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1 .0 INTRODUCTION

This report summarizes the work done under contract NAS5-3477.

The objective of the program was to develop a method for the

analysis and characterization of the electrodes used in nickel-

cadmium spacecraft batteries.

The goal of the program was to develop the relation between

the detailed characterization data obtained on single electrodes

and the behavior of these electrodes in cells in various modes

of cyclic operation. This relation will provide a basis for

specifying improved cells for space application and comparing

cells from various manufacturers.

The principal characterization data obtained was the complete

potential versus time curve for each electrode against a nickel

oxide reference electrode for a small number of charge-discharge

cycles (6-7) prior to assembling the electrodes into test cells

for the cyclic tests. The majority of the characterization tests

were made at a constant current of C/10 at room temperature.

These curves show the electrode capacity, graphitic and anti-

polar capacity, and the effect of impurity levels. In addition

a small number of positive electrodes were tested to determine

the onset of gassing and gassing rate as a function charging

current.

Periodically test cells were removed from the cyclic tests

and the individual electrodes were recharacterized and examined

for changes in physical properties and comparisons made with the

original characterization data.

Some of the electrodes removed from the cyclic tests were

examined by x-ray diffraction and photo-micrographs in cross

section to determine composition and structural changes. The

remainder of the test electrodes, providing they appeared in good

mechanical condition by visual inspection, and where time per-

mitted were reassembled into test cells for further cycling.

Test cells fabricated with the characterized electrodes were

cycled in three modes of operation, simulating conditions most

likely to be encountered in space applications. These modes were

as follows:

(1) Shallow Discharqe Cyclinq to a depth of 21_

of the cell capacity at constant current.

(2) Random Depth of Discharge Cyclinq averaging

i0, 20, 50, and 75% of the cell capacity over

a six-day period using random Beta and

rectangular distributions for the individual

cycle depth of discharge over the six-day

period.

(3) Current Limited Constant Voltaqe Charqinq cycling

- 1 -



The cyclic tests were run concurrently at three temperature
levels: 0°, 25O(room temperature), and 40oc.

The plates used in the program were the impregnated sintered

plaque type VO made by S.A.F.T. of France and some of the same

type made by the General Electric Company at Gainesville, Florida.

The latter are designated as KO in this report. The plates had

a nominal capacity of 11.2 amp-hrs.

Details of experimental equipment and procedures used as

well as relations developed and conclusions for each of the

four major program tasks are presented in four separate sections

which follow. The breakdown of tasks is:

1. Characterization Tests

2. Shallow Discharge Cycling Tests

3. Random Depth of Discharge Cycling Tests

4. Current Limited Constant Voltage

Cycling Tests

- 2 -



2.0 CHARACTERIZATION TESTS

The majority of the plates used in the test program were

S.A.F.T. VO type. The general characteristics of the positive

and negative plates are given in Table 2.1. The dimensions of

the plates are 1-3/4" x 3". The minimum active area per plate

is 28.8 cm 2 which is equivalent to a nominal capacity of 1.20 amp-

hr. for the positives and 1.24 for the negatives.

During the course of the characterization of the VO plates,

some of the positive plates showed a tendency to develop blisters

and pimples when charged at rates of C/5 to C. A short investi-

gation was conducted to determine the conditions leading to the

blistering, and whether a bad lot of electrodes had been used

inadvertently. The results of the studies on blistering are

summarized in Section 2.5.

Plates of the same type made in Gainesville by the General

Electric Company, Battery Business Section (KO-15, having a

larger active area 41.86 cm 2) showed less of a tendency to

blister. It was decided to incorporate some of the KO-15 plates,

trimmed in dimension to 1-3/4" x 3" into the testing program to

determine if these behaved any differently than the S.A.F.T. VO.

2.1 Electrode Preparation

Prior to the initial characterization all plates were electro-

chemically cleaned, washed, dried, inspected for visual defects

and weighed.

The cleaning was done to insure complete activation of active

material, supplement the removal of any contaminating ions,

establish that there was a proper balance of positive and negative

capacity in the selected plates, and bring the plates to the

proper state of discharge prior to assembly with cells. The

details of the cleaning process are given in Table 2.2.

The final weights of the S.A.F.T. VO plates are tabulated

in Appendix II. The average weight of the positive elements

after cleaning was i1.150 gms with a standard deviation of

0.290 gms, and for the negative electrodes the average was

10.161 gms with a standard deviation of 0.259 gms. Weight

changes for the positive electrodes before and after cleaning

averaged e 0.028 gms; for the negatives the weight decreased

an average of 0.273 gms.

Similar data for the trimmed KO type plates are tabulated

in Appendix II.

- 3 -



TABLE 2.1

CHARACTERISTICS OF NICKEL-CADMIUM

VO TYPE PLATES

Characteristic Units Positive Neqative

Thickness mm. 0.93 +- 0.06 0.81 +- 0.06

Capacity amp. -hrs.

dm 2

4.2 +- 0.4 4.3 +- 0.4

Weight of

Metal Hydroxide

g/dm 2 16.3 +_ 1.0 16.5 +_ 1.0

Plaque Porosity % 70 + 8
+

66 _ 4

Core Thickness mm. 0.i 0.i

- 4 -



TABLE 2.2

ELECTRODECLEANING PROCESS

1. The plates are immersed in 25% KOH in separate compartments and
allowed to soak for 16 hours.

2. Alternate positive and negative plates are connected in series and
discharged through inversion at C/8 amps. for 4 to 6 hours. C is
the nominal capacity in ampere hours. The individual cell voltages
should be greater than 1.50 V at the end of the discharge. If the
value is less than this, the inversion is not complete and the dis-
charge must be continued until a value greater than 1.50 V is obtained.

3. The polarity is reversed and the cell charged at C/8 amps. for 16 to

20 hours. The voltage must reach 1.5 V.

4. The cells are discharged at approximately C/2.5 to zero volts. The

cells may be directly shorted with a jumper when the discharge voltage
is less than 0.6 V.

5. The individual resistors (or jumpers) are removed and the cells in

series are discharged through inversion at C/12 for 7 hours.

6. Charged as in 4.

7. Discharge as in 5. The capacity obtained must be at least 125_o of C.

8. Individual cells are shorted for a minimum of 1 hour.

9. The cells in series are discharged through inversion at C/12 for a
maximum of 6 hours.

When a cell reaches minus 1.2 V, it shall be electrically removed

from the discharged circuit/ The discharge is then continued on

the balance of the cells.

Note: The individual cell voltage after 3 hours of inversion

must be between minus 0.i and minus 1.0 V. If this value

is negative in excess of minus 1.0 V, the cell does not

contain sufficient excess negative capacity.

10. The separator is removed and the plates washed in de-ionized water

until the pH of the final wash water is less than 10.5.

ll. The plates are dried in a forced air oven at 100°C T i0 ° for 2 hours.

12. The plates are removed from the temporary assembly and inspected for

defects. Any plate showingevidence of blistering, disintegration

or severe pitting is rejected. Any smut or loose active material is

removed from the surface by brushing with a dry nylon brush or by

wiping with a clean, dry cloth or paper towel.

13. The plates are stored in sealed plastic containers until used.



2.2 Experimental Equipment and Procedures

The primary characterization data obtained for both positive

and negative electrodes were complete potential versus time

curves for 6 to 7 charge-discharge cycles. To accomplish this

each electrode was assembled into a test cell containing two

counter electrodes and a reference electrode.

The reference electrode was a nickel oxide electrode, charged

fully and then discharged (about 10%) and aged for several weeks.

The potential of the electrode remains stable over a period of
months if current is not_ drawn from it. It can be renewed in

the test cell if necessary.

The counter electrodes were of the same type used in the

test program but were not used in any cyclic tests. For the

positives, the counter electrodes used were cadmium plates and

conversely for the negatives the counter electrodes were nickel

positive plates.

In use, a pair of test cells, one with a cadmium test electrode,

the other with a nickel-oxide test electrode are run through the

cycling together. Figure 2.1 shows the basic circuit used to
obtain the curves. A master timer is used to turn on the charge

and discharge power supplies through appropriate relays; the

power supplies are constant current units whose terminals must

be shorted during "off" periods. The curve pulser relay (K-l)

is used to cycle the input to the amplifier between the nickel-

reference pair and the cadmium-reference pair at intervals of

1-2 min. The recording gives two curves, one for each electrode.

The bias voltage is set to cancel out the reference voltage so

that the difference between the curves is the cell voltage that

would be observed if the pair of test electrodes were in a cell.
The electronic voltmeter is used to avoid current drain on the

reference electrode. Alternate recording of the two curves is

possible since the Rustrak recorder is a printing type, rather

than a continuous curve tracer.

The experimental setup used in the program had a capability

for characterizing l0 positives and i0 negatives simultaneously.

The detailed circuit schematic and parts list for the characteri-

zation control equipment is shown in Appendix I.

The test cells used are shown in Figure 2.2. The electrolyte

used was 31% by weight potassium hydroxide in all cases. Fresh

electrolyte was used for each electrode characterization.
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The original plan called for characterization of plates to

be made at three levels of constant-current, charge-discharge

rates: C/10, C/5, and C at room temperature. However, in the

course of the work, the positives charged at the C/5 and C

developed in some cases extensive pimpling and large blisters

leading to a loss of active material. In view of these results,

it was decided to conduct the characterization test at the C/10

rate. The cycle conditions for the C/lO rate tests were, charge

for 720 minutes at 0.140 amp. and discharge for 600 minutes at

0.160 amps, and were conducted at room temperature.

2.3 Characterization Data Interpretation

Figure 2.3 shows a typical set of curves for the potential

of cadmium and nickel electrodes during a test cycle. This

set of curves was taken using a constant charging and discharging

current with a nickel hydroxide electrode for reference. The

detail of information is obvious. For the cadmium electrode,

the evolution of hydrogen is shown by a small sigmoid rise in

the potential with time; no such change in potential is shown

by the nickel hydroxide electrode when evolving oxygen. Other

regions of interest are the existence of an antipolar capacity

in the cadmium electrode (due to the existence of some electro-

chemically active nickel oxide in the cadmium plates); the graphite

capacity shown in the discharge of the nickel electrode and the

cadmium antipolarity mass, which is believed due to the absorbed

molecular oxygen in the plate; the nitrate reduction region in

the nickel plate which occurs whenever a small amount of nitrate

as an impurity is present; and the carbonate region of the cadmium

electrode. This curve is the only non-destructive test known

for these impurities in electrodes, and quantitative estimates

of the amount can be made from the area under the curve.

The importance of measuring the nitrate impurity is that the

presence of nitrate promotes_ self-discharge in sealed nickel-

cadmium cells. Nitrate is reduced to ammonia at the cadmium

electrode, and the ammonia is re-oxidized at the nickel electrode

to nitrate or nitrite. Only a few parts per million of nitrate

suffice to give a high rate of self-discharge. Nitrate in small

to moderate amounts markedly lowers the capacity of the nickel

hydroxide electrode. The mechanism is not clearly understood at

present, but may involve a second type of self-discharge.

The effect of carbonate ion appears to be dependent upon

the hydroxyl ion concentration in the electrolyte. The cadmium

electrode potential is governed by the Nernst equation:

- 9 -
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E = E O RT in (Cd++)
2F (Cd)

where

E

E o

R

T

F

(Cd)

is the EMF of the electrode against hydrogen

is the standard electrode potential against hydrogen
in basic solution

Gas Constant

Absolute Temperature

Faraday's Constant

Concentration of cadmium metal = unity

(Cd++) Concentration of cadmium ion in solution

The concentration of cadmium ion is controlled by the

solubility product of any possible insoluble compound; thus

for the hydroxide:

Ksp = (Cd++) (OH-) 2

from which we have the derivation for the cadmium electrode

E = E ° _ R__T in Ksp 2
B 2F (OH)

= E o RT in Ksp + RTB - 2-_ _ _-- In(OH)

potential

= E °' + R--TF In(OH)

If sufficient hydroxyl ion is present in the electrolyte,
large amounts of carbonate have little or no effect on the

potential since cadmium hydroxide is much less soluble than

cadmium carbonate, and the potential is governed by the hydroxyl

ion concentration. In the case where insufficient hydroxide

is present, then the solubility product of cadmium carbonate

enters into the reaction governing for the cadmium ion concen-

tration and thus alters the value of the potential of the
electrode.

These conclusions are borne out in experiments. If carbonate

is added to the 30% KOH without decreasing the KOH concentration,

amounts in the range of 40-50 g/L have no effect on the potential,

and show no carbonate plateau in the discharge curve. If various

amounts of carbonate solution are used to replace the 30% KOH
then the effect is related to the amount added. The cell loses

no discharge capacity in terms of ampere-hours with an almost

pure carbonate electrolyte, but the cell voltage drops by 0.I

to 0.2 volt giving a loss in watt-hour capacity.

- Ii -



The importance of a non-destructive test for impurities such
as nitrate and carbonate is that they can be used to check the

cell prior to sealing and assure that the cleanup of the electrodes

and electrolyte is complete without requiring destruction of samples

of the cleaned electrodes.

In characterization test, additional data on all behavior

can be obtained by adding separators to the test cells. The

changes in behavior due to their presence can be made explicit

in comparison to the cell with the separator. Also, the effect

of additives such as surfactants, cellulose deomposition products,

etc., can be checked quantitatively.

A valuable adjunct to the characterization tests is the fact

that comparison of the electrode voltage curves taken in the

first test cycles can be made with those taken in later cycles.

This comparison often shows minor changes in the performance

which ordinarily are obscured by other major changes. Thus, the

growth of antipolar capacity on the cadmium electrode shows a

rate of corrosion of the nickel substrate of this electrode; a

growth of antipolar capacity on the nickel electrode would show

migration of cadmium and so on. The long term behavior of the

electrode is often indicated in the earliest test cycles, and

the onset of degradation of the electrode is easily detected

over a period of a few cycles. It is this feature of detecting

trends in performance during cell operation that makes feasible

the possibility of developing a short term acceptance test.

2.4 Initial Characterization Test Results

The characteristics determined from the potential time curves

of the initial characterization tests were the capacities of the

positives and negatives, and the graphitic capacity and nitrate

reduction capacities for the positives. Time did not permit an

evaluation of the negative plates for the extent of the carbonate

and antipolarity charge capacities.

The distribution of the average capacity of the positives and

negatives for the six characterization cycles for the majority

of the plates used in the cycling tests are shown in Figure 2.4.

It should be noted that the capacity spread for the positive

plates is greater for the VO plates than the KO plates. The

spread of the negative capacities is significantly greater than

for the positive plate capacities. The maximum to minimum

capacity ratio for the negatives is approximately 1.7; for the

KO positives 1.2; and for the VO positives 1.4.

- 12-
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The average plate capacity for both positives and negatives

is essentially independent of the total discharged plate weight

determined after the electrochemical cleaning of the plates.

These results are shown in Figure 2.5 and 2.6. This lack of

correlation is to be expected since the capacity is largely a

function of the plaque sinter porosity, thickness, and the fraction

of this void volume impregnated with active material. The

porosity tolerance limits as shown in Table 2.1 could well account

for the observed variation in capacities.

The graphitic capacities ranged from 50 to 300 ma. hrs. and

the nitrate step from 0 to 30 ma. hrs. There was no detectable

relation between either of these and the plate capacity. Simi-

larly there was no detectable relation between the graphitic

capacity and the nitrate step.

In addition to the above characteristics, a two-months storage

test was conducted on a few positive and negative electrodes to

determine if the electrodes changed capacity on storage in air

in the discharged state at 40°C. The capacity changes noted for

these electrodes are summarized in Table 2.3. The trends indicate

a slight capacity gain for the positives on the average and a

capacity loss for the negatives on the average. The variation

of capacities on successive cycles noted in the table is typical

for most of the electrodes characterized.

The initial characterization data for the electrodes used in

cycling tests is presented in the following sections of the

report dealing with the results of each of the cycling tests.

The results of X-ray and photomicrographic examinations are

presented in the same manner.

2.5 Positive Electrode Blisterinq Problem

The positive VO electrodes were observed to develop blisters

and pimples when characterized at the IC rate ( 1200 ma)in the

characterization tests. This phenomena was also encountered

with some of the electrodes during the electrochemical cleaning

procedure prior to the initial characterization tests.

A short investigation was conducted to determine during what

portion of the cycle the blistering occurred, under what con-

ditions, and whether the particular lot of electrodes being used

in the program was more susceptible than other lots.

- 14 -



INITIAL CHARACTERIZATION CAPACITY DISTRIBUTION

I0
X

•) x x

® x x x

® x x x x

® x x x x x POSITIVES

® ® x x x x

® ® x x x x x x - VO TYPE

® @ x x x x x x x

@ ® @ ® x x x x x x @ - KO TYPE

@ ® @ @ ® x x x x x

O9

;d

<
,.3

©

kl

2:

2O

15

10

X

X
NEGATIVES

X

X

X

X

X

X

X

X

X

X X

X X

X X

X X X

X X X

X X X X

X X X X

X X X X

X X X X

X X X X

X X X X X

X X X X X

X X X X X X

X X X X X X X X X

X X X X X X X X X_ X

X X X X X X X X X X X

X

X

X

X

X X

o

Figure 2.4

-15-



_9

_9

Z

<
_q
b--4

_9

_g

_9

<

I I

I I

• x

0

IIW

X

x

>

x

X

..xx

OOgl

0011

O001

0O6

I

I

b.O

°_

- 16 -



b_

(.9
<

<

Z

[-.

0

<

cn ._

Z
L_

[fl

<

9

9

!'.."

| ,
u

• I

w

009I

ogGl

OOgl

OgT_l

0091

O,g_I

00_I

°_

O0_I u

,_

Og I:T

OOII _

OgOl

00,0t

Og6

OO6

o o o o
o o o o

- 17 -



The blisters developed on both surfaces of the plate and in

many cases the sintered nickel matrix physically separated from

the nickel-plated sheet of the electrode. Examples of blistered

electrodes are shown in Figure 2.7. The size of the blisters

ranged from 1/8 to 1/2 inch in diameter. For the purpose of

classification, pimples were arbitrarily defined as being less

than i/8 inch in diameter.

There was no history of manufacturing problems at the time

the plaques were made. No electrodes of the lot used in our

test have been used in production cells and, therefore, there

is no comparative information on our electrodes and their per-

formance in cells.

Reproducibility of the phenomena was confirmed by testing

additional electrodes from the same lot being used in the pro-

gram and another lot. Plates removed from commercial, vented-

type cells employing the same type of plates also developed

blisters when characterized at the IC rate. Pre-treatments such

as forming the plates at low charge and discharge rates (C/20 to

C/10) prior to testing at IC showed some reduction in the extent

of blistering with respect to both number and size of blisters

per plate.

Examination of electrodes during various stages of charge

and overcharge established that the electrodes developed pimples

during the overcharge portion and occasionally mild blistering

compared to these encountered during the characterization tests

at the IC rate. It is believed that these pimples may be further

enlarged to blisters in the inversion period of 15 minutes

duration used in the initial characterization cycle.

Finally a group of positive electrodes of the VO type made

at the General Electric Company Battery Business Section facility

at Gainesville were put on a test along with some of the VO plates

being used in the program. The plates made at Gainesville are

designated as KO. The test consisted of operating cells containing

two positive electrodes at varying charge rates, at two electrolyte

concentration levels of 25 and 31% for varying periods of time to

note behavior during excessive overcharge. In this test, one of

the electrodes in each cell is continuously overcharged, and the

other is continuously overdischarged. The results of these tests

with respect to pimple and blister formation are listed in

Table 2.4.
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The conclusions drawn are that the VO plates being used in

the program are more susceptible to the blistering phenomena

than the KO plates. The electrolyte concentration appears to

be a contributing factor since for the VO plates, the plates in

the 31% KOH electrolyte showedpimples at lower percentage over-

charge and lower charge rates. None of the counter electrodes

which were on continuous over-discharge showed any pimples.

The pimples, therefore, appear to start during overcharge

at higher charge rates, at higher concentratiQns of electrolyte

and may develop into larger blisters during overdischarge.

On the basis of these results, it was decided to insert KO

plates into the test program for comparison purposes and to
restrict the initial characterization and recharacterization '

tests to the C/10 rate.

It was not possible to devote more attention to this phenomena
during the course of the program. However, it is recommended

that it be investigated further in any future programs.

2.60xyqen Evolution Tests

As part of the initial characterization data, the start of

oxygen evolution and the rate of oxygen evolution as a function

of charging rate was determined for a limited number of positive

electrodes. The objective of these tests was to determine if

this tool could be used to ascertain the quality of electrodes

and also to note if gassing characteristics of electrodes changed

under different modes of cyclic operation.

2.6.1 Experimental Equipment & Procedure

The apparatus for measuring the rate of oxygen evolution

consisted of a sealed flooded test cell containing counter-

electrodes and a reference electrode in separate compartments

from the test electrode. The gas evolved from the test electrode

was collected in a small calibrated volume which was vented to

the environment at a pre-set pressure differential. A schematic

diagram of the apparatus and test cell is shown in Figure 2.8.

The test cell (made of Lucite) has three compartments and

contains six electrodes in the following arrangement:

Compartment I

Compartment II

Compartment III

Positive reference electrode R 1

Negative cadmium counter-electrode C 1

Nickel screen auxiliary electrode A 2

Positive test electrode T 2

Nickel screen auxiliary electrode A 3

Negative cadmium counter-electrode C 3
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The compartments are separated from each other by baffled
walls and the electrodes are completely submerged in an excess
of 31% by weight potassium hydroxide electrolyte. The cell is
covered by a lid which was screwed to the cell container. The
gas tight seal between lid and container consists of a neoprene

gasket. A gas outlet tube, located at the center of the lid,

leads to the gas measuring device.

The two auxiliary electrodes A 2 and A3respectively, are
omitted in this drawing.

In operation as gas is evolved from the test electrode the

pressure within the closed system begins to rise until the

pressure reaches a pre-set value at which point the capacitive

switch on the manometer operates. The normally closed solenoid

valve then opens and the accumulated gas escapes. The pressure

in the system then returns to its initial value and the solenoid
valve closes.

Each activation of the valve releases a constant volume of

gas and concurrently changes the polarity of the latching relay.

The contacts of this relay are wired so that the potential of the

test electrode vs. the reference electrode or of the negative

counter electrodes vs. the reference electrode are alternatively

fed into the amplifier. By means of the selector switch, a

recorder with an appropriate speed of paper transport can be

connected to the amplifier. After the first release of gas,

the resulting recorder charts show two distinctive broken lines,

one representing the potential vs. time curves of the test

electrode and the other representing the potential of the counter
electrodes.

For evaluating the data from these charts, either the dis-

tance between two subsequent events is measured or the number

of events per unit of time are counted. As each event represents

a constant amount of gas evolved and released, the gasing rate

in millil±ters per unit of time can easily be calculated.

The system is calibrated before starting runs with each

new electrode. This procedure is as follows: A constant direct

current is passed between the auxiliary electrode A 9 and the

two counter electrodes C 1 and C 3 so that oxygen is _volved from
A . The currents applied represent charge rates of C/10, C/5,

C92 and IC, respectively, based on the known capacities of the

test electrodes. After a full gas_ng of the auxiliary electrode

is accomplished, the times elapsed between two subsequent acti-

vations of the solenoid valve are measured by means of an

electric stop watch and an average value for_t is calculated

for each current using between 20 and 30 individual gas release.
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The volume, V , released per activation of the solenoidr
is the product of two constants, namely,

V
o

f

and one atmosphere standard pressure.

and it can be calculated from,

V r = V ° x f = const. = nth x _t

where,

nth = theoretical gas evolution rate in ml. sec.

_t

= the total volume of the system and,

= the ratio between the activation pressure

differential to actuate the capacitive switch

-i

= the average length of time between two subsequent
activations.

The reproducibility of V for the currents used was good,
and a numerical value of abo_t one milliliter was observed for

different experimental setups.

Each experimental run at a given charge current started with

a checking of the constancy of V r by evolving oxygen from A^ and
measuring the time between subsequent activations of the solenoid

valve. Immediately after this test calibration, the test electrode

_ was charged against the two counters C I and C 2 respectively,

ile the onset of oxygen gasing from T 2 _nd the increase of the
gasing rate were recorded on one of the vent recorders.

Regardless of the charge rate applied, a total of 2,000 ma-hrs.

per run was passed through the cell before the test electrode was

put on rest. The rest period varied from i0 minutes to two hours,

depending on the timing of the program. The test electrode then

was discharged against the cadmium counter electrodes at the C/2

rate, and the capacity discharged, C., was calculated from the

breaking point of the potential vs. _ime curve of the test

electrode.

As soon as the potential of the test electrode reached the

region of hydrogen evolution, the discharge of T 2 was terminated.
The discharge of the counter electrodes was then continued

against the auxiliary electrode, A^, in order to prepare the

counter electrodes for the next experiment.

The results of these measurements are conveniently presented

in the form of curves shGwing the percentage of current going

into oxygen evolution at any time versus a normalized state of

charge factor for the test electrode up to the same time. The

normalized state of charge factor, X, is defined as follows:
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X C t - C
q (lOO)

C d

where C t = total amp-hr input to the cell up to time t.

C = total amp-hr consumed in oxygen evolution up to
g time t.

C d = amp-hr capacity of test plate determined by dis-
charge measurement to break point in potential-

time discharge curve.

2.6.2 Results

Preliminary tests with formed and unformed VO electrodes

showed that the start of gas evolution and rate of gas evolution

varied from run to run and was dependent on the previous history

of the electrodes. With unformed electrodes the initial run

showed early ga_ing and poor charge acceptance at C/5 rates of

charge. Progressive increases in charge rate from run to run

going to the C rate showed progressive delays in the start of

gas_ng except for the run at the C rate. See Figure 2.9.

Subsequent to these preliminary experiments a short program

was planned to explore the gas_ng behavior of electrodes with

different histories. The emphasis was primarily on electrodes

which had dveloped pimples or blisters during the initial

characterization or during the electrochemical cleaning pro-

cedure. Two electrodes removed from cyclic tests at constant

voltage-current limited charging were also tested to provide

some insight on the effects of cycling if any. The electrodes

tested included both KO and VO types. The electrodes used in

this phase of the work along with their histories:are listed

in Table 2.5.

The results of these tests are plotted in Figures 2.10,

2.11, 2.12, and 2.13. These plots show the total amount of

oxygen evolved after various levels of total charge input had

been returned to the test cell. These figures also show the

charge rate used on succeeding cycles and the electrode capacity

determined at a discharge rate of 600 ma after each charge cycle.

Gener&lly, the rate of oxygen evolution for all the electrodes

examined was found to be measurable when the electrodes had

accepted 50 to 60% of their rated capacity.
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TABLE 2.5

POSITIVE ELECTRODES TESTED FOR GASSING BEHAVIOR

Number History Charge Rates_ ma.

(1) vo P -70
O

P1-42

Characterized )

Uncharacteri zed) Pimples

120,240,600

and 1200

(2) VO P7-3

P7-4

Uncharacterized)

Uncharacterized) Blisters

20,120,240,600

and 1200

(3) KO

VO

P-126

none

Characterized )
Uncharacterized) No Pimples 120 and 1200

(4) Ko
VO

P-54

P5-23

100 Cycles- 0°C)

579 Cycles-40°C)

Constant

voltage

current

limited

charging

tests

120,600, and

1200
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With increasing state of charge, the portion of the charge

current used for oxygen evolution increases non-linearly and on

the average, at a state of charge factor value of i00 per cent,

about 40 per cent of the charge current goes into oxygen gas_ng.

In almost all cases, at a state of charge factory value of 120

to 140_ results in a total conversion of the charge current into

oxygen evolution. These observations are illustrated by the

results for VO type electrodes plotted in Figures 2.14 and 2.15.

For the two VO type electrodes with pimples (Figure 2.10)

the gas_ng behavior is significantly different and appears to
be related to the differences in charge rate sequence used for

testing the two electrodes. A charge sequence of al£ernately

low to high charge rate from cycle to cycle yielded a lower

level of gas_ng than the charge rate sequence of progressively

increasing from low to a high value.

For the two VO electrodes (Figure 2.11) with blisters sub-

jected to a charge rate sequence of progressive increases to a
maximum value and then progressive decreases, the extent of

gas_ng at a given total charge input level is significantly

lower than the corresponding electrode (PI-42, Figure 2.10)

with pimples. Further testing is required to confirm if this

difference is reproducible.

For the two electrodes without pimples or blisters (Figure

2.12) one a KO and the other a VO, there was no significant

difference of gas_ng at all levels of charge input. One point

deserves comment, on successive cycles at a constant charge

rate, one of the electrodes (Po-126) showed a progressive in-
crease in the amount of gas_ng. This type of behavior was noted

for three other electrodes PI-42, P7-3 and P7-4.

For the tWOoelectrodes which had been cycled, one at 0°C and
the other at 40 C for different number of cycles (Figure 2.13),

there was no difference in gas_ng behavior. The gaS_ng behavior

compared to the similar uncycled electrodes (Figure 2.12) is

not significantly different.
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3.0 SHALLOW DISCHARGE CYCLING TESTS

These tests were designed to determine the onset and severity

of memory effects. This phenomena has been observed in nickel-

cadmium cells operating in repetitive discharge-charge cycles in

which a constant fraction of the total cell capacity is used in

each cycle. The end effect is that after a period of operation

in this mode, a complete discharge of the cell usually yields a

residual capacity equal to or only slightly greater than the

capacity being used in the cycling mode. The amount of capacity

recovered is dependent on the discharge rate used. The cell can

be returned to rated capacity by one or two complete charge-

discharge cycles.

3.1 Experimental Equipment and Procedures

The test cells consisted of four nickel and five cadmium

electrodes assembled as shown in Figure 3.1. The separator

material was one layer of unwoven felted nylon, whose nominal

compressed thickness was 6-10 mils. The cell plates were loaded

with a 6½ lb. weight while the end face plate seal was made.

This assured equal compression of the separators in spite of

variations in plate thicknesses. The cells were vented to the

atmosphere through a small h01e at the top of the cell pack.

The electrolyte was 31% by weight reagent grade potassium

hydroxide in distilled water. Each cell was initially filled

with Ii cc. of electrolyte. Makeup water was added to a fixed

meniscus point on a weekly basis.

A total of nine cells were constructed, with three cells

being used at each temperature level; 0°C, 25°C (room temperature)

and 40°C. The 0oc test cells were kept at temperature in a

Tenney Eng. Inc., Model #TMUF 100240 Environmental Test Chamber

and the 40°C test cells were kept at temperature in a Blue M

Elect. Co.; Stabiltherm Lab Oven, Model #0V490A-I.

The cycling conditions used simulated a 90-minute orbit, with

35 minutes for discharge and 55 minutes for charge. The current

during the dischar_period was 1.7 amperes and for the charge

period 1.3 amperes.

The capacity removed per cycle was 1.0 amp-hr and the amount

returned on charge was 1.20 amp-hr. Based on a nominal positive

plate capacity of 1.2 amp-hr this corresponds to a depth of

discharge of approximately 21_.

The cycle control equipment schematic diagram for these

tests is in Appendix II.
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Test cells were removed from the cycling tests after various

intervals of cycling, and a pair of electrodes (a positive and

negative) were individually tested for residual capacity, using

fully charged counter electrodes. The discharge was conducted

in two parts, first at a constant current of 500 ma. to a cell

voltage of 0.6 volts, then through a constant resistance load
of i0 ohms to 0.i volts.

Some of the electrodes were returned to the cycling test

but in sealed cells designed to vent ate50 psi. Electrodes

removed for testing or because of bad surface conditions were

replaced with fresh, uncycled electrodes. The intent here was

to simulate more closely the intended use conditions and to

provide a basis of comparison with the vented test cells.

Residual plates were recharacterized as described in Section

2.0 and comparisons of the potential versus time curves were

made with the original characterization curves. In addition,

test plates were removed from the cells without discharging

them and examined by X-ray diffraction and photomicrographs to

note composition and structural changes.

3.2 Shallow Discharqe Cycl_nq Test Results

Of the nine original cells put on test, three failed in

service. The characterization condition, test temperature,

number of test cycles, electrode identification and comments on

visual appearance of the electrodes after the test cycling are

outlined in Table 3.1. One of the 0oc test cells developed

electrolytel leaks and was removed early in the program and is
not included in the table.

3.2.1 _isual Examination of Test Electrodes and Separator Material

One positive electrode was taken from each test cell except

#5 and examined microscopically. The photographs which follow

illustrate all of the effects observed in the examination of

positive plates. The samples were vacuum impregnated with clear

Bakelite ERL2795* epoxy resin and mounted at a slight incline.

They were then sectioned and polished obliquely to broaden the

sinter struCtUre and nickel plates steel core. All samples were

etched with 2_ Nital to reveal the nickel plate steel boundary

of the core plate and photographed at i00 x. Comparison samples

of unformed, fully charged and fully discharged electrodes were

also photographed.

*A special resin which hardens without exotherm.

- 37 -



[-4

OJ

0

4J 40

O

O

Z
I--4

O

0

0 0

0

0_-_

,-_ .,-4

,"4 0

.,-4

°_ ,--4

_ 4.10

! !

!

O
O

O

r_O

!

O

O

-..1"-O

v

0

0
0
OO._

m _ o

m 04 m
•,.4 04

o

o _

• N N

o

,-_

0 •
u_ 40

,--4 0

40
40

0

E-_

oh r_

!

u_

o4 u_
u_u_

u_u_
!

0
0

0

u_

0

oo

',00
o4
v

ODOD
C C

0 0

0 0

! I

-.1"..1"

o'_ ,.0
-..1"-..1"

!

-.1"

-..1"...1"

-.1"-.1"
!

0
0

u'_

0

Ox

v

40

,.0

0
OD

_ O

'_1 INI

!

!

O
O

u_

O

O

O

38 -

4.1

O

O

4.1

•_ .,_ O

O_ UZ

I !

O_ Z

0
..0

0
.Io

0

,-.I O _

0.1 "_ m

•_ O
40 $_ ..4
c°Ol>

o_

O4

.-4
I
,-4

u_

03

i--I
!
,-4

O
O
u_
O4

u_

_D

O
_O

•-4 _/D
c_

OD OD

C C

O O

O O

! !

O_O_

Ch O_
!
i-...4

r--O
-.Tu_

_o c_

!

O
O
O

O

O

o_

r-- 00
v

0
CO OJ m

_._

N u _
•,4 _,.-_

q-i

m _D O

_,1 .,.-I

•,-4 _ O
,-.-I I_ O
_ mr_

I !

r'_ P-...

!

!

Z

0
0

0

o"1

0

0

0
0

0

• ,-4 0

m I11 o

o

! I

u,3 r._
!

_o

!

O
o
-,1"

u,_

o

-,1"

v



Figure 3.2 shows an unformed positive electrode. The features

of interest are the regular distribution of sinter structure

(white areas), active material (light gray), porosity (black or

dark gray), and thick'hess of the nickel plate on the steel core

plate (approximately 0.4 mils). Also apparent is a small hole

near the electrode surface which may be a precursor to a pimple

or blister. Only one was seen on this sample.

Finally, there is a crack or discontinuity in the sinter

structure. It is termed an "incipient crack" to differentiate

it from the type of cracks seen on cycled or a simply fully

charged plate also examined.

Figure 3.3 is a photomicrograph of a positive plate which

was cleaned, characterized and fully charged (average characteri-

zation capacity = 1158 ma. hrs.). There was no macroscopic

peculiarity prior to preparation for microscopic examination.

The characterization cycling was not enough to enlarge the

porosity but it did succeed in opening up cracks within the

electrode. Moreover, some attack on the nickel plate of the

skeleton can be seen. The large black areas were not fully

impregnated and sinter structure was probably removed during

polishing.

Figure 3.4 is a photomicrograph of a positive plate cycled

at 40°C. The nickel plate thickness in the punched part of

the steel core was fairly typical of all electrodes examined.

However, the plate thickness adjacent to the sinter structure

on the 40oc plates was considerably reduced in thickness to 0.i

mil. Loss of physical contact with the sinter structure can

also be seen on these plates in contrast to the others. Generally,

there is an increase of porosity with some portions completely

lacking sinter structure. Two pimples can be seen. One is the

section through the pimple and one is the top of an adjacent

protrusion. The difference in density of sinter structure of

these pimples with that seen in the positive uncycled plate,

Figure 3.2, is quite striking and suggest corrosion of the

structure as the pimple enlarged. The oxidation of sinter

structure may contribute to the recharacterization capacity in

some cycled plates even though in some cases there was a signifi-

cant loss of active material during disassembly of the test cells.

3.2.1.2 X-ray Examination of Shallow Discharqe cycle Test Electrodes

X-ray diffraction patterns from 4-45 ° , 2e using CuK_ radiation

(Zr filter) with a G. E. Model XRD-3 were taken of one each of

the positive and negative plates from each cell. These electrodes

were kept in the cells until just prior to the examination. To

prevent artifact formation, all samples were sealed wet and un-

washed in 0.5 mil Profax* film envelopes during analysis.

*Biaxially oriented polypropylene film, Hercules Powder Company.
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Figure 3 . 2 .  Photomicrograph - Positive Unformed Nickel Electrode - 
45X, 27'0 Nital Etchant. 
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Figure 3. 3 .  Photomicrograph - Positive Ful ly  Charged Uncycled 
Electrode - 45X, 2'70 Nital Etchant. 
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Peak heights of specific angles of interest were measured

and recorded in Table 3.2 for the positive test electrodes.

The peak heights of a fully charged and a fully discharged

positive electrode are also shown for reference. Those shown

are of one pair of plates and are typical of but not identical

to those of other plates in the same charge condition. Relative

values are proportional to the surface composition of the area

examined. They vary from sample to sample and, to a lesser

degree from one area to another on the same plate.

No unusual peaks (other than NiOOH, Ni(OH)9 , Ni) were found
in any of the plates examined. It was possibl_ to make only a

rough estimate of state of charge from the X-ray data. No

orientation of substrate or active material was unequivocably
established.

Peak heights of interest in the negative test electrodes

are recorded in Table 3.3 together with those of a fully charged

and a fully discharged plate. No unusual peaks or orientation

of materials were observed. There was no correlation of peak

height ratios with state of charge nor did the Ni/Cd(OH)9 peak
height ratios suggest extrusion of active material over _he

cycling history of the electrodes.

3.2.1.3 X-ray Examination of Shallow Discharge Cycling Test

Separator Material Results

The felted nylon separator material suffered some degradation

in that some of the fibers adhered to the electrodes and tore

the separator on pulling the electrode and separator apart. There

seemed to be no correlation between the 0 o and 25oc test con-

ditions and degree of degradation. The extent of this type of

degradation was greater in two of the 40oc test cells in spite

of the shorter testing time involved. In these cells, the

separator was extensively torn in the disassembly of the cell.

In two cells (CC#'s 1 and 6), the separator was burned through

in the short circuit areas. The separator material showed

little or no signs of degradation in the other cells.

Separator material samples from each cell were also examined

on the positive and negative electrode sides by X-ray diffraction.

Cadmium hydroxide deposits were found on both sides of each sample

although the diffraction intensity varied considerably from area

to area. This finding was true on all samples tested and not

restricted to the shorted out cells. The beam intensity was

held at a minimum to reduce penetration of the beam into the

nylon separator material.
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In addition to the unsuspected cadmium hydroxide on the

separator materi&l, there was considerable black magnetic

residue on the positive side of several pieces. The black

residue had strong nickel and nickel hydroxide peaks. Very

little black material was visible on the cadmium side of the

material.

3.2.2 Electrochemical Test Results

Electrochemical tests performed on the shallow discharge

tests consisted of determining the residual capacities of the

plates as described in Section 3.1 and recharacterizing the

test electrodes at the C/IO rate and comparing the results with

the original characterization as discussed in Section 2.0.

Residual capacity and recharacterization tests were made only
on electrodes from unshorted cells.

3.2.2.1 Residual Capacity Test Results

The residual discharge capacities of the positive and

negative shallow discharge cycling test electrodes respectively

are listed in Tables 3.4 and 3.5. One 25oc test cell (#3)

received an extra charge before removal from cycling test

program.

Except for that cell, the constant current positive electrode

capacities (expressed as per cent of characterization capacity)

tended to be higher at 25oc than at 0oc with approximately

the same number of cycles. One test electrode at 40°C had the

same residual capacity as the 25 ° electrodes but also the

fewest number of cycles. However, three out of four electrodes

at 40oc showed zero capacity.

The negative electrodes had a higher residual capacity at

0 ° than at 25 ° while the 40 ° test electrodes were about the

same as the 0° test electrodes although with fewer cycles.

In general, the negative electrode residual capacities were

as high or higher than the positive electrodes tested. There

wasno evident relation of residual capacity with shallow dis-

charge cycling test temperatures. There is insufficient data to

draw any conclusions with respect to the effect of the number of

cycles.

3.2.2.2 Comparison of Characterization and Recharacterization

Capacities

The characterization and recharacterization data for the

positive shallow discharge cycling test electrodes are listed in

Table 3.6. The range of change between the average characteri-

zation and recharacterization capacities was from -23.4% to

+13.7% of original capacity with no correlation with temperature
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or number of test cycles. The % spread* of high to low values
for any one electrode ranged from 0-139 on characterization to
9-25_ on recharacterization with no temperature or number of
test cycles correlation. The characterization capacities were
relatively constant through six cycles but the recharacterization
values tended to decrease with successive cycles and also showed
more scatter than the characterization data.

The characterization and recharacterization data for the
negative shallow discharge cycling test electrodes are listed
in Table 3.7. The range of change between the average charac-
terization and recharacterization capacities was from -16.6 to
+32.5_ with no correlation with temperature or number of test
cycles. The 9 spread of high/low values for any one electrode
ranged from 0-419 on characterization to 7-349 on recharacteri-
zation with no correlation with temperature or number of test
cycles. Most characterization capacities tended to remain
constant through six cycles but the recharacterization values
tended to decrease with successive cycles.

3.2.2.3 Comparison of Graphitic and Nitrate Steps on
Characterization and Recharacterization

The origin and significance of the graphitic and nitrate

reduction steps were discussed in Section 2.3. A compilation

of these capacities for the positive shallow cycling test elec-
trodes is shown in Table 3.8.

On characterization the spread of graphitic capacities over

six cycles ranged from a low of 50-80 ma-hrs, to a high of

238-254 ma-hrs. Most individual electrodes showed a trend to

higher graphitic capacities on successive cycles. On recharac-

terization, the spread was from a low of 24-76 to a high of

99-153 ma-hrs. The trend was toward a higher capacity on

successive cycles. In most cases, the graphitic capacities

decreased after cycling tests. There was no correlation of

graphitic capacities or changes of graphitic capacity with

characterization capacities or changes of characterization

capacities after cycling. The nitrate steps behaved in a

similar fashion. Low to high ranges on characterization were

from 0-0 to 14-17 ma-hrs. On recharacterization, the values

ranged from a low of 0-2 to a high of 0-12 ma-hrs. In general,

the initial characterization capacities were higher than the

recharacterization capacities. The trend in both was toward

higher values with successive cycles. There was no correlation

of changes in graphitic or nitrate reduction steps with tempera-

ture or number of cycles.

*% spread refers to the difference between the high and low

values of any given characterization run divided by the low
value.
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3.2.2.4 Disposition of Test Plates

Most of the positive plates exhibited extensive pimpling and

were not returned to the shallow discharge cycling test as

originally planned. These were replaced by KO-15 plates for

reasons discussed in Section 2.6. Some of the SAFT positive

plates were in "satisfactory" condition and were returned to

the testing program.

None of the negative plates suffered obvious physical degrada-

tion and with a few exceptions, all were returned to testing

program. Exceptions were those plates which were damaged in

disassembly and those which were cut apart for x-ray examination.

The new shallow cycle test cells were mounted in sealed cells

fitted with pressure gauges and relief valves designed to vent

excess pressure at 50 psi ± 5%. The disposition of electrodes

in these cells compared with those in the unvented cells is

given in Table 3.9.

No provision was made in these cells to replenish water

consumed in electrolysis. It was expected that they would

evolve oxygen until some maximum pressure was reached at which

point the rate of gas evolution would be equaled by the rate

of recombination with the cadmium plates. In the event of cell

failure, by-pass switches were included that would permit any
number or combination of cells to be removed from the circuit

without affecting the others. This also would permit cells to

be removed and to be examined periodically rather than all at

the same time.

After the cells had been cycling for a few weeks, however,

the cells started to dry out one by one. By the end of four

weeks in the sealed cases, all the cells had dried out completely,

Some showed burn marks visible from the outside of the case.

The 0°C cells dried out first but there was no order at 250 and

40°C. Because of the degree of uncertainties associated with

these cells, no further examination of these electrodes was made.

The water apparently was lost by venting of the cell during

cycling.
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TABLE 3.4

Residual Capacity-Positive Shallow Discharqe Cyclinq Test Electrodes

T_mp. Cell Electrode # cycles Resid. Cap.
VC No. Const. Cur.

Const. Load _* of Char. Cap.

(Rechar)

0 #4 PI-28 2078 163 25 13.8 (14.3)

25 #3 P1-23"* 2660 ll00 38

#5 P1-43 2579 230

#5 PI-46 2579 256 61 23.7 (21.8)

#5 PI-49 2579 263 87 23.2 (22.7)

40 #9 P1-77 849 0 0

#7 P -92 849 300 63 21.6 (27.9)
1

#2 P1-6 849 0 0

#2 P1-8 849 0 0

*Residual Capacity at constant current as

per cent of characterization or recharacterization capacity.

**Electrodes from Cell #3 received an extra charge before

being removed from the Shallow Discharge Cycling test program.
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Table 3.5

Residual Capacities-Neqative Shallow Discharqe Cyclinq Test Electrodes

Temp. Cell Electrode #cycles Resid. Cap. %* of Charc. Cap.

° c No. Const. Cur. Const. Load (Rechar.)

0 #4 N1-26 2078 730 51 52.5 (51%)

25 #3 N1-24-* 2660 1347 26

#3 N1-25.* 2660 1338 45

#5 NI-42 2579 244 45 23.0 (181.8)

#5 NI-43 2579 271 41 28.2 (21.2)

#5 N1-44 2579 200

40 #9 NI-72 849 730 33 57.4 (59)

#7 N1-50 849 524 59 47.3 (40.4)

#2 Nl-10 849 528 16 43.5 (43.0)

*Same as Table 3.4

**Electrodes from Cell #3 received an extra charge before being

removed from the Shallow Discharge Cycling test program.
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TABLE 3.9

DISPOSITION OF SHALLOWs:DISCHARGE TEST •ELECTRODES
' .. i

• IN SEALED TEST CELLS

Vented Cells Sealed Cells

T__est Temp. Cadmium Nickel Cadmium Nickel

#4 0°C N1-26,27 P -25,26 N1-26,28,29 P-61,62
28,29,30 1 27,28 30; N-71 79,80

#6 0°C N1-51,52,53 P.-53,54 N1-61,62,63 Pq-63,64
54,55 I 57,61 64,65 £ 65,66

#8 0°C (Electrolyte leaked N-86,87,88 P-86,87

cell not examined) 89,90 89,90

-#5 25°C N1-41,42,43 P_-43,45 N1-41,42,43 P-81,82,
44,45 I 46,49 44;N-81 83,84

#3 25°C N.-21,22,23 P1-21,22 N1-21,22,24 P-63,64
24,25 23,24 25; N-72 65,66

#1 25°C Nl-l,2,3, Pl-l,2, N-73,74,75 P-67,68
4,5 3,4, 76,77 69,70

#7 40°C N1-46,47,48 P.-90,91 N1-46,47,48 PI-90,92,94
49,50 I 92,94 N-82 P-8

#9 40°C Nq-71,72,73 P1-73,74 N1-72,73,74 P.-73,74,77
74,75 75,77 75; N-85 _ P-88

#2 40°C N -6,7,8 P1-5,6 N1-6,7,10 P-75,76
1 9,10 7,8 N-83,84 77,78
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4.0 RANDOM DEPTH OF DISCHARGE CYCLING TESTS

These tests were designed to determine the effect of cell

operation in which the average or mean depth of discharge for

all cycles over a period of a week was fixed at pre-determined

levels of i0, 25, 50, and 75%. At each level, the depth of

discharge for a given cycle was selected on a random basis. Two

types of distribution for the depth of discharge of individual

cycles over the period of a week were used: one based on a

Beta distribution and the other a rectangular distribution.

The use of random cycling was an attempt to simulate more

closely the actual operation of secondary cells in practical

applications in contrast to the more artificial_operation in

regular charge and discharge cycles. It was also felt that the

onset of memory would be delayed or avoided by this type of

cycling. Any correlation of properties with the depth of dis-

charge would be based on the average depth of discharge in this

type of cycling. In order to establish a reliable analysis of

the effect of depth of discharge and number of cycles on the

operation of the cells and electrodes, the spread and distribution

of the depths of discharge should be controlled, and the sequence

of the tests randomized over a substantial time period. This

control of the randomization of the cycling was performed by

arranging the experiments on a known statistical basis.

It was apparent at the beginning that two general distributions

should be studied since these correspond to actual use situtations

in applying cells. Thus, the cells are often used in a manner

that suggests that the frequency of a given depth of discharge

falls off rapidly as the deviation of the depth of discharge from

the average increases; e.g. the chance of having a large deviation

of depth of discharge is much smaller than a small deviation, but

that a large deviation does occur with some finite probability.

This type of distribution is closely simulated by the Beta dis-

tribution about the average. The skewness arises from the fact

that there are absolute limits on the depth of discharge e.g.

zero and 100%, hence any average depth of discharge cannot have

a normal distribution about the average.

The rectangular distribution is based on the fact that

applications occur in which the cells are discharged within

prescribed limits, but the probability of any depth of discharge

within these limits is the same as for any other depth of dis-

charge occurring. Thus a cell may be discharged an average depth

of discharge of 50% within the limits of 35% to 65_ depths of

discharge. The name rectangular arises from the plot of frequency

vs. depth of discharge.
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The generation of the distributions for these functions was
done by the statistical group in the laboratory. The Beta
distribution is defined by:

(p+q) (l_x) p-i q-i
f(x) = r (P) p (_) x 0_ x _<l

whose shape is determined by the parameters p and q. The para-

meters can be uniquely specified from a knowledge of the desired

mean and standard deviation ( a measure of dispersion about the

mean) as follows:

_ q
P+q

2' pq

= (p+q+l) (p+q) 2

where _ is the mean depth of discharge we wish to simulate

and_ 2 is the square of the standard deviation which measures

the variability of the individual depth of discharge about the

mean.

The mean depth of discharges are assumed; hence only the

standard deviations need be determined. It was reasoned that

the spread about the mean would be directly proportional to

the mean, i.e., the higher the depth of discharge, the higher

the dispersion about the mean depth of discharge. It was further

assumed that this relationship, expressed in terms of the co-

efficient of variation _ _-_-, would be a constant, c. The

value of c = 1/4 was chosen. Table 4.1 shows the mean, variance,

p and q of the four depth of discharges. Due to t_e_ method of

generating the Beta variables, 2p and 2q were required to be

integers. This caused a small deviation from the desired values

of _-and is shown in Table 4.1.

There is no simple, direct method for generating random

variables from a Beta distribution since the integral,

s a (l-x) p-i x q-i
o

dx 0_ a__l

cannot be evaluated by elementary methods.

from statistical theory that the variable

Z

n 2

w.
i = 1 l

n 2 n+m 2

i___ w i + =_+ w.' =i i 1 l

However, it is known
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where w. (i=i,2 .... ,m+n) are independent variables each generated
from a _ormal distribution with mean zero and variance one, has
a Beta distribution with parameters p m n= -- and q = -- . (See
Appendix III for derivation). The w. ca_2 be obtained from
standard random normal deviate table_,or as in this case generated
on a digital computer.

The generated sets of z's (200 for _-- .i0, i00 for _ = .25,
50 for _ = .50, and 25 for _ = .751 can be used to simulate

random depth of discharges based on the Beta distribution model.

The random discharge distributions for the Beta function

and the rectangular function are shown in Figures 4.1, 4.2 for

the mean values of i0 to 75%.

4.1 Experimental Equipment and Procedure

The cycling control equipment schematic for this series of

test is shown in Appendix I. The individual charge and dis-

charge of each group of cells to be operated at the desired

average depth was controlled by means of a tape programmed with

the distributions shown in Figures 4.1 and 4.2 with slight
modifications.

The modification arose from changes made in the control

equipment. The original stepping-relays proved to be short-

lived in use and were replaced wi_double pole double throw

relays. This modification made it impossible to retain the

originally programmed rest periods between charge and discharge.

In effect this led to a larger number of events per week than

originally anticipated. The revised program is compared with

the original in Table 4.2. The revised program tape cycle was

six days and 18 hours rather than the originally planned

7-day cycle.

The test cells for these tests contained one positive and

two negative electrodes. One cell was used at each average

depth of discharge temperature level.

The cycle conditions for these tests were to charge at

i00 ma (-_c/10 rate) and to discharge at 200 ma (Nc/5 rate).

The amount of overcharge varied from 20 to 50% of the previous

discharge depending on the average depth of discharge. These

values are given in Table 4.3.

The cells were cycled for a period of approximately five

weeks, after which the cells were removed from the cycling in

the charged condition. The cells were checked for no load

potential and then disassembled for visual inspection.
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TABLE 4.1

PARAMETERSFOR RANDOMDEPTH OF DISCHARGE DISTRIBUTION CURVES

Average

Depth Standard

Discharge Deviations

•l0 .0250 .0253 126

m n

14 252 28

.25 .0625 .0619 36 12 72 24

.50 .1250 .1213 8 8 16 16

.75 .1875 .1936 1 3 2 6

*nominal value of

**actual value of

TABLE 4.2

REVISED RANDOM DEPTH OF DISCHARGE PROGRAM

10% 25% 25% 50% 50% 7 5%

_ Rect. Rect. _ _ Dis.

#Event-Cycles 67 29 29 15

Original

15 ii

Av. Depth Dis.

Original 9.76% 26.2% 25.6% 51.3% 50.7% 75.4%

#Event-Cycles 95 36 34 19
Revised

19 13

Av. Depth Dis.

Revised 9.8% 25.9% 26.7% 29.3% 51.2% 71.5%
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The residual capacity of one positive and one negative

electrode from each cell was measured by discharging the

electrode in a cell containing a fully charged electrode of

opposite polarity. The discharge was conducted in two parts,

the first at a constant current of 460 ma down to a cell potential

of 0.6 V and the second at a constant resistance load of l0 ohms

to a cutoff voltage of 0.1 V.

These electrodes were then recharacterized and the curves

compared with the original characterizati_curves to note changes

in capacity, graphitic capacity and nitrate reduction steps.

None of the electrodes from these tests were examined by

x-ray diffraction since the results from the previous studies

in Section 3.0 showed this technique to be of limited analytical

value.

None of the electrodes were examined by photomicrography
because of the lack of time.

4.2.0 Results

The data on electrodes used in these tests at the various

temperature and discharge levels are summarized in Table 4.3.

There were a total of seven cell failures by shorting, three of
these were at 0oc and four at 25°C. In this section as all

others, a shorted cell is defined as one having no measurable

potential upon removal from the cycling tests after the last

charge interval. The cause of these shorts has not been

identified. The plates were never dried out by loss of water,

however, concentration changes cannot be ruled out as a contri-

buting factor since water makeup was done on a weekly basis.
There was no detectable correlation of failures with either

depth of discharge or number of cycles. The lack of cell

failures at 40°C is noted but unexplainable.

4.2.1 Visual Examination

The appearance of the electrodes after cycling is summarized

in Table 4.4. Generally the positive electrodes at 0 ° and 25Oc

were free of pimples, and the majority of the electrodes at

40oc showed moderate extent of pimples. All of the negative

electrodes, except three, showed no change from hhe uncycled

condition. The three electrodes had a dull black surface in

contrast to the dull gray color of uncycled p1&ques.

The degree of separator degradation compared to that

observed in the shallow discharge cycling tests was markedly

less.
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4.2.2 Electrochemical Test Results

4.2.2.1 Residual Capacity Test Results

The residual capacity measurements for positive

electrodes are summarized in Table 4.5.

and negative

All of the positive electrodes showed residual capecities,

even in those cells which showed no potential upon removal from

the cycling tests after the last charge interval. In these

shorted cells the negatives had zero residual capacity. All

other negative electrodes showed residual constant current

capacities that tended to be greater than the positive electrodes.

Since many of the cells had shorts, no significance is attached

to trends in residual capacity versus depth discharge.

The constant load residual capacities of the positive elec-

trodes are of the same order of magnitude as the graphite capaci-

ties determined during recharacterization.

There was no detectable dependence of residual capacities

on original characterization capacities.

4.2.2.2 Comparison of Characterization and Recharacterization

Capacities

The characterization and recharacterization data for the

positive random depth of discharge cycling test electrodes is

listed in Table 4.6. The range of change between the average

characterization and recharacterization capacities was from

-22.7% to +9.4% of original capacity with no correlation with

depth of discharge. The change in capacity expressed as a

percentage of the original average characterization capacities

was dependent on the temperature. These trends are shown for

both positive and negative electrodes in Figure 4.3. Note that

the number of cycles decreases with increasing depth of discharge.

Table 4.7 is a compilation of characterization and recharac-

terization data for the negative random depth of discharge cycling

test electrodes. The range of change between the average

characterization and recharacterization capacities was from

-17.6 to +3.5% with no correlation with the depth of discharge.

The dependency of the change in capacities as a percentage of

the original average characterization capacities with temperature

is shown in Figure 4.3.

The positive electrodes at 0 ° and 25°C used in these tests

were of the KO type. There was no noticeable difference in

capacity changes for these compared to the VO positives. It is

also noted that all shorted cells were ones containing KO plates.

No comment can be made with respect to the significance of this

observation.
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4.2.2.3 Comparison of Graphitic and Nitrate Steps on Characterization
and Recharacterization

The origin and significance of the graphitic and nitrate

reduction steps were discussed in Section 2.3. A compilation of

these capacities for the positive test electrodes is listed in
Table 4.8.

On characterization, the spread of graphitic capacities over

six cycles ranged from a low of 69-107 ma-hrs, to a high of

258-290 ma-hrs. Most individual electrodes showed a trend to

higher capacities on successive characterization cycles. On

recharacterization, the spread was from a low of 13-101 to a

high-of 139-209 ma-hrs. The trend was toward a higher capacity

on successive cycles. In all cases, the graphitic capacities

decreased after the cycling tests. There was no correlation with

temperature or depth of discharge.

The nitrate steps behaved in a similar fashion. Low to high

ranges on characterization were from 0-7 to 13-25 ma-hrs. On

recharacterization, the values ranged from a low of 0-13 to a

high of 21-30 ma-hrs. In general, the nitrate steps after

cycling were not significantly different from the original

characterization values. There was no correlation with tempera-

ture or depth of discharge.
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RANDOM DISCHARGE CYCLING

CAPACITY CHANGES

RECHARACTERIZATION

VS

C HARA C TE RIZATION
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5.0 CONSTANT VOLTAGE-CURRENT LIMITED CYCLING TESTS

These tests were designed to determine the effect of cyclic

operation under constant voltage, current limited charging

conditions. In contrast to the previous test in which only a

part of the cell capacity was removed in each discharge, these

cells were discharged to 0.9 V cell voltage cutoff.

5.1 Experimental Equipment and Procedures

The cycling control equipment for this series of test is

described in Appendix I.

The test cells consisted of four positive and five negative

electrodes. The electrodes insert@d into this test group were

type VO initially. However, during the course of the cycling

test, the compressor motor on the refrigeration chamber failed

necessitating a shutdown. In the subsequent checkout of the

system, the 0Oc cells were accidently exposed to a temperature

of -90°C for a short time to replace the positive electrodes

with KO electrodes since visual inspection of the electrodes

showed them to be severely blistered. One of these refabricated

cells subsequently failed to pass a leak check and was replaced

with a cell containing type KO positives and negatives.

The charging potentials for the cells were 1.50, 1.47, and

1.42V respectively at 0 °, 25 ° , and 40oc. The current was limited

to 800 ma. (_/C/5 rate) during the charging portion of the cycle

which lasted for 7-3/4 hours. The discharge was made at a con-

stant current of 2000 ma. (NC/2 rate) to a cell voltage cutoff

of 0.9 V followed by a rest period for a total of 10-3/4 hours

per cycle.

Following the completion of cyclin_ the test cells were

removed in the charged condition, checked for residual capacity,

and disassembled for inspection. One positive and one negative

electrode from each cell was then recharacterized for comparison

with the original characterization.

5.2.0 Results

The data on the electrodes used in the cells for these

tests and the number of cycles completed at the three temperature

levels are listed in Table 5.1. One cell at each temperature

level developed a short during the course of the cycling.
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5.2.1 Visual and Photoqraphic Examinations

One positive and one negative electrode was taken from an

unshorted cell, one set of electrodes was examined from each

temperature level. The electrodes were potted and photographed

just as the electrodes described in Section 3.0.

The positive electrodes showed a tendency towards more

extensive pimpling and blistering with inc_ asing temperature

as indicated in Table 5.1. Figure 5.1 is typical of all electrode

photomicrographs which were very similar in spite of the dif-

ference in external appearance. Comparing this figure with

Figure 3.3, two outstanding differences were noticed. In these

cells there was no sign of corrosive attack of the nickel plate

(0.45 mils) on the core plate nor on the adjacent sinter

structure. The active material, on the other hand, was clustered

very densely in certain areas while almost totally absent in

others. The presence of sintered nickel structure in the latter

pockets makes it seem unlikely that the active material was

merely dislodged during the polishing procedure. The pimples

seen here are similar to those previously noted in the other

cycling tests.

As for other cycling tests, the negative electrodes showed

no distinctive peculiarities. Figure 5.2 shows a fully discharged

cadmium plate. In all electrodes examined microscopically, the

nickel plate was approximately 0.45 mils thick. All had a very

uniform distribution of materials and none were attacked at the

junction of the sinter with the core.

5.2.2 Electrochemical Test Results

5.2.2.1 Residual Capacity Test Results

The results of the residual discharge capacity measurements

for the positive and negative test electrodes are listed in

Table 5.2. The highest residual capacity was found for electrodes

in the 0°C tests which also had received the lowest number of

cycles. At 25 and 40°C, the negative electrodes show signifi-

cantly lower values of residual capacity than the positive elec-

trode These results are partly confounded by the electrodes

having different numbers of cycle histories. The trend is lower

capacities with increasing number of cycles for both positives

and negatives at 0 and 40°C.
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5.2.2.2 Comparison of Characterization and Recharacterization
Capacities

The characterization and recharacterization data for the

positive test electrodes are listed in Table 5.3. The range

of change between the average characterization and recharacteri-

zation capacities was from -22.6_ to +12.6_ of original capacity.

Generally the positive electrodes showed increases in capacities

after cycling ranging from 1 to 12.6_ with no detectable trends

with temperature.

The characterization and recharacterization data for the

negative electrodes is listed in Table 5.4. The range of change

between the average characterization and recharacterization

capacities was from -i_2% to -9.2% with no detectable trends

with temperature.

5.2.2.3 Comparison of Graphitic and Nitrate Steps on
Characterization and Recharacterization

The graphitic_:and_nitrate_steps_before_andafter cycling

for the pOsitive electrodes are listed in Table 5.5. On

characterization, the spread of graphitic capacities over six

cycles ranged from a low of 82-139 ma-hrs, to a high of 252-

277 ma_hrs. Most individual electrodes showed a trend to higher

capacity on successive recharacterization cycles. In most cases,

the graphitic capacities decreased after the cycling tests.

There was no detectable trend with temperature or cycle number.

The nitrate steps behaved in a similar fashion. Low to high
ranges on characterization were from 0-13 to 13-25 ma-hrs. On

recharacterization, the values ranged from a low of 0-6 to a

high of 0-18 ma-hrs. In general, the initial characterization

capacities were higher than the recharacterization capacities.
The trend in both characterization and recharacterization was

toward higher values with successive cycles. There was no

correlation of changes in nitrate reduction step with temperature

or number of cycles.
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Figure 5. 1. Electrode P5-29, 4OoC, 579 Cycles Photomicrograph 
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Figure 5 . 2  Fully Discharged Negative to Gassing - Photomicrograph 

-78- 



,-I

0
-,-I
-p
.,-I
rcI

0
O

r(J
0

O
Q_

,--4

E-t

H _O
_ U

U

I.-t

H •

H 0

U

U

Z
O °
U _

Ill

ell
U

'U

r-t

Eo

I I

O
O
r-I

I1) ,-4

_ b

oo -_o
-O 0 X ",-_ 0
r,.')r,5 _ D.,r,.9
I I I I

@
,._
@
@
o0"_
Or'-.
r.-I i._

0 •
r--I

@
0

_ _ 0

_ _1 I I
II I_ _

0 O O
O o m

-,-t
,-4
,1:1

I I

p_
p_

p_

o_,-I
r,._o

I I

U
O

O
_CI -,-I

,-4 t',l
-,-I

,-I _ ,- 0
(]J}.4 }-I r_
E_C} C} h
_J4J -l.Jh _

4-}-,-I0 .,-I-IJO 0
X_ 0 ,..4KN _ 0

I I I I

,-4
-,-I

4.4

-,-I

h
•_ O
O'_ Oh 4-1
r.- r-.

C}

-,-I
h

(D
h

uA
,-4 O
L_

•- I (3
U_ O E

,.-I_ I 4-I l"-
,..c'_I ,-.-I ,- I

u'_,-I I_ cO -IJ ,-I

-0 c_ c_ 0 _ U r-.

I I I I _-I I"-

4-1

_ m

_J 0

O
4-1

r_ m

0 0 ._1
0 0 _

0 0 -M

O_

Lr_ _0

r_
Lf_

r--I

_J

g m •
u'_ ,.-I 4.1

I I O
O m,l:l



H

O

O

H

H

U

Z
O
O

O

H

D_

O

H

O
O

O
O

O
O

0

4_
O

-H

-H

O
D_

_0 0

I I

0 0

u_ 0

I I

@
u_

co
O 00

I I

.._
0 0

4-1

0
O

4_ 4_

O 0
O O

O

O

-H

-80 -Z

O

O

O

O

GO

4J

D
O

Z

4_

D
O
U

O

O

O

_D
_D

0

-p

0
U

,-.4
,.-4

O

O

@



r_

E_

0_

E_

I..4

O

O

Z
O
I-I

L_
I-I

E_
C_

O
I-I

I-4

c_

O

O

<

O
L)

,-I
v

L_

,-I
L)

L_

,-4

C)

,4
,-I
.-I-

A

O_O

Orq
O0OO
O_O

,.-I

o0r_
o_o

_-i

Oo'_
0D00
O_O

,--4

'<1' I_
0_O

,-4

O_O
,-4

OO
,-I O'_

-I¢

O
O

O
O
,...-I

I

O_

o
--I-

,<l,m
oo
,-i ,-i

oo

oo
,-i ,-i

oo

oo
,-i ,-.i

oo

oo
,--i,-4

oo
,-i ,-i

oo
,-i ,-i

oo

oo
,-4,.-i

O
O

O
O

I

O

.-k

O

0"_
.-k

- 81

I

r_o
,-I ,-I

oo

,-4,-i

oo
o._ ,-i

,-4,--i

oo

_1 ,.-I

oo
,_0_
o._ ,-i
_...i r-i

0_o

,-I ,-i

r-i ,-i

0
0

O_

,-4
I

_0

,-4
4-

'_1' '<1'

c_l m"
,.-4,-I

O0
,-4(]O

,-4,-I

,.-I _1

OC"_

m'<l'
,.-I,-4

0'_1'

,..--I ,-I

O0
!_ ('%i

,-4,.-I

0
0

0"_

0"_

I

.4-1
>t-,-I

•_1 _1
u_

r_
u_

0
_-_1
0-1_

•_1 r_

_-_1

-_1
_4J

._r_

r_



,.-I

5_
_n

5_

H

t9

o

O
H

u_ H

O
H

H

£4
O

O

O

H

O
_D

4J_

U rd

_rd

%O

u7

!

U

,-4

U

O

+

A

u'_o

O0
00_1'

O0
_OU'_

_-.I ,,-I

OO

,-4,--I

OO

OO

OO

U
O
o

O
O

cq
0_
I

I

A

OU%

OU_

OU%

OO

_'_

u'_O
_'_0

,-4.-4

OO
O_O
U%U'_
,--I,-4

U
O
O

0_
t'-
u_

u%

I
u_

¢q

I

O_

,-4,-4

OO

OO
t'-O4

OO
_"00

_4_4

OO
_-._

,'4_4

OO
_"O

,'4_-4

U
O
u_

OU_

v

0_
I

o')

I

oO,-4

OU%

,-4,-4

OU')
u'_%O

_4,-4

OU%

OO
oO04
_,__,_
,-I,-4

OO

OO

O
u_
(.q

I

- 82

(%1

!

A

o'l_q

O u')

,-4,-4

OU_
eli'-.

O00

u%o
_u_

_-_

u_o

_,_
_._

O
O
O

OO
_O,-4
e,_u')
,-4,-I

0_

u%

_4
I

t--

I

t-.u_

_,_
,-4,-4

OO
_I0_

OO
OO

_4,-4

OO

OO
or-.

ou_
_o

ou%
0700

O
o

0_
t..
u%

c_
I
u_

:,-I
.o
-H
U

[J

O
-H

r_
_q
-H

4_
U
rd
_4
rd

O

O
-H

N _

tq.H
rd4-1

O N
-H

111 _4

rd_
_4 U

(1)

O

44 ID
44 U
•H _4

m
mrd

-H

U_

:>I-,-I

•H r_
U_
rd r_
_U
rd
U_

O

O4_
-,4 r_

_-H
N _4
•H (D

4_ r_

rd



[fl

U o_uh

0
._ _1_

E_ ._
r_ U

H _

O _,--!

Z
Z e

,to

I.-I

I--t

mrn

H U
_ .,--t
H _

.r-t ol

O

O

O
O

°1

I4_
O
O

c_0
,-I,-.4

,4,--t

,--I ,-t

00'_
,-4,-t

a_fo

i i

cxlf e)
Lf_

r-t fel

CXl _-t

r_tD

r-lO
p... ,-i

r-IO
I'_o
_,.-I

p_Lo
c_l ,.-I

.._ v

-Ic

O
O

o
O

I

o'_tO

,-I

(_O
,-I

O_D
,-I

0_O

_0

c_O

_D0O
'_1'O

o'_0O

_l'OO
,-lU_
o,1_1

O
O

O

O
O
,-I

O_
I

,-I,-t

,-.I

,.-I

_-IC_

,-I_1
_1 ,--I

I_O
OC_l
,-I _-I

OU_
,-I0_

OO, I
rICO

OU_
,-I

v

O
O

,-I
D'..

O'_

I
O

O_O
,-I

O_O

o") o'_

O'_O

I _D

,-I_1

O_ i.rl

_00"_

,-I

_O

,-I

,-I ,-I

v

O
O

D_

I
L_

_O_O

_O_D

,-I

I I

000
i.rl_
,-I_1

_1,-I

_DO0

_O_
O0_D

,-I

O
,-I

U
O

O

O'_
p.

i--I
I
Lf)

- 83

r-I

,--I

_O

,-I

,-I

I _O

O'_1'
('_O
,-I ,--I

_Lf)
,--I ,--I

C_I00

,--I ,--I

0_0
O0 I.f)
,--I ,--I

fO I.f)

,--I ,--I

00 '_1'
,'-4

0
0

0

O_

O_
ol

I
L_

0

_o
r_
o

o

._ r_ r_

r_r_

O_lO
O_

0_0_
._r_

•r-i 0_--I

._r_
0 _-_!

-I_ .Ic



6.0 SUMMARY AND CONCLUSIONS

6.1 Analytical/ Techniques

The measurement of individual electrode potential versus

reference electrodes prior to and after cyclic testing of the

electrodes has been shown to be a valuable tool for showing

variations in electrode capacities and changes in graphitic

and nitrate steps of positive electrodes before and after cycling
tests.

The gassing rate measurements of the positive electrodes show

considerable variation in the start and rate of gassing as a

function stage of charge, charge rate, and charge rate sequence

for presumably similar electrodes. Further studies of this type

in conjunction with more detailed knowledge of individual elec-

trode with respect to porosity and pore size distribution, extent

of impregnation, and impurity levels appear promising to deter-

mine how these affect the charge acceptance of the electrodes.

The photomicrographic examinations provided valuable

qualitative information with respect to uniformity of distribution

of active material in the sinter structure and identifying the

extent of corrosion of the core plating and sinter structure.

The X-ray diffraction measurements were not particularly

useful in the present study other than providing a qualitative

tool for corroborating the presence of the major known components

in the plates in both the charged and discharged state.

6.2 Correlation of Electrode Characterization and

Recharacterization Data

There we_no correlations detectable between the initial

positive electrode capacities and the nitrate reduction step

or graphitic capacities. Similarly these characteristics were

essentially independent of the total plate weights in the

discharged state. The initial capacities of the negative

electrodes were essentially independent of total plate weight in

the discharged state. The spread in original electrode capacities

for this particular lot of V0 electrodes was quite large.

The ratio of maximum to minimum capacity for the positive

electrodes was 1.4 and for the negatives 1.6. To eliminate the

confounding of this variable with the other test parameters

requires either a larger sample of electrodes for testing than

was used in the present program or the selection of electrodes

of matched capacities prior to conducting the various cycling
tests.
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It was not possible to develop a statistically valid correla-
tion between the individual electrode characteristics such as
capacity; graphitic capacity, or nitrate capacities before and
after cycling for any of the three cyclic modes tested. In
large measure, this was caused by the loss of a number of cells
from all cycling tests by shorting which reduced the number of
good cells available for analysis. The order of magnitude
changes in capacities before and after cycling were approximately
10% or less for the majority of the electrodes with occasional
changes in the order of 25%. The overall trends were that the
majority of positive electrodes showed a slight decrease in
capacity and the majority of the negative electrodes showed a
slight increase in capacity. Both the graphitic and nitrate
reduction capacity in general showed decreases for all the
cycling tests regimes.

6.3 Effects of Cyclinq Modes on Residual Capacity

There was insufficient data to quantitatively determine which

cycling regime contributed to a greater loss of capacity or so

called "memory effects" or to positively identify which electrode

was more adversely affected in terms of loss of capacity. Several

factors contributed to this result. The principal one was the

loss of cells by shorting during the cycling tests which reduce

the number of available cells for analysis. The trends from the

limited data available indicate that the shallow cycling mode at

21% depth of discharge and to a more limited extent the random

depth of discharge cycling mode with average depths of 25 to 75_

tend to show a greater decrease in residual capacities than any

of the conditions tested. The decrease in residual capacity

on the average was greater for the positive electrodes than the

negatives. The evidence for this conclusion is shown in Figure

6.0 which summarizes the residual capacity data of all electrodes

from cells free of complications due to shorts. No quantitative

statements can be made with respect to the effect of temperature.

The residual capacity at any given temperature level generally

decreases with increasing number of cycles.

6.4 Other Siqnificant Observations

The positive electrodes showed a greater tendency to structural

degradation than the negative electrodes. The degradation included

the loss of sintered structure integrity presumably by oxidation

on overcharge as well as a variable tendency to develop blisters

or pimples which developed more frequently at the higher charge

rates of C/5 to C/l. These results coupled with the observed

variability of gassing rates for the positives suggest that these

phenomena are inter-related and should received more attention in

future programs.
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The factors which caused many of the cells to short during the
cyclic testing were not specifically identified during the program.
These cells showed no potential on removal from the tests after
the last charge_ interval. Subsequent capacity measurements on
individual electrodes showed in some cases that the positives had
the zero capacities and in others the n@gatives with the other
electrode having a measurable capacity. Monitoring the internal
cell resistance of cells and individual cell voltages on a periodic
basis would have provided more insight to detecting the start of
shorting as well as allowing more fruitful failure analysis.
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7.0 RECOMMENDATIONS FOR FUTURE WORK

1. Conduct a more detailed study of the memory effect to

establish the role of the positive electrode self-discharge

in causing the memory phenomena.

2. Conduct a detailed study of the onset, magnitude and effects

of oxygen evolution on nickel hydroxide electrodes at various

charge rates_ _and states of charge.

3. Conduct studies on the effect of overcharge rate, total amount

of overcharge, and electrolyte variables on the mechanical

integrity of the positive electrode.

4. Determine the specific effect of nitrate ion on positive

electrode behavior with respect to gassing, charge acceptance,

and self-discharge in the absence of the cadmium electrode.

5. Conduct studies on the origin and significance of the graphitic

capacity in relation to attack on the nickel sinter and

electroplated parts of the electrode.

6. Conduct studies on the nature and significance of the graphite

capacity changes with respect to normal capacity gain or loss.

7. Examine the effects of electrolyte impurities, electrode

history, and charging variables on the gassing behavior

of positive electrodes.

8. Determine the nature and the source of impurities in cell

electrolytes such as the impurities extracted from the

plates (e.g. nitrate), the impurities arising from degradation

of the separators and other materials used in cell fabrication,

and impurities introduced during the cell fabrication.

9. Determine the effect of carbonate level on the migration of

cadmium from the negative electrode.
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A PPENDIX I

Control Equipment Schematics
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P-I

P-2

P-3

P-4

P-5

P-6 thru P-15

P-16 thru P-17

P-18

SW

F

PL- 1

PL-2

PL-3

T

HL

K-l, K-2

K-3, K-4

K-5

S-I thru S-10

B-I thru B-10

R-I thru R'I0,

R-ll thru H-20,

PARTS LIST

Line Cord, CA-CB Controller

Control, Charge, Pin Jacks, Yellow

Control, Discharge, Pin Jacks, Red

Input Charge, CCS, Terminal

Input Discharge, CCS Terminal

Pin Jacks, Cell Input Red +, Green +,

Pin Jacks Recorder, Red +, Black -

Pin Jacks, G.R. for RL

Switch, Toggle SPDT

Fuse, 3A

Pilot, Master, Green

Pilot_ Charge, Yellow

Pilot, Discharge, Red

Timer,CM, 2 Min

Load Resistance (See Drawing)

Mercury Relay, 3PST 2NO,

Leach 329-7 4PDT, 110 VAC Coil

Leach 337 2PDT, 110 VAC Coil

Switch SPST Toggle "Bias"

Battery Mercury O Cell

50,000 _ 2 Watt

3 Meg

Part 2 of 2 Parts

White R, Blue-, Black-

INC, Ebert EM7, 110 VAC Coil
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PARTS LIST

RANDOM DEPTH OF DISCHARGE CONTROLLER
Part 3 of 3 Parts

P°I Plug, Line Cord Male,

P-2, P-4, P-6, P-8, P-10,

P-3, P-5, P-7, P-9, P-11,

P-14 Charge Power, Yellow Jacks

P-15 Discharge Power, Red Jacks

P-16 thru P-39 Cell Inputs,

P-45, P-47, P-49, P-51, Po53,

P-46, P-48, P-50, P-52, P-54,

110 Volt Input

P-12 Charge Inputs, Yellow Jacks

P-13, Discharge Inputs, Red Jacks

Red + Black -

P-55

P-56

P-57 Lamp Input, Line Cord

S-1 Master Switch, DPST Toggle

S°2 thru S-7 Push Button, No

PL-1 Pilot, Master, Green

PL-2 Pilot, Relay Power Amber

F Fuse, 5 Amp.

T-1 thru T-12

Charge Outputs, Yellow Jacks

Discharge Outputs, Red Jacks

Relay Synchronization

Timer, Elapsed Time, Cramed 640E Reset Meter,

9999. 9 Minutes

115 VAC Coil,

K-1 thru K-12 Relays, DPOT, 115 AC Coil Leach 337

K-13 Lamp Relay (Safety) 12UAC Coil Ebert MR10-SPST-No

KI-1 thru KI6 Ratchet Relay Guardian 1R-M-120-115, DPDT 3 Positions

Ratchet

R-10 Resistor, Load (25 Ohms, 12.5 Watts, Ohmite0113

Sequence
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P-1

P-2

P-3

P-4

P-5 thru P-10

P-11 thru P-16

P-17 thru P-22 Cell Input, Control,

SW Switch DPST Toggle Master

F Fuse 3A

PL-1 Pilot, Green, Power On

PLy2 Pilot, Yellow, Charge On

PL-3 Pilot, Red, Discharge On

K-18 thru K-23

K-24

R-1

PARTS LIST

CONSTANT VOLTAGE - CURRENT LIMITED CONTROLLER

Part 2 of 2 Parts

Line Cord ll0V AC Power Input

Control, Charge Pin Jacks, Yellow

Control, Discharge Pin Jacks, Red

Input Terminal, Discharge CCS Terminals

Input Terminal Charge CCS'S Terminals

_elll Input, Power, Pin Jacks; Red +, Black-

Pin Jacks, Red +, Black -

CR Counter General Controls CE 600B5602

K-1 thru K-6 Mercury Relay 3PST 2NO, INC

K-7 Deleted

K-8 thru K-10 Leach 329-7 4PDT ll0VAC Coil

K-11 Leach 337 2PDT ll0VAC Coil

K-12 thru K-17 VHS Meter Relay, Low Limit Contacts,

137 (Assembly Prod).

P&B LM 11, 5000V DPDT

GE - Time Delay Switch - 1 rain. - No

Load Resistance, 6Ohm, 25 Watts, Ohmite O143

10,000 _ Pot WW

Condenser SMFD, 200 Volt

1-10
Rectifier

R-2 thru R-7

C-1 thru C-6

X-1 thruX-6

Ebert EM7 KOVAC Coil

100 Microamperes



A PPE NDIX II

Weights of Electrochemically Cleaned Electrodes
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APPENDIX III

Generation of Beta Variables

The Beta distribution defined by

F (p+q) (l_x)P-I xq-i 0 < x < 1

F(p) r (q)

is a limited range distribution whose shape is determined by its two parameters

p and q and whose mean and variance are given by

q and Pq

P+q (p+q+l)(p+q) 2

Since integrals of the form

fo a (l_x)P-i xq-i dx
o<a<l

cannot be directly evaluated it is not possible to simply generate random
variables from the Beta distribution. Neither do there exist tables of random

variates from this family of distributions.

However it is possible, using normally distributed variables to generate
Beta variables as follows.

Let w. be a random variate from a normal distribution with mean zero
1

and variance one for i = 1, 2 .... , m+n such that the w. 's are independent.
1

n
2

Then v = _.. w. is distributed as a chi-square variable with parameter
n 1

i=l

n, i.e., n/2 r 1 1-- -- V

1 1 2 n

f(Vn) - n v e 0< Vn<

2n/2 r(_ ) n " --

cX)

We now obtain the distribution of

y _

V
m

v
n

where v and v
n m are independent chi-square variables with parameters n and m.
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f(v n,v ) -m n+m

2
2

Changing variables we

V
m

let y -
V

n

1

m

r (2)r (_-)

V = V
n n

The Jacobian of the transformation,

J = v
n

fly, v ) - 1 1 v
n n+m n

n

2 2 F (_) r (2)

V
n

n m l(v+v )
_-- 1 2 1 -2 n m

v e
m

m 1 n 1

n)_- - _ - i -2 (yv +v )(y v v e n n
n

f(y) =

2

m
-- " 1

1 2

n+m Y

m2 2 r( ) r(-_.)

m /o°°
1 _---- 1

n+m Y

m

2 r(2) r(-_)

n m 1

+-_-- 1 - _ Vn(Y+l)
V e

n

n+m
_- _--1

v e
n

1

- _ Vn(Y+l)
dv

n

2

n+m

2 r(_-)Y' (2)

m

2
Y

n m

r(_+_ - )

[2_ }](2 +my+l -2-)

r (2
m
-- - i
2

Y (y+l)
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Changing variables again

we let z

n
2

w
1

i=l

n n+m
2 2

_. w. + E w.
1 1

i-- 1 i=n+l

V
n

v
n 1

+V
m

1 +

v
m

v
n

or Z -
i l-z

l+y ". " Y - Z

1
The Jacobian of the transformation is 2

Z

f(z)
m _ _ n+m

m 1r (n____) 2 2 1
= (l-z)

F( 2} F (2) z z z2

- n.n+m, m 1 --- 1
F(:_:-) 2 2

f(z) - (1 - z) z

m n

which is a Beta distribution with p = -_- and q = _ .

Thus if we take m and n independent variables from a normal distribution
with mean zero and variance one and form the statistic

n
2

_ w.
1

i=1
Z =

n n+m

Z wi2 + Z w.2
i = 1 i=n+l

m n

the z's so generated will follow a Beta distribution with p = -_ and q = _ .
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