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Abstract

Fallure of huigh-energy magnesium—manganese dioxide dry cells 18 charactenised by loss
of ampere hour capacity on storage, mcrease of voltage delay, and anode corroston The
present mvestigation of the degradation of ceil performance suggests several underlymng
mechamsms The mmportant ones have been rdentified as redistrbution of electrolyte m
the cathode, breakdown of the passive film on the anode, and corrosion at bi-metallic
mterfaces formed by cell components These degradation processes tend to increase cell
nternal resistanice, thereby reducing capacity output and mcreasmng voltage delay An
analysis of the dependence of ampere hour capacity and voltage delay on mternal resistance
of the cell has also been presented

1. Introduction

The magnesium-manganese dioxide (Mg—MnO,;) dry cell belongs to that
class of primary cells with high energy density and long shelf hfe [1—4)
This cell has found increasmg application 1 man-pack communication sets
employed 1 tropical parts, such as India and Indonesia. Due to 1its high
power density, excellent capacity retention characteristics following extended
perntods of storage at elevated temperatures, and good, low-temperature
performance, the Mg—MnQ, dry cell 1s superior to the conventional Zn—-MnQO,
(Leclanché type) cell. Further, the Mg—MnO, cell uses materals and technology
which are relatively mexpensive compared with other commercally available
high-energy systems based on lithium and zinc (alkaline type)

During the course of design, development, and optimisation of Mg—MnQ,
dry cells at Bharat Electromcs, India, several modes of cell fallure were
nvestigated. The present study 1dentifies and analyzes some of the important
and cormmon causes of fallure Understanding of the physicochemucal processes
governing the faillure mechamsms provides a scientific basis for performance
optimisation and development of methods for early detection of faillure

Cell construction

The Mg—MnO, dry cell studied 1n this work 18 of ‘bobbin’ type construction,
shown i Fig. 1. Thus basic design s widely employed by the major ma-
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Fig 1 Construction of bobbin-type, cylindrical Mg-MnO; dry cell 1, Magnesium can, 2, steel
collar, 3, top washer, 4, carbon-rod current collector, 5, kraft paper separator, 6, cathode
bobbin of MnQ,, acetylene black, BaCrQ,, and electrolyte, 7, plastic seal, 8, tm-plated brass
cap, 9, vent, 10, bottom washer

nufacturers such as Ray-O-Vac Inc, US.A, Marathon Batteries Inc, US A,
and Bharat Electronies Ltd , India As the construction of the cell has a
sigmificant bearing on the fardlure mechamsms, a brnef description of the
construction 1s appropriate

The cylndrical magnesium can, extruded from AZZ21 alloy, 1s the negative
electrode and the cell contammer The mner surface of the can 1s passivated
by a coating of corrosion mhibitors of propretary composition (usually
chromates and esters of fatty acids [2, 5, 8]) This passivation coating protects
magnesium from electrolyte corrosion before discharge 1s nutiated, and thereby
endows the cell with long shelf ife Breakdown of this insulating, protective
passive film at the initiation of discharge, however, entails a delayed attaimnment
of the operating voltage, a phenomenon referred to as delayed action or
voltage delay [1-3] The role of the passive fiim and 1ts electrochemucal
properties have been discussed extensively elsewhere [4-8] The cathode
consists of manganese dioxide (85%), acetylene black (12%), barium chromate
(2%), magnesium hydroxide (1%) blended with magnesium perchlorate so-
lution (4 N) to a pasty consistency [1, 2] This cathode mix 15 consohdated
to form a cylindncal bobbin (see Fig 1) The carbon rod serves as a current
collector. A layer of kraft paper acts as a separator while the compression
washer prevents the unfolding of the kraft paper that envelopes the cathode
A brass cap pressed on to the carbon rod serves as an electrnical contact.
A plastic top seals the cell and 1s swaged firmly to the can by a tin-plated
steel collar

3. Characteristics of performance and failure

A typical CD-size Mg—-MnOQ; dry cell (height 20 mm, dia 22 mm)
manufactured at Bharat Electromcs Ltd , India, exhibits an open-circuit voltage
of 2.0 V and delwers 2.5 A h at 25 °C, when discharged to 125 V at a
constant current of 500 mA. The voltage delay or delay teme (which 1s
the time taken to attain a particular voltage following mtiation of discharge)
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up to 125 Vs, typically, 0 3-0.5 s The internal resistance measured by
ac and d ¢ methods 13 1n the range 0 3-1 6 Q1 [5-7] Failure of such cells
1s charactertsed by:

(a) anode corrosion during storage,

(b) mabihty to dehver the specified capacity,

(c) merease of delay tume

The large negative reduction potential of magnesium (E°=—2 37 V)
makes 1t extremely susceptible to corrosion in the battery electrolyte. Corrosion
of unpassivated magnesium alloys proceeds mn a localised manner, resulting
m pis and perforations that lead to leakage of electrolyte even before the
cell has been discharged Corrosion of magnesmm 1s aggravated by graphitic
mclusions that result from the use of graphite as a lubncant durng extrusion
of the can Further, it has been found that the presence of mmpurities such
as Fe®*, Cd®*, Cl- and ClO;~ accelerate corrosion Thus a protective
passivation coating 18 essential to the successful performance of the cell
Unhke passive films on hthium m non-aqueous lithiim battenies [9-11], the
passivation coating cannot re-form followmng the termination of discharge
Thus, once discharge 1s mitiated, the cell has to be continuously discharged
to recover the entire capacity

Corrosion of magnesium occurs according to the chemical reaction

Mg+ 2H,0 — Mg(OH). + H

Consequently, corrosion reduces the water content of the electrolyte and
produces msoluble and non-conducting Mg(OH), Therefore, as corrosion
proceeds, the mternal resistance of the cell mcreases The results of an
expertmental study on intermuttent discharge characteristics (shown m Table
1) demonstrate that with mmcreasing duration of discharge, the recovered
capacity decreases Expenmental results presented below also suggest that
several other faillure modes lead to an mcrease of the cell’s internal resistance,
resulting 1n reduced capacity output It 1s therefore of use to analyse the
dependence of ampere hour capacity on mternal resistance of the Mg-MnO,

dry cell.

TABLE 1

Interrttent cischarge characteristics of 15 ¥, 7 0 A h Mg-MnO, dry battery (Bharat Electromics,
India) discharged at 250 mA, 25 °C Results averaged over three battenes in each case

Duration of discharge Capacity under continuous discharge
(hours/day) (%)

60 99

40 98

20 95

10 72

05 53
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4. Dependence of ampere hour capacity on the internal resistance
of the cell

Consider an Mg-MnQ, dry cell bemng discharged at a constant current,
I The closed cireust cell voltage, V, 1s related to the open circurt cell voltage
V, by
V=V, ~IRu: (1)
where R, 1s the equvalent mternal resistance for the cell The mnternal
resistance of the cell 15 a lumped parameter consisting of the pelarisation
resistances at the anode and cathode, resistance of the passive filrn, resistance
of the electrolyte, current collectors, and electrical contacts [5] The open-
circuit voltage of the cell, V,, may be expressed as,

Vo=E.~FE, (2)
where E, and E, are the equilibrium potentials of the positive (cathode) and

negative (anode) electrodes, respectively. The MnO, electrode sustains the
discharge reaction [1]

MnO,+H" +e¢~ — MnOGH
and therefore the egquilibrium potential may be expressed by the Nernst
equation

RT In Upno0w+

E.=Bo+— @)

2MnOOH

where Quno. Qu+»> Gunoon refer to the actmities of the respective substances.
Smce the pH of the MnO, electrode 18 constant (buffered to about 8 0 by
Mg(OH);), eqn (3) may be rewritten as,

., RT
EC=ECD+_IHM (4)
F AvnooH
where
RT

Ef=E - - pH

The equlibrum potential of the magnesum electrode 1s a rmixed potential
and may be represented by E.,, the corrosion potential of magnesium in
the elecirolyte

In the practical situation the cathode hmits the capacity of the Mg—MnO,
cell Let @, be the theoretical capacity of the cathode and @ the capacity
actually wvaithdrawn from the cell Then, from egns (2) and (4),

. RT Q,—Q
V,=E* —FE .+ — In——
Y n

where the factor i takes mto account the non-ideality of the muxture of
MnQO, and MnOOH [13, 14]. # has typical values in the range 1-2

Thus, when the cell 1s at 50% state-of-charge, dyno. =%mnoon, @ =&./2
and V.=F.° —FE.._ Therefore ean (1} becomes*

(6)
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V=B —Eep+ (wl—%zln Qe ) —9

Let @, be the capacity withdrawn up to a voltage of V. {usually termed
the cut-off voltage). Under these conditions,

) ~IRy, (6)

, RT Q,
Vigm B ~ o+ (w— 9 Q“") IR, @™
Qes
Re-arranging eqn. (7} and substituting E.> ~E_, ,=V"
1

1+exp{(ch V' +IR) — wfe‘T}

Equation (8) relates the capacity recovered at a particular cul-off voltage
to the mternal resistance and the theoretical capacity of the cell. The theoretical
dependence of @./Q, on IR, for various values of V according to eqn
(8) is shown graphically m Fig. 2 for V'=1.6 V This value of V' has been
armved at from expernimental measurernents of V, at 509 state-of-charge,
and E,.,, For example, 1t 15 seen from Fig 2 that significant loss of capacity
may be expected for V=12 V when IR, exceeds 0.35 V. Therefore, for
a typrcal discharge current of 250 mA, R, should not exceed 1.4 £}. Equation
(8) can therefore be used to estimate the lumiting values of mternal resistance
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Fig 2 Theoretical dependence of /@, on drop across internal resistance, IRy,, at different
values of cut-off voltage, V, shown on the curves, y=1
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permissible if a definite capacity 18 to be recovered at a chosen discharge
current. Consequently, any mechanism that operates to increase the mternal
resistance would reduce the capacity recovered from the cell in a manner
governed by eqn (8)

Voltage delay m the Mg—MnO, dry cell (the time taken to attain a
particular steady operating voltage following mitiation of discharge) 1s gov-
erned by the rate at which the protective anode film breaks down [2, 3,
12] Durmg discharge across a constant resistance K, the discharge current
and cell voltage are governed by the followmg relations

Va

J= P 9

Rmt+RL ( )

V=V, B (10)
Rmt+RL

During the mtial moments of discharge, the mmternal resistance 1s almost
entirely governed by the resistance of the passive film [12] Thus, mmcrease
of the passive film resistance would result m a lowered mtial discharge
current It has been shown [12] that a reduced imitial discharge current leads
to an enhanced voltage delay. Any mechanism therefore that mcreases the
resistance of the anode film would mncrease the delay time. Subsequent to
anode film breakdown, the mternal resistance would be governed by mass-
transfer polarisation at the cathode and the anode/electrolyte interfaces,
resistance of the electrolyte, current collectors, and electrode contacts
Therefore, an mcrease m these contrbutions to the internal resistance would
result in reduced cell voltages (eqn (10)) and more delay before a particular
cell voltage 15 reached

5. Mechanisms underlying increase of internal resistance

3 1 Redstribution of electrolyte

In the course of studies on design optirusation it was observed that
Mg—MnO, cells suffered 30—40% loss of capacity and a ten-fold imncrease mn
voltage delay durmmg the first four weeks after manufacture When cut open,
the cells confirmed the absence of an electromc short or of corrosion of
the anode IHowever, when about 0.5 mi of distilled water was mjected mto
each of the cells through the vent, and the cells discharged after 24 h, 95%
of the first-day capacity was recovered The voltage delay simultaneously
fell to about 05 s Cells myected with 0 5 ml of distilled water also showed
a stabihised capacity m the subsequent weeks of storage

These observations may be understood 1n terms of reorgamsation of
electrolyte m the cell during the period of storage The wetting of the pores
of acetylene black and manganese dioxide particles, being a rate process,
could remam incomplete at the end of the blending of the cathode mix (an
operation whach typically takes 30 mun) Slow redistnbution of the electrolyte
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mto the pores dunng the weeks following manufacture would result in loss
of 1omic contact between particles, leading to an increase m the mternal
resistance of the cell, consequent loss of capacity, and also an mcrease in
voltage delay. This situation 1s depicted 1n Fig. 3 When electrolyte contaimng
0.5% of a non-1onic surfactant was used, capacity loss on 3 months storage
was less than 5% with no detectable change m voltage delay It may thus
be concluded that the surfactant appears to promote wetting of the pores,
thus allowmg for more complete absorption of the electrolyte and reduecing
the scope for subsequent reorganisation Also, for the same amount of
electrolyte used, the cathode blend containing the surfactant appeared drier,
suggesting reduction 1n the amount of free electrolyte. The effect of uyecting
small quantihes of water during the week followmg manufacture, and the
result of adding small amounts of surfactant to the electrolyte are, therefore,
both consistent with the mechamsm of electrolyte reorgamsation as the basic
cause of falure

5 2. Cell dry-out during extended periods of storage

It has been observed that Mg—MnO,, cells stored for over 3 years under
ambient conditions exhibited loss of capacity to the extent of 90% and
voltage delay as lugh as 3~10 min Non-destructive radiographic exammation
of the stored cells showed (Fig 4(a)) the presence of fissures in the cathode*.
‘When cut open, the cells showed absence of anode corrosion, but presented
a relatively dry cathode and separator. When each of these cells was mnjected
with 2—3 ml of distilled water and discharged after 24 h, 80% of the specified
capacity was recovered. Also, the cells exhibited a voltage delay of 05 s,
which 15 the value specified for freshly manufactured cells. Radiographic
examination of the cells ijected with water suggested complete disappearance
of the fissures (Fig. 4(b))

These observations suggest that cell dry-out leads to an mcrease n
mternal resistance, resulting m reduced capacity output and enhanced voltage

Fig 3 Schematic depiction of redistribution of electrolyte withm pores of the cathode mux
‘The particles of acetylene black are depicted as porous and about ten times smaller than the
particles of MnO,

*Since magnesmum has a low cross-section for X-ray absorption compared with the other
components of the cell, mvestigation of the mner details of the cell 13 possible The situation
may be quite different for the Zn—-MnQ; cells
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(a) (b)

Fig 4 X-radiographuc image of Mg—-MnQ; dry cell stored for 3 years under ambtent conditions
Radiographic maging condittons 95 kV, 1 mA, 0 6 m between object and source, NDT-70
Indu film with exposure of 1 min The bright spots are strongly absorbing particles of banum
chromate (b) X-raciograph of cell i (a), 24 h following myjection of 2 mi of distilled water

delay The cell, not bemg hermetically sealed, provides several pathways for
loss of water by evaporation [mprovements i mechanical aspects of cell
design are necessary to avert failure by this mode Also, by mprovements
mn anode-efficiency, the production and accumulation of hydrogen within the
cell may be reduced and the vent may possibly be ehminated

53 Corrosion at the brass cap

Loss of capacity to the extent of 80% was observed in battery packs
contamng cells where corrosion was observed at the junction of the brass
cap and the carbon rod This may be understood as follows

The partially graphitised carbon rod current collector (Fig 1) 1s usually
mpregnated with about 5% w/w of paraffin wax to prevent creepage of
electrolyte by capillary action However, when the compression of the cathode
bobbin exceeds a threshold hmt (equivalent to a density of approximately
1.80 g em™ ) electrolyte 18 forced up to the top of the carbon rod and
reaches the brass cap (see Fig 1) The corrosion that follows 13 explamned
by the values of mixed potentials* for the cell components mn the electrolyte,

*Also referred to as galvamc potentials m the terminology used m corrosion research
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TABLE 2

Mixed potentials of components of the Mg—-MnOQ, dry cell in 4 N Mg (Cl0,), v& calomel
electrode (01 N MgCl;) at 25 °C

Component Mixed potential
™

Tm-plated brass cap —0 363

Steel collar -0 400

Passivated Mg can ~1524

MnO, cathode +0565

shown 1n Table 2. The difference 1n the mixed potentials for the brass cap
and the carbon rod carrying the MnO, cathode 15 +0.5656—(—0.363), 1re.,
0.928 V This bemg sigmficantly positive, corrosion of the brass cap may
be expected. The conjugate reactions of corrosion would be:

anodic reactions:
Cu~—Cu®" +2e"

Zn —Zn?* +2e”
Sn—8n* +4e”

cathodic reactions.
MnQ,;+H" +e~ — MnOOH
O +4H" +4e~ — 2H,0

The low polarisability of the MnO; electrode and the unfavourable area
ratio of corroding metal to cathodic reaction sites are ideal situations for
very rapid corrosion. However, the significantly lower rates of corrosion
observed are due to the ohmic control ansing from the restricted capillary
nse of electrolyte,

Followmg the miiation of corrosion, insulating corrosion products (car-
bonates and hydroxades of Cu, Zn, Sn) accumulate at the junction, and the
mternal resistance* of the cell typically rises from about 0.5-20 (1. In some
cases there 15 total loss of electrical contact This form of brass cap corrosion
15 nsidicus as 1t occurs totally unseen from below and 1s of immense
consequence, as the entire current during cell discharge passes across the
Junction of the brass cap and the carbon rod

Control of compaction of the cathode bobbin and reduced electrolyte
levels rumruse this mode of faillure Appbhcation of conductive hydrophobic
barrier coatings (based on carbon black dispersed in synthetic rubber solutions)
prevents access of the electrolyte to the carbon rod without contributing
significantly to the internal resistance of the cell. The use of higher levels
of wax content tends to mcrease the resistance of the carbon rod.

*Internal resistance measured by the steady-state d ¢ method described in ref 6
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5 4 Corrosion of the steal collar

Under conditions of relative humidity greater than 80%, as, for example,
i the simulation of jungle storage* conditions, corrosion has been observed
at the junction of the steel collar and the can This 15 mitiated by the creepage
of the electrolyte to the junction From Table 2, the difference between the
mixed potentials for the magnesium can and the steel collar 1
—~0400—(~-1524),1e, 1124 V At these positive potentials, corrosion of
magnesium can be expected and the conjugate reactions of corrosion are

Anodic reactzon’
Mg+ 2H,0 — Mg(OH), +2H"* +2e~
Cathodic reactions:

Oy +2H,0 + 46~ — 4(OH)~ E,, =0 750 V, at pH=8.0
2H,0 +2e~ —H,+2(0H)" E..=——0480V, at pH=80

Once corrosion s itiated, propagation 1s restricted only by the availability
of electrolyte Accumulation of corrosion products aggravates corrosion by
wicking up the electrolyte to the junction Corrosion 1s often found to be
mitzated at a location remote from the pinction 1itself, as, for example, on
the body of the can facing the cathode. This 1s because the mitiation of
corrosion occurs by breakdown of the anode film, and thus happens where
the film 15 weakest The accumulation of corrosion products at the above
mentioned junction results in significant loss of capacity and increase of
voltage delay, as the entire discharge current traverses the junction of the
steel collar and the can Even a barely visible film of corrosion products
has been found to mcrease the mternal resistance to as high as 100 ,
reducing performance drastically

55 Internal electronic short

An internal electronic short in Mg-MnQO,, dry cells 1s usually a consequence
of assembly defects which result in the anode and catheode coming mto direct
eleciromic contact. These defects are, cornmonly, (a) separator or bottom
washer incompletely enclosing the cathode, (b) particles of the cathode nmx
appearing above the top washer (see Fig 1) and bndgmg the anode to
cathode gap Under these conditions, cell discharges at a rate governed by
the equivalent resistance of the electromic short, R, and the self-discharge
current 7, would be given by
[ —Yo (11)
N -Rint+Re
Such a direct dissipation of capacity 1s well recognised as a failure mode
for all types of cells However, when an Mg—MnO, dry cell wath an internal
electronic short 1s part of a battery pack, the consequences are more far-

*As per US Mibtary Specifications
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reaching. For example, m the battery pack of Fig. 5, the cells of branch B
discharge across R, and cells 1, 3, 4 of branch A tend to get charged. Apart
from the capacity dissipation which results, it 1s known that [4] discharge
currents greater than 10™% A em ™2 (anode area) are sufficient to break down
the passive film on the ancde Thus the anode film 1n cells 5-8 (Fig. B) is
mduced to break down and unrestricted corrosion of the cells could be
expected, leadmg to extensive loss of capacity and mcrease of voltage delay.

In an expermmental study, 20 battery packs (consisting of 16 CD-size
Mg—-MnO; cells i two parallel rows of eight) were stored for 3 months under
ambient condiions and then discharged. Ten of these packs had been wired
with one cell (occupying a simalar position in all the packs), carrying a 50
k() resistance across it, sumulating a mild electrome short. For the packs
with a simulated electromic short the capacity recovered for a discharge load
of 100 2 was 40-60% of that of the normal packs, and the voltage delay
when discharged across 10 {} and measured up to 10 8 V was 10—20 times
that of the normal packs Thus cells with an mternal electroruc short cause
all the other cells of the battery pack to fail.

6. Conclusions

The fallure of Mg-MnO, dry cells 18 most commonly caused by an
mcrease m cell mternal resistance. The mmportant mechamsms underlymg
this faillure mode have been identified with reorgamsation of electrolyte and
cell dry-out, as well as electrochemical corrosion processes at bi-metallic
Junctions. Theoretical analysis of the dependence of ampere hour capacity
on the mternal resistance provides a basis for assessing the effect of increase
i internal resistance Experimental results suggest that electrolyte reorga-
nisation may be prevented by the addition of surfactants to the electrolyte
Corrosion of the brass cap/carbon rod and steel collar/magnesium can
mterfaces can be precluded 1if electrolyte creepage to these mterfaces 1s
prevented. The presence of a mild electrome short m just one eell is detrimental
to the performance of the entire batiery pack (having cells wired 1n series
and parallel)

These results demonstrate and emphasise how some of the basic aspects
of cell design are crucial to cell performance. The approach followed here

b

Fig 5 Schematic of battery pack carrymg an Mg—MnQ; dry cell with an intermal electromic
short represented by a resistance across the cell
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may be extended to other battery systems with similar electrochemical and
constructional features.
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