NSWC TR 84302
REVISION 1

AD-A174 577

I SAFETY CHARACTERISTICS OF NON-LITHIUM
BATTERY SYSTEMS

e
: 1 BY RICHARDF.BIS ROBERT M. MURPHY (ADVANCED BATTERY GROUP)
A RESEARCH AND TECHNOLOGY DEPARTMENT
o
vl
g JULY 1986
b ] L ]
e D | IC |
ELECTE
W Approved for public releas; distribution is unlimited. Nov 2 6 m :
2 - '\
“ K¢
K
" 2
g 7
- ?
P
= S NAVAL SURFACE WEAPONS CENTER £
l::-l_‘ Dahlgren, Virginia 22448 e Silver Spring, Maryland 20910 -
c> s
N = :
) ;

86 11 25 078

- OO e s e
[4 h ‘ i - - N - -~
W i G O T i e ot o T e

'v-“ ‘-\.' I\

T A A e R e e e e I A A IR S S S S L P S P
[ A Lo L : n Pw L O L Ly e BY < €A

L)




l UNCLASSIFIED

1ICA RIS PAGE
REPORT DOCUMENTATION PAGE
a. REPORT SECURITY CLASSIFICATION 1b. RESTRICTIVE MARKINGS
UNCLASSIFIED
23, SECURITY CLASSIFICATION AUTHORITY 3. DISTRIBUTION/ AVAILABILITY QF REPORT
Approved for public release; distribution is
2. DECLASSIFICATION / DOWNGRADING SCHEDULE unlimited.
4 PERFORMING ORGANIZATION REPORT NUMBER(S) S. MONITORING ORGANIZATION REPORT NUMBER(S)
NSWC TR 84-302, Revision 1
GR.dN:ME ch PBEREORMINGGORGANIZATION 6b. OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION
vanced Batte T
tery Group (f appiicable)  INaval Surface Weapons Center
6c. ADORESS (Gity, State, and ZIP Code) 7b. ADDRESS (City, State, and 2iP Code)

White Oak Laboratory
10901 New Hampshire Avenue
S{lver Spring, MD 20903-5000

269 Westwood Road
Lancaster, NY 14086

8a. NAME OF SUNDING / SPONSORING 8. OFFICE SYMBOL | 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION ) (f applicable)
NYaval Surface Weapons Center R33 N60921-84-C-0027
%h&%oggas &c,% tate, and 2IP Code) 10 SOURCE OF FUNDING NUMBERS
e Vak Laboratory PROGRAM PROJECT TASK WORK UNIT
10901 New Hampshire Avenue ELEMENT NO.  INO. NO. ACCESSION NO.

Silver Spring, MD 20903-5000
1. TITLE (Include Security Clagsification)
SAFETY CHARACTERISTICS OF NON-LITHIUM BATTERY SYSTEMS

12. PERSONAL AUTHOR(S)
Robert M. Murphy, Richard T. Bis
?lnTanE Of REPORT 13b. TIME COVERED 14 DATE OF REPORT (Year, Month, Day) ['S. PAGE COUNT

FROM !géé; TO_9/84 July 1986 298

16. SUPPLEMENTARY NOTATION

17. COSATI CODES 18. SUBJECT TERMS (Continue on reverse if necessary and identify by block number)
FIELD GROUP SUB-GROUP Primary Batteries NAVSEAINST 930.1A Performance
A 10 03 Secondary Batteries Short Circuit Self~discharge
A\ Safety Hazards Overdischarge Chargine
Y 19 RACT (Continue on reverse if necessary and identify by block number)

study was conducted to determine the safety characteristics for both primary and
secondary non-lithium battery systems. Of particular interest was the behavior of these
M battery systems whap subjected to the electrical and thermal abuse testing procedures of
NAVSEAINST 9310.1Ai.e., short circult, forced overdischarge, "éﬁa"Iﬁrmm—.——n)so
of included are the safety/hazard characteristics assoclated with charging primary batteries
& and overdischarging secondary batteries. This report also summarizes the manufacture,
Jelectrical performance, failure mechanisms, self-discharge, and applications for twenty-two
 primary and nineteen secondary battery system

S.
This revision (Revision 1) superseies the-]ﬁly 1984 edition of this technical report.

20. LISTRIBUTION /AVAILABILITY OF ALSTRACT 21, ABSTRACT SECURITY CLASSIFICATION
iR OJuncassiieorunumiteo [ same As RPT. CJ DTIC USERS
l 223. NAME OF RESPONSIBLE INDIVIDUAL 22b. TELEPHONE (Inc/ude Area Code) | 22¢. OFFICE SYMBOL

M
(13
s-

—— ."

0D FORM 1473, 8a MaR 83 APR 2di210n may be used until exhausted. SECURITY CLASSIFICATION OF This PAGE S

All other ed:tions are obsolete. -

UNCLASSIFIED




UNCLASSIFIED ﬁ

ﬂuﬂ" CLABSIZICATION OF THIS PAGE

19. Key Words (cont.)

Failure Mechanisms
Applications

UNCLASSIFIED




NSWC TR 84-302

FOREWORD

A study was conducted to determine the safety characteristics for both
primary and secondary non-lithium battery systems. Of particular interest was
the behavior of these battery systems when subjected to the electrical and
thermal abuse testing procedures of NAVSEAINST 9310.1A (i.e., short circuit,
forced overdischarge, and incineration). Also included are the safety/hazard
characteristics associated with charging primary batteries and overcharging
secondary batteries. This report alsc summarizes the manufacture, electrical
performance, failure mechanisms, self-discharge, and applications for twenty-two
primary and nineteen secondary battery systems.

This revision (Revision 1) supersedes the July 1984 edition of this technical
report.
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CHAPTER 1

INTRODUCTION

Lithium battery systems have been developed within the past fifteen years
which exhibit high energy densities, wide ranges of operating temperatures, and
long shelf life characteristics when compared to more conventional battery
systems. In addition, lithium systems containing such positive electrode
materials as sulfur dioxide (80,), thionyl chloride (SOCl,), sulfuryl
chloride (S03Cly), carbon monofluoride (CF),, manganese dioxide (MnO;),
and vanadium pentoxide (V,05), exhibit both high operating voltages and flat
discharge curves. Because of the highly energetic aud reactive nature of
lithium batteries, safety related incidents have been reported which involve
ventings, fires, and explosions. Such incidents have resulted in both property
damage and injuries to personnel. As a consequence, many studies have been
conducted to determine the hazard characteristics associated with a variety of
lithium primary systems. The wost intensive investigations have been concerned
with the spiral-wound design for the lithium-sulfur dioxide, Li/S0;, organic
battery systeml'as and for the lithium-thioanyl chloride, Li/SO0Cl;, inorganic
battery system.“6'91 Because the development of the lithium-
sulfuryl chloride, Li/S0,Cl,, inorganic battery was not as advanced as
either the L1/302 or Li/SOCl; systems, safetg evaluation data have been
reported only within the past four years.

Recently, several lithium-solid cathode systems have also been studied to
determine the hazard characteristics for cells subjected to a variety of
electrical, mechanical, and thermal abuse testing. These investigations have
resulted in safety data for such systems as lithium—carbon monofluoride,
Li/(CF), ,97-99 11:h1um-coppe{ 21{5 oxide, Li/Cu0,100-103 1jenjum-
copper (II) sulfide, Li/CuS, lithium-manganese dioxide,

Li/Mn07,106-108 4nq 11th1um-vanadium pentoxide, Li/V,05.109

The responsibilities and procedures for lithium battery satety within the
U.S. Navy are set forth in NAVSEAINST 9310.1A.110 1In accordance with the
above, lithium batteries and corresponding end items must be tested and approved
prior to the introduction of the devices ftor general Fleet use. The technical
authority relative to the lithium battery safety program for the U.S. Navy is
the Naval Sea Systems Command, SEA 064. The lead laboratory for the program is
the Naval Surface Weapons Center (NSWC) under the direction of Dr. R.F. Bis.

Currently, the three abusive tests used to evaluate the safety
characteristics of the lithium batteries and lithium powered end items are
summarized as follows:

-
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1. Constant current discharge and voltage reversal test.

Three properly instrumented end units are discharged under constant
current conditions using a DC power supply. The internal fusing of
each test unit must be bypassed and the discharge be carried out at a
current level equal to the fuse value of the battery pack. After the
battery voltage reaches zero volts, the discharge is to be continued
into battery voltage reversal at thc fuse current value until 1.5 times
the advertised capacity of the battery pack has been attained.

Voltage, pressure, and temperature are continuously monitored and
recorded.

2. Short circuit test.

Three properly iustrumented end units are short circuited through a
resistive load of 0.0l ohm or less for a minimum period of 24 hours.
All internal electrical protective devices must be bypassed. Voltage,
pressure, current, and temperature are monitored continuously and
recorded.

3. High temperature exposure test.

Three properly instrumented end units are subjected to a heating rate
of 20°C per minute until a limiting temperature of 500°C is achieved.
Voltage, temperature, and pressure are monitored continuously and
recorded.

Many Navy applications require higher current levels or longer operational
lifetimes than could be provided by a battery comprised of a single series
string of cells at a specified operational voltage. As a result, some end units
could contain two or more parallel strings of cells in order to meet the
required levels of performance. There exists the possibility, therefore, that
one or more of the parallel strings could induce a charging mode with a weaker
(depleted or partially depleted) string of cells. Such an olcurrence could lead
to a hazardous condition, particularly in the case of lithium batteries. In
view of the above, a fourth safety test may be incorporated in NAVSEAINST
9310.1A to evaluate the hazardous characteristics associated with electrically
charging a series string of cells.* At the present time, details relative to
the charging test have not yet been approved.

Lithium batteries presently fulfill the requirements of many U.S. Navy
specialized applications which require high energy densities, high operating
voltages, lcw temperature operation, and extended shelf life. It is important
to note, however, that the majority of Fleet battery applications require
operational characteristics which are achieved by a variety of non-lithium
primary and secondary battery systems. The safety characterization of many such
non-lithium battery systems, however, has neither been widely published in the
technical literature nor systematically correlated and tested in accordance with
procedures such as those given in NAVSEAINST 9310.1A.

*Bis, R.—ET, Code R33, Naval Surface Weapons Center, Silver Sprirg, White Oak,
Maryland, Private Cormunication, 1983.
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Safety related incidents involving conventional battery systems in the
United States are reported to the U.S. Consumer Product Safety
Commission.!11 From data obtained through the emergency rooms from a sample
of hospitals, the National Electronic Injury Surveillance System (NEISS) then
calculates a projected estimate to the total U.S. population based upon the
number of injuries in the sample. For the calendar year 1982, an estimated
21,972 + 6470 (95 percent confidential interval) injuries occurred in the U.S.
and its territories which were the direct result of incidents involving
batteries. NEISS classifies the batteries only as 'wet cells," '"dry cells," or
"battery, not specified" so that individual battery systems are not given in the
data.

Additional data obtained from the National Injury Information Clearinghouse
(NIIC) does indicate both the extent of injuries and sufficient information to
determine the battery systems involved in the incidents.lll For example, from
the data representing the accident reports to NIIC for the period
1 January 1982 to 31 January 1984, it is apparent that 50 percent of the
incidents involved lead-lead dioxide Starting, Lighting, and Ignition (SLI)
batteries after being subjected to short circuit, charge, or forced discharge
through various means. Further, nearly 40 percent of the incidents were related
to those battery systems commonly used in flashlights, small, portable,
electronic devices, toys, and cameras (i.e., Leclanche and "alkaline" systems).
Eight percent of the injuries were the result of children swallowing small
batteries used as power sources for wrist watches, hearing aids, and small hand
held calculators. It is interesting to note that only zue incident was reported
which involved a lithium battery.

The specific intention of the present work is the correlation of data
relative to the safety characteristics of non-lithium primary and secondary
battery systems of interest to the U.S. Navy. 1In particular, prime importance
is placed upon the safety issues of these systems as they directly relate to the
four specific test procedures of NAVSEAINST 9310.1A. However, the scope of the
work is not limited to NAVSEAINST 9310.1A procedures and extends to further
include specific safety related issues unique to each non-lithium primary and
secondary system. Tables 1 and 2 list those non-lithium primary and secondary
battery systems, respectively, which are included in the present study. It
should be noted, however, that some of .he battery systems iisted in Tables 1
and 2 are not well represented in the :echnical literature or are presently of
little interest to the U.S. Navy. As a consequeuce, discussion of these systems
may be limited. Examples include the zinc-potassium iodate, zinc-sodium
dichromate, zinc-silver chloride, magnesitm-bismuth oxide, magnesium-sulfur
primary batteries as well as the iron (III)chromium (II) "REDOX," cadmium—silver
chloride, and cadmium-oxygen secondary batteries. On the other hand, some
battery systems given in the tables are, at present, in the research and
development or advanced development phases and are not vet commercially
available. There exists the very definite possibility that many such systems
will be of importance to the U.S. Navy in a variety of applications. These
systems include the calcium~thionyl chloride and calcium=sulfuryl chloride
primary systems as well as aluminum-oxygen, sodium-sulfur, zine-bromine, and
zinc-chlorine secondary systems. Consequently, relevant data for these systems
are included in this study with the intention that the data be revised once the
systems are available for U.S. Navy applications.
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TABLE 1. PRIMARY BATTERY SYSTEMS INCLUDED IN o(UDY ’

A. ALUMINUM SYSTEMS B. CADMIUM SYSTEMS C. CALCIUM SYSTEMS a
atl AlCl3,CrC13| MnO,, Ccd |KOH| HgO Ca| Ca(AlCla)2| soci, a
AL|KOH|Ag,0, Ag,0, ca) Ca(AlClQ)Zl 50,1,

D. - AD SYSTEMS E. MAGNESIUM SYSTEMS F. THERMAL SYSTEMS E
Pb|HBF, [PbO, Mg|MgBt2|BiZO3 Ca| KC1,LicCl| CaCr0, &
1>|>|uc1o“|m>o2 Mg|Sea Water| PbCl,

MnggBrZ'MnOZ E
Mg IHg(NO3)2.NaNOZI 0,

Mg |Sea Water] AgCl g
Mg |MgBr2|S

G. ZINC SYSTEMS i
anNHl‘CHMnOZ @
Zn|NH,C1,20C1 | MO,

Zn|KOH|MnO,, g
Zn|KOH|HgO
Zn|KOH| HgSO, » 2HgO g
anKOHIOZ
zalH,s0, K10, @
anMg(ClOa)2| AgCl
ZnIKOHIAg,Zo,Agzc.2 @
anHZSOAINaZCr207
)
i
“ -




TABLE 2.

ALUMINUM SYSTEMS

Al]Sea WaterlO2

IRON SYSTEMS

re>*luc1) ce??

Fe| XOH|NiOOH
FelKOH| 0,

Fe| !(OHIAg.zO.AgZO2

ZINC SYSTEMS

anZnBr2|Br2
anZn012|C12
Zn|52804|Pb02
Zn| KOH|NiooH

Zn| KOH |Ag,0, Ag,0,

NSWC TR 84-302

SECONDARY BATTERY SYSTEMS INCLUDED IN STUDY

B. CADMIUM SYSTEMS C. HYDROGEN SYSTEMS

Cd| KOH{NiOOH H2|KOH|NiOOH

cd|KoHjo, LaNi H, Ikou| 0, i

CdlCdClz,ZnC12|AgC1 HleOHIAgZO.AgZOZ
CdlKOHlAgZO,AgZOZ

E. LEAD SYSTEMS F. SODIUM SYSTEMS

} "o
Pb!H,S0, IPbo, Na|8 ¢1203|s

Na]Né glass’S
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Many electrochemical systems exist which are of no interest to the U.S.
Navy or are beyond the scope of this work. Table 3 gives some examples of the
systems which are excluded from the present study. Since standard
cellsll2,113 gre not povwer sources and are never utilized in applications
which require the delivery of current, the employment of such devices as
reference voltage standards represents virtually no hazard to the user relative
to NAVSEAINST 9310.1A testing. A number of battery systems also exist which
were formerly of importance to many U.S. Navy applications. These systems have
been superseded in recent years by either more advanced conventional systems or
lithium primary systems. Though the 'performance and safety characteristics of
these outdated systems are not discussed herein, sufficient data has been
published for som2 of the systems to be included in a similar study should the
need arise. Further, solid state systems, fuel cell systems, and lithiun
systems are not considered in the present study and are beyond the scope of this
work. I: should be noted, however, that a parallel study for lithium battery
systems is presently being conducted.*

STULY APPROACH

A significant number of non-lithium battery systems have been developed and
are currently used in a wide variety of applications by the U.S. Navy. It is
reasonable to assume, however, that chere are deficiesncies associated with such
systems. Most notable are the safety aspects associated with specialized
applications requiring high rates of dischsrge leading to possible voltage
reversal of some cells within the battery, the inadvertent short circuiting of
the battery, and the exposure of the battery to a high temperature environment.
In addition, some primary batteries may be charged electrically through use of
an external power supply or by one or more parallel strings of the same battery
or secondary batteries may be overcharged at high rates beyond the cutoff
voltage level. The above conditions may lead tc situations in which personnel
and equipment are exposed to hazardous conditions. Though non-lithium battery
systems possess less specific energy and less reactive characteristics than
lithium battery systems, safety incidents have nonetheless occurred, as noted
previously.

While detailed investigations have been conducted on the performance and
shelf life characteristics for many of the conventional battery systems,
relevant data concerning the safety features have not been correlated. The
specific intent of this study is the determination of the 3afety characteristics
for a number of primary and secondary systems of interesi to the U.S. Navy and
to correlate the known safety data in relation to the testing specified in
NAVSEAINST 9310.1A. 1t should be further noted that the data are not restricted
to tne specific electrical and thermal abuse testing of NAVSEAINST 9310.1A and
extend beyond the scope of NAVSEAINST 9310.1A to include those safety related
characteristics intrinsic to each battery system.

*Big, R. F., Code R33, Naval Surface Weapons Center, Silver Spring,
White Oak, Maryland, Private Communication, 1983,

Cwl
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TABLE 3. ELECTROCHEMICAL SYSTEMS EXCLUDED IN STUDY

I. Standard Cells

A. Daniell Zn|2nS0,-CuS0ZCu
B. Clark Zn|ZnS0,-Hg S0, | Hg
C. Weston Cd |CdSO,-Hg S0, | Hg
D. Gouy Znlzns0,-Hgo|Hg

E. Carhart-Clark 2Zn)ZnSO,-Hg,SO0,|Hg
F. Weston-Clark  Zn|2ZnS0,-Hg2S0,|Hg
G. Helmholtz Zn]znC1,-HgCl |Hg

H. De La Rue Zn|ZnCl,-AgCl |Ag

I1. OQutdated Systems

A. Amnonia Reserve Batteries (Vapor and liquid)
B. Lalande/Chaperon: 2Zn|NaOH|CuO

C. Mg|Sea Water|Pbo,

D. Al (alloy)lAlclj-NaCllcCl,

E. Cd|H,50,|PbO,

F. Mg|MgCly|CuCl

G. 2zn|NH,0H|V,0¢

H. In]KOH|HgO

1. MglMgBrz'm-dinitrobenzene

11I1. Solid State Systems

1V, Fuel Cell Systems

V. Lithium Systems
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In order to accomplish the study goals as given above, a number of data
sources were extensively reviewed to obtain as much pertinent information
relative to the safety and operational characteristics for each electrochemical a
system. The nature and extent of each source is described below:

1. Information retrieval sources - A significant number of documents
relating to the safety/hazards and performance characteristics for a
variety of state-of-the-art primary and secondary batteries are listed
in various governmental and private database systems. The databases
employed for the present study and the search period covered are given
as follows:

o CA SEARCH, Chemical Abstracts, American Chemical Society, (1967 to
1983).

o NTIS, National Technical Information Service, U.S. Dept. Commerce
(1964 to 1984).

o DOE ENERGY, Department of Energy (1974 to 1984).

o ELECTRIC POWER DATABASE, Electric Power Research Institute (1972 to
1983).

o ENERGYLINE, Environmental Information Center, Inc. (1971 to 1983).

o Ei ENGINEERING MEETINGS, Engineering Information, Inc. (1980 to
1983).

0o SCISEARCH, Institute for Scientific Information (1974 to 1983).

o CONFERENCE PAPERS INDEX, Cambridge Scientific Abstracts (1973 to
1983).

o  SSIE CURRENT RESEARCH, National Technical Information Service, U.S.
Dept. Commerce (1978 to mid-1982).

2. Open technical literature - Many primary and secondary battery systems
were developed and achieved the state-of-the-art status prior to the
guccessful use of information retrieval services. Some examples
include the lead-lead dioxide, nickel-cadmium, and silver-zinc
secondary systems as well as the familiar Leclanche (carbon-zinc),
zinc~air, mercury=-zinc, and mercury-cadmium primary svstems. As a
result, the search included examination of data from technical papers
and books published prior to the onset of machine-readable data
systems. The most recent data, published following the termination of
the database searches, are included in this study. It should be noted
that a literature search independent of the referencess obtained from
the information retrieval systems was conducted to account for
literature containing comparative safety studies between lithium
batteries and conventional battery systems and to compliment the
reference works cited by the database retrieval services. In addition,
a number of reference volumes were consulted to determine the
electrical, performance, storability, safety, and constructional
characteristics for the systems in this study.114'137
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3. User survey - Some battery systéms are exclusively employed as power
sources for very specialized applications. As a result, data relative
to the performance characteristics may be present in the literature,
but very little specific data detailing the safety characteristics was
found. One such example found was the absence of relevant safety data
for thermal battaries, -particularly in reference to NAVSEAINST 9310.1A
testing. As a consequence, personnel at the Naval Surface Weapons
Center (NSWC) and Harry Diamond Laboratories, U.S. Army Electronics
Research and Development Command (ERADCOM), were surveyed. Much of the
safety information for thermal batteries included in this study was
obtained from personal communication with J. T. Nelson, W. E. Kuper,
and M. B. Templeman of Harry Diamond Laboratories and from the reports
of B. Larrick of NSWC.

4. Independent test facilities -~ Extensive safety testing was conducted
for the zinc-chlorine electric vehicle battery and the zinc~bromine
load leveling battery by Dr. Robert G. Zalosh, at Factory Mutual
Research Corporation, Norwood, MA.138,139 The data from the reports
generated by the studies contributed to the preparation of the safety
sections for zinc-chlorine and zinc-bromine battery systems.

5. Manufacturer's survey - Many major U.S. battery manufacturers and
suppliers were contacted in the effort to obtain relevant safety data
generated by the research and development, reliability, or applications
engineering departments of each organization. The responses to these
inquiries were limited to less than ten percent of the companies
contacted. Those organizations and personnel which did respond to the
survey are listed below:

o Energy Development Associates (a Gulf and Western Company),
C. J. Warde; zinc-chlorine battery.

o Burgess, Inc., V. Stern; Leclanche, mercury-zinc, and "alkaline"
batteries.

o Union Carbide Inc., M. Berger; silver-zinc, mercury-zinc,
Leclanche, "alkaline," and nickel-cadmium.

o Eagle-Picher Inc., R. L. Higgirs, R. Parker, J. Degruson;
silver-zine, nickel-iron, thermal batteries.

0 VARTA Batteries Inc., Leclanche, "alkaline," mercury-zinc.

in addition, the Independent Battery Manufacturer's Association Inc.
(IBMA) responded with safety information and ctatistics for the
lead—-l2ad dioxide battery.

6. Patent literature - Many battery systems possess chemical, mechanical,
electrical or electrochemical internal protective safety mechanisms.
In many instances, these mechanisms have been patented. In view of the
above, a patent literature gurvey was conducted to define specific
electrical devices or safety mechanisms for many of the
state-cf-the-art battery sysiems. This search has yielded much
relevant information which has been incorporated into this study.

9
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Collectively, the data from the above sources provide & comprehensive
survey of all non-lithium, state-of-the-art battery systems included in this
etudy. 1t should be noted, hcwever, that safety data gaps do exist for some of
these systems, particularly relative to NAVSEAINST 9310.1A testing procedures.
Specific recommendations for testing such systems in accordance with NAVSEAINST

9310.1A or testing beyond the scope of NAVSEAINST 9310.1A will be discussed in
Chapter 4.

DATA PRESENTATION FORMAT

In order to fully understand the safety characteristics for an
electrochemical power source, it is important to include the cell reaction,
performance/electrical characteristics, storability, and construction parameters
for each gsystem included in this study. The format used to present these data
for primary systems (Chapter 2) is given below:

1. System name according to negative electrode material (commnon systenm
names)

2. Electrochemical symbol for the cell
3. Generally accepted cell reaction

4, Cell components:

o Negative electrode
o Positive electrode
o Electrolyte

o Separator

o

Strucrural considerations
5. Performance/electrical features:
o Open circuit volteage
o Practical/theoretical energy densities
o Operational temperature range
o Discharge characteristics
6. Effect of Additives
7. Storability, shelf life
8. Uses
9, Major U.S. manufacturers, suppliers, or developers

10. Safety characteristics

o Relative to short circuit, voltage reversal, thermal abuge and
charzing (NAVSEAINST 9310.1A)

o Safety considerations intrinsic to the subject battery system

10
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o Design considerations

o Safety mechanisms/patented devices

11. References

Additional performance/electrical features must be included for secondary
battery systems (Chapter 3). These include the examination of the discharge/
charge characteristics and charging methods as well as the charge retention and
acceptance parameters for each secondary system.

Chapter 4 contains a summary of the results for each system included in the
study and details deficiencies in available safety related data. For those
systems with little or no relevant safety/hazards data or specific data gaps
with respect to U.S. Navy applications, four recommendations are proposed:

1. Testing in strict accordance with NAVSEAINST 9310.1A testing regimes

2. Testing in accordance with appropriately modified NAVSEAINST 9310.1A
testing regimes

3. Specific testing outside the scope of NAVSEAINST 9310.1A testing regimes

4. No future testing in the event that the subject battery system is of
little interest to the U.S. Navy or in the event that the subject
battery module is toc large (stationary, load leveling, and electric
vehicle power systems) to be tested safely at the appropriate U.S.
Navy facilities.

References for Chapters 1 and 4 appear at the end of each respective
chapter. References for each battery system discussed in either Chapter 2 or
Chapter 3 follow the text for that battery system.
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CHAPTER 2

PRIMARY BATTERY SYSTEMS

A. ALUMINUM-MANGANESE DIOXIDE
Al | AICl4,CrCly | MnO,

Al + 3MnO, + 3 H0 —= 3 MnOOH+ AI(OH)y [1]

Aluminum has been studied extensively as a candidate material for negative
electrodes in a number of electrochemical systems.l Its advantages include
low cost, availability, low equivalent weight (9.0 grams per equivalent), and
safety in handling. Several problems, however, have inihibited the use of the
metal in many commercial power source devices. Bare aluminum will undergo
excessive corrosion and liberate hydrogen:

2A1 + 6H)0—»2A1(0H)3 + 3H, (2)

In addition, aluminum may be less anodic than zinc in NH4Cl electrolyte due to
its oxide protective layer. Practical aluminum cells also exhibit voltage delay
characteristics following load application. Pure aluminum corrodes unevenly,
leading to premature cell failure due to can perforation.

A number of attempts have been made to alleviate the above problems. One
method employed the use of a two layer electrcde comprised of aluminum alloys of
different electrode potentials.? The innermost alloy would necessarily be
more anodic and protect the outermost alloy from corrosion. Much work was also
carried out_to develop more anodic alloys having increased corrosion
resistance.3 All developmental efforts of the aluminum-manganese dioxide
system have made use of the two layer electrode method.4>5 The inner
electrode layer was fabricated from aluminum (99.8% purity) and one to five
percent zinc while the outer layer was an alloy of aluminum (99.8% purity and
1.2% manganesge).

Various compositions of either Gold Coast or electrolytic manganese dioxide
with Shawinigan acetylene black were mized with electrolyte and compacted at 200
psi into the aluminum cans. The electrolyte salts of AlCly » 6Hy0 and
CrCly ¢ 6H70 were found to be less corrosive than either the NH,Cl or the
mixture of NH4Cl and ZnCl; electrolyte salts used in Leclanche cells. A
corrosion inhibitor of (NH,),CrO4 was also added to the positive electrode
mixture. One further advantage found fov the additior. of (NH,)oCr0, was
that no further increase in voltage delay upon load application was observed. A
centrally located carbon rod inserted into the above mixture served as the
current collector.
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Most separator materials normally used in Leclanche cells were found to be
unstable in the acidic solutions described above. As a result, some tests vere
performed using uncoated paper. However, it was found that, for commercial
applications, such papers exhibited poor wet strength,excessive porasity, and
nonuniformity which would lead to internal short circuiting of the cell. 1In
view of the above, a separator was developed6 which consisted of the colloids
of locust bean and karaya gum coated onto a high wet-strength paper. These
colloids swell in the electrolyte solution and fill the voids between the paper
and aluminum electrode surface. The use of the separator improved the
storability and reduced the voltage delay. Only D size cells were fabricated
and tested in all cited investigations.

The open circuit voltages for the cells as described above were observed to
be between 1.58 and 1.62 V. The performance characteristics were determined for
D cells discharged under resistive loads using continuous and intermittent test
regimes. Leclanche cells were similarly tested for comparison purposes.

Results showed that the aluminum-manganese dioxide cells were far guperior to
Leclanche cells when discharged continuously (e.g., 6.25 h versus 3.3 h to a
0.90 V cutoff for Al-MnO; and Zn-MnO; D cells respectively, discharged under
4.0 ohm loads). When cells were discharged on intermittent or long-term test
regimes, however, the Zn-MnO, cells were clearly superior (e.g., 11.7 h versus
8.7 h to a 0.90 V cutoff for Zn-MnD,, and Al-MnO;, D cells, respectively,
intermittently discharged undz: 4.0 ohm loads).

Two factors were found to limit the capacity of aluminum-manganese dioxide
cells.* First, the anode corrosion reaction (equation 2) consumed hydrogen
ions, exceeding the buffer capabilities of the electrolyte and the pH of the
electrolyte rose. As a result, the voltage of the MnO, half cell reaction was
reduced and the cell voltage level reached a given cutoff voltage more quickly.
Secondly, the internal resistances of the cells increased considerably after
only short periods of discharge. The cause for the increase in resistance was
believed to be the accumulation of voluminous amounte of Al(OH)3 from both the
cell and the corrosion reactions (equations 1 and 2).

Storability tests have yielded mixed results. Discharge test results for
the best cells indicated that the capacity retention was 95 to 100 percent for
cells stored three years and A0 to 75 percent for cells stored seven years.
Other cell lots yielded much poorer results.}

Gas evolution during continuous discharge invariably caused seal rupture
and leakage of cells.* Cells which were fabricated with dimethyl silicone
vent structures however, did not leak during continuous discharge test regimec.
It should be noted that no hydrogen-air (oxygen) gas explosions were reported in
the literature for the aluminum-manganese dioxide system,3~9 even though
excessive gassing was reported.

No safety/hazards data were reported for the aluminum-manganese dioxide
system. In view of the fact that the system is not presently available
commercially (the technological problems cited herein must first be overcome),
testing in accordance with NAVSEAINST 9310.1A could not be initiated at this
tine.
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B. ALUMINUM-SILVER OXIDE
Al | KOH | Ag,0,
4 Al + 3 Ag,0, + 4 KOH —= 4 KAIO, + 6Ag + 2H,0 (1]

The aluminum-silver oxide battery is currently under development by Yardney
Electric Corporation as a power source for the U.S. Navy's Advanced Lightweight
Torpedo (ALWT) program. The unit consists of proprietary aluminum alloy
negative electrodes and Ag,0, positive electrodes in a pile comstruction
with devices for electrolyte circulation and heat exchange.

Aluminum will undergo reaction with water in basic media and produce
hydrogen in accordance with either:

2A1 + 2H,0 + 2KOH—P2KA10, + 3H, (2)

or
2A1 + 6H20 —$2A1(0H)3 + 3Hp (3)

The corrosion rate (equations 2 or 3) under open circuit conditions was found to
be much greater than that observed for the battery under practical loading
conditions (i.e., at current densities as great as 1.2 A/cm?). Initial

efforts concerned the development of an aluminum alloy electrode (RX808A1)
capable of high current densities within high rate discharge regimes and minimal
corrosion under operating conditions. It was further found that the addition of
approximately 20 grams per liter of NaSn(OH)¢ to the electrolyte mixture
significantly reduced the corrosion reaction.

The positive plates consisted of sintered silver oxide (Ag;0;)
electrodes containing 0.89 mm diameter glass beads used for interelectrode
separation. The total interelectrode separation for the battery was determined
to be between 0.50 mm and 0.64 mm based upon optimum reaction product removel
requirements as well as stack resistance considerations.

A heat exchanger is necessary to reject both the excess heat due to the
potential drop under load conditions (IZR heating) and the heat from the
aluminum corrosion reaction. It was found that, when the battery approaches
open circuit voltage, the heat generation rate also increases due to the
predominance of the aluminum corrosion reaction.

<5
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The successful operation of the battery is dependent upon a pump to
circulate the electrolyte throughcut the cell stack. The function of
electrolyte circulation is threefold: (1) removal of Hy from the
interelectrode and intercell spacings, (2) removal of the voluminous reaction
products from both the intercell spacings and the pores of the silver oxide
electrodes, and (3) provision for heat rejection capability. Should
electrolyte circulation not be provided, the operation of the battery would be
severely limited, particularly in view of the intended application requirements.

The optimum KOH concentration levels for the proper maintenance of cell
load voltages and gas evolution rates was found to be between 15 and 35 weight
percent in sea water. In order to maintain a balance between the dissolution
and consumption rates of KOH, KOH in the form of flakes, pellets, and cast
blocks were included. When the torpedo is launched, sea water dissolves the KOH
flakes rapidly, bringing both the concentration and temperature to the desired
operational levels. As battery discharge continues, the KOH concentration is
maintained by the slower dissolution rates of the pellets and blocks.

The open circuit voltage for the aluminum silver oxide system is
approximately 2.4 V. Discharge tests were performed at electrolyte temperatures
of 60°C and 100°C. The results showed that the load voltage levels are
significantly higher at the higher temperature for cells discharged at identical
current densities. For example, for cells discharged at current densities of
0.78 A/cm? and 1.24 A/cm?, the load voltages at 60°C were 1.53 V and 1.38 V,
respectively, while at 100°C the corresponding load voltages were 1.60 V and
1.53 V, respectively. The hydrogen evolution rates, however, were significantly
lower for cells discharged at the lower temperature (0.078 cm3/cm?/minute,
average) than for cells discharged at the higher temperature (0.46
cm3/cm?/minute, average).

Comparison of the discharge characteristics for the aluminum-silver oxide
cell to similar characteristics for either the zinc-silver oxide or
magnesium-silver chloride cells showed that the load voltage levels average
approximately 0.7 volt higher for the Al-Ag,0, cell at current demnsities up
to 0.5A/cm?2, The load voltages for both the zinc-silver oxide and
magnesium-silver chloride cells dropped precipitously at current densities
greater than 0.5 A/cm? while a cell load voltage of 1.57 V was maintained for
the Al-Ag;0, cell at current densities up to 1.09 Alcm?.

Since the Al-Agzoz system remains, at the present time, in the developmental
stages, no pertinent safety data was given. Should the system be selected as a
power source for the ALWT, however, some testing in accordance with
appropriately modified NAVSEAINST 9310.1A procedures may be necessary,
particularly in view of both the high energy density (180 to 220 Wh/kg) and high
power capability per unit electrode area (1.5 W/cmZ). Of special interest

would be the short circuit, forced overdischarge and charge tests performed upon
the activated battery under static and circulating electrolyte conditions.
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C. CADMIUM-MERCURIC OXIDE (MERCAD)
Cd | KOH | HgO
Cd+ HgO + H,0 —= Cd(OH), + Hg [1]

The cadmium-mercuric oxide battery system is characterized by long shelf
life over a wide range of environmental conditions, discharge capability over a
wide temperature range, and tolerance to extreme shock and vibration
conditions. In addition, cells may be hermetically sealed due ¢to the absence of
appreciable gas evolution under storage or cell discharge conditions. In view
of the above features, cadmiummercuric oxide batteries may be utilized for many
oceanographic applications! (e.g., Naval mines, underwater telemetry devicee,
air launched ground attack weapons,16 and sealed metering devices.)

Cadmium electrode material may be prepared by the reduction of cadmium
oxide with zinc powder in a solution of potassium hydroxide.2 The cadmium
powder is then washed free of zinc, zinc oxide, water and potassium hydroxide
and dried thoroughly under a vacuum. A second method used to prepare the
cadmium electrode involved the electrodeposition of cadmium powder from a 0.2 M
solution of a cadmium salt in either an acid or alkaline media at temperatures
of 30°C or below.4 The cadmium electrodes for button cell designs are formed
by pressing this powder into the can. Electrical contact with the cell case is
maintained through use of a cellulosic absorber which swells in contact with
electrolyte solution. Centrally located cadmium electrodes in bobbin cells
possess current collectors within the cadmium matrix, while electrodes for
prismatic cell designs are fabricated by pressing cadmium powder onto expanded
nickel screens. Typical cadmium electrode porosities vary from about 40 to 60
percent, with some reported porosities of 80 percent for specific cell
operational requirements.

The discharge mechanism and film formation for the cadmium electrode in
alkaline electrolyte solutions have been reported by Weininger and Breiter,>
Barnard, et al.,6 Vijayavalli, et al.,’ and Armstrong, et al.8,9 a
summary survey of the electrochemical behavior of sintered plate and planar
cadmiuTonegative electrode in KOH solution has been given by Armstrong,
et al.




NSWC TR 84-302
The reaction for the cadmium electrode in alkaline media is given by:
Cd + 20H=—»Cd(OH); + 2e~ (2)

The standard potential for reaction 2 is +0.809 V. One possible side reaction
which could occur at the cadmium electrode to produce hydrogen gas is given by:

2H70 + 2e™—»2 OH™ + Hy (3)

The standard potential for reaction 3 is -0.828 V. Therefore, the cadmium
electrode is approximately 0.02 V more positive than the reversible hydrogen
evolution potential. As a result, the Boasibility for cadmium to reduce water
does exist. However, it has been shown® that the equilibrium pressure of Hj;

in an electrolyte solution of 30 percent KOH (7M) is 7,500 Pa. Consequently, in
a heruetically sealed cadmium-mercuric oxide cell, evolution of a very small
amount of hydrogen would produce the equilibrium pressure and the production of
Hy would cease. In addition, the high overvoltage for hydrogen evolution on

the cadmium electrode further inhibits hydrogen production in the cell, thus
eliminating the posgibility of reaction 3 in the cell as not energetically
feasible.ll

Gas evolution measurements from cadmium-mercuric oxide cells stored at 71°C
for six months showed that approximately 0.04 cm3 of hydrogen per gram of Cd
was evolved during the initial few days of storage.* This hydrogen was found
to be dissolved in the cadmium during the electrodeposition process. Further,
the solubility of cadmium in 31 percent (7M) KOH solution was found to be only
8.5 x 1073 M at 25°C.!

The mercury oxide electrode for prismatic cells is comprised of a mixture
of about 75 weight percent red Y4g0 blended with 25 weight percent of silver
powder.?2 This composition produces a silver amalgam on cell d%scharge. The
positive electrode mixture is then pressed at about 2800 kg/cm® onto
silverplated nickel mesb or silver mesh.? The mercuric oxide electrodes for
the button and bobbin cells are pressed directly into the container to a
porosity of about 18 percenc.4 Porosities of approximately 40 percent or more
are required for cell operation at temperatures less than -20°C.

The reaction for the mercuric oxide electrode in alkaline media is given by:

~

HgO + Hp0 + 2e” ~———Hg + 20H™ 4)

The standard potential for reaction 4 is +0.098 V. A possible side reaction
which could produce gas at the mercuric oxide electrode is:

2H70 + 09 + be —>ULOH™ (5)

The standard potential for equation 5 is 0.401 V. Therefore, it can be seen
that the mercuric oxide electrode is more stable by about 0.3 V negative to the
reversible oxygen evolution potential. The tendency of the mercuric oxide to
decompose water with the subsequent formation of mercury and oxygen gas is thus
minimal. Further, the high overvoltage for oxygen evolution on the mercuric
oxide electrode further precludes oxygen production in the cadmium-mercuric
oxide cell.
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The solubility of mercuric oxide in 31 percent (7M) KOH solution was found
to be 5 x 1074 at 25°C.1 This low concentration of mercury species coupled
with the low solubility of cadmium in the electrolyte results in very low
capacity losses due to side reactions in solution. Indeed, studies have bheen
conducted which show that the mercury/mercuric oxide electrode is stable at
temperatures up to 250°C in 5M NaOH solutions.l? Measurements of the half
cell potentials of mercuric oxide-mercury (versus the hydrogen electrode) do
show a decrease from approximately 0.926 V at 25°C to 9.87 V at 200°C, however.
The mercuric oxide, although exhibiting no evidence of decomposition in 0.1 M
NaOH solution to 280°C was sufficiently soluble in 1 M NaOH solution at 210°C to
cause contamination problems.

Two additional factors contribute to minor capacity losses in the
cadmium-mercuric oxide cell during storage: crystal growth of the cadmium
electrode into the cellulosic electrolyte absorber and the reduction of
dissolved mercury species at the cadmium electrode.l»2:4 Crystal growth
results in the loss of capacity for cells discharged at high rates due to a
reduction in the effective surface area of the cadmium electrode. This effect
can be minimized through use of a chemically grafted polyethylene membrane
(e.g., Permion 2291). The reduction of mercury at the cadmium electrode is
caused by diffusion of a mercury species through the separator, resulting in the
formation of an amalgam with cadmium. The resultant internal short circuit from
the positive to the negative electrode reduces the cell capacity. Multiple
layers of Permion 2291, or a similar polyethylene membrane 8urrounding the
mercuric oxide electrode have proven to reduce the mercury species transfer
markedly in button and bobbin cells? and prismatic cells.2

In view of the stability of the cadmium and mercuric oxide electrodes in
the ™ KOH solution, cells are typically hermetically sealed. However, in the
event of incomplete or faulty closure, oxygen may enter the cell. As a result,
a cathodic reaction between the cadmium electrode and a dissimilar metal in
contact with the cadmium (e.g., cell case or current collector) and electrolyte
film may occur. The result would be the corrosion of the cadmium/dissimilar
metal interface and the production of hydroxide ions in accordance with equation

5.11,13 A4 the corrosion reaction proceeds, the cell will exhibit leakage of
the alkaline electrolyte and a deterioration in performance.

The observed open circuit voltage for the cadmium-mercuric oxide cell is
0.903 V. The performance characteristics for prismatic cadmium-mercuric oxide
cells of 6.2 Ah (1.3 cm x 3.75 cm x 3.7 cm) and 12.4 Ah (1.3 m x 5.2 cm x 5.1
cm) nominal capacities were obtained for the temperature range of -25°C to +
60°C.2 The results obtained for 6.2 Ah cells showed little variation from the
nominal capacity when discharged at 3-8 mA at temperatures of 0°C to +60°C to a
voltage cutoff level of 0.67 V. There was, however, a loss of about 1.0 Ah (16%)

for cells discharged at -25°C. This trend was also observed for the larger
cells discharged at 3 and 10 wA.

The ability of the cadmium-mercuric oxide button cell to operate at low
temperatures was demonstrated by Barnhart and Boden.l Cells of nominal
capacities of 600 mAh were discharged at rates of 1 mA and 10 mA in the
temperature range of -40°C to +27°C., Capacities of 600 mAh or higher were
obtained for cells discharged at the 1 mA rate over the entire temperature
range. However, for cells discharged at the 10 mA rate, the realized capacities
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were 400 mAh at -40°C, 550 mAh at 0°C and 600 mAh at 27°C. Cells discharged at

higher rates of 100 mA yielded realized capacities of 200 mAh at 0°C and 570 mAh
at 27°C.

Button cells of 600 mAh nominal capacity were discharged at rates of 0.03
mA to 300 mA at 21°C.l Realized capacities of 600 mAh or higher were obtained
for cells discharged at currents of 0.03 mA to 16 mA. The corresponding load
voltages were 0.90 V to 0.85 W However, marked decreases in both capacity and
load voltage levels were noted for cells discharged at 40 to 300 mA. For
example, cells discharged at the 71 mA rate yielded capacities of 450 mAh at an
average load voltage of 0.68 V. The theoretical energy density for the
cadmium~mercuric oxide system is about 150 Wh/kg.la The practical energy
densities for the system vary from about 10 to 30 Wh/kg in the temperature range
of -40°C to +50°C for cells discharged at low rates. .

The cadmium-mercuric oxide cell system possesses excegtional capacity
retention after storage at temperatures of 27°C to 100°c.1 Capacity

retention of 97 to 100 percent was observed for cells stored at 24°C for 3.5

years. Cells were stored at the higher temperatures of 74°C for three months,

93°C for four weeks, and 149°C for 36 hours. The observed realized capacities

for these cells were 95-97 percent, 70 percent, and 88 percent, respectively, of .
the initial capacities. The average loss in capacity for stored cells was only
1.1 percent per day at 100°C, 0.2 percent per day at 72°C, and 0.02 percent per
day at 45°C., Further, after one year storage at 21°C, no measurable capacity
losses were observed. Therefore, a conservative estimate of the shelf life for
the system is at least 10 years.1 s

The major manufacturers or developers of the cadmium—mercuric oxide system
are ELCA (Electrochimica Corporation), General Electric Company, Mallory
(Duracell International), and the Ray-0-Vac Division of ESB.

No safety data has been reported which detail the results of short circuit,
incineration, forced overdischarge, or charging tests. In view of the facts
that cells are hermetically sealed and can withstand severe shock, vibration, =
and spin Cesting,l the design of the cell must exhibit great structural
strengths, Therefore, testing in accordance with NAVSEAINST 9310.1A would
undoubtedly resuylt in an eventual case rupture due to internal pressure .
congsiderations.* Such pressure would be the result of the electrolysis of water )
in cells subjected to forced overdischarge (H; on the mercuric oxide electrode
and 02 on the cadmium electrode) and to charging (Hy on ihe c~dmium
electrode and 07 on the mercuric oxide electrode). Tnhe pressure increase will
also be the result of higher water vapor pressure due to iIncreased internal cell (.
heating during testing. Similar case ruptures would be expected for cells
subjected to incineration testing. g

*Mahy, T. X., Private Communication, 1984,
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D. CALCIUM- CALCIUM CHROMATE (THERMAL)
Ca | KCI=LiCl | CaCrQ,

3Ca + 2 CaCrQ, + 6 LiCl — 3 CaCl, + Cr,0542Ca0  [1]
+ 3 Li0

Thermal batteries have been used extensively in ordnance fuzing and missile
applications. Of all the possible thermal systems, the calcium-calcium chromate
battery has found the broadest practical use and has been the most widely
studied and characterized. The cell cousists of a calcium negative electrode,
the fused salt eutectic of LiCl and KCl as the electrolyte, and a positive
electrode of calcium chromate. This system possesses several highly desirable
characteristics required to comply with military ordnance specifications: (1)
operation over a wide range of temperatures, (2) long shelf life, (3) high cell
voltage, (4) chemically stable electrolyte, (5) high reliability, (6)
operational lifetimes of a few seconds to almost one hour, and (7) the ability
to endure the extreme environmental conditions of shock, vibration, and spin.

Thermal batteries are hermetically sealed reserve power supplies which are
activated by a pyrotechnic device. Historically, several celli designs have been
employed in the manufacture of the therwal batteries. These include the cup
cell design,l”3 the ogen cell/tape electrolyte design,zt4 the glazed
depolarizer desxgn multilayer pellets/heat paper design,s’ and the heat
pellet/DEB pellet des: gn.2 4,7° 0f the five cell designs, the heat pellet/DEB
pellet design is presently in general use for nearly all applications. The cup
cell and open cell possessed short activated stand characteristics as well as
intricate design considerations (i.e., difficulty in manufacture). The heat
source tended to induce thermal shocks which resulted in limited battery
operation. In addition, tests have shown that the cup design thermal batteries
exhibited poor shelf life characteristics due to progressive hydrolysis of the
calcium from moisture in cell components and leaks in the hermetic seal. 1In
addition, a coating of polyvinylalcohol was found on the calcium surface.8

The heat pellet/DEB cell design utilizes a bipolar construction with three
layers or pellets. The heat pellet (Thermite) is comprised of powdered iron and
potassium perchlorate (typically 86-88% iron, 14-12% KC10,). The burn rate for
the 14 percent KCl04 l.eat pellet is approximately 17 cm/sec with a caloric
output of 255 cal/g (1.07 kJ/g). After supplying the required amount of heat,
the residual iron serves as the intercell connector. The DEB (Depolarizer,
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Electrolyte, and Binder) pellet consists of about 35-40 percent CaCrO,, 50-55
percent LiC1-KCl eutectic mixture, and 15-5 percent binder (either Kaolin or a
fumed silica such as Cab-0-Sil). The third layer consists of the calcium
electrode fabricated by either vacuum deposition or mechanical attachment onto
stainless stee1,9 iron,10 or nickel substrates.ll The resultant cell
configuration requires that the pellets be stacked in the sequence: heat pad,
DEB pellet, calcium electrode, heat pad, etc. Further advantages of the heat
pellet/DEB cell design compared to the heat paper design include the shape
retention of the heat source and the capability of the resultant iron mass to
retain heat for longer periods of time.

Cells constructed as above can be stacked and connected tc obtain the
desired end voltage level. Since the case must be isolated, electrical as well
as thermal insulation is required within the stainless steel battery case.
Formerly, the choice for insulation materials included asbestos mixed with
gsilica or glass but modern insulation such as Min K, Fiberfrax, and BeO are now
in common use. The thermal conductivities of these jnrulation materials are
approximately 5 X 10~3 W/em™2°C/cm at 500°C.12 The stack assembly is then
inserted into a stainless steel case lined with insulation material. The
header/lid, containing glass to metal electrode seals and match leads, is
attached to the cell stack and hermetically sealed using a heliarc or TIG weld
vhile pressure is exerted on the header/lxd and cell stack assembly. Optimum
" closing pressures of approximately .l kg/cm are used to ensure proper
wetting of the calcium. Low pressures result in poor wetting and battery
performance deterioration. It has also been found that increased closing
pressure on the battery stack results in electrolytic leakage and the formation
of a calcium and lithium alloy during battery operation.l3 1In addition, high
closing pressures have resulted in high peak temperatures in production
batteries.

The ignition system consists of an electrical match (Atlas M-100/M-200 or
Hercules) and a pyrotechnic ignition strip (fuse train) in contact with the heat
pellets of each cell. The fuse train paper strip of 28 percent Zn powder and 72
percent BaCrO, has a caloric output of 465 cal/g (1.95 kJ/g). Typically, the
initiaticn sequence is begun by an external signal of at least 150 K ergs to
ignite the electric match having a resistance of about 1.0 to 1.5 ohms.* The
match then ignites the fuse train and, finally, the heat pellets in the cells.
Activation times of 0.05 to several seconds are observed for the calcium-calcium
chromate thermal batteries dependent upon both battery size and construction. A
typical activation time of 0.5 second is observed for most calcium-calcium
chromate thermal batteries.

The calcium electrode displaces lithium from the molten LiC1-KCl eutectic
electrolyte at 352°C and hx%her and eventually forms the alloy, CalLi,, with a
melting point of 231° c:4

Ca(g) + 2 Li*——p ca?* + 2 Li(y) (2)

*Kuper, W, E,, Harry Diamond Laboratories (U.S. Army Electronics Research and
Development Command), Private Communication, 1984.
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The molten lithium then reacts with calcium metal to form the alloy:

Ca(g) + 2 Li(;)—>Caliy()) (3)

The liquid alloy can flow down the cell stack and cause catastrophic short
circuiting in adjacent cells unless the current density is high. Several
remedies to the formation or containment of the Cali, alloy have been
proposed. These have included an increase in the concentration of calcium iouns
at the calcium-electrolyte interface by either girectly adding CaC12,9 or by
heating the calcium electrodes in acetic acid.1? The latter method produces a
double salt, 3Ca(CH3C00)7 e 2CH3COO0H, which decomposes to CaCO4, in the
battery operating temerature range of 400-600°C. The Ca’* retards the
displacement of lithium in the electrolyte. An alternate method of alloy
control is the grooving of the DEB pellet to accumulate the alloy ana restrict
the reaction of the alloy with adjacent cells.? A second effect of the alloy
formation results in serious voltage fluctuations (noise) during battery
discharge accbmpanied by the dropout of some cells.

At high current densities, the increase in calcium ion conceatration at the
calcium—-electrolyte interface leads to the formation of a double salt, KCaCl,
on the surface of the calcium electrode:16>17

CaCly + KCl— KCaCl, : (4)

The double salt has a melting point of about 485°C., Since tne optimum operating
temperature range of the calcium-calcium chromate thermal battery has been found
to be 470°C-530°C, the formation of the double sslt, whether in the liquid or
sclid state, increases the interpal resmigtance of the cells and masks reaction
sites at the calcium electrode. 1In addition to an overall decrease in battery
efficiency, the formation of the KCaClj also limits the pulsing capabiiities

of the system.

The formation of a second_ film on the calcium electrode has been found to
be the cowplex salt, Ca2Cr04C11 17 yhich is mora diffuse than the
KCaCly. 1t is believed that both films prevent the direct chemical reaction
of the CaCrOQ with the calcium electrode at the battery operating temperatures
of 400°C-600°C. However, breakdown of the filme occur at temperatures greater
than 600°C, resulting in a direct chemical reaction between calcium and calcium
chromate and a thermal runaway condition.ll:12 The formation of both films
continues as the battery discharges. As a result, the capacity of the calcium
electrode is, for all practical purposes, limited to unly 30 percent of the
total calcium available,

The electrolyte is the eutectic mixture of LiC! (58.5 msl %) and Kc1.18
The specific conductance of the pure eutectic mixture in the battery operating
temperature range of 400°C to 600°C varies from 1.23 to 2.28 ohm~lem~1
regspectively. The specific conductance for a saturated aqueous solution of HaCl
at 15°C is 0.2 ohm~lca~l. Therefore, significantly higher curreant levels
can be waintained in the fused salt calcium~calcium cliromate batteries compared
with aqueous systems. In additiou to the above, the eutectic of LiCl #nd KC1
is stable towards both oxidation and reduction i the voltage range of the
calcium-calcium chromate cell (i.e., approximately 3 V).
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The observed open circuit voltage for the calcium-calcium chromate thermal
battery is approximately 2.7 to 3.0 V per cell at 500°C.*»14 Proper design of
the thermal characteristice relative to the amount of thermite contained in the
heat pellets allows battery operation between 400°C and 600°C for batteries
equilibrated at initiasl temperatures of -54 to +74°C. Long life batteries (10.3
cm high, 12.2 cm diameter, 2.96 kg) were discharged at initial temperatures of
1°C, 25°C, and 40°C at a current density of 55 mA/cm? at 28 V.9 The
performance characteristics for the batteries discharged at the initis!
temperatures of 25°C to 4C°C varied little (i.e., realized capacities >f
approximately 1.1 Ah for the 15 minute discharge). The energy densiti:s were
approximately 10.5 Wh/kg. However, lower capacities and energy densit.. ;5 were
obtained for batteries discharged at 0°C. The active life for this battery was

found to be only 12 minutes compared to those batteries discharged at the higher
temperatures.

Performance characteristics were also obtained for 12 cell calcium~calcium
chromate batteries subjected to a 300 rps spin environment .20, The dimensions
of the hermetically sealed bactery were 4.4 cm diameter and 4.4 cm high and the
weight was 0.15 kg. Batteries were discharged at various current densities to a
24 V cutoff level. The results show energy densities of approximately 14.4,
15.4, 11.6 and 7.7 Wh/kg for batteries discharged at current densities of 100.
70, 40, and 20 mA/cm?, respectively. It was found that the high spin
environment caused two failure modes: leakage of the electrolyte from the DEB
pellets resulting in short circuits of adjacent cellsl0:19 and the loss of
contact of the fuse train with the heat pellets of each cell.l? By increasing
the binder (8i0;) concentration from 7 percent to 15-20 percent of the DEB

pellet and wrapping the ccll with glass ribbon, these detrimental effects wzre
reduced.

Recent optimization studies?0 relative to the active components and
binder content of the calcium~calcium chromate battery have shown that the
CaCr0, content has little influenze on the performance characteristics for
batteries discharged under light lcads. Tncreased binder content was found to
reduce the rate of the chemical reaction between the calcium and calcium
chromate at the calcium-electrolyte interface. As a rcsvlt, the peak battery
temperatures were also reduced. Optimum perfor.aance was obtained for a binder
content of 12 percent, especially for battervries activated at 74°C. Ir addition,
it was found that calcium electrodes with the highest nitrogen content were the
least reactive toward the calcium chromate/LiCl-KCl eutectic mirture. These
electrodes algc yielded the best performance characteristics.

Studiee have been conducted which compare the performance characteristics
of the calcium-calcium chromate bsttery to other thermal battery
Bystems.4'6»11»12»21”23 In general, it wac found that the calcium-calcium
chromate system was superior to almost all other aur-lithium systems. Recently,
however, much work has involved the replacement of the calcium electrode by a
lithium aluminum alloy and the use of alternate positive elactrode materials
such as Fe32,24'27 MoC15,28'30 or CuC12.29’31’32 Tuese o~ystems
offer higher energy densities at lower operating temperatures 1n coupar.son to
the calcium-calcium chromate system.

*luper, W. E., Harry Diamond Laboratories (U.S. Army Electrouics Regearch ard
Development Command), Private Communicetion, 1984.
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The major research, development, and production of the calcium-calcium
chromate thermal battery was carried out by Catalyst Research Corp., General
Electric Company, KDI Score, Inc., Eagle Picher Industries, Inc., the Air Force
Wright Aeronautical Laboratory, Harry Diamond Laboratories, Naval Ordnance
Laboratory, and Sandia National Laboratory.

The safety characteristics of the calcium-calcium chromate battery may be
discussed with respect tc the operational status of the battery: nonactivated,
activated, and discharged. Obviously, electrical abusive testing for batteries
in the nonactivated state (i.e., short circuit, forced overdischarge and charge)
will have ro effect relative to the creation of hazardous conditions. However,
incineration of the battery could result in the autoignition of the pyrotechnic
material (the fuse train of Zn and BaCrO; as well as the therumite, Fe and
KC10,). The battery may then rupture or overheat to the extent of causing
cage distortion and discoloration.*/** It should be noted that most
temperatures of incineration approximate the operating temperature of the
battery. 1In addition, though the pyrotechnic matches are particularly
sensitive, no battery has ever been activated spontaneously.* Penetration of
the battery case by a conductive object will not result in a hazardous coudition
provided that the contents of the battery not be simultanecusly exposed to
copious amounts of water. Such an occurrence would cause a violent reaction
with the production of H; gas and an explosion or fire hazard.*/**

No charging tests have becen conducted with activated batteries. It is
believed that, since the internal impedance of the battery is much less than one
ohm and the leads are sized to match the load requirements, an external short
circuit condition would incinerate the internal leads of the battery.* If the
leads are capable of sustaining high currents for long periods of time, a
thermal runaway condition would develop. The battery temperature would rapidly
rise to approximately 800°C whereupon the cell would burn itself out. Case
deformation, discoloration, or rupture would be evident. Similar results would
be obtained should batteries be activated at temperatures above 65°C. The
operating temperatures for these batteries would exceed 600°C and a thermal
runaway would occur due to the breakdown of the Cali; and KCaClj films
resulting in ths direct chemical reaction betwecn calcium and calcium
chromate.11,12,33, Penetration of the battery case by a conductive object at
the operating temperature would lead to massive internal auprt circuit and may
caugse a fire hazard due to the escape of flammable gases.3

Though no forced overdischarge tests have been conducted using activated
batteries, it ig reasonable**/*%% to assume that some cells in a series string
do experience cell voltage reversal conditions during battery operations. No
instances of any hazardous conditions have been reported for these occurrences.
Of particular note is activation of a battery containing excessive amounts of
water.** A battery which had developed leaks in either the TIG weld or the

*Kuper, W. E., Harry Diamond Laboratories (U.S. Army Electronics Research and
Development Command), Private Communication, 1984,
*%Nelson, J. T., Harry Diamond Laboratories (U.S. Army Electronics Research and
Development Command), Private Comaunication, 1984.
**%Templeman, M. B., Harry Diamond Laboratories (U.S. Army Electronics Research
and Development Command), Private Communication, 1984,
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glass to metal seals was tested. Because the battery had been exposed to normal
environmental conditions, there was a steady influx of atmospheric moisture

during the storage period prior to activation. The result was a steam explosion
and case rupture.

Elactrical abuse testing after battery activation and operation would not
result in any hazardous conditions. The pyrotechnic material, at this time
would be totally consumed and the active materials would be either reduced or
oxidized to various salts or oxides. Incineration of the spent batteries,
however, does result in seal rupture due to the gases produced during
discharge.*»34 Following discharge at optimum cell operating conditions
(560°C), the gas composition was found to be 35.6 percent Hy, 28.0 percent
C0y, 22.5 percent CO, 6.2 percent 05, 5.8 percent Ny, 1.1 percent ethane,
and 0.9 percent methane.3* In view of the above, the battery must be
carefully vented prior to any post-mortem examination.¥

*Kuper, W. E., Harry Diamond Laboratories (U.S. Army Electronics Research and
Development Command), Private Communication, 1984.
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E. CALCIUM-SULFURYL CHLORIDE
Ca | Ca(AICl,),,LiAICI,| SOCI,

2 Ca+ SO0,Cl, +2 LiAICl, = Ca(AICI,), + SO, +2 LiCI  [1]
and Ca + SO,Cl, == CaCl, + SO, (proposed) [2]

The substitution of calcium for lithium negative electrodes in cells
containing either thionyl chloride or sulfuryl chloride may lead to future
battery systems which exhibit high tolerances to thermal, electrical, and
mechanical abuse. Though the majority of the research and development work to
date has concerned the calcium-thionyl chloride system (refer: calcium-thionyl
chloride primary battery, this work), recent work has been reported relative to
the calcium-sulfuryl chloride sysl:em.l'3 Though no practical cells have been
fabricated and characterized for performance, storability cr safety, several
studies for the successful development of the system have, nonetheless, been
coupleted.

Experimental cells were fabricated in the laboxusu:oryl'2 which contain
either 1.5M LiAlCl, or 0.4M Ca(AlC!,),. The proposed reaction for cells
containing L1iAlCl, is represented by equation 1 for the beginning of cell
discharge. As the discharge process proceeds, dissolved Ca(AlCl,), will
result in the precipitation of both CaCl; and LiCl at the carbon electrode.
No thermodynamic data was found for the calculation of the potential
corresponding to equation 1 or to the situation where both LiCl and CaCl; are
coprecipitated onto the carbon matrix. The thermodynamic potential of 3.82 V
was calculated for the reaction given in equation 2, the probable reaction for
cells using Ca(AlCl,), electrolyte. The difference between the observed OCV
(3.2V) and the thermodynamic potential was attributed to the impedance of the
solid electrolyte interface, CaClz.4:

Conductivity studies of the electrolyte solutions showed that the specific
conductivities are approximately ten times greater for the 1.5M LIAICl,
electrolyte than for the 0.4M Ca(AlCl,), electrolyte in sulfuryl chioride.

Polarization studiesls2 showed that the calcium electrode is polarized by
0.6 V at low current densities in solutions containing either LiAlCl, or
Ca(AlCla)z. As the current densities increased, however, little or no
further polarization occurred. The carbon electrode, on the other hand,
exhibited little effect when at low current densities, but was significantly
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affected at high current densities. Carbon electrvode polarization was greater
for electrodes immersed in the Ca(A1C14)2 solution. This effect was

attributed to the poorer electrolyte conduction in the carbon electrode pores.

Cells containing electrolyte solutiong of LiAlCl, and Ca(AlCl,), were
dischgrged at current densities of 5 mA/cm?. It was shown that the realized
capacities were only 10 percent and 30 percent for cells containing
Ca(AlCl,)5 and LiAlCl,, respectively, compared to a similar cell
containing a lithium electrode and LiAlCl, electrolyte. It was also found that
the cell capacity in these cells was limited by the carbon electrode.
Microscopic examination of the carbon electrodes from lithium cells showed
discrete aggregates of cubic LiCl. A similar examination of tue carbon
electrodes from calcium cells, however, showed an amorphous continuous layer of
LiCl in a mixed calcium-lithium salt deposit. It was proposed that the
transport of reactant, product, and ions between the cubic LiCl crystals was
easier compared to transport within the amorphous layer. Results obtained
through cyclic voltammetry expetiments3 further substantiated the fact that
coprecipitation of LiCl and CaCl, in the carbon matrix resulted in poisoning of
the electrodes and reduced capacities in calcium-sulfuryl chloride cells.

No safety data for the calcium—-sulfuryl chloride system containing either
LiAlCl, or Ca(AlCIA)z electrolyte salts exist at the preseant time.
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F. CALCIUM-THIONYL CHLORIDE
Ca | LiAICI, | SOCI,

2Ca + 250Cl, — 2CaCl, + SO, + S (proposed) [1]

The substitution of calcium for lithium negative electrodes in cells
containing such liquid cathode materials as thionyl chloride and sulfuryl
chiloride is especially attractive in view of the tendency of lithium cells to
exhibit safety problems when subjecced to electrical, mechanical, and thermal
abuse. Cells coutaining lithium (nmelting point: 180°C) may reach the thermal
runaway state by iaternally driven cell conditions. However, replacement of
lithium with calcium (melting point: 838°C) could result in cells which would
not reach thermal runaway under similar conditions.

Recently, calciumthionyl chloride cells have been fabricated and tested by
Eagle Picher Industries under contract to Wright Aeronautical Laboratory to
determine the performance, safety, and storability characteristics.l=9 Five
hermetically sealed cell sizes were used in the evaluation program: spirally
vzuid half D—cells of 3,5 Ah aominal capacity and prismatic cell designs of 200,
5% 29C0, and 7500 Ah nominal capacity. The calcium electrode material was
+:a nd at 4509C for one hour under a pressure of 0.0l mm. Current
tiigstion was effected through use of expanded nickel screen and nickel tabs.

The carbon current collectors were fabricated using 50 percent compressed
Shawinigan acetylene black bonded by Teflon compressed onto expanded nickel
screens. The separator used in all test cells was a non-woven glass mat having
an averdge thickness of 0.4 mm. The concentrations of the LiAlCl, electrolyte
was 1.4 M for the half D cells and 1.5 X for the prismatic cells.

The half D cell package consisted of a 304 stainless steel can with a
nickel 52 alloy terminal pin in a glass to metal seal. The cell was filled
through a fill tube at the cell lid which was subsequently close welded. a 0.05
mm chick nickel diaphragm with an opening pressure of 100 psi was welded into
the case bottom. All cells were of the case negative design.

Prismatic cells of 200, 600, 2000, and 7500 Ah nominal capacities were
fabricated in stainless steel containers having 2.5 cm burst discs designed to
open at 150 psi welded into the respective cell covers. Glass to metal seals
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were used for cells of rhe 200 and 600 Ah designs while swedged Teflon seals

were employed for the 2000 and 7500 Ah cells. Cells were filled through 1 cm
diameter stainless steel valves.

The observed open circuit voltages for the calciumthionyl chloride cells
were approximately 3.25 V. If the reaction given in equaticn 1 were the true
overall reaction for the system, an open circuit voltage of nearly 3.65 V should
be expected. The disparity observed in the open circuit voltages could be the
result of a resistive effect at the solid-electrolyte interface or the effect
caused by surface corrosion of calcium.® The disparity may also iandicate tiat
the reaction scheme of equation 1 may not be correct. However, Higgins has
found near stoichiometric amounts of CaCl2 in the carbon electrodes of
discharged cells.3

Half D cells were discharged at rates of 50 mA to 1.0 A at temperatures
between ~40°C and 74°C. The average load voltages at 20°C was approximately 2.5
for all cells tested. The realized capacities were more than 3.5 Ah at the 50mA
rate, 3.2 Ah at the 250 mA rate, and 2.2 Ah at the 1.0 A rate. Similar results
were found for cells tested at 48°C under low rates but decreased to 2.5 Ah at
the 0.5 A rate. When a cell was discharged at the 1.0 A rate at 48°C, venting
occurred when the cell gkin temperature reached 80°C, though no electrolyte was
expelled from the cell. The above cell continued to discharge and produced an
additional capacity of 0.3 Ah. The realized capacities obtained for cells
discharged at -18°C decreased from 3.3 Ah at the lowest rates to 2.1 Ah at the
1.0A rate. A realized capacity of 2.8 Ah was obtained for cells discharged at
=29°C at the 50 mA rate. No cells exhibited load voltages above 2.0 V at -40°C.

Cells were subjected to short circuit (0.002 ohm), voltage reversal at 0.25
A for 10 h using cells discharged at 20°C and =-29°C, charging (at rates to 1.0
A) under constant potential and constant current conditions (i.e., for fresh
cells, 50 percent discharged at 20°C, 100 percent discharged at 20°C, 50 percent
discharged at =29°C and 100 percent discharged at -29°C), crushing by a
hydraulic press, and puncture by a steel spike to 75 percent of the cell
thickness (fresh and partially discharged cells at 20°C and 29°C). Fresh and
partially discharged cells (20°C and -29°C) were also incinerated above a
propane flame. All cells exposed to the short circuit, charging, incineration,
puncture, and voltage reversal tests vented mildly, exhibiting cell wall
temperatures of 80°C-85°C. Cells which were crushed did not vent. No violent
venting, flame, or explosion was observed for any of the test cells.

Half D cells were stored at 20°C for various periods up to 6 months.
Subsequent testing showed only slight increases in voltage delay to the 2.0 V
level and little or no capacity loss over the six month period. The impedance

at 1000 Hz increased from 0.9 ohm after one month storage to 2.3 ohms at the six
month period.

Cells having a nominal capacity of 200 Ah were discharged under resistive
loads at 10°C to 13°C after an open circuit stand of 400 h. The cells realized
capacities of 235 Ah at an average rate and voltage of 0.5 A and 2.9 V,
respectively. Two cells were discharged at 1.5A at 12°C and produced a realized
capacity of 210 Ah at an average load voltage of 2.6 V. Further discharge of
these cells at 0.5 A produced 20 Ah in addition to the 210 Ah obtained at the
higher rate. A third set of cells was discharged at 160 mA for 40 days and
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continued at 0.5 A to a 2.0 V cucoff level. These cells yielded a total
capacity of 230 Ah. A fourth test included the same regime as described above
but included the imposition of a pulse load of 0.5 A during the 40 day period.
The realized capacities found were 234 Ah. These results showed that the

calcium electrode did not exhibit significant corrosion during either low rate
discharge or pulse loading regimes.

Larger cells of 600 Ah nominal capacity yielded realized capacities of 630
Ah at an average voltage of 3.0 V. A fresh cell was subjected to short
circuiting (50 mV/3000 A shunt for 5 minutes). The initial short circuit
current was 500 A which decreased to approximately 180-200 A until a terminal
failure occurred at the five minute mark. The same cell vented after four
minutes of incineration and burned internally after eight minutes of
incineration. A second partially discharged cell was subjected to 22 caliber
buliet penetration. The cell neither vented nor burned even after 20 instances
of bullet penetration halfway though the cell stack occurred. Penetration tests
using 10 cm long steel spikes resulted in no venting although the internal cell
pressure caused the cells to emit noise audible from 50 m.

Voltage reversal tests were performed upon cells of a normal capacity of
2000 Ah. Test cells were discharze? normally at 5 A and were force discnarged
at the 5 A rate. After 28 hours, .ne cell potential decreased to -40 V and the
current level dropped to 2 A, whereupon the cell vented mildly due to the gas
pressure presumably produced by the electrolysis of the electrclyte solution.

More extensive testing was performed for 7500 Ah cells. Discharge tests
were carried out using a resistive load of 0.050 ohm. The average cell load
voltage and discharge current were 3 V and 60 A, respectively. After the load
voltage decreased to 2.0 V after 92 hours, the cell was connected to a power
supply and further discharged at 60 A into voltage reversal. The cell potential
decreased to -12 V after 11 hours in voltage reversal and vented, emitting a
white cloud for a ten minute period.

One externally short circuited 7500 Ah cell exhibited short circuit
currents up to 700 A under a load of 0.017 mchm until the occurrence of venting
54 minutes from the initial short circuit. The cell was allowed to stand on
open circuit for 15 minutes. It was then punctured by driving & 1 cm diameter
spike 13 cm into the side of the cell. The cell voltage remained at 3 V or
higher for approximately 3.5 hours before decreasing o 0.5 V. This cell was
then shot four times with a 30-06 rifle, resulting in an internal fire lasting
approximately two minutes. Other 7500 Ah cells exhibited venting following a
period of 60 to 70 minutes under short circuit conditions.

It is interesting to note that no data was presented which included similar
performance and safety testing using identical cells containing lithium
electrodes.

The majority of cell performance and safety testing was carried out at
temperatures of 49°C or below. When half D cells were discharged at 74°C at
vates of 50, 100, 500, ard 1000 mA, all cells discharged at rates less than 1000
mA produced full capacity. Cells discharged at 1000 mA vented due to internal

heating.? No safety testing was performed at 74°C. It is interesting to note
that all reported cell ventings occurred at cell wall temperatures of
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80°C-85°C (boiling point pure thionyl chloride: approximately 79°C). If the
ventings were effected through the burst diaphragms (half D cell - 100 psi,
other cells - 150 psi burst strengths), other factors relative to the internal
reactions or thermal management must be further considered.

Though the development of the calcium-thionyl chloride cell is presently
continuing at Eagle Picher, it should also be noted that battaries comprised of
some of the larger cell sizes may exhibit some safety characteristics which may
not be in strict agreement with results obtained in single cell testing.

Investications of the calciumthionyl chloride system using Ca(AlCl,),
as the elec Olyte salt have also been reported.7' The conductivity of the
electrolyte sas found to be approximately one~third that far corresponding
solutions of LiAlCl,; in thionyl chloride. Glass test cells containing calcium
metal electrodes on both sides of a Teflon bonded carbon electrode and flooded
electrolyte were used throughout these preliminary tests. Since the performance

and safety data were obtained on laboratory test cells, the results are
summarized below:

1. The preferred electrolyte concentrations were found to be 0.7M
Ca(AlCl,), for low temperature applications and 1.25 M

Ca(AlCly), for applications in the 10°C-60°C range.

2. Initial open circuit voltage values were 2.9 to 3.0 V which increased
to 3.20 to 3.25 V after a period of 50 to 200 hours.

3. The maximum realized capacities of 37 mah/cm? were obtained for 10
cm? carbon electrodes discharged under 120 ohm loads at 25°C and
using either 1.3 M Ca(AlClg), or 0.7 M Ca(AlCl,),. The average
current densities were 1.1 mA/cm2.

4. Several glass test cells were charged and force overdischarged at
current densities of 0.1 to 30 aA/cml. The voltage levels of charged
cells rose to 35 to 45 V and was accompanied by massive gas evolution.
When the charging current was removed, the OCV fell to 3.7 to 4.0 V and
slowly returned to the 3.2 V level. Cells charged at a constant
voltage of 30 V exhibited current densities of 10 to 20 microamps after

2 hours. No gassing was observed for calcfum-thionyl chloride cells
containing LiAlCl,.

5. Glass cells containing both Ca(AlCl,) and LiAlCl, were also
force overdischarged. Cell voltage levels decreased to ~15 V for cells
containing Ca(AlCl,), when driven into voltage reversal at low
current densities (co 5 mA/cm?). The voltages then increased to =30
V after 30 minutes. When higher current densities were applied, the
voltage fell to ~40 V and massive gas evolution occurred.
Calcium-thionyl chloride cells containing LiAlCl, exhicited no gas
evolution and steady cell voltage levels at all current densities.
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G. LEAD~LEAD DIOXIDE (HBF,)
Pb| HBF,| PbO,

Pb + PbO, + 4 HBF, —= 2 Pb(BF,),+ 2H,0 [1]

The lead-lead dioxide fluoroboric acid system serves as a power supply for
many military applications including proximity fuze batteries for artillery
shells, radio sonde devices, and to a much lesser extent, torpedo propulsion.
This system belongs in a class of lead batteries which produce soluble reaction
products, in contrest to the lead-lead dioxide sulfuric acid system. Included
with the fluoroboric acid system are the perchloric acid (HC10,) and
fluorosilicic acid (HySiFg) systems. Though each of these systems does
possess some degree of reversibility and can be charged to some extent, the
batteries are exclusively employed as primary power sourc.s in the military.
These systems are not available on the consumer market.

Both the lead-lead dioxide fluoroboric acid and the lead-lead dioxide
fluorosilicic acid batteries exhibit similar performance, storability, safety,
and operational temperature characteristics. For example, identical batteries
containing fluoroboric acid and fluorosilicic acid discharged at current
densities of 155 mA/cm? yielded 11.7 and 10.3 Wh, reApectively.1 The
performat.ce for the fluorosilicic acid system consistently is 85-50 pecrcent that
for the fluoroboric acid aystem. 1In view of the similarities of the two
systexs, discussion of these lead systems having soluble reaction products will
be primarily concerned with the lead-lead dioxide fluoroboric acid system. The
lead-lead dioxide perchloric acid system, in contrast to the above two battery
systems, does exhibit significant improvements in performance characteristics
but also possesses certain safety anomalies associated with the perchloric acid
electrolyte which could lead to fires or explosions. Therefore, this lead-lead
dioxide system is discussed separately from the lead-lead dioxide fluoroboric

and fluorosilicic acid systems (refer: lead-lead dioxide perchloric acid
system, Chapter 2).

The lead negative electrode may be fabricated by electrodepositing lead
onto nickel or copper expanded metal screenl or by sizing a sheet of pure
lead.?2 The use of expanded metal screen increases the roughness of the lead
electrode surface. This increased surface area results in a beneficial decrease
in current density for batteries discharged at high rates. Since the reaction
products are soluble in the electrolyte, only a small excess of lead above the
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amount necessary to provide the required capacity is provided. Thus, the
., lead-lead dioxide fluoroboric acid battery occupies less volume and weighs

significantly less than a lead~lead dioxide sulfuric acid battery of similar
operational characteristics.

Thre non-gorous lead dioxide ponsitive electrode can be =lectrodeposited onto
nickel screen! or can be formed using a thermoplastic binder.Z2:3 The
deposition of lead dioxide onto nickel screen creates an electrochemical cell in
strong flucroboric acid solution. As a result, the discharge life and activated
stand period of the bettery are limited by the rate at which the acid attacks
the nickel substrate. In addition, the lead dioxide material often exhibits
poor adhesion to the metal surface, thereby limiting the realized capacity.
However, a metal substrate must be used for applications requiring especially
high current densities. For low and medium applications, lead dioxide
electrodes may be fabricated using a thermoplastic binder material with a nickel
current collector tab inserted into the matrix during the positive electrode hot
pressing stage. The exposed nickel tab material may be coated with either
solder or potted in resin material after electrical connections have been made.

The electrolyte for the lead-lead dioxide fluoroboric acid system consists
of a 40 to 50 percent aqueous solution of fluoroboric acid with a 2 to 3 percent
boric acid inhibitor. The above solution is 3 liquid in the temperature range
of a?proximately -75°C to +130°C and possesses high conductivities of about 0.6
ohm~} cm~l at 25°C and 0.06 ohm~lcm~l at -60°C. 1In addition,
fluoroboric acid is both chemically and thermally stable, in direct contrast to
the perchloric acid electrolyte in the lead-lead dioxide perchloric acid syetem
(Chapter 2). 1In view of these propertics, the normal operational temperature
range for the lead-lead dioxide fluoroboric acid system is -40°C to +72°C,2
though some useful discharge can be obtained at lower temperatures.1 The
operational temperature range for the lead-lead dioxide perchloric acid systenm,
on the other hand, is restricted to +10 to +40°C due to the poorer performance
characteristics at temperatures below +10°C and the electrolyte reactivity at
temperatures above 40°C.%

The means of separation of the electrodes in these lead-lead dioxide
batteries is dependent upon the operational parameters of the application. For
example, mechanical separation is effected through use of a plastic material
wound arcund the electrodes at various intervals in those batteries to be
discharged at high rates® or to be subjected to either 1low spin or no spin
regimens (i.e., power supplies for torpedos or radio sonde devices).
Applications such as the proximity fuze power supply for artillary shells
require battery function during high spin regimen. Therefore, the electrolyte
must be immobilized between the electrodes to prevent intercell short circuiting
and ensure satisfactory operation while the battery is in both the spin state
and following the cessation of spin. A typical separator material in batteries
for these applications is Dynel felt.

The battery reservoir may be located externally to the cell stack
assemblyl’a or may be located in a centrally located cavity within the cell
stack. In the former case, activation of the battery may be accomplished by
rupturing a burst disc to the cell stack through use of a spring loaded plunger
or firing device. 1In the latter case, the electrolyte reservoir (glass or
copper ampules) may be ruptured mechanically by a setback shock during artillery
shell launching.

56




NSWC TR 84-302

The observed open circuit voltage for the lead-lead dioxide fluoroboric
acid battery varies from 1.79 to 1.92 V for the corresponding fluoroboric acid
concentration range of 35 to 55 weight percent. High rate cells designed for
torpedo applications were discharged at curreat densities of approximately 160
mA/cm2. The average discharge voltage to a cutoff level of 1.0 V was 1.43 V
and the time of discharge was about 6.5 minutes. The average resalized
capacities and energies were found to be 8.2 Ah and 11.7 Wh, respectively.1
These values for the realized capacities were approximately 84 percent those
obtained for similarly fabricated cells containing perchloric acid.

Small proximity fuze batteries of four lead-lead dioxide fluoroboric acid
cells in series with a total weight of 50 g were discharged at -37°C and +57°C
at sbout the 1.15 mA rate.? The realized capacities of 0.074 and 0.091 Ah
corresponded to discharge durations of 62 and 80 hours at =37 and +57°C. The

energy densities for this battery varied from 8.4 to 9.9 Wh/kg over the
temperature range of -37°C to +57°C.

Tests conducted to deteruine the activation times to an operational voltage
level of 1.25 V for the proxinity fuze battery showed that activation was met
vithin 0.16 second at 23°C.2 Two methods of activation were employed in
these tests: 1) injection of the electrolyte into the spinning battery, or 2)
fracture of the ampule followed by spinning the battery. Either method produced
the same activation times. No data was presented which detailed the activated
stand duration for the lead-lead dioxide fluoroboric acid battery. The ideal
positive electrode should be non-porous since the reaction products are soluble
in the electrolyte. However, some porosity does exist. In view of this,
absorption of electrolyte could result in loss of electrolyte voluae and loss of
electrical contact of the lead dioxide and the current collector tab. 1In the
former case, electrolyte continuity between the lead and lead dioxide electrodes
could occur. In the latter case, the loss of contact between the lead dioxide
and tab would result in cell dropout.

The major research, development, and manufacture relative to the lead-lead
dioxide fluoroboric acid is presently performed by Globe-Union, Inc. (Division
of Johnson Controls, Inc.) and Eagle-Picher Industries, Inc.

No safety abuse testing has been reported for the lead-lead dioxide
fluoroboric acid system which detail the specific electrical test procedures of
NAVSEAINST 9310.1A (i.e., short circuit, forced overdischarge, and charge). 1In
addition, no data relative to the therwal abuse or the onset of thermal runaway
of the battery were detailed in the literature. The operational temperature
range for the system is -40°C to +72°C. In contrast, the lead-lead dioxide
perchloric acid system is limited to temperatures of no higher than 40°C due
to the possibility of fire or explosions. Lead-lead dioxide batteries
containing fluoroboric or fluorosilicic acid electrolytes do not exhibit
corresponding hazards characteristics.l

It is believed! that current will continue to flow through a series of
cells should one cell fail for any reason other than complete loss of the
fluoroboric acid electrolyte. Should this hypothesis be correct, the
possibility of cell voltage reversal does exist. However, no specific details
relatie to the possibility of hazardous conditions were presented.
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It should be noted that the lead-lead dioxide fluoroboric, fluorosilicic,
and perchloric acid batteries do exhibit some reversibility and can be charged
to some extent. Since these systems are used exclusively as primary systems, no
dats exist which detail charging current densities, charging methods, or the

possibility cf extensive gassing which may lead to hydrogen-oxygen fires or
explosions.

This system has been investigated as possible candidate power supplies for
torpedo propulsion. The load tequiremenca4 for such applications specify
very high current densities (e.g., up to 250 mA/cm?). Practical cells,
therefore, would be discharged under resistive loads less than those specified
for the short circuit test procedure in NAVSEAINST 9310.1A. Therefore, it is ;
reasonable to assume that hazardous conditions would not arise in such cells at
normal temperati-es. No data was found for smaller cells discharged under B .

resistive loads corresponding to the short circuit load of NAVSEAINST 9310.1A.
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H. LEAD - LEAD DIOXIDE (HCIO4)
Pb | HCIO,] PbO,

Pb + PbO, + 4 HCIO4 — 2 Pb(CIO4)z + 2 H0 [1]

The lead-lead dioxide perchloric acid electrochemical system serves as a
power supply for many military applications such as torpedos, radio sonde
devices, and ordnance fuzing. This system is distinguished from the lead-lead
dioxide (32804) SLI battery ir that the discharge reaction products are
soluble in the perchloric acid electrolyte while the dxacharge reaction of the
SLI battery forms insoluble PbSO,. A second distinguishing feature of the
lead-lead dioxide perchloric acid system invclves the use of nonporous
electrodes since no accumulation of product takes place. As & result, there is
a highly efficient utilization of the active materials in the battery. Thus,
the lead-lead dioxide perchloric acid battery occupies less volume and weighs
much less than a SLI (Starting, Lighting, and Ignition) battery of similar
operational characteristics. Though the battery system does possess some degree
of reversibility, it is exclusively cmployed as a primary reserve power supply.
Indeed, charging SLI batteries containing perchloric acid instead of sulfuric
acid results in extensive dendritic growth and gassing.!l

The lead negative electrode may be fabricated by electrodepositing lead
onto nickel or copper expanded screenl or by sizing a sheet of rolled lead
alloy containing 1.5 percent tin and 0.06 percent calcium.2 The latter
electrodes possess the high mechanical strength required for long periods of
storage. In addition, a thin deposit of pure lead is applied to the alloy
electrode to prevent voltage delay when cells or batteries are activated after
storage for extended periods of time.

During cell discharge at high current densities and low temperatures,
passivation of the lead eleztrode can occur 1f the solubilty product constant
for lead perchlorate is exceeded.2»3 This results in the formation of a
passivating film on the lead electrode and is accompanied by low realized
capacities.

The lead dioxide positive electrode can he electrodeposited onto nickel
screenl 2 in a soluzion of lead perchlorate at current densities of about 50
mA/cm2, Deposition of the lead dioxide onto such metals as iron or gluminum
results in a severe corrosion attack on the exposed metal surface at the end of
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discharge.l 1Iron also lowers the temperature threshold at which the
electrolyte becomes hazardous. The deposition of lead dioxide onto nickel
screen itself creates an electrochemical cell in strong perchlovic acid
sol-.tion. As a result, violent self-discharge can occur if the nickel current

collector is exposed to the electrolyte on open circuit or at the end of
discharge.

In view of the above, efforts have been made to mitigate the possibility of
a violent self-discharge reaction. The most important factor involves the
fabrication of a lead dioxide matrix surrounding the nickel screen which is
crackfree and of extremely low porosity as well as possessing low stress
characteristics.? Since the a-lead dioxide electrode exhibits high stress
characteristics which result in electrode cracking during manufacture and
storage, the preferred positive electrode is B-Pboz.zvsv Though the
problems associated with electrode stress can be alleviated to a large extent
through use of f-PbOj as the active positive electrode material, there still
exist some internal stresses in the deposit which lead to electrode cracking.
The addition of small amounts of H,50, (typically 0.5% or less) as an
inhibitor causes the deposition of insoluble PbSO, at the electrolyte -
positive electrode - nickel current collector interface. The resuvltant
accumulation «f PbSQ, then serves as an insulating medium and retards further
corrosion.

Applications for the lead-lead dioxide perchloric acid battery require high
rate discharge conditions. In view of the above, substitution of the nickel
current collector by a thermoplastic binder in the positive electrode and a
nickel tab current collector is not possible. Therefore, the exposed nickel may
be coated with solder, connected electrically with other positive electrode
tabs, and potted in a resin material. This procedure results in good protection
of the exposed nickel members from the electrolyte.2

The electrolyte for the lead-lead dioxide perchloric acid battery system
consists of 40-60 percent perchloric acid containing approximately 0.5 percent
HyoS04 as an inhibitor. Batteries containing electrolyte of the above
composition are nonhazardous at the rormal operating temperatures of the
battery. It should be noted, however, that the use of iron metal and certain
plastic materials lowers the threshold temperature at which the perchloric acid
may become hazardous. For example, lucite and other plastics in contact with
perchloric acid will detonate at about 160°C or lower.l 1In this regard, the
upper operational temperature limit is normally restricted to 40°C or less
(military applications require operation to 71°C).

d No separator material is employed in the lead-lead dioxide perchloric acid

‘ cell. Instead, mechanical separation of the electrodes is effected through use

' of a plastic material compatible with the electrolyte (e.g., PCV) wound around
the electrodes at various intervals.2 After the battery elements are
agssembled, the unit is inserted into a polypropylene cell container. The
terminals protrude through the base of the container and are sealed closed
through use of zaskets. The electrolyte chamber typically is fabricated from
polystyrene and 1s fitted with a burst disc. Activation of the hatterv 1is
accomplished by rupturing the burst disc through use of a spring oaﬁeﬂ
plunger.2
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The observed open circuit voltage for the lead-lead dioxide perchloric acid
battery varies from 1.85 V to 2.05 V for the corresponding perchloric acid
concentrationg of 40 and 60 percent, by weight. Bagshaw2 has detailed the
performance characteristics for cells of nominal capacity of 75 Ah. Each cell
contained 23 pusitive electrodes having a surface area of 179.5 cm? each and
24 negative electrodes of the same area. The weight of each cell (including the
electrolyte chamber) was 4.15 kg. Cells discharged at 21°C at currents of 100,
250, 500, 750 and 1000 A yielded realized capacities of 89, 75, 61, 54, and
7.5Ah, respectively, to a voltage cutoff level of 1.33 V. Cells discharged at
the 100 A rate at initial temperatures of 10°C, 38°C, 49°C, and 60°C yielded
lower capacities than that obtained at 21°C. For cells discharged at the
moderate and high rates of 250 to 1000 A, however, the highest realized
capacities were obtained at either 49°C or 60°C. These results show that, at
low temperatures, the lead electrode is passivated quickly in cells discharged
at the higher rates due to formation of am insoluble lead perchlorate film.
Cells discharged at the higher temperatures under low discharge rates (i.e., 100
A) exhibit the effects of self discharge. Energy densities of 21 and 29 Wh/kg
were obtained for cells discharged at 21°C under constant current conditions of
750 and 250 A, respectively.

The activated stand duration for this system? varies from 446 hours to 11
hours for storage temperatures of 19°C to 60°C, respectively. The hydrogen
evolution rate at the negative lecgrode under open 3ircuit conditions at 25°C
is low, approximately 1.5 X 1077 cm™ per hour per cm® of electrode
surface.l I1f the grid material of the positive electrode is attacked by
perchloric acid under open circuit conditions, the lead dioxide may be loosened,
resulting in loss of electrical contact. 7The positive electrode, therefore,
limits the activated stand life of the battery.

Tests conducted to determine the activation times to various voltage
levels for cells under constant resistive loads show that, as the ambient
temperature increases in the normal operating temperature range of 10°C to 60°C,
the activation times decrease cansiderably.2 For example, the times for cell
voltage levels to reach 1.4 V at temperatures of 10°C, 21°C, and 60°C were 5.0,
4.0, and 2.8 seconds, respectively, for cells discharged under 1.8 X 10"3 ohm
loads.

The development of the lead-lead dioxide perchloric acid battery was
initially carried out by J.P. Schrodt and D.N. Craig at the National Bureau of
Standards. The major manufacture and development work for this battery system
is presently performed by Chloride Industrial Batteries Ltd. and McMurdo
Instrument Company in England. At the present time, there exists no known U.S.
manufacturer of the system.

No safety abuse testing has been reported for this system which detail the
specific electrical test procedures in NAVSEAINST 9310.1A (short circuit, forced
overdischarge, and charge). It is apparent from the discussion of the battery
system that hazardous conditions do arise should the battery system be subjected
to high temperature or incineration conditions. Perchloric acid becomes a
powerful oxidizer at elevated temperatures. Therefore, the operational
temperature range of the battery is usually restricted to values no higher than
40°C. This restriction also takes into account self-heating due to discharge at
high current densities as well as chemical side reactions taking place within
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the battery during discharge. Storage of the activated battery for long periods
at 60°C would result in accelerated self-discharge of the lead oxide positive
electrode. The internal temperature of the battery could then increase to the
extent to give rise to a thermal runaway condition’/ with a resultant fire or
explosion.

Practical cells designed for use in a torpedo battery2 can be discharged
under resistive loads of 1.8 X 10~3 ohms. 2This resistance value is
appreciably less than the value of 1 X 107" ohms set forth for the short
circuit conditions in NAVSEAINST 9310.1A. Though the cell is quite large (4.5
kg total weight), it is reasonable to assume that hazardous conditions would not
arise in such cells short circuited at normal temperatures. No other
performance data was found for smaller cells discharged under resistive loads
corresponding to the short circuit load of NAVSEAINST 9310.1A.

It is believed! that current will continue to flow through a series
string of cells should one cell fail for any reason other than the complete loss
of the perchloric acid electrolyte. Should this be the case, then the
possibility does exist for cell voltage reversal to occur. No further detsils
relative to the possibility of a hazardous condition were presented, however.

It is apparent that a potential hazard does exist in this system if the
temperature of the battery increases to the point of thermal runaway. The
increase in temperature may be brought on by a number of factors which include
discharge or storage at elevated temperatures, the reaction of the elect:olyte
with the nickel current collector or certain plastic or organic materials, or by
self heating as the result of side reactions and possible electrical abuse
testing.
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I. MAGNESIUM-AIR (MAGNESIUM- OXYGEN)
Mg | NaCi | O, '
Mg | Mg(NOy), , NaNO, | O,
2 Mg + O,+ 2 H,0 —= 2 Mg(OH), (1]

The magnesium~air electrochemical system was developed by the General
Electric Company as an alternative power source to the zinc-air system.1’3
The magnesium—air cell possesses a theoretical cell potential of 3.09 V and a
theoretical energy density of approximately 6800 Wh/kg (based upon magnesium
content only). It should be noted that the high cell potential is 2.26 V above
the potential for hydrogen (0.83 V in alkaline media) so that the stability of
magnesium electrode is decreased through self-discharge and hydrogen gas
evolution in accordance with reaction 2:

Mg + 2H 0—> Mg(OH), + Hj (2)

The use of magnesium electrodes in neutral or slightly alkaline media
results in increased hydrogen production as the current density is
increased.l14,5 Ag cell discharge proceeds, an adherent protective film forms
on part of the magnesium surface at low current densities. Since the film
protects the magnesium electrode from reacting with water to produce hydrogen,
only the bare magnesium surface is susceptible to attack. An increase in the
current density would necessarily result in the further exposure of bare
magnesium to corrosion attack. In addition, pulse loading of the magnesium cell
results in severe voltage delays, dependent upon the film adherency and the time
to create exposed magnesium electrode area. If the magnesium electrode -
electrolyte interaction were to produce a non—adherent protective film on the
magnesium surface, the corrosion rate would proceed unchecked. This would
result in poor magnesium electrode efficiencies and low overall realized
capacities.

in view of the above, a number of magnesium alloys have been investigated
to find a composition which limits or reduces the corrosion reaction and yields F
nigh efficiencies in cells discharged at low rates. Pure magnesium electrodes ]
exhibit particularly high corrosion rates and result in low cell potentials.

The magnesium alloy found to yield optimum results for the magnesium-air
cell was AZ61 which represented a compromise bLetween voltage and gassing
behavior.® For example, at current densities of 10, 20, and 20 mA/cm? the
cell voltage levels for magnesium-air cells containing AZ61 were 1.42, 1.31, and
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1.20 V, respectively. The corresponding gassing rates at the above current
densities were 0.030, 0.060, and 0.100 cm’/minute/cm?, respectively. Though
other alloys gave higher cell potentials, none equalled the comparatively low
gass@ng rate of AZ61. The approximate composition of AZ61 is 6.5 percent
aluminum, 1.0 percent zinc, 0.45 percent manganese.

The air electrode used in the studies!12:6 vonsisted of a platinum black
catalyst, a finely divided nickel powder (nickel carbonyl) and a Teflon binder.

The thin film (0.05 cm thick) was pressed at 352 to 704 kg/cm? onto either a
silver alloy or nickel expanded metal grid.

The electrolyte solutions contained NaCl in concentrations of seven to 18
percent by weight. The higher concentrations of the salt were found to yield
lower resistive drops in the electrolyte and shorter voltage delay
characteristics for cells subjected to increasing currxent densities. A number

of electrolyte additives to the electrolyte were investigated.6 The results
are summarized below:

1. MgBr; or MgCly: Mugnesium hydroxide precipitated in the air
electrode when MgBry or MgCl, was added to the electrolyte
solution. Cell output decreased rapidly.

2., CaClp: The magnesium electrode passivated rapidly with the addition

3. Thickeners: With the addition of thickeners to increase the viscosity
of the electrolyte, most of the electrolyte was expelled from cell due
to the hydrogen evolution at the magnesium electrode.

4. Precipitation aids: The additioa of precipitation aids caused the
formation of dense s.udge deposits which inhibited the efficient
removal of spent ma; nesium electrodes.

The separator material for the magnesium-air cell was glycerinated
cellophane. It was found that this material was superior in restraining the
formation of Mg(OH), on the air electrode. In addition, a 1 mm thick Vexar
polyethylene film was placed between the separator and the magnesium electrode
to keep the sludge product from dropping to the cell becttom. If sludge were
allowed to accumulate in the bottom of the cell, discharge would be restricted
due to increased resistance between the electrodes.

The observed open circuit voltage for the magnesium-air cell was 1.70 V, or
about 1.39 V lower than the theoretical open circuit voltage for the cell. The
loss is8 due to the polarization of the magnesium electrode by parasitic
currents. When cells were discharged at current densities of less that 10
mA/cml a steep drop in cell potential was realized. This was believed to be
caused b§ the polarization of the air electrode. At current densities of ten to
70 mA/cm* the cell potentials decreased linearly from 1.30 to 1.12 V due to
internal r2sistance drops. The magnesium electrode exhibited a constant
potential over the current density range of 10 to 70 mA/cm?. Be:ause of the
polarization of the cell electrodes and the corrosion reaction at the magnesium !
electrodes, a large amount of heat was evolved during cell discharge at curreat
densities of 40 mA/cm? or higher. As a result, cooling must be provided to
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keep the temperature of the electrolyte at 50°C or below. The air electrode
life was dramatically shortened at temperatures of 50°C and higher. The
observed energy density for this cell was 130 Wh/kg.

Recently, a magnesium-air cell was descrited which employed an electrolyte
comprised of Mg(NO3), ard NaNOz.7 The magnesium electrodes, AZ2} (2%
Al, 1.2% Zn, 0.15% Mn, and 0.2Z Ca), showed low open circuit corrosion and
alnost 90 perceut utilizacior at current densities of 20 mA/cm. The cell
possecses a shelf jife cf about one year due to the reported low open circuit
covrosior rate. This resuit can be compared witn the early findings by General
Electric:1:2 at room temperature with a 7 weight percent NaCl golution, 50
percent of tt.: magneciuw capacity was lost with the cell under open circuit
conditions. It should be noted, however, that the magassium-air system recently
described is in the research and developwert phase and hat not been produced as
a prantical power source (as in the cuse of General Electricy.

No safety tests have been reparted for the General Electric Mg-air system
which detail results of short circuit, force overdircharge (cell reversal),
charge, or incineration testing in accordance with NAVSEAINST 9310.1A
procedures. However, because the magnesium electrcde is highly irreversible, a
large excess of heat is generated during normal operation. The thermal
minagement of the cell has become a serious design problem. Should the cell be
operated at high current deunsities, the boiling point of the NaCl electrolyte
would e reached. The possibility does exist, therefore, of 8 thermal runaway
condition.3 The evolved hvdrouger. gas has not proven to be a hazard in either
testing or use.l>Z The NaCl electrnlyte i3 not harmful to personnel in the
event of either spilling ~~ inges-ion. Tha salius elactru.yte is, however,
corrosive to many metals, Should the magtesium-air sy .tem be a vieble
comnercial product and of iaterest fo- use in U.S. Navy applicatiors, further
safety testing should be conduct:d i.. accordance with the NAVSEAINST 9310.1A in
addition to the investigation iuto posaible hydarogen-air fires or erplosions
created in unventilated areas.
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J. MAGNESIUM - BISMUTH OXIDE
) Mg | Mgerz l 8i203

3Mg + Bi,04 + 3H,0 — 2Bi + 3Mg(OH), [1]

The magnesium-bismuth oxide electrochemical system was investigated as an
alternative power source for the Leclanche and zinc-mercuric oxide battery
sytems. All of the research efforts for this system has been carried out at RCA
Laboratories by Morehouse and Glicksman.l™3 The system, at present, has not
progressed to either the advanced development or to the production stages.
Nonetheless, it has been repcrted that the magnesium-bismuth oxide dry cells
exhibit flatter discharge characteristics and higher realized capacities for
cells cf comparable size tharc either the Leclanche or the magnesium-manganese
dioxide systemsn.

The reversible electrode potentials for pure magnesium electrodes are 2.37
and 2.69 V in acidic and basic media, respectively.“ However, the true
potential is not realized due to the protective oxide film on the metal
surface. Ag 8 consequence, magnesium exhibits negative electrode potentials of
oaly 0.3 to 0.6 V higher than zinc. In addition, magnesium will undergo a
severe corrosion side reaction:

Mg + 2H20—-‘,H8(0H)2 + Hy (2)

Reaction 2 is minimal under storage conditions since the oxide film affords the
metal considerable corrosion protection. When the oxide film is removed during
celi discharge, a rapid corrosion attack occurs with subsequent production of
hydrogenS in accordance with equation 2.

The composition of the magnesium alloy, AZ10A (Dow), chosen as the optimum
negative electrode for these studies included 1 percent alumianum, 0.4 percent
zinc, 0.15 percent manganese, and 0.2 percent calcium. The inclusion of calcium
is believed to minimize voltage delay characteristics.® The magnesium can for
the AA size cells used as the test vehicle was impact extruded.

The positive electrode was comprised of 54,7 weight percent bismuth oxide,
6.8 weight percent Shawinigan acetylene black, and 1.9 weight percent barium
chiomate. The balance of the positive electrode mixture was an zlectrolyte
solution of 1.7 M MgBrj and 6x 10~ 3u LioCr04. The addition of both
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Li,Cr0;4 and the slightly soluble BaCrO;, was found to provide reduced
corrosion under both open circuit and intermittent use conditions. The
separatur employed in these studies was Nibroc salt-free paper.

Cell construction was pattervred after the Leclanche cell fabrication
techniques. An extruded slug of the bismuth oxide was inserted into the
magnesium can lined with the separator and a carbon rod served as the positive
electrode current collector. Cell enclosure was effected using a rosin based
wax.

Tﬁg observed open rircuit voltage for the above test cells was 1.60 to
1.65V.” It was postulated that the high open circuit voltage was the regult of
either a Mg-0, couple caused by adsorbed oxygen in the cathode mix or a
Hg-Crog' couple caused by interaction of magnesium with the chromate
corrosion inhibitor systen.

AA-size cells were dischsrged under constant resistive lcads of 50, 150,
and 300 ohms at 21°C. The corresponding realized capacities, obtained to a
0.90 V cutoff voltage level, were 1.60, 1.68, and 1.71 Ah, respectively. The
average load voltage leveis for the cells were approximately 1.05 V throughout
the discharge period. There wss a noted voltage delay cbserved for all cells
tested. The delay characteristics were attributed to changes at the bismuth
oxide electrode rather than at the magnesium electrode, as e.perienced with
other magnesium dry cell systems.

Storability tests showed that approximately 80 percent of the inmitial
capacity was retained for AA cells stored for two years at 21°C. However, it
was also found that, in addition to the voltage delays as noted above, the cells
exhibited high internal impedance velues as well as low realized capacities when
discharged under intermittent conditions.

No safety data was reported for cells of the magnesium-bismuth oxide
system. Three factors preclude the use of the system for any U.S. Navy
applications: (1) bismuth oxide is intrinsically more expensive than manganese
dioxide, (2) only little performance advantage is gained by the
magne sium-bismuth oxide system, and (3) the system is not presently in the
advanced developmental or production phases. In consideration of the above, no
safety testing is recommended for cells of the system.
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. MAGNESIUM -LEAD CHLORIDE
Mg | Sea Water | PbCi,

Mg + PbCl, —= MgCl, + Pb [1]

The magnesium-lead chloride system was developed as an alternative power
source tc the more expensive magnesium-silver chloride system by ESB
Incorporated in the United States.! Both water activated systems have been
employed as U.S. Navy power supplies for electric torpedos, emergency signalling
devices, and passive sonobuoys. The magnesium-lead chloride system possesses a
theoretical cell potential of approximately 2.1 V. However, the stability of
the magnesium electrode is decr-ased through self-discharge and hydrogen gas
evolution in accordance with the following reaction:

Mg + 2Hy0 —>»Mg(OH), + Hy (2)

The above corrosion reaction in neutral or slightly basic media results in a
magnesium potential over 1.0 V anodic to the theoretical reversible
potential. In addition, increased hydrogen production is observed in cells
containing Mg electrodes as the current densities are increased.3:%4,5

Early investigations® employed the same magnesium alloys AZ31 (3% Al,
1.0Z2 Zn, 0.2% Mn, and 0.04% Ca) and AZ61 (F.5% Al, 0.7% Zn, and 0.2% Ca) which
had been selected for exhibiting favorable performance characteristics for the
older magnesium-silver chloride system. The lead chloride electrode was
prepared by blending powdered PbCl, witn graphite. Typical compositions
consisted of at least 80 percent PbCl, and 20 percent or less of graphite,

The most satisfactory binder for the PbCly electrode was found to be an

aqueous solution of urea and formaldehyde. The positive electrode mixture was
then pasted onto an expanded copper grid, which was dried to reduce the water
content of the binder, and finally pressed at 70.4 to 246 kg/cm (1000 to 3500

pounda/xn ). The positive electrode plate was air dried for 24 hours and
further cured at 110°C for 48 hours.

Construction of the cell followed the general procedures uvsed fcr the
magnesium-gilver chloride system: each cathode was inserted between two
magnesium alloy electrodes with physical separation maintained by spacers.’
The cell was then encased and inserted into a container vessel fitted with
electrolyte entry and exit ports positioned ac diagonally opposite corners of
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the container.! Efficient removal of hydroger and the Mg(OH)7 sludge was
found to be essential for sustained cell performance. The electrolyte uged in
these preliminary studies was synthetic sea water for operating temperatures
above 0°C and an aqueous solution of 21 weight percent LiCl for operating
temperatures below 0°C.

The observed open circuit voltage for the magnesxumﬁlead chloride system
was 1.1 to 1.2 V (compared to that of 1.7 to 1.9 V for the Mg-AgCl system).
Cells were discharged at -40°C, 0°C, and 21°C under ;onatant current conditions
corresponding to maximum current densities of 3.9 mA/em?. The average load
voltages were approximately 1.05 V at 21°C, 0.9 to 1.0 V at 0°C, and 0.7 to 0.9
V at -40°C. It was found that increased concentration of binder as well as
increased loading of the posgitive plate decreased utilization at the lower
temperatures. It should be noted, however, that the discharged Pb012
electrodes were found to be structurally unaffected at the end of discharge at
21°C or below. At temperatures of 45°C, the electrodes softened due to
increased PbCl; solubility. Prolonged exposure of the positive electrodes to

electrolyte at temperatures of 45°C resulted in swelling and detachment from the
copper grid.

Five cell batteries were constructed and intermittently discharged at
-40°C, 0°C, and 21°C under constant currents of 171, 330, and 330 mA,
respectlvely, for four hours per day. The corresponding current densities were
1.9 mA/cm? at -40°C and 3.7 mA/cm? at 0°C and 21°C. The results for the
batteries discharged at -40°C showed that voltage reversal was reached at
startup on the second and third days. In addition, the load voltage railed to
meet the minimum requirement of 4.0 V on the third day. Batteries discharged
continuously at 0°C and 21°C exhibited load voltage differences of only 0.2 V
throughout the majority of discharge. These voltage differences increased at
the end of the discharge period, however. The realized capacities were
approximately 1.5 and 1.8 Ah, respectively, and the corresponding energy
densities were 53 and 62 Wh/kg, based upon the dry weight of the batteries.

The successful operation of cither the Mg-PbCl, or Mg-AgCl battery
depands upon the circulation of sea water through the cells of the battery. The
circulation is effected by the side reaction, equation 2, which produces
hydrogen gas. Hydrogen evolution aids the flow of the sea water, resulting in
the provision of fresh electrolyte, removal of sludge and Mg(OH)7 from
intercell spacings, and cooling of the battery. At a depth of 412 meters, the
solubility of Hy in the electrolyte is 99.8 percent.8 At that depth, the
circulation is no longer dependent on hydrogen evolution and is controlled by
thermal gradients and natural convection within the battery. 1If Mg(OH)2
builds up in the flow channels, however, the electrolyte circulation would
decrease. Further, as the heat increases within the battery, gassing increases
to the point of expelling all electrolyte from the cells. Optimization of the
battery design8 resulted in a magnesium-lcad chloride hattery system with rhe

capability of operation which was independent of pressure, thus alleviating the
problems.

Recent studies? have shown that the magnesium alloy, MN150 (1.5% Mn),
operates at high efficiency for low power applications and delivers the maximum
capacities at stable voltages over the operating temperature range of 0°C to
+35°C. Performance test results for eleven cell batteries discharged under 26
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ohm loads at the environmental extremes of 0°C with 1.6 percent NaCl solution
and 35°C with 3.6 percent NaCl solution yielded realized capacities of 4.05 and
3.5 Ah, respectively.

No safety velated studies were reported in the literature for the
magnesium—lead chloride sea water activated battery. The battery was designed
to allow free access to the cell stack by sea water. Under certain
circumstances, however, it would appear that the activated battery could
experience a clogging which would result in a thermal runaway condition and the
expulsion of hot electrolyte containing Mg(OH),. In addition, the rate
capability of the system is low compared to similarly designed sea water systenms
(e.g., magnesium=silver chloride). In view of the above conditions, it is
unlikely that accivated Mg-PbCl, cells or batteries would present serious
hazardous conditions when subjected to short circuit, forced overdischarge, or
charge testing. The possibility does exist for the occurrence of a fire or
explosion caused by the accumulation of Hy in sealed laboratory test vessels.
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L. MAGNESIUM~-MANGANESE DIOXIDE
Mg | MgBr, | MnO,

Mg | Mg (CIQg),| MnO,

Mg + 2:hﬂn()z + H,0 = hﬁg(CN*kzi' hﬁﬂg(}; [:1]

Magnesium-manganege dioxide dry cell batteries have fulfilled the
requirements for such military applications as portable transceivers, sonobuoys,

. and locator beacons.l=3 Use of the Mg/MnO; reserve battery has been

limited, however, to applications requiring operation at very low temperatures,
e.g., meteorological radio transmitters. The major advantages of this system
over the Leclanche system are higher energy and power densities as well as
improved performance at both high and low temperatures.

The reversible electrode potentials for magnesium are 2.37 V and 2.69 V in
acidic and basic media, respectively.“ However, magnesium i8 protected by an
oxide film which prevents realization of the true reversible potentisl. As a
consequence, magnesium exhibits anode potentials of only 0.3 to 0.6 V higher
than zinc. Magnesium will undergo the corrosion side reaction:

Mg + 2H 0—>Mg(OH); + Hj (2)

Under storage conditions, reaction 2 is slight since the oxide film affords the
metal considergble corrosion protection. However, when the oxide film is
reaoved during cell discharge, a rapid attack occurs and the magnesium
decomposes water. As reaction 2 proceeds, the water contzined in the
electrolyte decreases, thereby causing drying out of the cell.

Because of the inefficiency of the magnesium electrode caused by the IR
difference between the theoretical voltage and operating voltage as well as the
corrosion reaction, a significant amount of heat is evolved during the cell
diecharge.6 It has been shown that the heat evolved during discharge of
practical Mg/MnO, dry cells is approximately 1.6 kcal/Ah (6.7 kJ/Ah) of cell
output.7 The high heat output can be particularly advantageous at low
operating temperatures if provision is made for thermal insulation.

In addition to the wascteful corrosion reaction, magnesium electrodes
exhibit voltage delays immediately upon load application. The delay is believed
to be caused by the resistance of the oxide protective film on the magnesium
electrode. As the film is removed, the cell voltage increases to a value above
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the original open circu.t voltage and eventually decreases to the original OCV
value. This is, therefore, an indication that the magnesium surface is more
electrochemically active under open circuit conditions following load
application. The corrosion rate also increases following partial discharge.A

A second hypothesis6 to explain the voltage delay phenomenon suggests the
intermediate formation of magnesium hydride to account for discrepancies between
the theoretical (-1.9 V, versus SHE) and observed voltage (-1.3 V) for the
reactions:

-

Mg —>Mg?* + 2el” (3)
2H,0 + 2el-=—> 20H!" + ny (4)

An alternative to the above, Kirk and Vetmilye38 proposed the following
intermediate reactions, also leading to the eventual formation of Mg(OH)2 on
the electrode surface:

Mg + 2Hy0 + 2el™——p MgHy + 20H!"” (5)
Mg, + 20H1"—5 Mg(OH), + Hy + 2¢!~ (6)
Thermodynamic considerations favor the latter hypothesis.

Much effort has been expended to develop suitable magnesium alloys which
exhibit minimized corrosion and decreased voltage delays. 10 The three most
widely studied alloys are AZ10A (1X Al, 0.4% Zn, 0.15Z Mn, and 0.2% Ca), AZ221
{(2X Al, 1.2% 2n, 0.15X Mn, and 0.2% Ca), and AZ31 (3% Al, 1% Zn, 0.2% Mn, and
0.04X Ca). The inclusion of calcium is believed to minimize voltage delay.10

Of the three magnesium alloys, AZ10 corroded excessively during prolonged open
circuit storage but exhibited decreased voltage delay characteristics. The AZ3l
alloy, on the other hand, was characterized by improved anode efficiencies. The
optimum alloy was found to be AZ21 which combined the improved anode
efficiencies of AZ31 and the decreased voltage delay characteristics of AZ10.

In addition, AZ2l exhibited less sensitivity to corrosion under open circuit
conditions.

The manganese dioxide electrode mix is generally comprised of cither
chemically processed Mn0, (African ore, type M) or electrolytic MnO,
incorporated with acetylene black. Slightly soluble barium chromate, in
concentration levels of approximately 3 percent, was found both to reduce the
anode corrosion rate and to provide a beneficial catalytic influence on
discharge performance. Capacity increases of seven to fifteen percent were
found for cells containing BaCrO, compared to cells without the chiomate
inhibitor. The addition of a buffering agent of Mg(OH); is believed to assist
in the storability of the dry cell.

The electrolyte salt of choice in the early developmental and production
stages of the magnesium-manganese dioxide system was approximately 1.35 M
MgBr2.4o10'12 However, 1.9 M Mg(Cl04),; was found to reduci letage
delay and to be less corrosive than the MgBr, electrolyte. 3, In addition,
small amounts of Li)Cr0, in rthe electrolyte further reduced corrosion during
storage under open circuit conditions, due to the formation of a protective film
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on the magnesium electrode. If the cell is discharged under intermittent
regimes, the protective film is destroyed at each instance of circuit closing.
As a result, the inhibitive effect of soluble Li,Cr0, would be limited.
However, by incorporation of slightly soluble BaCr0; in the positive electrode

mix, the supply of CrOZ would remain constant throughout the discharge life,

thereby renewing the protective film continuously.

The cell design may either conform to the construction characteristics for
conventional Leclanche cells or employ a rolled magnesium can inside a steel
jacket. Separaticn of the magnesium and manganese dioxide would be effected
through use of uncoated Kraft paper. The advantage of a rolled magnesium can
over a counventional inpact extruded can is the ability to _withstand cell rupture
caused by the large volume of discharge product, Mg(OH), 5,6,10 apnd the
uneven attack on the magnesium can when cells are discharged at low rates.®
The volume of Mg(OH), generated is approximately 1.5 times that for the
nagnesium electrode. As cell discharge progresses, the Mg(OH), presses
against the centrally located manganese dioxide mix which has been hardened
through water loss in cell reactions 1 and 2. The resultant rupture does not
usually cause the cell to leak electrolyte, but does have a dramatic effect on
the performance characteristics (to be discussed in a later section).

Ade%uate sealiﬁg of the cell has been possible through use of self sealing
ventsl3-17 yhich allow hydrogen to escape, yet prevent moisture loss. In

addition, the vents also prohibit the influx of oxygen, which would accelerate
the corrosion reaction.

The open circuit voltage for the magnesium-manganese dioxide system is
observed to be 1.8 to 2.0 V. The performance characteristics for D-cells of
present manufacture® and coantaining Mg(Cl0,),; electrolyte were obtained
for cells discharged at 21°C under constant resistive loads and continuous
discharge regimes. The results show that realized capacities of 4.5, 4.8, 6.3,
and 7.0 Ah were obtained for cells discharged under loads of 2,5,10, and 20
ohms, respectively, to a 0.90 V cutoff voltage level. The corresponding average
load voltages were 1.50, 1.60, 1.72, and 1.80 V respectively. Similar data for
C-cells ghow that capacities of 1.3, 2.1, 2.6, and 2.9 Ah were realized for
cells discharged under 2,4,15, and 2C ohms, respasctively. The corresponding
average load voltages were 1.3, 1.5, 1.64, und 1.75 V, respectively. The
nominal energy density for the ACR MAG cells is approximately 92 Wh/kg. Current
manufacturers of the magnesium—-manganese dioxide cell are ACR Electronics, Eagle
Picher, and Marathon Battery Corporation.

As previously discussed, magnesium-manganese dioxide cells exhibit a
tendency to rupture due to the large volume of Mg(OH), reaction product formed
in cells discharged at low rates. Since little or no electrolyte is lost during
rupture, the cell is susceptible to further discharge caused by the leakage of
oxygen into the cell.l0 1In fact, increases of nearly 50 percent in the
realized capacity have been observed for ruptured D cells. In the majority of
instances of cell rupture, however, the added benefit of increased capacity is
not desirable due to the unpredictability of cell performance and to the
swelling of the ruptured cells strictly confined in battery packs.
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The heat generated during the discharge of cells or batteries can be an
advantage in high rate applications if it results in higher battery operating
temperaCures.7 Small A size cells have been discharged under constant current "
conditions (20 mA) at 115°C. The load voltages were found to average 1.8 V and '
the utilization of the MnO, was approximately 73 percent. Further, the
energy densities for these cells was 103 Wh/kg. Special provisions (e.g.,
thermal insulation) to minimize the heat loss have resulted in improved
performance characteristics over uninsulated batteries.®:7:1¢ 1In view of the
above, magnazsium-manganese dioxide batteries used for manpack communications 5
equipment such as the AN/PRC-70 radio have successfully vperated at -40°C with ‘
current densities of 20 mA/cm?.20 There is, however, a decrease in energy
deneity of 25 percent at the low temperature (i.e., 88 Wh/kg for the battery
discharged at 24°C vergus 66 Wh/kg at -40°C).

A magnesium-manganese dioxide reserve battery may be used for applications
requiring operation at very low temperatures (e.g., at altitudes of 31 km and
temperatures of -52°C). Typically, the battery is activated at normal ambient
temperatures, and, as the battery is introduced to the cold environment, the
internal temperature of the battery will remain sufficiently high to maintain
operation for the duration of the intended mission.

The storability characteristics for production run and special laboratory
built Mg/Mn0; cells containing Mg(ClO,), electrolyte have been studied by
Wood.® The capacity retention data presented show that, fer production cells
stored at 72°C for periods of 5, 8, and 12 weeks, the median capacities retained
were 95, 92, 83 percent, respectively, of the initial realized capacities for
fresh production cells. This indicates a five percent per month decrease in
capacity at 72°C. Special laboratory cells stored at 72°C for periods of 5, 12,
and 20 weeks exhibited mean capacities of 100, 93, and §9 percent of the
realized capacities for fresh cells. Thus, the observed decrease in realized
capacity for carefully fabricated cells is only about two percent per month as
compared to five percent per month for production cells.

The above data were obtained for cells which have not been discharged in
any way prior to long-term, high temperature storage. It has been estimated®
that the chromate inhibitor system deteriorates after approximately 25 percent
of the capacity is withdrawn from cells. As a regult, the corrosion reaction
will proceed unchecked and the available capacity will be expended, dependent
upcn the length of storage time. Indeed, it has been reported* that if as
little as one-half percent of the capacity is withdrawn from a cell, and the
cell is subsequently stored at ambient conditions for one to two years, no
capacity would be realized, even when the cell is discharged under light loads.
Therefore, once cells have begun discharge, the optimum performance would be
achieved if the cells are discharged continuously or if the intermittent periods
are short.

The AC impedance characteristics for small (AA size) Mg/MnO2 cells which 3
had been discharged to 50 percen: of nominal capacity under various resistive

loads showed that the impecdance was higher at low frequency for cells discharged 3-
*Barnes, J. A., Naval Surface Weapons Center, White Oak, Silver Spring, MD, 5
Private Communication, 1984, i
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under the lighter loads (e.g., 10 ohms impedance at frequencies of 10 Hz or less
for cells discharged under 150 ohm loads). As the load increased, the impedence
values remained constant throughout the frequency range (e.g., 0.5 ohm impedance
for cells discharged under 4.0 ohm loads for the frequency range of 1 to 10
kHz). Recent studies?l have shown that the impedance as diffusion controlled
for undischarged cells but becomes charge transfer controlled as soon as the
discharge process is begun.

Prior to the advent of high energy density lithium batteries, very little
systematic safety testing was performed upon cells or batteries of conventional
systems. Some safety data, however, does exist for the magnesium-manganese
diorxide system. Long C cells (8.4 cm long, 2.39 cm diameter) were short
circuited in open air at 23°C and in a constant temperature water bath at
21°C.’ The results for cells short circuited in air showed an initial current
of 4.5A which decreased to 3.7A after about 10 minutes. An abrupt increase in
current to a maxiwmum of 4.8 A was observed at the 16 minute mark. The current
then gradually decreased to the 1 A level after 60 minutes on test. The cell
wall temperature increased to a maximum of 107°C after 28 minutes on test and
gradually decreased to 78°C at the end of the test. The efficiency, based upon
utilization of manganese dioxide, was 45 percent of the theoretical capacity of
MnO, available. No cell rupture or venting was reported.

Cells which had been short circuited in a 21°C constant temperature bath
exhibited initial short circuit currents of 3.2 A immediately. The current then
decreased to 1.5 A after five minutes and slowly dropped to the 1 A level after
22 minutes on test. The temperature of the cell increased only slightly from
21°C to a maximum of 27°C after five minutes and gradually decreased to 26°C
after 52 minutes on test. The utilization to a 1 A cutoff level was only 21
percent that for the cell short circuited in air. No cell rupture or venting
was reported.

No reports exist in the technical literature which detail the experimental
results for cells which have been subjected toforced overdischarge (cell
voltage reversal), charging, or incineration. However, one manufacturerl8
does state that "Experience has shown that Lithium (sic) can explode with some
violence when short circuited or punctured. On the other hand, Magnesium (sic)
has proven to be perfectly safe, even when thrown into open flames." No
experimental details accompanied the above statements.

Hydrogen gas is evolved in magnesium~manganese dioxde cells during storage
and operating conditions. There is, therefcre, the possibility for hydrogen-
oxygen fires and/or explosions6 if proper means are not tsken to avoid the
accumulation of hydrogen in enclosed battery and electronic packages. Indeed,
instances have been reported* which describe the occurrence of explosions for
stored magnesium-manganese dioxide battery packs used as the power sources for
military communications equipment. 1In view of the above, a study2? was
carried out to determine the hydrogen concentration levels in radio sets which
woul' lead to either a fire or explosion. The data from reference 22 was
summarized by Wood : 6 hydrogen-air mixtures of 4.1 percent or higher are
flammable while explosive mixtures are obtained for hydrogen concentrations of
18 percent or higher,

*Mahy, T. X., Private Communication, 1984.
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M. MAGNESIUM- SILVER CHLORIDE
Mg | Sea Water | AgCi

Mg + 2 AgCl —= MgCl, + 2 Ag [1]

The magnesium—sgilver chloride water activated electrochemical system was
developec. during World War II under sponsorship of the U.S. Navy and U.S. Army.
The system fulfilled the requirements for high current densities, low
temperature performance, and the storability characteristics of ten years shelf
life in the unactivated state. Indeed, the magnesium-silver chloride system has
historically been the power source for electric torpedos, sonobuoys, air-sea
rescue beacons, and emergency signalling devices.l Spirally wound ceils and
batteries are now commercially available as power sources for underwater
searchlights, distress beacons, and life jacketa.2’3

Magnesium possesses theoretical reversible electrode potentials of 2.37 and
2.69 V in acidic and alkaliae media, respectively.“ These high potentials are
not achieved due to an adherant protective film of either magnesium oxide or
magnesium hydroxide. 1In addition, corrosion of the magnesium electrode occurs
during both open circuit stand in the activated state and during discharge:

Mg + 2H,0 —> Mg(OH), + H,y (2)

The use of magnesium electrodes in neutral or slichtly alkaline media results in
increased hydrogen production (2quation 2) as the current density is
increase: 47

The electrode and resultant film formation effects or the polarization
chacacteristics have been investigated extensively. A summary of the findings
are given below:

1. A large, local action, self-discharge current is established between
anodic and cathodic sections of the same magnesium electrode. The cathodic
areas exist where concentrations of impurity metals such as nickel and iron are
present. Tucse sites promote the evclution of hydrogen and the foirmation of
Hg(OH)Z in accordance with equation 2, above.
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2. The film on the magnesium electrode during cell operation is primarily
Mg(OH)z. The permeability of this film is dependent upon both the electrolyte
composition and pH. At low pH values, the permeability of the protective film
is enhanced. It has been shown that chlorides and sulfates enter the Mg(OH)

film and form soluble 2a§nesium salts. As a consequence, the permeability o%
the film is increased.®~I0

3. The anodic areas which contribute tc the cell reaction (a2quation 1) are
free of film due to the generstion of magnesium ions at a faster rate than
hydroxyl ions can diffuse into the bare electrode region. Those magnesium
electrode areas which do not generate a high concentration of magnesium ions are
covered by the Mg(OH); film. The overall result of film formation, therefore,
is to force the operation of the magnesium electrode at high current densities,
even though the cell is discharged at low currents.l1713

4. The magnesium electrode which operates at high current densities
exhibits extensive polarization characteristics. At open circuit, the magnesium
electrode also shows appreciable localized currents due to the self-discharge/
corrosion reaction. It should be expected, therefore, that the electrode will
be severely polarized even if the total currents are in the milli- or
microampere range.

5. As cell discharge proceeds, the anodic region (i.e., that portion of
the magnesium electrode in support of equation 1) does readjust as the magnesium
is consumed. At any given time however, only a small area of the magnesium
electrode is active in the useful discharge of the cell if the cell is operating
at a current density level less than that required for film formationm.

Historically, the magnesium electrode for the magnesium=-silver chloride
cell systen was unalloyed and of very high purity.l4 These electrodes
exhibited particularly high corrosion rates. In addition, discharge performance
tests for cells contairing these magnesium electrodes showed severe voltage
delays and particularly low rate capabilities even for cells tested under light
loads.

In view of the above, much effort has been expended to develop and test
suitable magnesium alloys as candidate electrodes for many magnesium
electrochemical systems. The primary objectives in this work were the
development of specific alloys which exhibit minimal corrosion and voltage delay
characteristics?:12 as well as high efficiencies at low rates.ll,15,16 e
three most widely studied allo_vsl for the Mg-AgCl system were Dow Chemical's
AZ21 (22 A1, 1.2% Zrn, 0.15% Mn, and 0.2% Ca), AZ31 (3% Al, 1X Zn, 0.2% Mn, and
0.04% Ca), and AZ61 (6.5% Al, 0.7% Zn, and 0.2% Mn). Other candidate electrode
materials were pure magnesium, an amalgamated magnesium, and several alloys
which contained little or no aluminum or zinc.

The magnesium alloy which was found to yield optimum results for a number
of electrochemical systems including the Mg-AgCl couple was AZ61. This alloy
exhibited high cell load voltages and comparatively low gassing rates. As a
result, AZ61 magnesium allov was used as the magnesium electr~de in many
applications requiring high discharge rates. One such application was the power
scurce for the Mk 67 which required current densities of more than 230
mA/cw?. To maintain the operating voltage of 1.07 V/cell, the reaction
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products must be flushed from interelectrode spacings. The choice of AZ61 as
the negative electrode material was partially based upon the ease in ridding the

cell of reaction products. However, it was found that a few cells clogged

during discharge and caused large voltage losses. These large voltage losses
were, for the mosat part, the result of very adherent reaction products or "black
clogging"”.16 The "black clogging' was caused by the reduction of aluminum io
solid solution, due to the precipitation heat treatmeant of the alloy. Proper
heat treatment (e.g., solution heat treatment) of the AZ61 does not result in
the formation of a secondary alloy phase, Mg;jAl};. The presence of

Mg17Al}12 was correlated to the formation of the adherent film in cells
containing AZ61 alloys which had undergone '"black clogging."

In accordance with the above, later investigations relative to the
optimization of the magnesium electrode coufirmed the above findingo.11'17 In
fact, properly treated AZ6]1 was found to be the only magnesium electrode
material which did not produce the densely packed sludge and adherent coating in
batteries designed for high rate applications.

The silver chloride electrode is prepared by electrochemically anodizing
pure silver expanded wetal screen in a sodium chloride electrolyte. A short
high current discharge is applied to the plates before removing from the
anodizing bath. The resultant electrode is porous and is capable of high
current operation.1’18'19 A similar process may be used to produce low
capacity plates by treating silver foil with a sodium hypochlorite solution.
Low rate, lcng-term silver chloride electrodes may be prepared by casting fused
silver chloride. The resultant sheets are cut to size and small holes may be
punched in the electrode sheet to improve electrolyte flow. The electrounic
conductor is prepared by treating the exposed silver chloride surface with
photographic developing aolution. Glass beads which have been pressed into the
surface of the silver chloride electrode provide the separation wmeaans,
particularly for high rate magnesium—silver chloride batteries.20 The wain
objective of the glass besd separators is to provide for the rapid flow of
electrolyte, to evacuate Mg(OH), product, and to cool the cell during high
rate discharge. An alternate method employs a nylon monofilament wrapped around
the silver chl<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>