
HEAT OF REACTIQN DIZEXMINATIONS IN TRE SYSTEM Ca-LiCI-KCl- 
CaCrO&iOz USING DEFERENTIAL SCANNING CALORIMETRY * : 

As a result of the observation of heat generatiop in electrochemical thermal 
ceils of the type -Ca~L.iCi-KC& SiO,, CaCrOJFe’, heats of reaction of the Ca-LiCl- 
KC&CaCrO,-SiO, system were @~estigated using differential scanning calorimetry_ 
Three signi&znt reactions were studi& all involving calcium. &I&m reacts rapidly 
with Lick immediately upon meIting of the IiCi-KCI eutectic mixture at 352°C. The 
exothermic reaction expressed as 

2Cat 2IX1+CaCI,+CaLi, 

has a heat of reaction equal to - 1.4 kcal (- 17.5 cal/g Ca). Calcium undergoes a 
rapid and highIy exothermic reaction with Cacro, which occurs at the melting point 
of the LiCl-KCI-CaCrO, ternary eutectic mixture (342°C). Expressing this reaction as 

3 Ca + 2 CaCr04 + 2 tiCI--, 2 C&CrO,Cl + CaLi, 

the heat determined was -212 k&(-l770 caI[g Ca). Calcium reacts with SiOz at _ 

much higher temperatures (400-600°C) also in a strongly exothermic manner_ The 

Cz/SiO, reaction is considerably slower than the other two reactions stud&d. For the. 
reaction expressed as 

4Ca+SiO~-+2CaOtCa~Si 

the heat of reaction is - 106 Cal (-664 Cal/g Ca). 

-ai batteries are eIectrochemical.batteries containing an eiectrolytc which 
is solid and virtually nonconductive at ambient temperatures; however, when heated 
above its melting point., the electrolyte becomes an excellent ionic conductor, thereby 
rendering the battery capable of Supplying power at relatively high rates, The electro- 

&em&I ce& used in thermal &cries frequwtly cmpl0y.a calcium anode, a LiCl- 
-_ -- _ 
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fn order to mcasurc the effkct of calcium and CM30h on the tcmperaturc-time 
curves, two experimental batteries were activated, one with no calcium anodes and the 
other with no CaCrO, present- Resuhs for these two batteries arc comparcd with a 
curve for a standard battery in Fi g_ 4, It may be noted that removing CaCrO, lowers 
the temperature profiIe and that removal of Ca decreases the temperature still f&her_ 

these data show that heat -generation can be either beneficial or harmful and 
that Ca and CaCrO+ are ~involved in the heat generating reactions_ In order to better 
understand and control the processes responsible for heat generation in thermaI 
batteries, an investigation of the reactions in the Ca-Lick-KCI-CaCrO&iO, 
system and the associated heats of reaction was undertaken. 

Materials used in this investigation incIuded “high purity-low oxygen” calcium 
sheet O-013 cm thick (99-3 % Ca, 03 % 0) from Ventron Corporation, Beverly, MA; 
reagent _-de LiCI and KCI, both vacuum dried for 16 h at 120°C; high-purity 
CaCrO, (assay 99_85%) prepared from reagent grade CaCOB and Na,CrO, using a 
method previously described2 and vacuum dried for I6 h at 120°C; and a high-purity 
(99x), small-particle size Si02 (Cab-0-SiI EH-5) from Cabot Corporation, Boston, 
-MA, which was dried at 600°C for 4 h_ 

The calcium was degreased with trichIoroethyIene, punched in 0.32 cm diameter 
discs, cIeaned mith a solution of 5% HNOs in acetone, rinsed in acetone, and air 
dried Samples of LiCI-KCI eutectic were prepared by fusing the appropriate amounts 

of the two individual salts (41-O moIe % LiCI) in a quartz tray at 650% for 1 h, 
CoozIng to room temperature, and grinding to a powder_ LiCI-KCI-CaCQ sampIes 
were prepared in the ternary eutectic composition (57.3 mole % LiCI-39-8x KCI- 
28% CaCr0.J by adding the required amount of CaCrO, to the LiCI-KCI eutectic 
sample, fusing at 450°C in a quartz tray, cooling and grinding_ Samples with Si02 
were prepared by adding 5 wt_ oA SiO, to either the LiCl-KCI or the LiCi-KC& 

CaCrO, cutcctics and ballmilling for 2 h to obtain a homogeneous mixture_ 
The Perkin-Ehncr Mode1 DSC-II was used for aII thermaI anaIyses. It was 

necessary to contend with numerous experimentai problems in the DSC investigation, 
including reaction plith the atmosphere, reaction with the sampIe pan, two or more 

competing reactions within the sample mixture itseE, incomplete reactions, creeping 
of molten samples, and voIatiIi.zation of r eactants and/or products_ T& optimum 
urperimental conditions iucIuded the use of a molybdenum sample pan (0_32 cm i-d_) 
which in turn was sealed under an argon atmosphere inside a standard Perkin-Elmer 
goId pan desi_& for use with volatile samples_ Salt samples varied between 0-I and 
10-O mg in weight, and the heating rates employed ranged from 0.5 to Zl”C/min. 
DSC scans were from 150 to 700°C. 

Since most SampIes contained the Lick-KCI eutcctic, that mixture was usuaIIy 
used for caliiration of the DSC. Values for the melting point (352°C) and the heat of 

fusion (56-l c&/g) of the LiCI-KCl eutectic have.been previoukly estabIished3. Itt some 
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instances, the LiCl-KClCaCr04 eutectic (m.p. 342°C and heat of fusion 52-3 
caI/g)’ was used as a standard_ When DSC samples contained both calcium and a salt, 
the powdered salt was placed betvveen twd calcium discs to assum complete reaction, 

X-Ray difiiaction analysis was used in the identificattion of reaction products. 
Materials used for X-ray analysis were not the T)SC sampIes, but were larger samples 
reacted together in an argon-med giove box_ These larger samples were needed in 
order to obtain sticient quantities of products for analysis. 

RESULIS 

DSC determina tions were made for Ca alone, LiCl-KCI eutectic, CaCrO, 
alone, SiOl alone, Ca i LiCi-KC& Ca t CaCr04, Ca t Si02, LiCl-KCl-CaCrO, 
eutectic, LiCl-KC1 + SiOz, LiCl-KCl-CaCrO, + SiOz, Ca -+- LiCl-KCl-CaCrO,, 
Cat LiClAcCl t SiOz. and Ca t LiCl-KCL-CaCrO, + SiOz. Three signikaut 
reactions were detected and all involved caIcium: Ca + LiCl (in the LiCL-KC1 

eutectic); Ca + C&r-O, (in the LiCl-KC1-CaCr04 eutectic); and Ca f SiOz (when 
mixed with either the LiCl-KCl or the LiC&KCl-CaCrO, eutectic), 

Ca i LiCL The types of curves obtained from this mixture are shown in Fig. 5 
The net difference in area between the DSC curves for LiCI-KC1 and for Ca + 
LiCI-KC1 yields the heat for the Ca + LiCl exaction. This heat may either result in a 
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Fig 5_ DSC cores for Ca i LXX-KCl au& 

reduced endothermic peak, as in the case for the curve at the left of Fig 5, or it may 
show a small exothermic peak following the LiCl-KCl melting endotherm as in the 
curve on the right_ Calcium is known to react with Licl to form a calcium-lithium 
ahoy5_ The overall reaction may be written as 

2Ca+2Ixl +-C&l, -h_ Car& (alloy) 0) 

This reaction may be considered the sum of txvo other reactions _ 1 

CafZU~+c&,-j-2Li- r _ (2) 

Ca+2Li-&aLi*(doy) _- - (3) 



The reaction oazurs at the melting point of the LiCI-KCI eute&c (352”c), 
At that temperature the Ca-Li alloy is molten, as shown by the Cz-Li phase diagramq 
This moifen active-me&I alloy will reset with most sample pan materials, thus 
necessitating the use of molybdenum which is inert to both the molten alloy and the 
molten salts 

The heat of reaction for reaction (1) is - 1.4 kcal or - 17-5 Cal/g Ca The 
existence of CaCI= as a product was shown by X-ray diffraction. CaLi, aUoy was 
detected by cooling the reaction mixture and observing the aUoy f&zing point at 
230°C. The standard error on this determination was quite large because the te&.nique 
involves m easuring a small difZerence between two Iarge numbers, The standard error 
ofthemeanwas + OL! kcal (- 14%). 

Flg_6_ D!sccm-ues for Ci2 i CaGo~Licl-KcJ)_ 

Ca t CaCrO,. CaIcium and calcium chromate react in a very rapi& highly 
exothermic manner upon melting of the LiCI-Kc1_cacro, ternaryeutectic. Examples 
of the resultiug DSC curves are shown for two different heating rates in Fig. 6_ These 
curves can be expIained in the following manner_ At lO“C/min the curve shows an 
initiaI melting endotherm followed by a net exotherm as the calcacro, reaction 
takes place_ The m&ing is eompIeted by the time the exothermic chemical reaction 
subsides. At the slower heating rate (S”C/m.in) the curve again shows an initial 
endotherm which is replaced by an exotherm as the Ca/CaCrO&, reaction proceeds, 
When the chemical reaction begins to sfow, the salt has not yet become completely 
moIten and eoI1sequentIy the curve s~tigs back to a net endotherm- FoIlowing 
completion of the melting, the curve again goes exothermic as:the CajGiCrO, 
reaction goes to compietion. TotaI heat is measured from the DSC curveand cor- 
rections are made for the LiCI-KCI-CaCrO, eutectic melting endotherm and for the 
exothermic Ca t LiCl reaction. 

ft is not certain whether CaCr0, reacts with the caIeium per se or with the 
Ca-Li aIIoy formed via the Ca + LiCI reaction_ X-Ray di&iction studies have 
ident&d one of the reaction products as a Cr(V) compound, Ca,Cr0& DSC 



cooling curves have shown the existence of the Ca-Li alloy in the mixture following 
completion of the reaction--This sugests the reaction scheme 

3Cai2CaCrO~+2LiCi-,2~~C~*C1t~, (4) 

The measured heat for this reaction is -212 kcal or - 1770 caI/g Ca. The precision of 
the dewons of this valu&_was considerably better than for the Ca -!- Lici 
reaction.Thestandarderrorofthemeanwas+7kcalor- 3%. 

Ca + S’iU+. The reaction betwem cakium and silica is also highly exokrmic; 

but the feactlon scum much gore slowly than do the other two reactions_ This may 
be because the SiO,‘is an insoIubie solid as opposed to the previous cases where both 

LiCI and CaCr04 were in the liquid phase_ The reaction between Ca and Si02 takes 
place between 400 and 6oo”C, well above the melting temperatures of either the 
LiCl-KCI (352°C) or the LiCI-KCl-&CrO~ (342”C)_ The DSC curyes are shown in 

Fig- 7 and exhibit a more drawn-out exotherm than was observed for the other 
reactions_ These curves were obtained at the same heating rate (lO”C/min) and 
illustrate the variability in shape and temperature range observed for the CajSiO, 
RZlCtiOlL 

The heat for the reaction expressed as 

4 Ca t SiO, --, 2 CaO -l- CazSi (5) 

is - 106 kcal or -664 cal/g Ca. X-Ray diEi-a&on anaiysis has shown CaO and CazSi 

to be the reaction products_ Since the reaction occurs well after the melting of the 
electrolyte and also after the oaxrrenceoftheCa+LiciandCa+CaCrO~~eao 

tions, the heat resulting from the Ca f SiOp reaction can be read directly fromthe 
DSC curve with no corrections for other thermal events- There was some uncertainty 
in the exact concentration of the SiO, in the reaction mixture. This is a restit of 
difficulties in obtaining very small samples which were rep-e of the overall 



composition- Consequently, over 150 sampks were run with a standard error of the 
IncaIleqllaltoa_6kGtI(-6°~_ 

The resuk of the determinations are summa&ed in Table 1, 
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