complete unit of a battery is the cell
(i.e., one cell could constitute a "battery"). It may
consist of one or several sets of positive and negative
plates. It is normal practice for lead-acid storage
battery cells to have one more negative plate than the
number of positive plates. For example, the TLX-39-B
submarine storage battery cell contains twenty negative
plates and nineteen positive plates for a total of thirty-
nine. In addition to the plates, the cell contains the
electrolyte, a solution capable of carrying an electric
current. In the lead-acid cell the electrolyte is agueous ;
sulfuric acid.

Although the battery delivers and receives electrical

energy via the discharge and charge processes, the energy
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that is "stored" is chemical energy. The reversible con-

version of this chemical energy is governed by the following

reactions:

Pbh + Pb02 + 2H2$O4

On dis~harge, lead (Pb)
(Pbso4) at the negative
is converted into PbSO4

the electrolyte becomes

Discharge

2H20 ot 2PbSO4 (1)

Charge

is converted to lead sulfate
plate, and lead dioxide (Pboz)
at the positive plate. In turn,

more dilute as SO4-- ions go into

forming Pbso4. When the battery is charged, the reverse

process takes place as Pb and Pbo2 are reformed at the

negative and positive plates respectively; and the acid

becomes more concentrated.

The following electrochemical reactions depict the

plate behavior during charge and discharge:

Positive Plate

Dis
+ = T iy
PbO, + 4H + SO + 2e Pbso, + 2H,O (2]
2 4 o ey 4 2
Charge
Eo = 1.685 v
Negative Plate
ol Discharge &
Pb + S0, Pbso4 + 2e {3)
Charge

E = -0.356 v

o}
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The potentials indicated represent values on an
oxidation potential scale relative to the H+/H2 electrode
(i.e., the reaction: H, - 28" + 2¢” at E, = 0.0 V).
During discharge the negative or lead electrode oxidizes
to form lead sulfate (Pbso4), while the positive or lead
dixoide (Pboz) electrode is reduced to PbSO4. Thus the
negative plate is operating as an anode during discharge,
giving up electrons to the external circuit.

The following sketch visualizes the processes described

above:
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Fig. 1 - Visualization of the
discharge/charge reaction
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Positive plate grids in submarine batteries are made
of lead based alloys containing either 4-8% antimony
(for diesel-electric submarines) or up to .085% calcium
(for non-diesel submarine application). These plates
contain lead dioxide as the charged electrode active
material.

Negative plate grids may be either pure lead, lead
alloyed with 4% antimony (diesel electric submarines),
or lead alloyed with up to .085% calcium (non-diesel
electric submarines). The charged electrode contains
sponge lead as the active material. i

The purpose of using lead based alloys for the plate

grids is because of the need to increase their rigidity

and also to promote the ease of casting the intricate shapes
used in the grids. As noted earlier, the earliest alloying
element was antimony.

Lead and antimony form an allcy system with a eutectic
composition at 87 per cent lead — 13 per cent antimony,
melting at 247°C (477°F). Figure 2 shows the microstructure
of a lead-antimony grid used in the battery of a diesel-
electric submarine. Figure 3 is the Pb - Sb binary phase
diagram.

The corrosion resistance of the alloy is improved
by the addition of a small percentage of arsenic; usually
about .05%.

The presence of antimony in the alloy has some major

disadvantages; especially for standby service in the closed
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Figure 2.

Microstructure of a 0-cycle PbSb
grid bar from a diesel electric
submarine battery, 600x
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Figure 3. Binary phase diagram of lead and

antimony [2]
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atmosphere of a non-diesel electric submarine. Antimony
is leached from the grid metal, causing an increased rate
of self discharge at both the negative and positive plates.
Antimony also has a low hydrogen over voltage; its accumu-
lation on the surface of the negative electrode interferes
with charging because hydrogen will be liberated instead
of the reduction of PbSO4. In addition, toxic aisine gas
is continuously generated during operation as is SbH3
(stibine gas) when the battery is on charge.

As a consequence of these shortcomings associated with
the use of antimony, calcium has been found to be a success-

ful rival. 1In 1936 Haring of the Bell Telephone Laboratories

patented the use of calcium lead as a grid material after
a study of all the alkali earth materials.

Calcium has a limited solid solubility in lead of 0.52
at.% (0.10 wt%) at 328° C and 0.052 at. % (0.01 wt%) at
room temperature. Figure 4 shows the binary phase diagram
of lead and calcium. Figure 5 is a photomicrograph of the
microstructure of a lead-calcium grid bar from the positive
plate of a non-diesel electric submarine battery.

Despite very limited solubility, the alloy shows
excellent precipitation hardening and exhibits a tensile
strength close to that of 12% antimony alloy. With such a
small amount of alloying addition, lead-calcium alloy has a
microstructure similar to pure lead; but, because of the

precipitation hardening that has occurred, it is much harder;
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has superior tensile strength; and shows less tendency to
recrystallize at room temperature. When proper casting
conditions are used, the lead-calcium alloy shows less
tendency to corrode by inter-granular attack than does
pure lead [9].

In addition to the lower rate of self-discharge by
lead-calcium as compared with lead-antimony, the lead
calcium alloy has a higher hydrogen overvoltage which
causes less hydrogen generation during charge. Lead-
calcium alloy is also a better electrical conductor than
lead-antimony. Table 1, obtained from Reference 4, com-
pares two stationary batteries which were identical except

for grid alloy.

Table I
Float Behavior of Stationary Batteries

New 1000 AH Cells Floated

@S
Calcium Antimony
Float Voltage - Normal -

Volts/Cell A 2547
Float Current - Milliamperes 40 200
Hydrogen Evolution,

cc/ht./cell 4,56 91
Total Water Use,

ce/yr./cell 130 630
Watering Interval,

Years, Max. 10 2
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Lead-calcium alloy grids are not without problems,
however. Service failures due to abnormal growth have
occurred in pressure cast lead-calcium alloy positive
grids when used for float applications. More will be said
about float operation later in this paper. Other problems
noted in cycling have been premature grid corrosion,
softening of the active material, and sharply reduced
capacity without visible sign of change [9].

The active material (i.e., that which undergoes rever-
sible electro-chemical reactions) in the fully charged
positive electrode is lead dioxide (Pboz). Pbo2 is a non-
stoichiometric compound, a powerful oxidizing agent, which
is insoluble in sulfuric acid H,S0, [9]. It exists in
two polymorphic forms; the orthorhombic low temperature
c-form (columbite type) and the tetragonal high tempéra-
ture B-form (plattnerite) [9,11].

The bare grid is initially pasted with a mixture of
lead oxides, basic lead sulfates, sulfuric acid, and water.
Following pasting, the plates are assembled into cells,
filled with a dilute sulfuric acid, and given a "forming"
charge which electro-chemically produces Pb02 via
anodization.

The active material in the negative electrode is sponge
lead. The paste used for these plates is similar to that
used in the positive with the exception that it contains
barium sulfate and other organic materials such as lignin

which coptimize surface area and increase porosity. During
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formation these plates are made the cathode and the lead
oxides are reduced to sponge lead.

Other cell components include separators and retainers.
The separators are microporous insulators used to separate
and electrically isolate the positive and negative plates.
They are freely permeable to the electrolyte but have no
openings which would permit trees of active material to
grow between the plates and cause internal short circuits.
Retainers are fiberglass mats which are placed between
the separator and the positive plate. They serve to prevent
shedding of the positive active material.

The limitations associated with the electrode reactions
of the lead-acid cell are primarily those of mass transport
and ionic diffusion. The electro-chemical reaction of dis-
charge results in a deposition of crystals of PbSO4 on
the surface and in the pores of the solid electrodes. This
causes a decrease in pore diameter that in turn interferes
with free access of electrolyte into the plate interior.
The sto4 within the pores of the plates becomes diluted
and the relatively slow rate of diffusion from the bulk
of the electrolyte further limits plate reaction. In
addition, the PbSO, forms on the surface of the active
materials. Since it is a nonconductor, this reduces the
amount of area available for electrochemical reactions.

The discharge process does not consume all of the active

material; hence the residual, unused active material serves




as an electrically conducting network in the plates and
provides a readily available site for the recharge process

[91l.
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II. DEFINING THE PROBLEM

The purpose of the main storage battery in submarines
is to provide electrical and propulsion power when the
engines are not available. In diesel-electric submarines,
the battery is the principal power supply when submerged
and a secondary source when the submarine is on the surface

or snorkeling so that the engines may be used. In non-

diesel-electric submarines, the battery is a secondary
energy source to back up the power plant [3].

For reasons noted previously, the lead-calcium grid
alloy has been chosen as the type of storage battery to be
used in non-diesel-electric submarines. Due to high

reliability of the primary power source for these ships,

their batteries see only limited use. Typical service con-
ditions are characterized by long periods of standby opera-
tion punctuated by infrequent, high-rate discharges which
consume a fraction of the total capacity. These discharges
are followed by rapid, modified-constant potential charges

as specified in Ref. 3.

In many respects, this type of service life is similar
to that of the reserve power supplies in telephone central
stations. It was in this use that lead-calcium was first ]
introduced as the positive plate grid material and is today

its major application.
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The focus of the problem is the maintenance of the
battery in the standby mode. In telephone service and in
other services where a battery is installed in parallel with
a primary power source across the load, a float condition is
specified. Float is the maintenance of a battery at a
constant voltage slightly above its open circuit potential.
The purpose of this operation is to maintain a fully charged
battery as a standby emergency power source requiring a
minimum of attention. The positive plates properly float
at a constant polarization just slightly above its open
circuit value, where the grid corrosion rate is low. In
floating lead calcium cells, the line voltage can vary over
a large range; but these variations are not reflected in
large surges of current or changes in positive plate polari-
zation. The negative plate voltages will change with line
fluctuations, and may safely be subjected to considerable
changes in polarization (12]. Polarization refers to
changes in cell voltage caused by current passing through
the cell. It is measured with respect to a fixed reference
electrode.

References 12 and 13 discuss requirements for'proper
float operation. All floafing cells must have nearly the
same developed plate surface areas in order to float together
simultaneously. Smaller negative plate areas result in the
cells polarizing at float voltage not sufficiently high
enough to keep the positive plates above open circuit poten-

tial; hence, the positives would spend much time partially
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discharged leading to growth of large electrically passi-
vating PbSO4 crystals. Several cells floating together
would be governed by the cell with the smallest negative
plate area. On the other hand, if negative plate area
were too large, positive plate polarization variations
would occur leading to increased grid corrosion.

Since float is the cptimum standby condition for these

batteries, this method of operation was specified when
lead-calcium grid batteries were introduced into non-diesel-
i electric submarine service. However, some batteries experi-
enced rapid loss of capacity when operated on the full
float routine. Inasmuch as this capacity loss was un-
I expected and its occurrence could not be predicted, float
operation was terminated; and a modified standby operation
of "trickle-discharging" was specified by technical
authority [3].
Trickle discharging is a very slow drain, nominally
5 amperes for a 5000 ampere-hour capacity battery. 1Its
use has resulted in retention of high capacity throughout
the useful life; however, it does have the following

operational disadvantages:

a. Useful battery cycle life is wasted (for the TLX-39B
battery trickle discharging will consume 47.5
discharge-charge cycles of 5000 ampere-hours capacity

during the manufacturers guaranteed life of 66

P W T T P —

months; the manufacturer also guarantees 165 cycles)

(35].
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b. Periodic battery charges are required in order to

restore the battery to full capacity.
c. Water additions are needed more frequently.
d. Positive grid corrosion is increased.

This problem was studied extensively by Burbank and
Wales [5,12,14,15]. They tested full scale submarine cells
and small cells fabricated from submarine battery plates.
Capacity loss was noted to be accompanied by softening of
the positive plate active material which shed badly during
gassing periods. 1In addition, they noted no electrochemical
or microscopic evidence of a barrier layer as had been
suggested to them by contemporary battery manufacturers.
Reference 5 also contains a summary from an at sea test
conducted aboard USS Skipjack (SSN-585). It concluded that,
in shipboard use, the battery was receiving adequate charge
and floating normally most of the time. Demands were not
excessive, nor was there any evidence that the service
could be counted as a cause of failure.

Burbank's testing routine consisted of daily shallow
discharges with float recharge, and capcity was measured
every two weeks by capacity discharges at the six-hour rate.
On occasions when this routine was interrupted, float was
continued until testing began again. In other work, [1ll],
Burbank noted that the major difference between failing
and successful submarine type Pb -Ca positive plates in
float service was a startling contrast in the morphology

of PbO2 as examined by electron microscopy. Positive
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battery plates that contained mostly nondescript pebble-
like nodular PbO2 particles were found to soften and fail.
Plates made up of PbO2 particles that were prismatic
needles with many branches, possibly twinned, maintained
capacity and retained a firm texture.

Tudor, Weisstuch, and favang [16] concluded that the
failure of thin-plate (0.43cm) Pb -Ca grid positive plates
was caused by a rapid formation of a Pbso4 barrier layer
surrounding the grids, with positive plate shedding being
only a minor factor. They did conclude, however, that
thick plate (0.64cm) Pb -Ca grid cells lost capacity slowly,
initially as a result of softening and shedding of positive
active material; and as effective positive plate thickness
decreased, grid sulfation became an additional factor
reducing capacity.

The testing routine employed in Tudor et. al.'s research
consisted of:

l. Charge at 2.25 v/cell with

2. A one-hour shallow discharge at approximately the
six-hour rate each working day followed by

3. A two hour constant current charge at 2-3 amps,
then return to charge at 2.25 v/cell. Every two weeks the

cells received a capacity discharge at the same rate as

PRSBSOS 2 PNA - 123 et et

above to 1.75 v/cell; followed by overnight constant current
charge to gassing (16 hour rate).
Ruetschi [17] concluded that the reasons for failure

of calcium-alloy positive plates after relatively short




periods of float was connected with a problem of contact
between the grid and active material. He postulated that
at float voltages PbO forms in the corrosion layer close

to the grid and that this eventually serves to isolate the
active material from the grid. 1In related work on indus-
trial and automotive batteries, Mao, Larson and Rao [10]
noted that pressure cast lead-calcium alloy positive grids
for float applications can cause some unexpected service
failures due to abnormal growth. Simon [18] conducted
optical microscopic examination of commercial battery
plates obtained from several manufacturers and representing
various stages in manufacturing and use. He observed a
"reticulate" network, which he concluded was composed of

a -PbOz; and noted that this structure resulted in improved
capacity and prevented softening and shedding of active
material in plates which had been floated for long periods.
He conjectured that this network is continuous through the
plate and tends to act as a supporting grid for the remainder
of the active material.

Although floated Pb -Ca alloy grid batteries have dis-
played a tendency to prematurely lose capacity, it has been
noted that this capacity is recoverable by reverting to
shallow, low-rate discharges (i.e., trickle discharge).
Reference 19 discusses a Pb -Ca alloy positive grid battery
that had been on a modified float schedule for approximately
17 months, at which time capacity had dropped to 36% of

initial capacity. The battery was then placed on a trickle
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discharge routine for ten months and capacity increased

to 87%. Burbank and Wales [5] also noted recovery of
capacity by shifting to a shallow, low-rate discharge.

The exact mechanisms by which submarine lead-calcium
alloy grid batteries lose capacity on float and how trickle
discharging functions to preserve this capacity is obviously

not well understood. It is also possible, as suggested by

Simon in Ref. 18, that a similar capacity loss has been
present and undetected in lead-antimony batteries.

The purpose of this research is to study lead calcium
grid batteries in float and trickle discharge operation, as
well as a lead antimony grid battery on float, and to com-
pare trends in microstructural behavior. It is intended
that the operating conditions will simulate service which
would be similar to that found in submarine use. Utiliza-
tion of the scanning electron microscope (SEM) will be
the principal analytical method, augmented by optical

microscopy and x-ray analysis.
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III. EXPERIMENTAL PROCEDURES

A. BATTERY CONSTRUCTION

A full size lead-antimony grid diesel-electric submar-
ine battery cell (TPX-6lE) was obtained from Mare Island
Naval Shipyard. This cell was dry and ready for filling
and initial charging. In addition, nine formed plates
(3 positive and 6 negative) from a lead-calcium grid,
non-diesel-electric submarine battery (TLX-39B) were ob-
tained from Gould, Inc. These plates were cut into approxi-
mately 11.5 cm by 13 cm sections for use in small three
plate (2 negative and 1 positive) cells for laboratory
testing. Dimensions varied slightly between PbCa and
PbSb plates due to locations of grid bars. PbCa positive
plates were 0.48-0.50 cm thick, while the PbSb positives
were 0.42-0.45 cm.

Cell jars were manufactured from .25 inch (.635 cm)
plexiglass; inner dimensions were 15.5 cm high by 12.75
cm wide by 5 cm deep. Suitably sized separators (ll.7 cm
by 13.9 cm) were cut from the full size ribbed, porous, hard
rubber separators contained in the TPX-61lE cell. These
separators were used in both the PbCa and PbSb miniature
cells. Fiberglass mats from the full sized cell were cut
and placed against the positive plates. In addition, posi-
tive and negative plate binding strips cut from the full
sized cell were used. Figures 6 and 7 show the assembly

of these cells.
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Figure 6 — The components of a PbCa cell
in the disassembled condition

Figure 7 — The assembled PbCa cell
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It should be noted that the microporous separators were
installed in a reverse position from that specified in
Ref. 20. This was not done intentionally, however, once
it was discovered it was decided to continue with this
installation in order to have consistent results. Pokorny
[32], in associated work, evaluated the effect of the separa-
tor reversal and determined that it had no detectable effect
on capacity. This was probably due to an excess loading
of electrolyte to active material and the use of fiberglass
retainer mats next to the positive plate.

Cell electrolyte was prepared in accordance with Ref.

3 using analytical reagent HZSO4, specific gravity 1.84.
The specific gravity of the electrolyte was nominally main-
tained between 1.295 and 1.275 for the PbCa cells and
between 1.275 and 1.255 for the PbSb cells specified in
Ref. 3.

The plates were rigidly installed in the cells using
scraps of plexiglass. Plexiglass covers, 0.125 inches
(0.32 cm) thick, were glued on top of the jar. These
covers had three small holes drilleé for the one positive
and two negative plate terminal posts, and had one service
opening, 2 cm in diameter.

The cells were then connected using bus bars manufac-
tured from scraps of lead obtained from cutting the full
size plates. The bus bars were fastened to the terminal

posts using stainless steel screws (2-56/64). 1In order to

facilitate the operational routines, three cells were




connected together to form a battery. These batteries

were designated as follows:

PbCa #1 (Trickle Discharge)
PbCa #2 (Float)
PbSb (Float)

During the course of testing, five cells were operated
in each battery, for various lengths of service cycles.
This was accomplished by two cell replacements per battery.

Figure 8 shows a typical three cell battery assembly,

and Figure 9 shows all three batteries in operation.

B. OPERATION
The cells were filled with prepared electrolyte in
concentrations specified for the respective batteries (1.255
for the TLX-39B PbCa and 1.235 for the TPX-61lE PbSb).
Prior to the initial charge, the batteries were allowed to
stand approximately fifteen hours in order to cool [20,
22]. The initial constant current charge rate for the PbCa
cells was 0.51 amps based on suggestions provided by the
manufacturer [21]. The PbSb cells were charged for the
first time at 0.66 amps. The initial charge duration was
set at a minimum of 65 hours and continued until cell vol-
tages and specific gravities stabilized. ;
Following the initial charge, several conditioning

discharge/charge cycles were conducted in order to develop

cell capacity. In addition, the first cycles conducted on




Figure 8 —

Typical three cell battery assembly.

Figure 9 -

All three batteries in operation
(PbCa #2, PbCa #1, PbSb).




PbCa #1 were used to determine parameters such as finishing
rate, capacity test discharge rates, and the trickle dis- ;
charge rate. Parameters for the PbSb cells had been deter-
mined by Pokorny in related work [32].
Following initial testing, the three-cell batteries
were placed on routines of four days float (PbCa #2 and
L PbSb) or trickle discharge (PbCa #1) with a capacity test
discharge followed by a charge on the fifth day. PbCa #1
was given a charge prior to each capacity test discharge.
PbCa #1 was trickle discharged between discharge/charge

cycles at about 50 milliamperes (+5ma,-Oma) which corres-

ponds to approximately 0.33 ma/cm2 based on the planar sur-
face area (13 cm by 11.5 cm) of each face of a positive
plate. The discharge rate was regulated by a small slide
wire resistor.

PbCa #2 and PbSb were floated during standby periods
using a dual, independent power supply (see Appendix A)
manufactured specifically for this purpose by Mr. Tcm
Christian of the U.S. Naval Postgraduate School. Each
power supply had a range of 25 VDC with a maximum current
of 75 milliamperes. These equipment limitations were well
in excess of float requirements since the cells were not
put on float until the completion of a constant potential
charge.

The individual cell float voltage ranges selected were
2,32=2.36 for PbCa #2 and 2.25« 2.29 for PbSb. These
values were selected based on the specific gravity ranges

of these batteries. This procedure worked well until cell
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replacement was conducted. The new cell float voltages %
ran much lower than those of the older cells, and float
voltage imbalances were experienced until several cycles
had been conducted on the replacements. Appendix B shows
how float voltages varied. Since the dual power supply
voltage was relatively free from perturbations, only small,
k slow float voltage transients occurred. Periodic plate

3 voltage measurements referenced to a cadmium electrode

3 showed these fluctuations to be absorbed by the negative
plates.

As noted earlier, capacity test discharges were conducted
about every fifth day. PbCa #2 and PbSb were put on dis-
charge directly from a float condition, whereas PbCa #1 !

was charged from its partially discharged (trickle discharged)

state prior to test discharge. Discharges were automatically ﬂ
terminated when battery voltage dropped to 4.8 volts. This ]
was accomplished by another control circuit manufactured

by Mr. Christian (Appendix A). Discharges were monitored

S

by a two-channel Honeywell-Electronix 194 strip recorder. ﬁ
One channel was set up on the total battery voltage and the
other on one of the three operating cells, usually the one
previously determined to be the limiting cell. 1In addition,
a two channel Hewlett-Packard Model 71001 strip chart
recorder was used periodically to monitor one cell's positive
and negative plate voltages referenced to a cadmium elec-
trode. This was done in order to confirm that the positive 3

plate capacity was limiting the discharge.
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Initially it was intended to discharge the PbCa batter-
ies at the three hour rate and the PbSb at the six-hour rate
as specified in Ref. 3. These rates were determined based
on initial test discharges using Peukert's equation as
indicated in Ref. 1, and were set at 4.5 amps (30 ma/cmz)
for the PbCa and 3.4 amps (22.7 ma/cmz) for the PbSb. 1In
actuality, the PbCa rate was too low and the PbSb rate
too high; however, they were close enough to satisfy the
test objectives.

As noted earlier, total battery voltage was used as the
limiting parameter on discharge vice cell voltage. This
resulted in occasional deep discharges in individual cells.
While this is not the optimum situation, it was necessary
based on test equipment limitations. Appendix C contains
a record of the test discharges.

In order to have a valid basis for comparing the service
lifetime of cells subjected to either trickle discharge or
float routine, an operational cycle was determined as
follows:

- for the floated cells an operational cycle consisted
of a period of float (nominally four days) followed
by a capacity test discharge and recharge.

- for the trickle-discharged cells it was a period
of trickle-discharge (nominally four days) followed

by a battery charge, capacity test-discharge, and

recharge.




Battery charges were conducted in accordance with Ref.
3. All charges were of the constant-potential mode with
some overcharge. The potential chosen was limited to a
value such that hydrogen and oxygen gas generation did not
take place. This voltage was dependent on temperature,
and tables for determining its value are located in Ref.
3 under the title of temperature-voltage-gassing (TVG) .
The nominal TVG cell voltage for 80° F is 2.38. Prior to
the completion of charge, the battery voltage was allowed
to rise at a constant current, or finishing rate, until
it reached the maximum temperature corrected voltage as
specified in Table 9623-13 of Ref. 3. At 80° F this voltage
was 2.66 volts per cell. The finishing rates chosen for
these batteries were: 0.8 amps for the PbCa and 1.0 amps
for the Pb -Sb. During the overcharge period, while the
battery voltage is rising on the finishing rate, hydrogen
gas generation takes place at the negative plates and
oxygen evolves at the positives. During the constant
potential portion of the charge, the charging rate initially
rose as the resistive lead sulfate (PbSO4) network opposed
the passage of current through the plates. Later, after a
conducting path was established in the active material,
current gradually dropped until the finishing rate was
reached.

Battery charges were performed using a Hewlett-Packard
Model 6434B DC Power Supply (0 -40 VDC; 0 -25 amps) aug-

mented by a Kepco Model Ck 18-3M DC Power Supply (0 =18
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vDC; 0-3 amps). Both of these power supplies were con-
figured for constant potential operation using remote
(battery voltage) sensing. Figure 10 shows these power

supplies.

Figure 10 - Kepco Model CK 18-3M and Hewlett-
Packard Model 6434B DC Power Supplies.

Electrolyte specific gravities and individual cell
voltages were measured daily, following test discharges, and
at the completion of battery charges. Appendix B contains
a record of the average values of these readings during
each cycle. Specific gravities were determined using a
standard submarine floating hydrometer kit. Voltages were
measured using a DANA Digital Voltmeter and temperatures

were obtained using a standard laboratory floating thermometer
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(30 -100° F). Specific gravity readings were corrected
for temperature in accordance with Article 9623.305 of
Ref. 3.

In order to closely evaluate the microstructural
changes in the positive plates during discrete stages of
battery life, replacement cells were introduced at certain
intervals. The following table shows the various operational

cycle histories:

Table II

Cell Life History for Each Battery

PbCa #1 PbCa #2 PbSb
Cell Cycles Cell Cycles Cell Cycles
1 4 1 4 3 4
5 5 6 5 4
3 2 10 R 9
3 10 4 12 4 9
2 13 3 16 2 13

Since each battery operated with three cells, there were

two cell replacements per battery during the test period.

C. ANALYSIS

The major microstructural analysis instrument employed
was the S4-10 Stereoscan Scanning Electron Microscope (SEM).
The SEM is an extremely uvseful device for conducting this

type of research due to its relatively high useful magnifi-

cation (about 12,000x), excellent depth of field (about 100




microns at 1000x), and the ease of sample preparation when
compared with requirements for light microscopy and trans-
mission electron microscopf (TEM) .

The SEM, shown in Figure 11, detects and displays
information derived from the action of an electron probe
scanning the surface of a specimen. The resultant image

has a three-dimensional appearance.

Figure 11 - Cambridge Model S4-10 scanning
electron microscope and Princeton-
Gamma-Tech PGT-~1000 x-ray Analvzer.

The electron prob€ is formed from a primary beam of
electrons, focused to a fine spot on the surface of the
specimen by a system of electromagnetic lenses. Low-
energy electrons leéving the surface of the specimen due

to the action of the electron probe are attracted towards

the electron collection system. This consists of an electro-

static focusing electrode and a scintillator optically
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coupled to a photomultiplier. Electrons impinging upon

the scintillator release photons which travel along a
light-guide to the photo-cathode of the photomultiplier.
Signals from the Qhotomultiplier are passed through a head
amplifier to video amplifier and then to a visual display
unit, where the amplified signals modulate the brightness
of the cathode ray tube beam. This beam scans the tube
face on the display unit in synchronism with the scanning
of the specimen by the electron probe. The resultant image
has a three-dimensional appearance because contrast is
produced by the variation in the number of electrons
emitted or reflected from different parts of the specimen.
In order that the image can be photographed, a second
display unit is provided on which a camera can be mounted
[23].

The specimen to be observed is mounted on a metallic
stub and cemented with conducting paint. It is then placed
on a specimen stage in an evacuated chamber and bombarded
with an electron beam as noted above. The operator has the
ability to translate the stage in the x, y, and z direc-
tions; rotate it 360°; and view the specimen at angles of
incidence from about 0° to 90°,

The SEM at the Naval Postgraduate School is coupled
to a Princeton-Gamma~Tech (PGT-1000) energy-~dispersive
x-ray analyzer. This device is capable of elemental
analysis through detection of characteristic x-ray energy

associated with electron transitions in the outer shells

49




of material being scanned. No major use was made of this
capability, since it was not possible to discriminate
between lead and sulfur, which were two of the major'
elements encountered in plate analysis.

Positive plates were removed from the cell and washed
for about five minutes in cold tap water. The washing
process involved immersing the plate in a beaker of water
for a short period to allow the tap water to displace the
electrolyte from its internal pores. Then the plate was
laid over the top of the beaker; and, one side at a time,
was rinsed by directing a stream of water over the surface.
No mechanical cleaning or blotting with paper was attempted.
After washing, the plate was allowed to dry for twenty-four
hours in an oven set for a temperature range of 65 -70° C
(150 - 158° F). The plates were sectioned using a jewelers
saw. The active material was broken away from the grid
using needlenose pliars. This allowed direct examination
of the grid-active material interface on both the grid and
on the active material. 1In addition, pieces of active
material from the planar face of the plate were obtained.
The pieces to be observed varied considerably in size but
fit easily on the 1.2 cm diameter stubs. Prior to p<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>