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The battery based on low melting eutectic salt mixture electrolyte is thermally activated by raking thc temperature 
of the electrolyte to its melting point. The battery is capable ofBischarging a t  very high rates for short duration. 
The battery employs a combination of elements with low electronegativity and capable of giving higher electrode 
potentials such as Ca or Mg as anode, a wide variety of eutectic salt electrolytes and various oxides, sulphates, sili- 
cates, phosphates, chromates as cathode depolarizers. Only those thermally activated systems which find applica- 
tion as potential power source in guided missiles arc reviewed. 

Guided missiles require batteries with special features such as ruggedness, compactness, high reliability, 
prolonged storage stability, large amount of power per unit volume and weight; and very high discharge 
rates for a few minutes. Thermal battery is based on an electrolyte which is solid and non-conducting a t  the 
room temperature, and is activated by raising the temperature to the melting point of the electrolyte to 
render it in the conducting molten state. Therefore, it lends itself to easy miniaturization with exceptional 
ruggedness; and more electrical power per unit volume and weight of the system packed into it. The electro- 
lyte being non-conducting a t  the room temperature prevents self-discharge and ensures exceptionally long 
extended storage life. Because of very high electrical conductivity of molten electrolyte the battery is ca- 
pable of providing very high discharge rates. The conductivity of molten salts is from 10 to 100 times higher'.2 
than those of aqueous systems. Therefore molten salt, cells should have low voltage losses due to IR drop. 
It is in this area of very high discharge rate (21 amp/in. ) that the thermal battery finds most application. 
Batteries have been designed3 to satisfy certain requirements upto 100 watt-min. Pulse current of 57 amperes 
(25 amplin.' ) was measured2 in CalLiC1-KCZICaCrO, Ni sytstem. Another battery 4>5 could be discharged 
a t  100 ampere without any significant polarization even after 6 minutes. Batteries with a capacity up to 
50 i mp-hr have been designed6. Batteries with comparatively short performance life have been designed 
for use in guided missiles 21 43 59 7 9  81 93 ' 9  11.12 1 1" 15. 18. Attention has also been directed towards the 
development of long-life batteries with performance life of 3-6 days for space probe applications. 

Very little open literature is available on these batteries, because of the classified 1. ?* 19 nature of the 
information. The older work which is now of only historical significance has been reviewed by Allamand 
& Ellingham O, Cooper'l, and Vinal g. McKee2 discussed the subject in rather too general and popular 
manner- His survey also contains comparatively older work and therefore is limited in scope. Another revisw 
of the subject' though quite recent is not as extensive, so far as short duration missile batteries are concerned 
and also lacks in significant details. We have made a thorough search of openly available literature upto tho 
end of 1970 through Chemical Abstracts, NASA reports and all other open sources of information, exclusivv 
of classified reports to which we had no access. . 

H I S T O R I C A L  D E V E L O P M E N T  

Jablochkoff constructed a cell wit5 carbon (or iron) electrode in fused potassium or sodium nitrates. 
Pabingi &, Farkasq3 used carbon and platinum as electrodes in the hydrate of sodium or potassium; to 
which external heating was applied. Carbon was the obvious fuel in these systems, but i t  did not ionize in 
electrolytes. Most of the cells involved gaseous reactions 249 26' 26 2 7 9  . GyurkZg used molten sodiurn 
and manganese dioxide. Hammer & Schrodt'O investigated the cell system MglMolten electrolyte,lMn 02, 
C (acetylene black). Mg wqs chosen as anode because of its higher electrocTe potential. N a 3 H  was &he molten 



electrolyte. The open circuit voltage of the cell increased from zero a t  room temperature to about 1 volt, 
long before the m.p. of NaOH was reached owing to the presence of residual moisture in the electrolyte 
followed by decrease upto 200°C and finally rose to a maximum of 2 V at  700°C. The cell maintained a closed 
circuit voltage of over 1 - 1 V while discharging through a 100 ohm load for a period of 12 hours. 

The cell reactions are represented as 

At anode : 

At the cathode : 

The net cell reaction is : 

Goodrich & Evans3 discussed various cell systems that had been developed till then. A L(iC1-KC1 
eutectic was commonly employed as molten electrolyte. Negative electrodes (anode) were normally calcium 
or magnesium because of their high potential in fused salt electrolytes. The former giving about one volt 
more than magnesium. Potassium chromate incorporated in the electrolyte and tungstic oxide, molybdenum 
trioxide and similar oxidising agents applied as coating to the metal of the positive electrode (Ag, Cu, Ni, or 
iron) acted as cathode depolarizers. An integral heat source based upon a variety of exothermic chemical 
reactions (pyrotechnic compositions) provided sufficient heat to raise the cell temperature above the melting 
point of the electrolyte. Open circuit voltages as high as 3 0 V per cell were obtained with the working voltage 
being lowered as a function of the discharge rate. At current density 1.6 amp/dm2 (0.1 a m ~ / i n . ~ )  this voltage 
dropped approximately 10 percent, increasing to 20 percent at  a current density of 7.8 amp/dm2 (0.5 
amp/in2.). A cell comprising of calcium sheet anode, nickel cathode coated with 80 percent TO3 and 20 percent 
lead chromate and LiC1-KC1 eutectic mixture (45 percent-55 percent respectively) operated at  400°C and 
had an open circuit voltage of 2.8 V, working voltage of 1.8 V & 10 percent, and useful life of 5 minute 
under 0.18 ohm load. The energy of the battery was 4.89 watt min/cm3 or 2.37 watt-min/g. 

I M P O R T A N T  C O N S I D E R A T I O N S  I N  T H E  D E V E L O P M E N T  O F  A 
T H E R M A L  B A T T E R Y  

In order to derive higher output power from an electro-chemical cell system, it is important to choose 
right type of anode-cathode combination so as to obtain a very high output voltage in conformity with the 
discharge characteristics of the system. The characteristics that primarily r.ffect the specific energy are 
electronegativity and equivalent weight. Elements having the lowest electronegativity are those of group IA 
and IIA of the periodic table, that is alkali and alkaline earth metals. Their low electronegativity makes 
them most suitable for use as anode materials because they surrender their electrons more easily than the 
other elements. Conversely the elements with the highest electronegativity are most suitable as cathode 
materials because they have greatest affinity for electrons. These elements are found in group VIA and VIIA, 
the chalcogens and the halogens. The large difference of electronegativity between anode and cathode 
materials provides a relatively large cell voltage (in the range of 2 to 4 volts). Selection of anode (Group VIA 
and VIIA) from elements of lower equivalent weights (those high up on the periodic table) yields the lightest 
weight combination of reactants corresponding to a high specific energy (more energy per unit weight). The 
standard electrode potentials of a large number of elements 1 9  31* 32 have been measured in LiCl-KC1 
molten eutectic mixture at  450°C. Table 1 lists the electrode potentials when 10 percent K2Cr0, is incorporat- 
ed in the fused electrolyte, {since K2Cr204 is most frequently the main reactant at  the cathode). AgIAgCZ 
reference electrode33 is more frequently employed in fused-salt potential measurements. 

In missile batteries where relatively lower specific energy may be required (highest specific energy is 
available from Li-C12 system) for short duration (of the order of few seconds) Cu or Mg as anode material 
and oxygen containing materials like oxides sulphates, chromate, nitrates as cathode depolarizer are thq 
obvious choice. 
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'TABLB 1 

EM% SIRIES~ OF. METALS IN LiCl-KC1 EUTECTIC + K g  CrOo 

(iucorporated in the electrolyte) 

EMF in Volts 

Referred to Pt (II)-Pt Referred to Pi (II)-Pt 
10%K2Cr04 Metal 10% K,CrO, 

added to eutectic electrolyte added to eutectic electrolyte 

Mg -2.19 Co - 0 . 7 0  

Th -1.95 Ge -0 .59  

E L E C T R O L Y T E  

A low melting electrolyte facilitates easy operation and many designing problems are reduged. LiCl-KC1 
e u t ~ ~ t i c e  mixture (m.p. 450-500°C)4> 5> 13> l 4  '7, ls? 32, 343 353 36 has been most widely used. Addition of 
10 % AgC% to the electrolyte in the cathode section was also made to achieve certain desired results. 
addedu6 to K2Cr04LiC1-KC1 eutectic in cathode section stabilises the Ca potential. LiCl-KC1 eutectic being 
hygroscopic is difficult to purify and is always contaminated with the traces of moisture. Mgisture when 
present may lead to the self-discharge of the battery thereby seriously affecting the storage-life. Suitable 
procedures have been recommended for removing traces of moisture from the eutectic?" Another added 
advantage of fused LiCl KC1 eutectic is its very high conductivity (2.1 ohm-l om-1 a t  500°C1 compared to 
0.0391 o h m 1  cm-l of 0. I NHCZ solution). KCZ-LiN03-K2Cr04 (27.8,68.5,3.7 parts by weight respectively) 
has also been used3'. In system M,q/LiWO,-KClIAg the O.C.V. of 1-4-1.6 V was obtained a t  300-500°C 
when KC1 was greater than 20% KCl18 has also found application in thermal battery. 

T H E  A N O D E  

Caloium-Calcium has been used as anode in a number of batteries 29 67 'J 8 9  1 3  18,16? 17, 18.38 

Lithium forms an alloy with calcium, which is partially liquid at temperatures above 231°C. Tha deposition 
of lithium metal on the calcium electrode is accompanied by the introduction of calcium ion in the electro- 
lyte according to the reaction. 

Ca (s) + 2 Li f (1) &? Ca ++ (I) + 2 Li (1) 

Lithium metal so formed develops a liquid alloy with calcium above 231°C. It is postulated that this 
fluid surface continuously renewed by convection flow would not be subject to the marked polarization. 
Indeed fast activation times and low polarization a t  high rates are observed. However, it is possible that 
the liquid negative material may migrate through the electrolyte compartment aqd discharge a t  the positive 
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plate resulting into electrical shorting. Apparently this effect can become pronounced a t  higher temperatures. 
There is also contained in these reactions a mechanism for thermal run away since both reactions the alloy 
formation and self-discharge reaction are exothermic. This reaction can limit shelf-life to 5-10 minu!e Electri- 
cal shorting due to Ga-Li alloy formation has been overcome by forming a layer of 3 Ca (&:Oj2. 2 ALOH on Ca 
anode surface prior to assembly in cells. An anode consisting of a N i  base 0.005 in thick and a Ca coating 
0.01 in. thick, was immersed a t  -27°C in a solution of -25 volome percent glacial A OH in Me, CO for -120 
seconds. It was removed and dried a t  27°C until excess M CO was evaporated. Thereafter, it was heated 
from 200-325°C to produce a Ca ( A  0), coating and finally assembled into cells with LiCl-KC1 eutectic 
electrolyte (45155 wt ratio) and CaC,O, + K,CrO, mix cathode reactant and Pe cathode. The heat of 
activation decomposed anode layer to CJCO,-0.002-0.003 in. thick. - 

Calcium electr0de3~ is very reactive in LiCJ-KC1-K,CrO,. It is characterised by high degree of passiva- 
tion. I n  BaC1,-Nc,CZ-CaCl, a t  500°C, the electrode is slow to activate due to the formation of e layer of calcium 
oxide and nitride on the surface during the cell assembly. Apparently dissolution of CaO is a slow process in 
this system. In LiCl-KC1 eutectic CaO is fairly soluble therefope activation is very fast. 

Addition of chromate2 (6.65 mole %) to the electrolyte gives very stable anodic potential and long dis- 
charge life. A soniewhat insoluble and protective coating containing calcium and Cr,O, develops on the 
discharged calcium electrode. Apparently this film is sufficient to suppress, but not completely inhibit, the 
lithium-alloy reaction. A cell employing this system was discharged for 11 minute at  1 50 A/cm2. The system 
CalKCl-LiCZ AgCl-K,CrO,/Ag has been investigated by Seils5 et al. When the cell was discharged at  100 
ampere, the positive electrode polarised by no more than 0.15 V even after 6 minute whereas 29.4 g of AgCl 
included in 150 g of electrolyte is equivalent to only 3.30 minute a t  100 ampere. This is a combined $ect of 
AgCl and K,CrO, reduction and the following scheme has been suggested to explain the lower polarization 
in presence of AgCl 

2 AgC1+ 2e-- 3 2,4g + 2 C1- (5) 

2 Cr 0, + 6 Ag + 8 CI-* 6 AgCE + Cr20, + 50+ . (6) 

AgCl is the part of the initial electrolyte, but is also formed by way of above reaction which replace 
silver ion used galvenically a t  the positive electrode. A battery1 based on above system utilizes calcium anode, 
LiCl-KC1 eutectic electrolyte and cathodically active AgOl and K chromate (5 to 7 mole%) incorporated in the 
electrolyte. A porous separator between anode and cathode sections, inhibits short-circuit. At least 10 mole 
percent AgCl is preferably used in the electrolyte mix for highest power drains. Lesser mol ,r proportion may 
cause drop in voltage while more than 20% causes calcium potential unstable despite the presenoe of chro- 
mate. The battery is ope "ated below 550°C. Another battery "38 based on Ca anode and LiC1-KC1 eutectic 
electrolyte contained in a porous support employs as cathode A u  impregnated with a mixture of cathodic 
reactants Pe, (SO ),, CuC1, + CnCrO,, M ,O-, WO, and 10% of the electrolyte. The battery with Ni or A u  
coated base metal cathode and Peso, cathode reactant gives activation time of 0-2-0.3 second and useful 
life time - 20 Seconds. A mixture I5,l6 of an aluminate, borate, carbonate, phosphate, silicate, sulphate, alumi- 
no silicate, LiCl-KCZ eutectic eIectrolyte and conducting grannulas of C or Czc is employed as cathode depolari- 
zer mix in thermal batteries with Ca or Mg anodes. One such cell with Ca anode and a cathode depolarizer 
mixture containing 40% Fe, (SO,),, 14% graphite, 12% Cu powder and 34% LiC1-KC1 eutectic had an open 
circuit voltage of 2.52 V a t  560°C and theoretical capacity of 330 W hr/lb of the active material. Yet 
another cell 17.18 utilises Ca anode and either of LiC1-KC1 or CaC1,-NaCV1-KC1 ei~tectic electrolyte and as 
cathode reactant a mixture of V,05 (5-75%) and LiCl-KC1 eutectic coated on NidAl or steel wire. A ther- 
moelectric generator13 especially useful for proje'dtiles and missiles may be composed of a series of miniature 
battery cells. The casing of each celiis formed into a rectangular cup-shaped container each consisting of two 
half-cell units, one of which has a lower calcium deposit as negative electrode, LiCl-KC1 eutectic electrolyte 
and the bottom face of conducting tab insulated from the walls of the container resting on the electrolyte 
forming the positive electrode and the other unit consists of upper face of the tab, the electrolyte and tha 
calcium deposit in the upper part of the container. Each casing unit has a conducting tab for ioter- 
linking the cells and is also provided with a strip of heat paper pad composed preferably of a thermal 
mixture to generate large amount of heat for activating the battery. The cells may be srranged in sefies 
in linear fashion Qr ijq a spiral. 
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Goldsmith and Smith b e  evaluated the performance charaoteri&ics~f ofherma1 batiterie~ with calcium 
anode LiC1-KC1 eutectic electrolyte and a variety of polarizing agents such as CwO, O~CPO,, W 4 ,  6eaQ3, 
V205. It is found that CuO and Pe20, give low voltage with CzlO exhibiting 1ongesCpedormance life. Pap5, 
because of its tendency to react with meJ4 t) form C1, and insoluble reduced V compounds such as .Lz,O 
2 VzQe 4 V,O,; shows lowest performarwe life. CaCrO, gave best energy ouput. . 

&f9-he half cell potential3& of Mg LiCI-KC1 eutectic is approximately 0: Sp'less negative than a 
cwlcium electrode. At reasonable discharge rates the electrode effi8iencys2 is generally greater than 91%. 

. Half cell reaction is as follows : 

I n  the system3"g/LiCLKCZ/Ni, if the electrolyte itself contains oxide ion or hydroxide ion 
(water) as impurity, significant amount of insoluble MgO may be formed. Al; lower temperatures 390'-40°C 
OH- ion is cathodically reduced to hydrogen gas and oxide ion. 

At cathode : 
Ng(s) f 0- - + MgO(s) f 2e- 7 

). 
2 OH- + 2e- 4 Hz (9) + 20--J 

Net xeaction is : 

At higher temperatures (445'-535°C) Ni (11) oxide formed by the action of hydroxide ion on Ni mehl  
is the cathdiaally reduced species. 

Net reaction : 
Mg(s) + NiO(s) 4 MgO(s) + Ni (s) 

Xi0 is formed by the reaction : 

Ni(s) + 2023- ( I )  -+ NiO(s) -+ H,(g) + 0- - (12) 
In  batteries a variety of cathode depolarizers have been used. It is indicated from the investi- 

gations2 of slightly soluble iron oxides (FeOx) as cathode depolarizer in the above system, that for large 
voltage with greater energy output during sho'rt-time discharge y-Fe,O, should be the choice. 
a-PezO, can be used for flat discharge curve when large voltage is not important. The voltage can be shifted 
up or down to some extent by incorporating small amount of TiO, and Si02. A high peak-voltage 
of short duration may be had by blending the iron oxide with conductive carbon. The cells are discharged 
st 4205%. The fabrication of terminals for a magnesium anode thermal cell is described in a patentlo. !@he 
electrode is made from a thin flat electrode plate and a terminal consisting of a metal tab bifurcated on 
oae end to produce two legs placed over metal plate with the end of each leg folded over a free edge of the 
metal plate. Two slots are cut into a 0.015 in. thick Mg foil anode and terminal tab is made by folKing 
over lengthwise on itself a Ni strip 0.05 in. wide giving a double skip of 0.25 in, width. The end of this 
double strip is split into lags with one placed over one side of the 2Mg electrode and the other over the other 
side. Both are then threaded through the slots with ends flapped over the edges of the slots. The entire 
electrode is pressed at 40,000 p.s.i. and the two legs are then spot-welded to the Mg foil. The anode and 
cathode for use in multicell battery1' may be fabricated by compressing powdered Mg and F20, respectively 
igto opposite ends of the same metal screen bases of steel, Cec, or Ni wire. V20, is the cathodic reactant. 
T . b g ~  M e r  pelletized14 cells using Mg powder anode, LiC1-KC1 eutectic electrolyte and V205 catholfie 
wera &&ed. Varying the thickness of the layers and their relative ratios KClILiC1 ratio was fixed a t  
1-25, Cell gedormance was affected by the purity of materials and the presence of voids in the pellets 
The catholyte &ure containing a mixture of V205 (5-75 wt %) and LiC1-KC1 eutectic may also be coated 
on Ni, Al,  or steel wire and assembled with a thermal batteryfs with Mg anode and LiCZ-RCZ or CaCl, 
NaCJ~KC1 eutectio electralyte. 

in. 



In a different design for Mg anode thermal cell an anodic cone such as Mg drawn to a flexible wire or 
tube, a LiCl-KC1 eutectic electrolyte layer surraunds the cone co axially and a cathodic layer such as Ag- 
Cl surrounds the eutectic layer co-axially. Cathode layer is surrounded by an electrically conducting 
casing such as one made of an Ag tube (12.7 mm diameter 0.5 mm wall thickness) inside with a 2.5 Dm 
thick layer of AgCZ. After insertion of a Mg rod (2 mm diameter the remaining space is filled with LiCl KC1 
eutectic containing $ 50% MgO and the diameter of the unit is reduced to 0.25 rnrn by mechanical 
drawing. The unit delivered 2 V at  350". 

The batteries mentioned so far have very short useful life of the order of few minutes. The attempts 
have also been directed towards the development of long life-thermal batteries with-performance life extend- 
ing upto several days for space-probe applications40. CuzO-CuO as catholyte in batteries with Mg anode 
and LiCl-KC1 eutectic extends performance life upto several days. These cells are discussed later. 

Yet another system Mg/LiNO,, KCl/Ag has been investigated by Jening12 a t  temp: -st  re 300-500°C. 
With greater than 20 mole % Kcl, open circuit voltage of 1 -4-1.5 V was obtained. Cells were discharged 
a t  4-100 mA/cm2. The electrical output of cells with KC1 less than 20 mole % was poor. The postulat- 
ed mechanism is : <'- 

Li20 + Mg + 2 AgCl 3 MgO + 2 Ag + 2 LiCl (13) 

Li20 is produced in the reduction of nitrate. A battery37 based on this system consists of a low voltage 
section 'A' and high voltage section 'B' and an ignitable cylindrical block with thermally mnductive 
metal heat rod. 'B' cells are fabricated by lining a Ag cup with chrysolite asbestos paper impregnated with 
a solution containing K chromate 3.7, KCZ 27.8 and LiNO, 68.5 parts by weight. A discoid button type 
Mg electrode is placed on the electrolyte body and is covered with an insulating washer. After crimping 
the Ag side, 'B' cells are placed in a brass tube. 'A' cells are composed of Mg anode surrounded 
by 2 sheets of glass fibre cloth impregnated with K chromate, KCZ, NuCZ, anhydrous CaC12 
0.6 & &NO3 5 part by weight and positive electrode of two thin sheets of Ag. 'A' cells can be stacked by 
crimping the edges of the outer sheet. 

C A T H O D E  - -++: - . 

Oxygen containing compounds such as ~ulfates3.6?%14 Oxideslb~17Jg Chromates19~30~32,3~~40041,42,43 
phosphates4~6~l~~36~37 etc. have been used as cathode materials. 

A large number of compounds16 such as an Aluminate, Borate, Carbonate, Phosphate, Silicate, Sulfate, 
Al-ino silicate, etc. were investigated as cathode depolarizers in thermal battery witla either C4a or Mg 
modes, Ni cathode and LiClKCl eutectic electrolyte. A cell wit1 a cathode depolarizing layer contaiI&g&B(//, 
Fe (SO,),, 14% graphite, 12% Cu powder and 34% LiCI-KC1 eutectic, Ca anode had an open circuit 
voltage of 2.52 V a t  560°C and theoretical capacity of 330 W hr/lb. of active mqterial. A small amount of 
F- was added to the PO3- depolarizers to enhance the conductivity. Various sulfates, phosphates and other 
oxygenated anions and oxides of group IIIA to VIA are reported16 to be effective depolarizers for 
thema1 batteries operating a t  500°C. In the case of sulfates the pyrosulfate ion is the active species at 
cathode and 8 is the probable end product of the reduction. 

Iron 0x;i~les~~ 

The material has been used in thermal batteries. Discharge behaviour has been observed to vary with 
the particular oxide employed i.e. -Fe304, ccPe203,y- FezO,. The physical and chemical reasons for 
differences in behaviour have been discussed on the basis of two broad considerations. One of these is the 
amount of reducible iron. Thus a magnetite cell containing only 3.42 magnejium-ions of Pe (111) polarizes 
more rapidly than a Fee,03 cell witb 4.96 magnesium ions. The addition of conductive carbon enhances 
behaviour at the beginning af discharge, but voltage drop is very fast, presumably because of non-galvanic 

of the iron oxide. The other general consideration is the specific resistance of the oxide. In 
each instance, discussed %hove, those effects which enhance conductance lead to higher cell voltage and 
those which increase resistance result in lower terminal voltages. Ylatter curves result because of decreqed 
discharge current. In this regard the performance of the magnetite and y-Fe203 spinels is to be cor$pared 
,ith that of a-Fe,O, obtained as such or thermally prepared. Samples containing small a~ou-nts 
of Silica have higher resistivity than pure samples and this is reflected in cell performance. Small amounts 
of titanium ion decrease resistivity, and this is also reflected in cell performance. Unfortunately this 
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resistance parameter, which is of primary importance is difficult to measure directly. It is also affwted by 
ruth factors as compacting pressure, particle size, and porosity. 

One may select a cathode reactant to yield desired electrical characteristics. y-Fe203 or magnetite when 
chosen may provide high voltage with greater output energy for short duration of discharge. a-Fee,03 
may provide flat discharge. 

Pe (III)8J6j38 ,Pe (0)--The soluble iron cathode is reversible and has high exchange current. Fe2(804), 
has been used in the cell system16 CalLiCI-KC1, Pe2(SO4),/Fe, C, FeC1, when used in cathode mixture 
of 1 mole PeCl, in 4-5 moles of LiC2-KC1 eutectic showed a polarization of 0.1 V at 150 mA/cm2 (450°C). 

Sb20316--Cell of the type CalECE, LiC1, MgO/Sb,O, had open circuit voltages ranging from 2.2 to 
2.4 V and energy of 110-120 W hr of active material. Cell performance was not particularly sensitive 
to Sb,O, content over a wide range of cathode mix composition. However when Sb203 fell to 45% of 
the cathode cake a considerable reduction in output occurred. Additional graphite is needed in mixtures 
dilute in Sb203. The compound discharged at positive at 600°C and the solubility was 0.6% at this tem- 
perature. Half-cell reaction proceeds direcly to the metal. 

V 2 0 5 11,14J7Js-This material because of its high solubility and tendency to react with ZiC2/EI%2 melt 
to form Clz and insoluble reduce 7 compounds such as G,O. 2 V,04 4 V205, gives lowest performance life. 
Chemical analysis of the reaction products formed in mixtures of V,O, and molten LiCl-Kcl a t  380- 
500°C over the concentration range 5-30 mole % V205 indicates decomposition reactions of the following' 
VP?* , 

V205 + 6 LiCl-+ 2 VOC1, (g) f 3 Li20 (14) 
V205 + 10 LiCl* 2 VCl, (g) + Cl, (g) J- 5 Li20 (15) 

V205 + 2 LiC2 -->V204 + C1, (g) + Li20 (16) 
X&i20 + Y V20, + ZV20, -+ XLi20 YV20, ZVz05 (8) (1 7) 

. In a L'CZ-KCI eutectic melt at 450°C, V20, is electrochemically reduced to an insoluble mixed lithium 
vanadium oxide a t  a potential which is a function of Vs05 concentration, chemical analysis of Li, vanadium 
bronze formed in potential region 0.00-0.20 V Vs Pt  ( I I )  (1 M)/Pt reference electrode gave a compound 
with stoichiometry LiO, VzO, 4 V2o5. 

V,O, has been used in  cell^^^'^* of the type MglLiCl-KClV,O,/NiAl, Cu or steel. V2O5 content varied 
from 0.5-0.75 percent by weight. Cathodes18 giving high potential were prepared by dipping Ni, Al, 
steel or Mg metal wire in a melt of 5.35 percent by weight B203 in V205 obtained by heating the mixture 
at 7OO~WC for 2 hours. Alternately a coating of slurry (0.002-0.006 in. thick) of powdered P205, 
and 3 2 0 ,  in non-aqueous solvent such as acetone was applied and fused by heating. 

. . 
Chromtes96,7,36,37 

Chromates e.g. K,CrC), have been ilsed as soluble depolarizers in thermal batteries. It has been 
shown that K2Cr04in LiC1-KC1 is reduced electrochemically at platinum eleotrodes to give an insoluble 
lower oxide of chromiain probably containing lithium ion and melts. However the situation is more 
c o n i p l e ~ ~ ~ .  Potential-time curves for the discharge of the cell MLiCl-KCl-K2Cr04 through 2,000 
ohm load at 440°C showed a series o$ discrete potential plateus corresponding to 1-80-1.81, 
1-76, 1 -70, 1 -67 V, which could be explained in terms of different reducible phases at, the oathode. Chro- 
mate functions in oxidising Ni as indicated by the reaction. 

2 x Q r o ~ ( 1 )  + 3 Ni(s) + 2 n: 0--(I) + CQO,(S) f 3 NiO (x) (8) (18) 
followed by the half oell raction NiO (z) 

NiOx(s) + 2 (x- y) e- + NiOy(s) + (x - y) 0-- (1) ( 1 s )  - 
In  another study the primary reduction product has been found to be C.rOhs which decomposed 

to yield CrOc3 and 0 -- - . At sufficiently high concentrations of Cr0,-5 solid Li,CrO, is deposited 

Other chromate2 depolarizers which have been employed are calcium chromate, basic sodium 
zinc chromate and potassium dichromate, With most of these materials, the voltage drifts with time 

169 
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z 
PEAK VOLTAalEB OF TIW SYSTBMS CU OR Mg/fiCz H ~ ~ / D E P O L A R I Z B R / ~ %  AT A CURItENT d.0. 11 a m ~ / i n . ~  

Bystem Voltage System Voltage 

Ca/ZnOrO, 3.28 Ca/BaCrO, 2.50 

Ca/Basia ZnCrO, 3-09 Ca/ WO, 2.48 

Ca/Ua&Op.PbOr04 3.05 Mg/NaZnCrO, 2 a44 

Ca/CctCa-NaZnCrO, 2-95 Xg/ZnCr04 2-49 

Ca/OaCrO, 2.80 Ca/PbS04 2.30 

Mg/Basio ZnCr04 2.23 Mg/SrCr04 1 .84  

Mq/CaCrO,-PbCrO, 2.20 Mg/ WOS 1-72 

and so no stable equilibfiurh potential could be measured. The particular depolarizer used can have 
an influence on anode polarization. For example when CaCrO, is used, a magnesium anode polarizes 
much more than in a cell in which Fe,03 is employed. This is dug to tvhe so1uk;kty of CaCrO,, which 
in fiiC1-KCt is 7 percent by weight a t  FOB°C, !, 19 -perm& weight a t  600 
and some oxides have been classified2 sccorfrrig tt~ the peak-voltages they prod 
Mg or CalLiC1-KC1 eutectio, depolarizer/iVi. The voltage obtained a t  
mkjin.2 are shown in Table 2. 

The system give excellent peak voltages, but lives are relatively short. The system however 
permits very high current drains for short periods of time. In one experiment a direct short was applied , 

across the t m i n a l s  of a cell and a current of 57 amperes (25 amplin.2) was measured. This was of course 
for only a pulse and the cell voltage dropped to about 0 .1  V. 

Nitrate 
Nitrate ion serves as depolarizer12 in the cell system ' Ng/LiNO,-KCilAg. Best results 

were obtained with 60% KC1 giving.an open circuit "voltage of 1.5 V. Platinum plates were superior to 
silver. It was originally assumed that silver was oxidised by LiNO, to give AgCl, Li,O and oxides of 
nitrogen. The silver chloride would be discharged electrocherrrically. Howeqer, i t  has been shown, 
that molten nitrate does not react with silver or platinum, but discharges directly to oxide ion and oxides 
of nit:ogen. 

Copper ( I )  Oxde 
The solubilities of Cu,O, as determined fro potential measurements and from a current-voltage 8 curve, were 3.8 x 10-2 and 5.8 x moles/ tre respectively. A plbt of log (0-8) Vs. E gave a dope 

of 66.2 mv and an E0 oxide value of -1 -207 V corresponding to the electrode reaction C%O f 2 e- 
a 2  Cu Jr 0-2. The system Cu/Cu,O, 0" acts as an electrode of the second kind. 

Copper (11) Oxide 
Ideally this material should discharge as follows 
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However because of the existence of a stable intermediate oxide the reaction could be expected to 
proceed e ~ s  follows- 

cuo + cu -+ cu,o (23 j 
Si- Cec20/Cu couple is reversible to 0-2 in LiCl-KC1 electrolyte and iB solubilfty being approki- 

mately 4 x 10-2 moles/liter i t  may complicate cell behaviour due to chemioal short-circuiting. 

A number of t&t oelb of the type CalLiCl-KClNgO!CuO/C or Cu have been built-tls. The 
open circuit voltage was generally between 2.3 and 2% 4 V. The peak load voltage was 1.45 V. The 
peak current was 188 mA/cm2 and the enern density was reported as 177 W hr/lb of the active ma- 
terial. 

The mixtures of CuO-Cu,O have been employed as cathode mixture in a large number of cells with 
Mg @node and LiCl-KC1 eutectic eIectrolyte. Th'e cells utilizing this cathode matterial have extend- 
ed life measured in days upto 3-6 days40, and prime objective in their developr6ent has been their 
possible use in space exploration. 

In  an investigation6 on this cell system five CuO/Cu20 cathode compositions were tried. Needle 
type cathodes made of 100% CuO showed efficiencies between 67% ~ n d  89 % at 2 day and 75 to 78.2% 
at 6 day discharge rate. For 100% Cu,O cathodes at 2- and 6-day discharge rates the efficiencies 
were between 78.6 and 88.8% and 71 - 4  and 82.7% respectively. Use of pure cupric oxide cathode 
is recommended in view of greater energy density and ease of fabrication. 5-cathode configurations were 
investigated and a design for 50-A hr cell is presented. 

Thal le~?~~ has reported electrode efficiencies upto 73% for the cell discharged at 425-5a°C over 
a period of six days,"and 93% for a cell discharged over a period of one day. For non-optimized 
cell energy densities of 28 W hr/lb of total battery weight were obtained. 

The cell design was found to effect42 the discharge characteristics of the cell, The average rate of 
self-discharge taking place concurrently with electrochemical discharge at constant load varied from 
< 1 to 200 mA. As cell design was changed to decrease the rate of self-discharge (greater electrode 
spacing, higher Cds in the electrolyte and different electrolyte) the overall polarization incmased. The 
equivalent internal resistance of the cell varied fromwQ.2 to 2 ohms. The discharge is influenced by 
three factors affeo6ing the mass transport inside the cell i.e. the rate of discharge, the electmde shape 
and spacings, The amount of electrolyte per unit of cell capacity had little effect. The cause of 
the end-of-life failme was found to be due to freezing of the elecfrolyte. During the latter stagw of discharge 
(beyond-50% depths of discharge) a large drop in open circuit vdtage (-0.25 V) occurred due to the fop- 
mation of a cuprous complex resulting into change in mass transport conditions during thk latter stages of 
discharge which reduces the activity of cuprous ion by -2 order of magnitude. Complex formation takes 
place according to the reaction 

, Czc,O (s)+ 1 5 Lit- Czc ,O 1 5 Li20 (s) 
complex h o i a b i o n  @ 

Uu2B 1- 5 Li,O (s)+ 1.5 fMg+2 t, Cw2O (s) + 1 * 5 1MgO (s) + 3 L4+ (25) 

AnolyteQB studies of 1Mg anode in the cell indicated that Mg ions and oxide ions do not rapidly diffuse 
away from the electrodes producing Mg CZ2 rich anolyte with accompanying decrease in cell voltage and 
increase in the electrolyte freezing point. For better current efficiency the MgC1, activity in the eutectic 
LiCl-KC1 must be verilow. Poor operating characteristics of Mg anode under certain conditions were ex- 
plained in this way. 

A cell using LiCl-KC1 eutectic electrolyte, a separator of porous layer of powdered fused MgOs 
ZrO, or AZ20, impregnated with electrolyte placed below calcium or magnesium electrodes a cathode 
depolarizer mix cake (CuO 65.8,Cu 6- 6, LiCEKC1 eutectic 2 8 ~ 6 % ~  and a oatfrode current collector of Ni was 
o ~ r a t e d  at 600' and had open circuit voltage 20 43 V with theoretical energy density of 282 Whr/lb based 
on the reaction Oa+CzcO+CaO SOU. 



c u  (11), Ces (0) . 
Cu-t2/Cu0 couple being reversible and having a high exchange current would be expected to discharge 

a t  high rates. The use of CuCI, was complicated because of highly oxidizing nature of this compound. For 
example gold substrates rapidly dissolved (10 min.) upon immersion in the molten CUCZ,+L~CZ-KC~. A 
tantalum wire, 50 mm in diameter completely dissolved within 15 hours in the melt at 525°C. A tungsten 
wire was partially dissolved (in 25 minutes). However pyrolytic graphite, "glossy carbon" and boron 
carbide were stable. The polarisation at 150 mA/cm2 was only 0.53 V. CuSO, has also been used 15. At 
temperatures of the order of 6W°C, the sulfate ion is inert as a depolarizer and the half-cell reaction is 
essentially Cut- + 2 e e  Cuo 

Diffusion of SO4-+ to the nagative would result in sulfide formation. Cells of the type O a / ~ c l  
LiCl, CuSO,/Cu, C are reported to give power outputs of 300 W hr/lb based on active material or 140 W hr(lb 
based on electrodes, grids electrolyte and spacers. Depolarizers such as CuP0,-LiP03 produced up to 
293 W hr/lb on an active material basis or 222 W hr!lb on total cell basis. 

D E S I G N  C O N S I D E R A T I O N 8  

The design considerations of thermal battery for projectile applications9 have received special attention. . 
The entire cell stack and connectors are completely encapsulated except for a small fll channel in the en- 
capsulating material, whereby the electrolyte may have access to the batttery cells. Battery cells are assembl- 
ed by &,tacking the plates and separators in alternate order in a single stacking operation, after which an 
elastomer moulding compound is applied to and completely encloses the entire cell stack except for an 
ampoule cavity and a fill channel inter-connecting the various acting cell elements. The elastomer molding 
compound can be of a vinylite base or any other suitable compound. The battery utilizes annular shaped 
plates of electrically conducting material stacked at right angle to the unit axis. - The first plate is coated 
with a Ni surface on the side abutting the cell support disc and with a P b  oxide coating on the other surface, 
The annular plates are stacked in such a manner as to place the PbO coating on the adjacent plate. 

P Y R O T E C H N I C  C O M P O S I T I O N  

The required heat for raising the temperature of the electrolyte to its melting point is provided by a 
pyrotechnic composition incorporated in the battery amembly. Several suitable -oompositions have been 
described. A pyrotechnic material4 firmed of about 26% by weight zirconium and the balance b a i q  
chromate can be used. A paste is applied as a wet surface coatlng and dried. An'electric match is embeaded 
in the coating to provide a means for igniting pyrotechnic material. A percussion primer or aweleration-. 
force can also be used for this purpose. The electrical match is connected to an electrical power source in 
series with a switch. Closing of the switch permits.a flow of the current through the electric match igniting 
the match composition, which in turn ignites the pyroteclnic material. The ignition of the pyrotechnic 
material generates heat which fuses the electrolyte salts thereby activating the battery. These materiqls 
have been employed38 in composition 38% Zr, 57% BaCrO,, 5% glass or asbestos fibre. Another* kaseotzs ' 
fuse-delay composition containing powdered Zr 3.0-4.5, powdered Ni 15 - 31, KCZO, 7 - 22 &nd 
BaCr 0,75-42% gimburning time of 15 to 4.5 seconds. Powdered Niused is prepared by evaporation of "Hg 
from a Ni amalgam. KCZO, may be replaed by chlorate or nitrite. BaCrO, may be replaced by PgCro4, 
Moo,, PbO or Pb,O,. The burning time is accurately reproducible and is not affected by storage at high 
temperature and high humidity. The same materials can also.be fabricated in a block37 by ball milling KClo4 
17.53, powdered Zr 4.07, Ba Chromate 12-05, Pe (by H) 66-35 with EtoH (0.5 c .c . lp  powder). After 
drying 47 parts by weight of the mixture and 52- 75 parts Fe are mixed with 0 -5  part of mold release agent 
(Ca stearate) and 0.02 part vapour phase inhibitor (dicyclo hexa ammonium nitrate) and pressed into a mold. 
Short circuiting of thermal batteries48 by the combustion products of the rapidly combustible flammable 
material (pyrotechnic composition) used in twatteries;  can be overcome by using a mixture of Pb,O, (60 
parts), Si (30 parts.) and SiO, (10 parts) as the reactants, which form silicates of high resistance on 
combustion. Heat generated by the ignition of the pyrotechnic mixture can also be used to melt a material of 
high latent heat, which then maintains -the battery temperature as i t  solidifies after the ci- 
mbustion is c0mplete4~. Cooling can be further delayed if the proportion of the reductant 9.g. Si or zy is 
increased to 25% and if space within the reactant mixture is filled with a mixturaof Ba02 and V205. Heat 
of combustion results in the reaction 

~ 

BaO, f Vs06 + Ba (YO,), + 112-0, . (26) 
and 0 combine6 with unreacted Si thus generating further ' heat. Thus battery* can be activa$ed for 2.5 
minute. A stoichiometric 50 mixture of powdered S and finally divided reactive Ni powder prepared by 
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the evaporation of Hg from Ni amalgam will burn with extreme, rapidity but without evohtioi Q$ gaseous 
products of ~ombuation when mixed with diatomaceous earth as a dihen% and ~ressed into a, plxitaJale 
container. 'The c;omposition is useful as.a short-delay fuse element in military explosive, devices. . , 
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