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by the author and his assckiates during the last 
forty years are briefly surveyed- The type of calorimeter to be developed depends~on 

the type of reactio~ to be studied. A rough distinction is. between spontaneoti and 
slow reactioq the latter requiring high-tempera&e or so~ution:method~ or both, 

Critiml remarks on the performance of the various calorimeters are made and the 
reStriCtiOns on their-application to high temperatures are oUtlined; The _potentialities 
oftheTian-CavetcaIorimeterarenoted_ i ._: -- .-_.. -.--: :- 

In the second part of the paper, exampIeS for the practical ap$katiO~ls of 
the&&_ data a.regJive~~ These pertakto aiuminothermjc types of reaction, 
“chill factors”,. thermal @xhxtion of magnesium; -deoxidation of iron- and the 
C&ZIMO~ of phase boumlaries in binary and tern&y systems (Cu-ki, Fe-N&Co,- 
-Ft+Ni-Cr, FeNi-Cn and F+Co-Cr)_ I- _.~ 
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sowEcuo~~ #IR MET,ULURGIC4L RISEARCH 

Originally, the present contributor started calorimetric work for sheer enjoy- 
ment of the sub- Stimulated by OeIsen3 ingenious KuheimercaIorimeter, which 
gave good resuIti because the water equivalent w&7~k&al, the contributor poured 
Liquid metals, such as lea& bismuth or tin, onto alkali metals stored under rather 
impure -on in a gaphite container within an ordinary isoperibol calorimeter_ If 

something went wren, Q with the transfer of the liquid metal to the ~calorimeter, 
+xacuku e%xts &veIopcd on the fioor which may be described as inverse “kiden- 
fr&t phenomena”_ Nevertheless, even today Oe!sen’s as well as the author3 heats of 
formation obtained in this manner’ are stii correct to within 5 12x_ 

Simikzriy, spectacular effects occurred a little later when (as a contri&tion to 
the Gemxm scientific war effort) the present contributor was suppIied with several 
Iitres of 87% H,O,_ F2ather more academic resezuch was then devoted to it than was 
envisa_& by the then authorities_ In particular, a simple method was devised4 to 
determ& partial heats of solution of water in hydrogen peroxide. Unfortunately, the 
calorimeter (essentiaIly a Dewar v-1) with its contents n@arIy exploded at an 
H,O, concentration of 67x, a phenomenon later confirmed by the British counter- 
part of the present author, We are @ad to say that the resuks obtained by so risking 
our Iives are stiII vaIid within a few percent 

A method invoIving the formation and condensation of iow-boiling-point 
cbIori&s (such as VCI,) in a pI&num tube witbin a room temperz&mz caIorimetez 

was developed by Van GoIdbeck’. 
To understand metaiIurgkaI thermochemistry proper, one must turn- to the 

type of reaction involved The first rough distinction is between spontaneous, ix_, 
ftiy to highly exotlm-mic reactions on the one hand and slow reactions on the other- 
The eariiest known caIorimeter to deal with spontaneous reactiOns is BertheIot’s 
bomb which is still an important apparatus in organic thermochemistry_ As for the 
metaUurgis&itsresuItsaretobetakenczfz7zgrmnun saZ43 because the kai state of the 
products is difkult to anaIyse and side-reactions with the container mattrial difEcuIt 
toeIimiMk 

The heats of formation of metaI haIides can aIso be best determined by direct 
reaction caforimetry, as excmpIiGed by the work of Gross (e-g-, ref. 6) or the bomb 
caIorimetry of the Argonne National Laboratory’. 

-These methods have in common the smalI input energy required to start the 
r=ction, that is, the quantity of heat actuaUy measured represents most of the heat of 
reaction sought for- There are a few other !ess violent rea&ions suitable for direct- 
reaction calorimetry- The combination of iron and suIphur to form “iron suiphide” 
is well known to students who attend their first course in inorganic chemistry;.The 

similar readiness of, say, BaO and Mo03 to react ham&&y bnt e2icienHy to; forq 
barium moIybdate* is less weI.I known, 

Other spontaneous reactions require morL energy to be started. m, are ,+e 
srJongIy cxotherx& meW-metaI or oxide-oxide ‘&actions_ When~th&e &e &rtiy ._ 
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ionic, the heats of formation can be quite substantial. For Ca3Sbt, for instance, the 
valueis174kcaImol~‘_ - - 

Therefore, the present contributor developed an adiabatic calorimeter operating9 
at 700°C. However, whatever its merits, it -was not suitable 1 for- even- moderately 
spontilneous reactionsi Only the skill of his co-worker% made it possibIe to obtain 
reasonably reiiabfe results for the type of intermetaliic compound just indicated_ 

Better suited for- the purpose was the later developed ~fchencalorimeter!.” used 
to determine the heats of formation of fairIy exothermic aIIoys, in particular the 
aluminides of transition met&_ An intimate mixture of the component metaI powders 
is compacted and reaction initiated by heating the mixture to reaction temperature in 
the calorimeter, the reaction temperature in the cast of aluminides being somewhat 

above the mehing point of aIum_inium The compact is heated by a small ftlinace 
within the calorimeter until alloying takes place rapidly, the eIectricaI energy supplied 
being measured and subtracted from the totai heat effect observed; The method has 
been improved upolt and systematicahy applied to alloys of the rare earth met& with 
Iow-meiting-point metals, such as Iead and thahium, by Ferro et al.“, 

However, most alloys of industriaI interest do not form spontaneously from the 
component metals but onIy moreor Iess siowfy depending on temperature_ A-f&t 
attempt to study this type of reaction, such as the formation of iron-chromium alloys, 
was made by devising a forerunner of the xxakd DTA methodq_ .- 

A caiorimeter was then constructed in the author’s Iabcratory to improve 
acculacy’z. StiIl dissatisded on this Iast point, an adiabatic high-tcmpciature cafori- 
nxter was developed which has proved its value for nearly fifteen years. First built at 
the National Physical Laboratory, it has heen rcbuiit and newly equipped at the 
Technische Hochschule Aachen”_ 

For the determination of heats of aGoyin& the specimen, a com$xted powder 
mixture of two metaIs or more (eg-, Fe, Ni, Cr) is enclosed in. an insulating box 
which is enclosed in a furnace- Heat is supplied to then specimen by. means of an 
intemaI resistance heater, the input energy being measured by meanslof a precise 
watt-hour meter_ Measurements are made of the energy required to heat the specimen 
adiabatically from one steady temperature (say, 700°C) to another (maximum, 
lS%VX)_ Measurements of the changein heat content of the component me+& are 
then made over the same temperature interval in runs similar to the-reaction runs. The 
physical accu&y is of the order of & SO Cal g-at-.’ of aI.Ioy. It might be slightly 
improved upon by using, instead of the cylindricai shape of this calorimeter,-a spheri- 
caI!+ or a conical onex5_ ,,- - _ 

However, in high-temperature caIorimet3-y~. the e&s stemming from chen3.ica.I 
reactions are far momserious than the physical errors_ Chemical interaction is bound 

to occur betweem the specimen and the container and/& the radiation shields, between 
the impurities and the component substances and, owing tothe increased vapour 
pressures, with the insulations, J%ctronic conduction in the insulators: also increases 

Because of aII this, the present~speaker wouId limit the appIic+on of i&&ion c+ri- 
metry to little more than 1600°C. that is, steelmaking temperature& . Levitation 

: 



melting to avoid contact of the specimen with its etivironment wotid be of littlq hdp, 
but “calorimetry in space-, as suggested by Dr_ Lukas at the prtkt meeting would 
be a possiile though very expensive solution of the problem, -. 

The aiternativt is of course (dis)soIution calorimetry_ Aqueous s&ion 
calorimetry is of long standing and wdi known since the days of Thomsen and 
Berth&t For the metaIlurgi& its application is somewhat exhausted, but the 

application of the principle to hi_gher temperatures is still pregnant with fu- use, 
In this case, it is of paramount importzuxe to keep the heats of solution small, IQ 
other words., ailoys shoutd be dissolved in iiquid metals (e.g_, tir& double oxides in 
fiqid oxides (e-&~fead borat~‘~) and halides in mokn chlorides”, 

PRACTICAL APPLICATEOX OF RESULTS 

The rtal importance of t.beimochemicaI results lies in their application to 

industrial problems- Heats of reaction obtained from CaIorimetric measurements sefye 
to caicukte heat balances Examples are the c&uIation of the temperature increases 
in aiuminothermic reactions, of the so-caIIed ‘Chill-factor$*, etc_ The reason for 

uIcuIatin_e the former is to gain knowkdge of the temperatures attainabk, which must 
bt above the melting points of the products so that metal and slag may separate_ The 
classic example is the ahmzinothermic production of chromium; 

crzo, + 2Al- AIQ3 f 2Cr 

Also a long time ago, the production of uranium from its tetrafiuoride by reaction 

with alkaIiue earth met& 

UF, t 2Me + ZIeF, + U, 

had to be considered_ It could be sh~w-n’~ that, when Me = Ca, the desired temper- 
ature rise can be attained by starting from room temperature, whereas Me = Mg 
required preheatkg or the application of a booster. 

No&y, the reactions to be considered are not as simple as indicated above 
because tb.e ores to be aIuminothermically reduced are composed of many more 
o-ides, ctc, than just one. However, this fact offers no difkulty to the applied 
thelmochemisL 

ChiIlf&ctors ako have been cakuiated on a ftiy wide scaIe*p, for the benefit 
of the !Tteehnakers, _ -. _. 

However, practical applications of chemical themxxQUmic~ mostIy require 
knoa%dge of the Gabs ev of reaction_ Where the reactants and the productsof 
the reaction are cssentialiy ionic, that is, t6 which the Third Law is applicable, the 

v data may be ootakd eniimly from caIoknetric measuremenfx -The 
idOdOQ~ukd~thehatsandcntr0piesbeoruse 2 = : .- -I ~. 



where the 3rd Law impIies~A& T ieio.’ . -. 
__ 

q the &&&xxz__invoIired in- @e re&ction are in liquid or-@seous states, the 
heats and entropies of transformation, fusion and/or e&&&&ion must be incorporat- 
ed in these equations. 

Tbw alternative thermal reactions to the elect&tic production of magnesium, 
for exampIe, may be con$der& thermodynamically~entire~y on the Ix&s of calori- 
metric results. Potential processes are the reduction of magnesium oxide by carbon 
or by s&on, represented by the equ+ions: __- _ 

MgO+C=IMg)i-(CO) 64 
4 MgO i Si = 2(Mg) -I- Mg2SiOl ~_ 0 
2Mg0 - CaO t_ Si =-2(Mg) + Ca,SiO, .- ~. (Y) - 

where -round brackets den&e the gaseous stat& The r&&ants would have to be 
briquetted and reacted at temperatures controIIed by the&xhemicaI equiliirium. 

Reaction (51) was tested in a piiot plant at the caIc&ted temperature of about 
19OWC some forty years ago in Austria but led to severe explosions of the magnesium 
powder which had to be obtained by quenching and was consequently very fine. 

Reaction‘(y), usingcalcined dolomite instead of magnesia, is thermochemically 
superior to reaciion (B). The process was suggested by MoscheI and Pistor at the 
I. G. Farbenindustrie, aIso &me forty years ago, and is being employed on a small 
scale in France and, presumably, in Canada. In Anglo-American countries it is known 
under the name of “Pidgeon process”. 

However, most problems arising in applied thermochemistry require independ- 
ent information of Gibbs energies via em-f., dissociation pressure or similar measure- 
ments. This is why in the speakers h&oratory as many Gibbs energy me&c&- have 
been devised as caIorimet.ric ones. It may be suggested that the l&hiinetrietagung 

shouid in f&&e take note of such experimental deveiopments. 
-It is, for instance, difEcult, nay, not pos&ble, to bbt&n Complete thermo- 

dynamic information- about‘ diIute soIutions in metats from caforimetzy done. 

SoIub.iIity_data, e.m.f._and diz+ociat.ion pressure results-have to be incorporated. The_ 
appIIcationof theres+sis muItIfoId. : 

_~.~~c.~~~.alsotypical~exampleis.tht~~~~~atioqlfir?~~by alaminium 
(or bth& de+xj&nts), represented by the chemi&I equation: _ _ __ f : __ _ _. 1 _- -. 

4w3 = 2W]ti* + 3jPL _. ._.:. _- -I : _- - ~_ . _. (6 

_ , 



whae the square brackets indicate [disxIved]Wohcn~- Any high-mf&.ing mcfai may be 
introduced for Me, mostly of course for metaIs that might be refined ~.&minium_ 
Apart from oxygen_ sulphur may be an important contaminant Ahmlinium may have 
to be repiaxzd by the rare earth metals, for instance- The number of applications__of 
this t&ermo&cz&a! approach is increasing. 

In the case of the &-oxidation of iron by aluminium, the thermochemis& and 
r&e indusoialists have &sagnxd for 6!ly years, or so, about the de-oxidation constant, 
c=_ In texms of weis&t percentages the CaIcuJated figure for reaction (6) has &ways 
been around 10-‘3, whereas the figure found in practice has been of the order of 
IO+. ,Repeat& research has shown that the calcuIated_figure has been alm& correct, 
but sound reasons of a kinetic nature have &en put forward to’a&unt for the 

&tidOS 

‘Kkse short remarks should have served to indicate another application of 
chcmicz4 thexmodynamics to important p~~cticai probIe& pertaining. mostly to the 
refining of metals or, inversely, to their interaction with iheir environm&& container 
mauriais for instance. 

Finally, the present speaker’s interest in the thermoch&istry of concentrated 
sohrtions may briefiy be re~icwed. OriginaIly. the intention was to calculate more 
accurate phase bounciarit~ in binary system than provided by the tinventiorral phase 
d&rams Later, it uxs discovered that the thermochemical method offered a means to 
caIc&tc phase boundaries in multi-component systems more quickly than the 
conver&.ionai methods could ever hope to achieveY 
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i . As-an exampIe &f-the_ former, the calculation df the solid&iq+Qs &ap in the 
system copper-nickel~” is s&own in Fig, 1; which ajso imjicat& the grap*hic%i methe 
~of phase bdundary determinarion .fiom tbermochemic& data, Heats-and. Gibbs 
energies- bf ‘inixing are -determined. for the @id -and . Ii&id aliqys; bibs energies 
calculatai. for varioti tempratures between the- meIting points-of the. metA and 
related to solid nickel and liquid copper_ Figure 1 - depicts the .dG (formation) vs_ 
concentration curves. Bt a-_ selected temperature and shows how; by. *wing the 
tangent to the CPm,.one may obtain the concentition~of the phase b&ndaries at 
that temperatn~ because it is ahvays the phase or the xnixtnre of phases with the 
Iowest-chemical poteutiai (the lowest Gibbs energy of-form&ion). that-is stable. The 
procedure is repeated at other tempera&es and the thermochemical data adjusted so 
that the experimental liquidus curve, which is usually the m&e accura* is reproduced. 
Figure2 shows the cakxdated soEd* curve together with the experimental one, It 
may be seen that the experimental curve is too !ow owing to the diEcufties in obtaining 
equilibrium on thermal cooling curves-an observatiou first pointed out by Wagner2 ’ 
with respect to the silver-gold system. -.’ ~- __.. 

Also- drawn ins Fig. 2 is the boundary of the miscibility gap. S&h- mi&ibiIity 
gaps are not easily determined by conventional methods because of the length of time 
of equilibration. In the case of Cu-Ni, theimmiscibility region is, however, hypothetical 
&cause the rate of separation into two &id solutions is estimated. to be of the order 
of miliious of yea=- but, where it is in the order of the life of pIant, the thermochemical 
method is indispensable. 

Other exampIeS of calculated binary equiiibrium diagrams may be seen from a 

suryey paP=22* -_ __- -. -_ _-_ 
_. : 

_- -_ 

x 

L Kohter eqwtion 
-y- Bonn-kYkonst._Ni~ eq&ion ’ ’ 



The sccoud advantage of the t+ermochemicai over the conventional method of 
phase diagram invutig.ation aIready mentioJled is as foIIows_ Se&al semi-empirical 
methuds for the exaapoIation - of the thermochemical - properties. of. binary . i&q 

~~~~~~~~~~~~~~~~su~,for~ -nstancebyKohkr? 
_ They are semi4zmpiricaI in the sense that they are based~onzthe 

pop&r regular-soIution model which has 0nIy restricted validity in alIoy or similar 
w Nmrthdcss, thest methods givt adequate IzsuIts as has been demon!5t.r&d 

by comparisons with N tal vaIueszs_ As an example, Fig_ 3 shows the heats & 
mixing in *&e system iron+zob&+xickeI as measurcd calorir&ricaIly on the one hand 
and the &cuWed iso-entaalpies after KohIer and Bonnier, rtsptctively, on:the 
other29 SimiIa& good a greement has been found for other systtm~*~, not onIy for 
the enthaIpies but also for excess Gl%bs energies- Unforbmately~ not every method 
(there are at prtstnt about six or scvcn avaiIab&alI very similar) produces this type 
of agreement for aiI systems so far &dial-sometimes the one, sometimes the other- 
?%% probii stiII has to be stndicd, and an internationzd group caliti_ CALPHAD 
under the chairmanship of L Kaufmann is engaged in the promotion of the subje& 
N-a CALFWAD has demonstrated that rtasonably good phase relation- 
shiiin tcmary and cvcn quatanary systems own be produced, not onIy for a.IIoys but 
akoforax2micmatenaIs 

_ 
and halides, Experimental work must continue to imp?ove 

the methods of caIcuJ%ion_ 
The &st attempt to cakuIate p&se boundaries in a tcmarysystem in this 

manner was made by the present author thirteen years agof7. The system seIected was 
that of tbc practically important iron-nickcl+hromium alloys. Even then, the results 
were prom The graph&I mode of evaIuation w2Ls aunbersome because in the 

ttrnary a=onctntrati~n mngts the dc_X, me become Gibbs energy surfacts Ad the 
tangutts tangent pIancs. Further progxss would have been slow if it had not 
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Fig_ 6, calcnlatcd &asc boundaries in the systan’ iro~b&L&romii~ I&i&&I &ctiOii~at 
700°C ~-, _. _ ._. _i ._ . -; __ _ 
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been for the timely arrival of the computer_ Its application to the problem requirq 
however, the conversion of the experime&l ,4G values i&o form&e (so far, inostly 

polynomials), a3 indicated above, involving a certain Ioss ‘of accuracy2 - _ ~-!. 
‘-.? .Toc@y~ maiy calculated phase boundax-+ in ternary xn@aliur&& systenis are 

avaiIab!e: Out of this Iarge number, only two examples are g&etihere_-Figure 4 shows 

an isotherqu3l section of the equilibrium between the f&e-c&tred-cubic tidlthe 
body-centredsubic phases in the system iron-nick&ishromium, j the e&&tai 
phasq boundaries being also in$icat@**_ F&her caIcdatioti: are. availabl& -in 
pa$&dr at Iower,teqqatqres wh&.thexn&chanidally und~ir@~ &.pha+e:appe& 



hzd~~morerdiablcdatafor~Lhebi~Cu_FesystcaATsamatteroffacfthe 
calorimetric results in the ternary solutions beyond the miscibility gap*” have 
cvcntualiy been used to calculate the heats of mixing in the metastabIe Cu-Fe solid 
SOhtiOU3--em ploy&~ the cxtqxdation methOds above “in reverses **_ By incorporat- 
ing other rdevant w the entropies of mixing of these metastable alloys could also 

be established- 
The latest work being done in the author’s laboratory along these l&es concerns 

the system iron-cobaIt-chromium1s, which is important because of its apparent 
similarity tc the iron-nickeL_chromium system_ The results of a prtivisional calcula- 
don of the phase boundaries at 700% are shown in Fig_ 6; However, work on this 
system is being continued and final results to be awaited_ 

A further practicaf application of calorimetry in metallurgy that should bc 
encouraged is the use of the Tii-CaIvet or a similar caIorimeter at high temperatures 
to the ddcrmination of hears of solution of gases in metals or “compounds”. Because 
of the high sensitivity of the thermopile, it is possl%Ie to add very sma.Il quantities of 
_eas to the metal in the 01orimeter and thus to determine quasi-partial heats of 
solution_ The Grst exampie of this type was the measurement of the partial heat of 
s.&tion of oxy-w in the UOzGx phase by Gerdanian and DodC3* at 11OO”C_ 

The UO,,, phase has rather a wide range of homogeneity_ It shouId be of 
part&Jar inwest to determine the heats of solution of gases in metals where the 
SoIubIlty is reMVery small. AI1 such solubility vs_ temperature curves have so far 
fxen obtained by direct methods relying on second-law evaluation for the extrapola- 
tion to lower temperatures, which are normally the practically important ones_ An 
experimental value for the heat of solution at some kinetically convenient temperature 
wouid make the extrapolation far more r&able_ 

Commercial lii-C3lvet calorimeters with temperatures of operation up to 
IOCWC are avaiiblc In many cases, this temperature suliices for the attain&&t of 
cquiIl%riam, and the temperature limit has not yet been rwched. At the National 

Physicai Laboratory, a thermopile calorimeter has been constructed by W_ A. Dench 
to operate up to 1150°C but not yet employed, 

The author is pleased to record the Gmmcial help rtctived from the YDcutsche 
Forschunw and the hospitality oEer& by Proftssor Dr_ 0. K&cke at 
his institute during the iut four yeas .- 
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