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1, PURPOSE

The purposes of this research and development contract are to

1.

2.

3.

Develop practical Mg-Cu0 and Mg-HgO reserve cells suitable for utilization
in high-rate batteries.

Characterize the Mg/Mg(C10))o/MnOs and Mg/Mg(C10),)o/Cul dry cells,
Perform research studies to determine the factors and mechanisms con-
trolling anode efficiency, inhibitor function, and delayed action of the

magnesium ancde with emphasis on the perchlorate electrolyte.
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2. ABSTRACT
This abstract describes briefly the significant accomplishments and progress
made on the U. S, Army Signal Research and Development Laboratories High
Capacity Magnesium Battery Program by the Radio Corporation of America,
Semiconductor and Materials Division, during the sixth quarterly period
from September 1, 1961 to November 30, 1961, The subject matter in this
abstract is divided into the major areas of endeavor for convenience of

review,

An analysis of the heat evolved from magnesium cells is presented. Emphasis
is placed on performance of mercuric oxide reserve cells at high discharge
rates. Further development of Mg/Mg(Cth)z/HgO high~rate reserve cells is

summarized.,

Delayed action and impedance data are presented for Mg/Mg(Cth)z/MnOZ AN Lsize
cells made with AZ-21 magnesium alloy and compared with that of other alloys.
Data are also included for peak voltages observed in switching from high-to-low
discharge drains. Shelf data are summarized for mangarese-dioxide and cupric-

oxide cells stored for one year.
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3. CONFERENCES |
On October 30, 1961, Dr. G. S. Lozier and Mr. R. J. Ryan visited the U, S, Army
Signal Research and Development Laboratories at Fort Monmouth, New Jersey to
discuss progress under the subject contract. Present at the meeting were
Messrs. J. Murphy, H. Knapp, A, Almerini and D. Wood of the U, S. Army Signal

Research and Development Laboratories.
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EXPERIMENTAL AND FACTUAL DATA

4,1 MAGNESIUM PERCHLORATE RESERVE CELLS

Data presented in the previous quarterly reports of this contract
showed that heat evolved from magnesium reserve cells during high-
rate discharge was a major problem affecting efficient cell per-
formance, A thorough analysis of heat evolved was made, and

development studies continued on methods of heat control,

In a magnesium cell, two reactions occur at the anode

l. The electrical-energy-producing reaction

Mg — Mg*t + 2¢=
2., The corrosion side reaction

Mg + 2H20 —3 Mg ((H)o + Ho
Both of these reactions produce heat. Reaction No, 1 gives
off heat because of the irreversibility of the magnesium
anode in aqueous electrolytes. Reaction No, 2 is exothermic.
The heat given off by these reactions may be calculated with

sufficient accuracy for present purposes.,

The heat produced by reaction No. 1 may be calculated for

any magnesium cell from the following equation:

W = AeVerT
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Where W is watt-<hours, A is current drain in amperes, V is
the voltage difference between the reversible potential of
the magnesium anode and the operating potential of the
magnesium anode, and T is the time in hours. V is approxi-
mately 1.1 because, under most conditions, the magnesium
anode operates at 1.2 to 1,3 volts vs, S.H.E.; whereas the
reversible potential is 2.34 to 2,40 volts vs. S.H.E. Heat

in calories is obtained by multiplying watt hours by 860,

The heat due to the corrosion side-reaction is calculated
by first determining the ampere-minutes of magnesium utilized
in the corrosion reaction. This is given by the following
equation:

AM, = A°*T°*E
Where A is current drain, T is time and E is an efficiency
factor determined by the ratio of percent of anode corrosion
to percent of anode efficlency., The heat produced in calories
is determined by relating ampere minutes to moles of magnesium
multiplied by H for the corrosion reaction which is
82.6 K cal/mole,

The total heat evolved from a magnesium cell per hour is due to
the two-heat producing reactions, and is a function of current
drain, Heat evolved under different current-drain conditions

is shown in Figures lL~1 and 4-2, The 100 percent line represents
heat evolved only by the irreversibility of the magnesium, The
heat evolved from the corrosion reaction is presented in Figures

h"B and h"ho
42



The significance of the thermal data can be realized from the
analysis of a mercuric oxide reserve cell at a constant current
discharge of 10 amperes., Figure l-1 shows that 13.5 kilocalories
are evolved per hour at 10 amperes at 80 percent anode efficiency.
For the 5-ampere-hour mercuric-oxide cell, 6.75 kilocalories are
avolved in the half-hour discharge. This quantity of heat is

sufficient to vaporize up to 11,5 grams of water.

Capacity data for a magnesium (AZ-21 alloy) = mercuric-oxide
reserve cell discharged at a constant current of lO-amperes

in 2N Mg(Cl0}), is presented in Figure 5. A heat sink of 150 ml
of water was used, The cell was discharged for a total time of
36% minutes. The magnesium anode effiéiency was 80,7 percent,
ag determined by measurement of weight loss. The total heat
evolved during the discharge time was calculated from the data

of Figure 1 at 80 percent efficiency and is 8,15 kilocalories,

Measurement of the temperature rise in the water heat sink and
electrolyte showed a heat output of L.15 kilocalories. The
difference in the measured heat and that calculated from the

data of Figure li-1 may be accounted for by these factors:

a) Reduced anode polorization at high temperatures.
b) Inhibition of the anode by mercuric ion.
¢) Heat absorbed by the cell,

d) Heat loss to boiling in center of cell,



[

The above analysis shows that an efficient heat sink is a
necessary requirement in the design of high-rate magnesium
cells, Without this heat sink, close voltage tolerances
cannot be attained and cell capacity will be limited because
of water loss. It should be noted that the resultant heat
evolved is independent of cell size; most cathode materials
used with magnesium operate close to their reversible poten-
tial, and their contribution to the total heat evolved is

omitted in this analysis,

The data given in Figures Li~1 to L~ can be extended for use
in magnesium battery design at any discharge rate, Previous

studies of 6-volt magnesium batteries at a 12-hour rate showed

“pxcessive heat build-up after three hours discharge at room

témperature. These studies indicate that heat evolved from
magnesium dry-cell pack batteries can present a problem in
confined systems. The data are extremely useful in low tem-

perature battery design where conservation of heat is important.
4.1.2 High-Rat curic-Oxide Design Studies

Previous experiments which used water as a heat sink showed
that cells could be operated at the half-hour rate at 10

amperes within a voltage tolerance of + 5%, Battery design
necesgitates the use of heat-sink methods other than water,
Studies employing metal-jacket techniques were carried out;

the results are summarized in the following sections.
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h.1.2,1 Effect of Copper-Foil Wrap on Heat Dissipation

A three-cell five-ampere mercuric-oxide reserve battery
using single cell plastic cases wrapped with copper foil
was constructed. The three cells were wrapped as a unit

and placed in contact with 0,125-inch-thick aluminum plate.

Discharge of the battery at 10 amperes constant current
showed that this method of heat sinking was inadequate
for high-rate discharge. Battery voltage could not be
maintained at a close tolerance level, and additional
water had to be added to the cells throughout the dis-
charge to prevent cells from drying out. Thg‘”_dvischarge‘
data are presented in Figure L6, Although thiis method
of heat control was unsatisfactory at high diséharge
rates, it is sufficient for lighter drains,
Lele2.2 Effect of Aluminum Cell Case with Air-Space

on Heat Dissipation
A study was made of the use of an aluminum cell case
in place of the rigid plastic case employed in previous
tests, Cells constructed of three cathode plates measur-
ing 3" x 3-1/8%, and four commercial pure magnesium anodes
had a theoretical cathode capacity of 300 ampere-minutes,
The cell elements were placed in thin polyethylene bags and
installed in an 1/16-inch-thick aluminum case with a 3/8 -

inch air space between cells, The cells were activated
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with 19 ml of 2N magnesium perchlorate, and discharged

at 10 amperes in contact with an aluminum base plate,

Discharge data showed poor voltage regulation because
of excessive heat build-up within the cells., Figure
L4=7 shows the discharge characteristics of two 3-cell
constructions, The upper curve ig for the 3-cell
battery described above, The lower curve is based
on data from a single cell having a water heat sink,
Average voltage for the 3-cell battery was 5.7L volts
to a 20 percent voltage drop, Computed data for the
other battery shows an average voltage of L.56 volts

to the 20 percent voltage-drop point,
Lhele2.3 Cell-Design Parameters

Studies were continued to improve high-rate performance
of the mercuric-oxide system. Test cells of thin-plate
construction to increase surface area of the electrodes
were assembled. A comparison of the characteristics of
a cell of this construction discharged at 20 amperes

constant current with a cell having thicker plates is

presented in Figure 4-8, Cell data are as follows:

Cell A Gell B
Cathode 10 plate, 10 to 1 Hg0 5 plates, 10 to 1
to Shawinigan plus 5% HgO to Shawinigam
Ag,0,2g .mix per ,003" plus 5% Ag,0,4g mix
grid per 005" grid

4=6



Theoretical capacity

Anode

Total active Surface area
Element volume

Element weight (dry)
Element weight (wet)

Average voltage to
207 voltage drop

Cell capacity to 20%
voltage drop

Watt hours

Cathode Effieciency

Gell A

179 Amp-minutes HgO

11 plates, ,005"

commercial pure Mg

362 cm2
0,975 in’
34.5 ¢
51,6 g
1,68

157 smp-minutes

4.4, watt hours
88%

Gell B

179 Amp-minutes HgO

6 plates, ,005"

commercial pure Mg

181 em?®

0.822 in’
29.5 ¢
46,6 g
1.46

90 smp-minutes

2.2 watt hours
50%

The elements were placed in & plastic case with plastic spacers,

activated with 2N llg(‘ClO[,)z for two minutes, and discharged in

a beaker with 140 ml water as a heat sink,

Figure 4-8 shows that a cell made of thin plates of increased

surface area gives lmproved performance,

The current density

of eell B is 110 ma./cm:a , which is twicé that of cell A, Data

presented in Figure 7 of the Third Quarterly Report on this

contract showed extreme anodic and cathodic polarizatiom of the

mercuric oxide reserve cell at this high-current demsity.

Performance is dependent on the use of an efficient heat sink,

The feasibility of usling alternate techniques for temperature

control im high-rate magnesium cells is being determined.
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4,2 MAGNESIUM PERCHIORATE DRY CELLS

4.2.1 Delayed-pction Studies

g Tests were conducted on AZ-21 and AZ-10 megnesium/magnesium per-
chlorate/manganese dioxide (Type M) “A"‘-aiie cells to c.ompare de-
layed-action characteristics. Freshly made cells were tested in
groups of three on an 8,9-ohm 2-minute intermittent drain, and om
150-chm 18-minute intermittent drain, Cell voltage variation re-
corded from the 18-minute to the 2-minute cycle with a Sanborn re-
corder. Voltage was also recorded from the 2-minute to the lé-
minute cycle to determine peak voltage characteristics from heavy
to light drains., This factor is of equal importance with the
minimum delay Voltage for many applications, particularly in tran-

sistor apparatus.

Data are presented in Figure 4-9 and 4-10 and in Table 4-1 for the
delayed action of the two magnesium alloys measured at various times
throughout the discharge. The results show that magnesium AZ-21 be-
haves similarly to AZ-31, Data for AZ-31 "AA" cells were presented
in Figure 9 of the Second Quarterly Report. The voltage level of

the AZ-21 is slightly lower than the AZ-10, as indicated by continu-

" ous-drain tests, Cell capacity was equivalent for both alloys, giving

50 hours to a 1.20-volt cut off.

Peak-voltage data are presented in Table 4-1. Data are taken from
measurenments made throughout the first minute of the 1l8-minute eycle,

The results show that both alloys operate with voltage in excess of
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1,80 volts in the initial 15 seconds of the cycle during the first
eight hours of discharge. The AZ-21 voltage levels off faster than
the AZ-10, and operates about 0.1 volt lower on the light drain,
Thus, AZ-21 would be the more desirable alloy in applicatiomns where

peak voltages are a problem,

The wide voltage range noted in this type of intemmittent service
must be considered carefully in the design of magnesium dry-cell
packs, Raising the cut-off voltage per cell would minimize the peak-
voltage, but would increase the lower delay volitage on the high-
drain cyecle, ‘

Le2.,2 AZ-21 Impedance

The impedance of "A"-size magnesium/megnesium-perchlorate/manganese
dioxide (Type M) dry cells with AZ-21 and AZ-10 magnesium alloy was
measured at a 50-ohm continuous discharge rate over a frequency
range of 60 to 10,000 cps, Test results showed that the AZ-21
alloy impedance was slightly less than that of the AZ-10 alloy,

The data for the three freshly made cells are summarigzed in Table 4-2.
4.2.3 Ghelf Studies
4.2.3.1 Delayed Action and Impedance

Capacity, delayed-action, and impedance tests were run on
Mg/¥g(C10,),/MnO2(Type M) and Mg/g(Cl10,),/Cud "AA" size cells
stored for 13 months, All cells were made with AZ-10 alloy,
Delayed-action measurements showed no significaat differences
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from initial fresh-cell results as reported in the Second
Quarterly Report of this contraet.,

Impedance tests showed a slight increase in impedance at the
25-ohm drain for cupric-oxide cells and the 50-ohm drain for
the manganese-dioxide cells, The cupric-oxide cell impedance

was 3.4 ohms at 60 cps and 1.9 ohms at 400 cps as compared to

~the initial values of 2.8 ohms and 1,6 chms, The manganese-

dioxide cell lmpedance was 4.2 ohms at 60 cps and 2,1 ohms at

400 eps as compared to the initlal values of 4.0 and 2.1 ohms,

Cell capacities averaged 90 per-cent retention. Data for the

various lots are summarized in Table 4-3,
4elo3.2 AZ-21 Magnesium Storage Tests

Six-months storage of "A"-size magnesium (AZ-21)-magnesium
perchlorate-manganese dioxide (type M) dry cells at 113°F

and 95 per-cent relative humidity showed a capacity retention

of 95 per-cent. Eight-cell perforations were found in the air-
space regiom. .)The perforations were probably caused by elecirolyte
leakage resulting from poor seals, Other cells in the lot show
evidence of electirolyte leakage around the seal, Additional

cells were placed on storage for seal evaluation.

Six-months storage of "A"-size magnesium (AZ-21)-magnesium
perchlorate-cupric oxide dry cells at 113°F and 95 per-cent

relative humidity showed a capacity retentiom of 65 per-cent,
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This capacity is lower than indicated previously in cupric-
oxide cell storage, and cannot be explained at this time,

Water content is a eritical fastor in cuprie-oxide cells, Henece,
loss of water through the seal could be a factor in limiting

cell capacity. Three cell perforations were found in the lot,
4.3 RESEARCH STUDIES

4.3.1 Magnesium Impedance Studies

It has been shown theoretically that the corrosion film on mag-
nesium anodes can be studied directly by meams of cell impedance
measurements, The resistance~ratio bridge used for impedance
measurements was shown to have more than sufficient accuracy and
sensitivity for these studies. From the impedance data, the fol- .

lowing may be determined as a function of load current.

1. An approximation of the true anode area
2, The portion of the anode area covered by the
corrosion film

3. The average thickness of the corrosion film

This method is useful for the study of various magnesium alloys,
inhibitors, and electrolytes and in demomstrating thelr effects on

anode performance,

Because only two independent measurements are made (capacitance
and resistance), only two independent values can be calculated., The

true anode area must be estimated on the basis of an equation
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emperically derived from the test data or measured indepemdently,
A BET epparatus is being comstrueted to make accurate measurements
of the total surface area,

Tests were run using flat AZ-21 magnesium and commercial pure
magnesium anodes in 2N Mg’(ClO,")z over a current density range of
0.1 to 10 ma/cm? based on the plene area of the anode, Analysis
of the data ig not camplete, Conclusions of the initial tests

will be withheld until further amalysis, and testing are completed,




5. CONCLUSIOHS
N e A et\
An analysis of & heat evolved during M-cell discharge shows the
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6. PROGRAM FOR NEXT CUARTER

Mercuric-oxide reserve studies will be continued on design criteria for
optimum high-rate performarce.

Deternine characteristics of mercuric oxide and cupric oxide reserve
cells for low-rate applications,

Studies of the magnesium dissolution process will be continued.

The low-temperature properties of magnesium dry cells and reserve cells
will be determined.
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7. DISTRIBUTION OF HOUERS

G. S, lozier, Project Director
R. J. Ryan, Physical Chemist
E. Uhler, ‘Physical Chemist

J. Vossen, Physicist

A. Lindabery, Technician

Miscellaneous Technical Personnel

128.5 Hours
31k Hours
| 96  Hours
88  Hours
216 Hours
63 Hours
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DISCHARGE INITIAL STORAGE CAPACITY
TYPE OF CELL DRAIN CAPACITY CONDITIONS RETENTION
| (hours) (PER CENT)
‘MnO, (Type M) "A" | 16 2/3.chme | 15 1/4 13 months at 92
‘ cantinuous 113°F
'MnO, Type M "AA" 50 ohm con- 35 14 months at 90
tinuous 113°F
 MnOs Type M "AA" 150 ohm for 28 14 months at 86
18 minutes 113°F
8.9 ohm for
2 minutes
Cud "AA" 25 ohm 58 13 months at 96
continuous T0°F
 Cud “AAM 91 ohm for 34 13 months at 90
18 minutes 70°F
" 5,4 om for
2 minutes

Table 4-3. Capacity Retention Data for Mg/Mg(C104)p/Mn02 and Mg/AMg(C10,),/Cu0

Dry Cells for Various Discharge Rates,
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