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ABSI'RACT :
Aﬂer a brief mtroducnon on the- thermodynamus of alloy form.anon, the
principles of calorimeter construction are discussed, considering mainly the isothermal
and the adiabatic mode of operation as well as the meihods of quantltatlve dlﬂ‘crenual
thermoanalysis (DTA) and the twin or differential calorimeter. : -
Several examples for the practical realization of these pnnmples are given. Somc
important sources of errors are discussed. Fmally. an outlook on r.he fature - prospeu

ofcalonmcuynsgwen.
INTRODUCTION * . ' '..-,,_ _'

Dexisive for the formatlon of alloys and for thn-r stablhty Is the change of the
free energy AG, wiich is related to the formation of the alloy from the pure componenls. .
The magnitude of this value is principally fixed by changes in the. type and extent of the
interatomic interactions. There ‘are,-in general, also influences -from - atomic. radii
dlﬂ'erences, which ‘canse lattice distortion in solid: alloys and cﬁ‘ecis fmm structuml
_changes.- According to the G:bbs—Helmholtz cquatlon, -

AG = AH — TAS . T, ,.}:;:,;'.: . (i)
AH is the mixing enthalp)', d.S' is the mixing cutropy and Tls the temperature in K -
Of ﬂ:cmr.egral mixing values introduced in eqn (1), only AH mnbedlmcﬂydetermmed
“experimentally. The single factors mennoned above . which ‘influence the formation
of alloys, are of course, also aﬂ‘ectmg the sign -and the magmmdeof AH. Mmuremen!s
of fonnatmn en:halp:&e are thmfore often a. goal of thermodynamxc mmhgauons

in, alloy systems. .
BRI 4 should be mmuoned that the usua.l mcthods for the detemnnatton of free 3
cncrglﬁ of mmng, for cxamplc parttal vapor prmsurc mmsumméms or. c.m.f.A
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measucements on suitable galvanic cells, primarily lead to the determination of the
partal free coergies of mixing of one componcat. From their concentration depcnd—
ence, the partial values for the other component can be determined from:-

46, = - [ Za3G, L Y

This relation can ofien be evaluated only with a limited degree of precision. 4G, and
AGy are the partial free energies of components A and B. The integral free ene:g:ﬁ of
mixing are then obtained from

AG = Xa 'AGA + Xg - AGB (3)

where x, and x, are the mole fractons of the components.
~ The integral m.umg enthalpy, AH, is related to the comwpondlng parual
valucs, AH, and 4Hpg, in an analogous way by:

AH = IA 'Z—EA -+ IB'BHH_B 7 (4)

and

AH, = 4H + (1 - x,) ("”H)

&)
A . o
The partial molar enthalpses which are necessary for some considerations can be
directly measured by calonmetry in suitable cases. They can also be determined from
the temperature dependence of the partial free energy of mixing,
" #4G, ) ‘
eT | S
The precision, however, is in general relatively poor. An optimal assessment of the
thermodynamic propertics of an alloy can, in general, be given if the free energy of
mixing is determined from equilibrivm measurements (Eqns (2) and (3)) and the
mixing enthalpy by calorimetry.
Furthermore, the heat contents H are often the subject of calonmetnc investi ga—

tions. The heat coatent is related to the mixing enthalpy 4/ and the molar spcmﬁc
tmt, C,. by the following equations:

ZE,L:ZEA—T( _(6)

AH = H:m, —(IA'HA + xB-HB)’ T= CODSIRI’.II i ’ | o 7 :,_'_(]7)
oH S
¢ =(%%) o B ®

H, 1y, Is the heat content ofthc alloy and H,.L and H, are the heat contcnrs of the pure
components.
Furﬂu:r melting and u-am;fonnahon cntha]plcs are s:gmﬁumt for cncrget:c
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directly or mdu'ecﬂy detcrmmed from calorimetric xnvcstlgatlons. - -

Calorimetric measurements consist in general of the. measurement of tcmpera—
tare changes. These amrelated to enthalpy changes Wh.h_h are the’ resuit of changes -
of state. Initial and final states of the’ observed reaction must be deﬁned exa.ctly. This -
leads to many spec:al difficulties in the case of alloys at low temperatm'a; Therefore,
the major region for application .of calorimetry in metallurgy is the temperature
range well above room temperature. This can cause, on the other hand, consnderable,
problems with the measurement of small temperature djﬂ'erencm ; : :

However, additional reactions can also result in significarit errors. For example,
reactions with the crucible or with remaining oxygen or nitrogen in the protective gas
can lead to falsc rwults. L:kew:se, SITorS Can occur through vaponzahon of one
component. : o : : o - Se TR

Calorimetric measuremerits are frequcnlly carried out as relative mieasurements.
Calibration with a known quantity of heat should provide effects with like signs and
approximately similar values as those occurring during the measurement of unknown
thermal effects. In this case, the possible systematic errors of: calorimetric measure-
ments are minimal. Statistical errors are far less dangerous, since they can be recog-
nized from the scatter of the measured values with adequately. frequent repetition. In-
metallurgy, the measurement goals which can be attained by calorimetric methods -
and under special operating conditions which have to be- obsetvc.d are certamly -
numerous. Cormrespondingly, the number of calorimeter types which have been
designed to meet the requirements for the best solution of the actual problem, is
considerable’ *®. In the following, some calorimeter types will be described which
are suitable for measurement of often required values. However, this discussion will
not be so much with the.theoretical background but will be directed more. towards
construction pnncnples and pra.cucal boundaries of operation.:

PRINCIPLES OF ISOTHERMAL AND ADIABATIC PROCEDURES B
A calorimeéter in principle consists of a calorimeter mantle (1), a sample (2) and a
sample container {3) (Fig. 1)** >. The sample and container are coupled to the mantle
by.a thermal resistance, (4). In the simplest case of calorimetric experiments, the
mantle is maintained at constant temperature and a quantity of heat is generated-or
absorbed by the sample. Therefore, at first 2 temperature difference occurs between
the sample and the mantle: If the thermal resistance (4} is small, then 2 noticeable heat
flux and temperature equalization occurs. This is isothermal: opcratmn. In the case
that the temperature of. the mantle is changed connnuously, the. temperature of the
sample and sample holder follow this change. Such a heat cxcliange can be prevented
if, by suitable measures; the emperature of the mantle and that of samplc and sample
holder are maintained-equal.. Calorimeters which opérate according to this principle
_ are known as. adiabatic mlenmeters The adxabanc method is an -advantage when-
amoums ‘of heat are to be mcasured wluch only. devclop slowly Isothermal 0perat10n
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Fig. 1. Constinction principle of a calorimeter. 1 = Calorimeter mantle; 2 = sample; 3 = container;
4 = thermal resistance. N :
Fig. 2. Constrection prncipie of 2 twin or differential calorimeter. 1 = Calorimeter mantle; 2 =—
sample- 3 = coatainers; 4 = thermal resistance; 5 = heating coil.

would £ail in this case. On the other hand, rapidly occurring thermal effects in adia-
batic calorimetry can lead to considerable control difficulties due to therma: lag of the
&xperimental equipment. Control difficuities are greater, the slower heat is produced
n the sample.

It is to be mentioned further, that with adiabatic operation in which the thermal
resistance (4) is very large, small temperature increases of the sample due to the
occerrence of thermal efiects produce no noticeable thermal flux. At higher tempera-
tures, heat transfer between mantle and sample occurs by radiation; therefore the
thermal resistance {4) decreases with increasing temperature. Preventive measures
can be taken in this case by introduction of radiation shields between the sample and
mantle.

Calorimeters which work strictly isothermally are the so-called phase transfor-
mation calorimeters. Here, the thermal eflects associated with the reaction of interest
are used to transform a substance which is present in the calorimeter. In the Bunsen
ice calorimeter, ice is melted. No temperature difference between sample and mantle
occurs. The quantity of heat introduced into the calorimeter is measured from the
amount of the calorimeter substance transformed. :

For many measurements, a twin arrangement in the . calorimeter can be of
advantage (Fig 2). In such a twin or differential calorimeter, two sample containers,
which should be as nearly eqnal as possible, are present. In one of these containers,
the reaction occurs for which the heat effect is to be measured. In the other, the
thermal effect is amulated through a corresponding development of Joule heat so that
the temperature difference between both containers is always equal to zero. With this
compensation method, which can be used not only for isothermal bat also for
adiabatic operations, the desired thermal effect is given directly by the applied zlectrical
energy. If there is a certain asymmetry of the twin arrangement, this can be accounted
for by a blank test, during which the same thermal energy is developed simultaneously
in both sample holders with a heater. Another possibility to determine asymmetry is
simply to exchange in two experiments, the heater and the sample in the containers.
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CALORIMETERS FOR THE DETERMINATION OF MELTING AND TRANSFORMATION ENTHALFIES

‘Melting enthalpies and . transformation enthalpies can-be determined from .
measurement of the heat contents above and below the temperature. of the corre-
sponding phase transformation (for example ref. 4), by comparison of the hold times
' for thermal analysis®- or for similar procedures, or through a combination of heat
content measurements and thermal analysis as applied "in. the "I'hermcdynamlc
Analysis™ developed by Oelsen’. A procedure will be coasidered next which Ongmaies
from differential thermal analysis.

QUANTITATIVE DIFFERENTIAL THERMAL ANALYSIS (DTA)

The “thermal effects™ occurring during DTA in the case of phase transforma-
tions give information on the temperatnre at which the phase transformation takes
place, and on the enthalpy changes accompanying the phase change, from the magni-
tude of the area under the recorded temperature difference-time or temperature
difference-temperature curve. A simple quantitative determination of the melting or
transformation enthalpy is carried out on this basis in general with high precision.
The principle for a suitable calorimeter is shown in Fig. 3. As “reference sample™ the
DTA-system uses a massive mctal block (7) which contains in addition to the control
thermocouple, a cavity into which the crucible (9) with the material to be investigated
(5) is inserted. The system is contained in a suitable furnace (4) which can be heated or
cooled with appropiate rates. The large heat capacity of the metallic reference sample
provides thermal stability against short-time disturbances of the surroundings so that
electronic control devices are not necessary. The temperature differerce between the
reference thermocouple and the thermocouple which indicates the sample temperature
can be nsed directly for the recording of a AT-time curve or a AT-T curve. As an
example such a AZ7-time curve is shown in Fig. 4 for the solidification of a metal.

For the quantitative determmination of the melting enthalpy, which corrésponds
to the area under the “thermal effect” curve, a calibration can be made usmg a heating
coil (6) placed in the sample from which it is elecirically insulated.

In order to have a suﬂiaently rapid decay of the temperature dlﬁ'erenoe AT, in
the AT time curve to a final steady state va.lue, a relatively small thermal resistapce
between sample and metal block is necessary with heating or coolmg rates of the
order of 1°C min ™ !. This assures an exact definition of the area between the “thermal
effect” curve and the baseline (B-D) of the curve. . . .-

For solidification or transformation ofa samp]e, which occurs at a constant
temperature 7, the temperature dxﬂ‘erenoe, AT, between tbe umes == 0 and t = t.;,
(Fig. 9) is grvcn by :

AT = (T —T-(— ¢ R i_j_-(g)

if temperamm equahzauon in the meta.l block rapldly occurs“ 9: For sma]l values of
ﬂttl:.lsmnbes:mplywnttcnas'w-- , ] :
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AT=(Tx ~To)- it : ) . - (10)
T, is the temperature approached by the calorimeter as a final value in the case of
cooling, if at a temperature above T, thebmnngovenwasshutoﬁ'ornstmnpcmmre
dacraaced 1o a determined constant value below 7.

As cxpected on the basis of eqn (10), A7—time curves arc imdeed found experi-
mentally where the initial portion of the curve A-C (Fig. 4 is practically lincar,
whereas in the region of C (for tonger times t) considerable deviations from a straight
line occur.

Onlhebasnsofthchm.tmnsferequanonsthesegmcntofthcﬂ—nmeqm
for 1 > f, can aiso be expressed®. The total area is:

F = “!.ATdI + :'.ATdt {i1)
N
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Fig 4. Tm!paamre difference—time curve for the solidification of a pure metal by quantrtal.we
DTA (clarification in text).

In the expression for AT as a function of time the mass, m, of the sample and its
melting or transformation enthalpy L (in J g~ ') are contained in addition to apparatus
constants (in which are included values such as, for example, mass and specific heat
of the metal block as well as the thermal resistancas). A sunple relationship )
-L-m :
=75 : - 3
results from thls where b is an ““apparatus constant" : ‘
For the production of a “calibration effect’”” with thc aid of a hﬁt.ng co:l in thc

sample, the following equation is valid:

iuU-t, . : ' -
F=—p . - : S a3

iis the clectric cun'cnt, U thc voltage and /, the time durmg whjch the Joule hwtmg is
produwd. ' )

qlnnutafm DTA (danﬁﬁnonm wn,. -
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E;&Cmmnsmdlhccalﬂ:mnonmforqmnmzanTA.O Calibration with time
variable input; (3 = calibration with titne constant input.

Equaiion (13) applies for the case that the voltage {7 and current i are constant
during the time 7. The resuiting “calibration effect” is reproduced in Fig. 5. It differs
considerably in shape from the form of the normal *“thermal effect’. It is naturally
possible with the help of suitable electrical control equipment to vary the values i and
U with time, so that the “thermal effect” which occurs for the transformation is
exactly reproduced, but this is not necessary in general as the following experiment
shows.

Using indiom as a sample, “thermal effects™ were alternately produced (at a
cooling rate of 1°C min™ ') corresponding in form to Fig 5 and a triangular shape,
respectively. Time-independent and time-variable (i - U)-values were used to generate
the different shapes, giving areas F which were approximately equal. The determined
b-values are shown in Fig. 6 as a function of the temperature. The average deviation
of 2 single value from the best-fit curve is 1%. No difference betwesn the two calibra-
tion methods is observed which is greater than this scatter. Figure 6, however,
indicates another possible ¢rror source. The apparatus constant b is noticeably -
dependent upon the temperature. This is due to the temperature dependence of the
theymal resistance Detween the sample and the metal block. For the investigation
leading to Fig. 5, glass was used as crucible material. 'I'hcdctc:mincdtcmpcramre
dependence of b can indeed, as a comparison with corresponding data shows, be
traced back to the temperature dcpcndcncc of the thermal conductnwty of the selected
crucible material. ,

To avoid errors, it is therefore necessary, during the hmtmg or ooohng ofthe
calorimeter, before and aﬁertheoocurrmecofthemvesngamd phasctxansformanon,
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to make several calibrations at different temperatures, and then to determine by -
interpolation the values of **5” valid for the temperature of the phase transformation.
A determination of the constant *°b™ is unnecesscry if the thermal effect of the phase -
transformation is compensated for by development of corresponding Joule beat with
- a heating element. In this way Wittig’® has undertaken, in 1952;-to determine the
solidification enthalpy of germaninm. .-~ =~ -~ % .0 o -
Quantitative DTA applies “especially simply to the investigation of .phase .
transformations which procesd at constant temperature or Gver very small témpera-
ture intervals. Considerable difficalties with calibration and determination of the lower
boundary of the area, F, of the thermal effect can occur, if there are large melting or
transformation intervals, as is usually the case for alloy systems. In genieral, this method
applies especially well for the determination of melting enthalpies of pure metals,
congruently melting intermetallic compounds, eutectic alloys and analogous solid-state
reactions. It has also been shown that the melting enthalpy of binary alloys over the -
entire concentration range can be well determined when the l_m:iﬁngr interval is not
extremely large. For example, the formation enthalpies of the solid alloys in' the
system Fe-Ni can be obtained from the so determined melting enthaipies, if the
mixing enthalpies are known'*. - S B '
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Fig. 7. (a, b). Calorimeter according to the principles of quantitative DTA for the determination of
small trandormation epthalpies. 1 = Thermocouple: 2 = ceramic; 3 = massive metal block;
4 = oven; 5 = sample; 6 = beating coil for calibration; 7 = thermopile.

The sensitivity of a calorimeter can naturally be considerably increzsed if, in
place of a thermocouple pair, a thermopile is used. The atilization of 3 thermopile is
especially applicable to the determination of small enthalpy changes accompanying
phase transformations in the solid state. In Figs. 7 a and b, a simple experimental
arrangement is shown, as an example, with which it was possible 1o determine the
enthalpy change corresponding to a martensitic phase transformation in In—T1 solid
solutions2, This value is only : S T -

AH, =20 + 0.1 Y mol*
DETERMENATION OF TRANSFORMATION ENTHALPIES WITH AN ADIABATIC CALORIMETER

For the determination of enthalpy changes for sluggish transformations of iron
alloys in the region between 680 and 1700 K, Safe and Normanton'® have constructed
a spherical adiabatic calorimeter. The structure is shown in Fig. 8 a/b. The spherical
shape was selected in order to attain a good thermal symmetry. The onter oven (5), (6)
is easily regulated thermally. It furnishes the heat which is necessary to bring the entire
apparatus to the required temperature. The inner oven (3), (4) is equally easily regula-
ted_ The adiabatic conditions can bc maintained at 1200 K to + 0005 K- _ .- . -



'

Fig. 8. (a) Spherical adisbatic calorimeter of Sale and Normanton!®. 1 — Sample; 2 = sample
holder from tantalum; 3 = molybdenum radiation shields: 4 = inner tanfalum oven; 5 =="guter
tantalum oven; & = radiation shields and outer case.

()

Fig.B-(b)Cmmlpanottheappammshawang.Ba.l-samp[e.,z'-—sanipleboldcrcdl
(tantalum); 7 = beating coil; 8 = alumina sheath; 9 = differeptial thexmocouple; 10 = sample
tnnpaatm‘cmsmmnnttlumwouplc, 11a,b=pommlanduurmtmﬂanmglads 12-



222

The sample (1) is mounted on an alumina tube (8) whick contains a heating
clement (7). This heating element serves for calibration. The thermal effect occurring
while traversing a transformation point during heating or cooling of the whole system
is compared with the eifect which is simulated by the sample heater.

Likewise, this calorimeter can be used for the detcrmmaUOn of apec:ﬁc heats.

DETERMINATION OF MELTING AND TRANSFORMATION _ENTHALPIES BY- m_zxr CONTENT
MEASUREMENTS : T i

For a long time, methods for determination of melting and transformation
enthalpies from heat contents have been practiced. The heat contents are determined in
general as the enthalpy difference between a predetermined temperature, T,, and the
calorimeter temperature 7~ In ihe simplest case, T corresponds to 298.15 K (25°C;
standard temperature; 7¢,). For temperatures 7, > 7, heated samples are dropped
into the calorimeter and the enthalpy difference Hy, — Hs, measured (Hs, = H(T);
standard enthalpy). For this type of calorimeter, the known restricting conditions for
high temperature calorimeter construction need not be considered. They can be built
with such a high sensitivity that the error limits are determined through the accuracy
of the temperature measurement of the sample before dropping and the circumstances
of the drop of the sample into the calorimeter. The construction of various types of
room temperature calorimeters, of which there are many, shall not be discussed here.
As an example, the heat content of thallium, H; —H, is shown in Fig. 9 as a fuaction
of temperature as well as the melting enthalpy and the transformation enthalpy'*.

Analogously, heat contents and melting enthalpies of alloys can also be deter-
mined. An advantage of this method is, certainly, the fact that the measurements can
be carried out at room temperature. Furthermore, this is often the only method for
the determination of melting and transformation enthalpies for aggressive or easily
vaporized substances. The material to be investigated can be enclosed in suitable
containers, the heat content of which must be determined in blank experiments. As an
example, the determination of the mixing enthalpy of liquid alloys of the system
Bi-Bily can be mentioned!®. During the rapid solidification of the Bi-Bil; alloys,
which exist in the liquid state at sufficiently high temperatures as homogeneous
solutions, a separation into practically pure Bi and Bil; occurs. The solidification
enthalpy, AHY,_ . determined from the heat content curve, combined with knowledge
of the solidification cnthalpics of the components (AH§; and AHY,, )} yiclds the mixing
enthalpies, AH, of the liquid alloys. ) |

AH = AH:n,, — (xp; 4Hp; + Xpity AH;EI;) - (14)

Liquid Bi-Bil, alloys are very sensitive to moisture and air, and, moreover, the
partial pressure of Bil; is considerable. Through encapsulation in glass or quartz
ampoules, these error factors are eliminated. The anse of other- mcthods for the
determination of the mixing enthalpies would be connected with oonsxdcrablc cxpcn
mental diffculties. Nevertheless, the melting or hansformahon entlmlpms det.ermlned
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Fig. 9. Hezat —ontent, melting enthalpy and transformation mr.ha]py of thaliium14,

by this method often include considerable errors, since thcy result as small differences
of two large numbers. This method of drop calorimeiry is up to now the only pos-
sibility to carry out calorimetric measurements for extremely high temperatures.
Leibowitz et al.'® have measured the heat content of tungsten to 3600 K using this
technique.

MEASUREMENT OF MELTING ENTHALPIES AND HEAT CONTENTS ACCORDING TO OELSEN

Oclsen et al. 17 have developed, through combination of simple classical thermal
analysis with classical calorimctry at room temperature, a procedure with-which the
heat content curve of a material can be determined re]atwe:l:.r rapldly over large
temperature ranges in a single experiment. Moreover, the melting and transformation
enthalpies of metals and alloys are simultaneously easily obtainable,

The schematic diagram of a simple experimental apparatus is shown in Fig. 10.
It is an ordinary water calorimeter which consists of a Dewar flask (1) with about 4
liters of water (2), a stirrer (4) and & thcrmometer (3). This caloriineter contains a
housing from copper sheet (8) into which the iron holder (7) with’ the sample (6) to be
investigated is added, after these have been heated in a separate oven to the initial
temperature. With the help of a wire frame, the sample holder is held in the center of
the housing in the manner indicated in Fig. 10. The air cushion between contamcr and
housing pl‘OVlch a relatively slow thermal exchange with the calonmeter water. The
temperature of the sample is followed with a thermocouple (5) during cooling and
* simultaneously the temperature of the calonmeter water 1s measumd. After a run
time of about 1 minute a steady-state heat flow occurs. The pair of values of a tem-
perature measurement in the sample and in the m,lonmetcr water leads toa point on
the beat content curve. The total heat contcnt curve can be detenmned mthm l to 2
hours. Material_ amounts of0.2t01 kg are used.. -

- . ...The methed is o&en applied to determine the thermodynannc propemes of
: hqmd alloys. Figure 11 gwes a S.lmple e.xample of ﬂns. Slmwn arethcmeasumd heat
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content curves of Pb, Cd and a Pb-Cd alioy with 8.84 at. ¢ Cd*?. Fmﬁl the heat
content carve of the alloy, for example, the following- mformatlon -is obtmned_.
liquidus temperature, entectic temperature, total melung enthalpy of. the aIloy,
melting enthalpy for each alloy between 8.84 at. 7] Cd and the eutectic concentration

as well as specific eats of the liquid alloy and the mixtuire of the solid phaces. Among
other things, the mixing enthalpy of the melt can be. dctemnned from- th_ase data.

CALORIB[EI'E!SWR'ITIEMEASUWOF MIXING ENTHALP[ES

The mixing enthalpies of liquid alloys can be directly determined through
measurement of the enthalpy changes during the mmng of the liquid components.
Because of the high measurement tempzratures, the neoesmty of suitable heat transfer
conditions for the realization of an adequate measurement sensitivity and the probab-
ility of reactions between the metal melts and the usual crucible materials as well as
air, the choice of construction materials for the calorimeter core is limited and there
are only very simple mechanisms applicable for the tmxmg of the- components in
question.

ISOTHERMAL CALORIMETERS FOR THE MEASUREMENT OF MIXING ENTHALPIES

Of the different proven concepts, the next to be discussed is-a high-temperature .
calorimeter, the basis of which is the differential principle of quantitative DTA. In
order to achieve a change of state, during measrrements of the mixing enthalpies for
the alloys from the liquid components, it is of course not necessary to provide a
temperature change as in the case of measurements of melting and transformation

enthalpies. Therefore, the system can be operated at constant temperature. Figure 12
" shows the construction principles of such a high-terperature calorimeter*®- *%.
Through raising of the stopper (6), the liquid component A in the top crucible (4) can
flow into the botiom crucible (7) which contains the melt of component B. A stirrer (8)
ensures rapid mixing, and an argon stream the protection of the melt from oxidation.
Both crucibles are imbedded in a 2-part massive metal block (3) which-provides a
constant temperature of the components before mixing. This® ternperature equality
can be controlled with the thermocouples. (5a) and (5b). Thke temperature change in
the crukible (7) with respect to the massive metal block und the corresponding time
change of this temperature difference, AT, dee to the raixing of the components, is-
followed with the thermocouples (5b) and (5c). ~The: resuliing AT-time curve is
schematically shown in Fig. 13. The sudden mixiag of the. components Jeads to a-
rapzd increase of the temperature difference to a maximum value.- The arwa,F undcr
_thcAT—umecurvclsammureofthemmngemha]py._.,_. ,
~ Calibration can:be-carmied out by introduction of a determmed amount - of
Ionlc heating, with the help of a heating element (9) in the alloy melt, after the mixing -
- process. More simple and certainly equaily reliable, is the calibration by introduction
ofa smtable metal sample mto a botl:om—closod mbc wh:ch rcplaocs the tube with the
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Fig. 12. Schemtic structure of an isothermal hish-temperature calorimeter for the determination
of mixing enthalpics and alloysis- 1%, 1 = Argon stream; 2 = ceramic; 3 = massive metal block;
4 = charge crudble; 5 (2, b, ©) = thamocouoples; 6 = stopper; 7 = lower crocble; 8 = stirrer; -
9 = heating coil for calibration.

heating clement immersed in the alloy melt. Especially good results are obtained for
calibratiop by addition of cylindrical metal samples in the calibration tube which melt
at the calorimeter temperature and assure a good heat transfer from the alloy melt to
the calibration sample. Naturaily, the calibration samples are dropped from room
temperature into the calorimeter. The heat contents and meliing enthalpies of metals
which have been used as calibration substanc&s {for example tis, silver) are well known
(for example Hulteren et al.’*),

In the case of calibration with Joulc heating, thc calibrat:on effects in the
T-time plot has a distinctly different shape from that of the thermal effect for mixing
of the components. The thermal effect for calibration by -introduction of a suitable
metal sample into the cafibration tube has; however, practically the same form as the
mixing effect. It should be mentioned that it has been atiempted to calibrate by the
addition of small metal cylinders, through an open calibration tube, directly into the
alfoy. melt. However, the calibration sample may not react with the alloy m:lr. In )

'manyass,:antalum,wngst:no:molybdcnumfnlﬁ]ltmsmqmmmmt :
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Fig. 13. Tanpnatm'cd:ﬂ'm—tunccuneoflhcmmgeﬁ'eﬂ andam]ﬂ:mnoneﬂ'ect due to addi-
tion of pure tmasthcmh'bmhonsubsmnccmanmthamalmgh—tanpua!mtca]omnuﬁottbe
type shown in Fig. 12 .

An example of a high-temperature calorimeter for the determination of mixing
enthalpies up to temperatures of 1870 K is shown schematically in Fig. 141, The -
massive metal block (5) consists of a compact cylinder of 7 kg molybdenum. The large
heat capacity of this block ensures that the operation is relatively stable against
slight outer temperature variations without use of complicated clectronic temperature
control. This calorimeter can also be used for the determination of solidification
enthalpies. After the mixing process is finished and the mixing enthalpy measured, the
calorimeter temperature is lowered and the solidification. enthalpy of the alloy
determined. Thus, as meotioned previously, the fonnatlon enthalpy of the sohd alloy
can also be determined.:

- Alloys which react’ with the usual ceramic crucible materials can be handled
with this stmple calorimeter construction very easily by substitution of other materials
(for example, ref. 20). Further, the mixing enthalpy can also be determined if one of
the components is solid at the calorimeter temperature and the other compoacnt, as

‘well as the resulting alloy, is liquid. In this case, the melting enthalpy of the higher
melting component at the calonimeter temperature must necessanly be known for the
evaluation.

i _ An advantage of the construction shown in Flg. 12 is, that the ...pper crucible

(4) zan be filled again with a definite amount of component A after any measurement.

. The: hole in the crucible is: sealed by the stopper (6) and the desired: .quantity of
: ‘compomnt ‘A is added to the crucible through the protective gas inlet tubé {I).-The
~ integral mixing. cntha]py for several alloy concenu'auons can be detcrmmed in this
- \my byasmglcﬁtbyﬂwaxmmaﬂon of all previous thcrmalcﬁ'wts. Ifﬂ:te concentra-



Fig 14. Isothermal high-temperature calorimeter for the determination of mixing and solidification
eathalpies up to a temperatore of 1870 K1, | = Yacuum tank; 2 = power supply; 3 = molybdenum -
short cirasit heater; 4 = radiation shiclds; 5 = massive molybdcoum block; 6 = sample: 7 = crucible;
8 = thermoelement; 9 = heating coil for calibration; 10 = additional heater; 11 —chargca'm‘bi:
with stopper; 12-mbber0-rmgs.

tion difference of a single step is chosen adequately small (appronmalcly l at. %), the
method leads to a direct determination of the first derivative of the mmngem‘.ha.lpy
with respect to the concentration for different concentrations?*. .-

ADIABATIC CALORIMETIRY FOR THE MFASUREMENTY OF MIXING ENTHALFPIES

Itagaki and Yazawa?? have used an adxabauc wlonmcter for the detcrmmauou
of mixing enthalpies. The construction principle is shown in Fig. 15. 'I'hcad:abauc
block (9) is placed in a suitable resistance oven (10). In the middic of the adiabatic
block is the cylindrical calorimeter block (6) of nickel.. It contains both alloy compo-
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Fig. 15. Adn.bauch:gh-cmpaannemlonmcterforthcuuamma ofmmn enthal ies of
allovs™. 1 = Sample; 2 = mixing container (graphite); 3 = stirrer (sfhca) 4 == silica charging
device; 5 = constant wattage heater; § = calorimeter block (nickeS); 7 = measuring thermocou ple;-
8 = differential thermocouple; 9 — adiabatic block (nickel); 10 = kamha.ll'ln'mncandﬁ.lzo core.
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230

neats (1) in the mixing device (2). Calibration is carried out by introduction of
electrical enmergy into the winding (5) of the calorimeter block. With the help of the
differential thermocouples (8) and connected controls, an exact maintenance of the
adiabatic conditions is assured through rapid regulation of the oven current. The
temperature of the calorimeter block is registered as a fonction of time with the
thermocouple (7). As an example, the temperature of the calorimeter block as a
function of time is reproduced schematically in Fig. 16 for the case of a cahbmuon, a
following mixing reaction and an additional cahbranon. :

TWIN CALORIMETER FOR THE DETERMINATION OF MIXING ENTHALPIES
Kleppa?? has constructed a twin calorimeter for investigations np to 770 K. It is

based on the construction principle which was developed by Calvet®*. The apparatus
is shown in Fig. 17. Both calorimeter cells (1) are placed in a massive aluminum block
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(4). The thermopiles (3) measure the temperature difference between cell and aluminum
block and are connected with each otker. In one of the cells, the substance to be -
investigated is present. The other contains a’blank sample which shows no reaction. -
The principle corresponds to that.of differeatial thermoanalysis. In the previocusly
described meéthod; the massive metal block acts as companscn sample and calorimeter
mamle simultanconsly. - :

. In the calorimeter of Kleppa, the total hmt mpac;ty was kept small in orde.r to
make a rapid temperature regulation possible. Thus, a high sensitivity was obtained
simultaneously. The experimental arrangement operates as a heat flux calorimeter. The
differential thermo-electric voltage of both thermopiles is registered as a function of
time,. This rcsults in curves similar to those shown in Fig 13. Calibration is carried
out by the youle heating produced by an-electric heater introduced into the substance
to be investigated or by addition of an inert substance of known heat content.

MEASUREMENT OF SOLUTION ERTHALPIES AND PRECIPITATION ENXTHALPIES

The liquid alloy resulting from the mixing of liquid components can also be
obtained if one of the initial components is solid and is dissolved in the other (liquid)
component. The corresponding enthalpy change for the formation of the liquid
solotion in the second case is different from that in the first case. The difference is
given by the melting enlhzlpy of the added sohd component at the calorimeter
temperature. - ; } -

AH — AH,, — 48 | S as

AH = the mixing enthalpy; AH,,. = the solution enthalpy; AHT = mclting el:ltha.lpy
of the solid component.

- In addition to the determination of the mixing enthalpies of hqmd alloys with
one high-melting component and one low-melting component, which are often carried
out below the melting temperature of the higher-melting component, the measurement
of solution enthalpies can be used for the determination of formation enthalpies of
solid alloys. For this purpose, a suitable liquid metal is introduced in the calorimeter
and the solid alloy to be investigated dissolved in it. In a second experiment under
similar conditions, the unalloyed mixture of the components of the solid alloy is

- dissolved in the metal bath. The difference of these soluuon cnthalpxcs y;elds the
formation enthalpy of the solid alloy directly. - :
In many cases, liquid tin is especially suitable as the soluuon substa.nce. It has a
Iow melting point, is.not-very sensitive to traces of oxygen, has a relatively low vapor
pressure below 1300 K and is able to dissolve many metals. Liquid zinc, aluminum or
copper have been used less frequently as bath substances. ‘Liquid nranium has been
used. successfully for the detcrmmatlon of the solutlon cnth.alpxa of u'on, chrommm,
vanadiom and nickel??.
-~ . Calorimetric methods for the dctermxnatlon of solut:on emhalpm; basmally do
'not differ from thase for the determination of mixing enthalpies. With these methods,
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the thermal effects, which are caused by precipilation reactions in liquid phases, can
also be measured. The method of precipitation calorimetry was, for example, applied
very successfully by Martosudirdjo and Pratt® for the determination of the formation
enthalpies of semiconducting intermetailic compounds. While the formation enthalpies
of 1II-V compounds, such as InSb or GaSb can be casily determined by solution
calorimetry with liquid ¢in asthe solution medium??, this is not possible forcompounds
such as GaAs or AISb since these have a very small solubility in liquid tin at the
usual calorimeter operation temperatures. The condition of limited solubility can be
used as the basis for ike operation of precipitation calonmeters. First, one of the
cdmponents (A, in general the VB element) is dissolved in liquid tin. By addition of
the second component (B, in general the IIIB element), a solid compound AB is
precipitated. The formation enthalpy is obtained from the thermal effect considering
the initial and final states of the total reaction.

CALORIMETER FOR THE DIRECT DETERMINATION OF FORMATION ENTHALPIES OF SOLID
ALLOYS

The determination of formation enthalpics by solution calorimetry or precipita-
ton calorimetry represent indirect processes which are not applicable in all interesting
cases. For example, this method cannot be applied for a compound of very high-
melting point components when the compound as wz=H as its components are not
suffieciently soluble in the normal metallic solvents. A direct determination of the
formation enthalpy is often possible, if the solid components react in the calorimeter
adequately rapidly to form the desired compound. The reaction rate is essentially
determined by the diffusion velocity. To minimize the diffusion paths, one logically
starts from compacts of the mixture of the finely-powdered components. They are
brought to a sufficiently high temperature in the calorimeter to ipnitiate and maintain
the reaction. A suitable calonimeter for this purpose was developed by Kubaschewski
ct al.*®. The principle is shown in Fig. 18. The sample (1) is contained in a thin-walled
steel container which has a heating coil (2) around it. This container is surrounded by
an inner shel (2a). At further distances this apparatus is enclosed in a reference shell
(5). Between the inner and the reference shells is placed a thermocouple hot junction
(4). The total apparatus is surrounded by a main heater (6), by radiation simelds (7)
and an outer case (8). The sample—a cylindrical powder compact of l cm height—is
heated in the calorimeter to the highest temperature at which the reaction of the
components is still negligeably small. A degassing of the sample in the evacuated
calorimeter results. Next, the sample is quickly heated to a temperature at which the
reaction is finished within two hours. During the reaction period the thermal electric
power of the differential thermocouple (3) between the inner shell and the reference
shell is recorded as a function of the temperature. For the totally reacted sample, a
thermal program equat to the above is carried out. The difference between the two
recorded curves corresponds to the reaction enthalpy for the first experiment. Calibra-
tion results from Joule heating which is carried out with the help of the heater for the
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Fig 18. Adiabatic high & mperature calorimeter for the deteymination of fonmation enthalpics of
solid alloys®™. 1 = Compacted powder sample; 2 = sample holder with heater and inner shell;
3 = differential thermocouple; 4 = thermocouple; 5 = reference shell; 6 == main heater; 7 = multiple
radiation shizlds; 8 = outer case (water-cooled).

sample. As an example a temperature of 710 K is suitable for the outgassing of Ni—Ca
powder compacts with 50 at. %, Cu. The alloy reaction occurs at 995 K. The total error
in the determinatior of the formation enthalpy was given as - 189/,
~ Robits and Jenkins?? ‘use for the determination of formation enthalpies of
intermetallic compounds, the fact that it is only necessary for compounds with strong
exothermic reaction enthalpies, to start the reaction of the components. The formation
enthalpy developed is so negatively large that it assures completion of the reaction.
- For example, the formation enthalpies of some silicides of the transition metals were
‘determiped in this way. In this case, the samples are made from a mixture of the
powdered components: which is pressed into a compact. As-is ‘evident from Fig. 19,
this cylindrical compact (1) is placed in a suitable container (7) and a tablet of chro-
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I = Moetalsilicon mixture; 2 = meial siliade; 3 = nolybdenum heating element; 4 = thermite
padict; 5 = support rods; G—thIcforsar_plc,T—outu-WS—mmsuhum,9—
redfrictory tube_

mium oxide and aluminum powder (4: (thermite mixture) placed above it between the
windings of a molybdenum heater (3). The thermite tablet is ignited with the heater.
The reaction heat meits the molybdenum heater and interrupts the heating current
Simultancously, the strong local heating initiates the reaction of silicon with the metal.
The complete apparatus is in a water calorimeter at room temperature. The Joule
heating introduced and the heat resulting from the thermite tablet can be measured in
a blank experiment and be taken into consideration in the corresponding calculation.
For example, the formation enthalpies of the silicides of titanjum and vanadium have
been determined in this way. They have values ranging from — 120 to — 600 kJ mol ™.
This method is only useful when a highly exothermic rezction occurs.

DETERMENATION OF SPECIFIC HEATS

: As already mentioned, specific heats can be determined from the slope of the
heat content curves. The experimental procedures are discontinnons methods in most
cases, where a sample at high temperature is dropped into a calorimeter-at:room
temperature. For many alloys, however, the above procedure does not guarantee that
the quenched sample is tu the equilibrium- state. Thus, this method:is not always
suitable to produce reliable valucs of heat contents and specific heats for alloys which
undergo order-disorder transformations or where precipitation reactionsare pos:blc.

Several calorimeter types have been developed which' make possxbba. dm:ct
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" determination of the specific hmts at high temperatures.- Thcy are adxa‘bauc high-
temperature calorimeters. For example the spherical adiatatic hjgh—tempcm.ture
calorimeter for the detcrmination of- transformation cmha]mﬁ of Sale and Norman- -
ton?3 as well as the previously discussed calorimeter of Kubaschewski et al. 2® for

- direct determiaation of the formation enthaiplﬁ of solid a.lloys are smtablc for the
determination of speaﬁc heats zt h:gh tcm;:cmture. ,

FURTHER APPLICATIONS OF CALORDMETRY IN METALLURGY'

Not all possibilities for the use of calorimetry in metallurgy and for optimal.
calorimeter construction have been treated here. it should be mcntloned tkat, for
example, the progress of precipitation reactions in solid solutions.can be followed
calorimetricaily. Further applications are investigations for the determination of the
stored energy of deformed metals and the détermination of grain boundary mm'gms.
In these cases, very sensitive high-temperature calorimeters are necessary. -

- Modern electronic possibilities, development of new hlgh—tempemtute materials
and the general technological progress lead to new calorimeter constructions and
further application possibilities for calorimetry in meta.llurgy For instance, prepara-
tions are being made to perform calorimeiric experiments on reactive metals, such as
elements of the IVB or VB gronps of the periodic system, in a gravity-free state during
space flight, to avoid reactions with the container material. The expense of such an
experiment using satellites is justified, since the knowiedge of the thermodynamic
propertics of alloys of these elements is necessary for the development of new high-
temperature technology. However, also for the high-temperature calorimeters on
carth, there are sull many metallurgical problems which wait for a solution.
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