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High temperature calorimetric methods used in metallurgy are discussed. Two types of iso-

peribolic mixing calorimeters are presented. They allow to determine directly the enthalpy of
mixing of liquid alloys as a function of concentration and temperature and to measure the deriva-
tive as a function of concentration for temperatures up to 1300 K and 2000 K, respectively. A
high temperature solution calorimeter in which a liquid metal or alloy is used as the bath (maxi-
mum temperature 1800 K) can be used to determine the heat of formation of solid alloys and to
measure the partial enthalpy of mixing at infinite dilution. With a drop calorimeter it is possible to
measure the thermodynamic properties of highly reactive alloy systems, Thermodynamic measure-

ments of high melting refractory metals and alloys for temperatures up to 4000 K can be achieved
with levitation calorimetry.

The calorimetry generally provides important data of thermophysical
properties of gases, liquids and solids. Several books and review articles
have been published on calorimetry. [e.g. 1-3]. This paper is concerned
with methods of high temperature calorimetry in metallurgy. The experimen-
tal investigation of thermodynamic properties of alloys is the basis to under-
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16 SOMMER: HIGH TEMPERATURE CALORIMETRY

stand the energetics of alloy formation and to solve technological problems
of alloy production and application. Reviews on the development of calor-
imetry of alloy thermochemistry have been presented previously [4-6].
Recent progress in this area has mainly been achieved in application of well
known principles resulting in improved accuracy of the measurements and
extended scope. This paper presents several exemplary calorimetric methods
in detail and representative experimental results.The important thermodyn-
amic properties which can be obtained directly by calorimetry are: The inte-
gral and partial enthalpies of formation as a function of concentration and
temperature for liquid and solid alloys. They can also be determined from
the temperature dependence of the partial free energy of formation obtained,
for example, by partial vapor pressure measurements or €.m.f. measurements
on suitable galvanic cells. The precision, however, is in general relatively
poor. The optimal assesment of thermodynamic properties of an alloy is
obtained via the free energy determined from the mentioned measurements
and the enthalpy of formation obtained by calorimetry.

Mixing calorimeter

For the determination of integral enthalpies of mixing (AH) of liquid
alloys a calorimeter which operates isothermally is especially suitable. The
experimental design described in the following (Fig. 1) allows for a direct
measurement of AH on mixing of the liquid components at temperatures
up to 1300 K. Two crucibles (1) (2) are necessary which contain initially
two liquid components at the measuring temperature. Both crucibles are
accomodated by a stainless steel block consisting of several massive segments
(3). Due to the massive calorimeter block temperature gradients occuring in
the central part of the long furnace (4) are minimized. The temperature
gradient inside the furnace can already be reduced by three heating coils
(Kanthal) which are arranged and regulated separately. Temperature equality
between upper and lower crucible after stabilization of the system is con-
trolled by thermocouples (5). A stirrer (6) guarantees for a complete and
rapid mixing of the components. The temperature change occuring during
the mixing process is determined by a Ni-NiCr thermopile (7) directly

e

Fig.1 Calorimeter for determination of enthalpies of mixing as a function of concentration and
temperature: 1) reaction crucible 2) melting crucible 3) stainless steel blocks 4) furnace 5)
thermocouple 6) stitrer 7) thermopile 8) calibration tube 9) reaction tube 10) stopper 11)
addition tube.
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mounted below the lower (reaction) crucible. The area under the AT-time
curve is a measure for the heat effect of the reaction. Calibration can be done
alternatively by addition of cylindrical samples of the bath material before
starting a series of measurements or by addition of metal samples (e.g. Ta,
Mo), which do not react with the alloy melt, between the additions of the
second components during the measurement. Calibration samples are droped
down the calibration tube (8) into the reaction crucible. It is possible to
achieve a standard error of + 1% for the calibration factor. The choice of
the material for the crucibles depends on the alloy system investigated (e.g.
alumina, graphit, boron nitride, iron). The calorimeter block is suspended
in a reaction tube (9) which is closed below and on top of the calorimeter
the supporting connections are situated. With a reaction tube made of stain-
less steel it is possible to keep the calorimeter free of oxygen by evacuation,
heating out and flushing with argon before the measurement starts under
argon atmosphere. Three radiation shields are situated above the calorimeter
block to reduce fluctuations of the argon gas and heat loss by radiation. The
samples are added under a slight argon overpressure using a quartz valve
chamber at the top of the addition and calibration tube (11). An advantage
of the construction shown in Fig. 1 is, that the upper crucible (2) can be
refilled after any measurement. The orifice in the crucible is closed by a
stopper (10) and the second component is added through the addition tube.
For several alloy concentrations AH can be determined in this way by a
single experimental run by summation of all previous thermal effects. If
the change in concentration is small for each successive step (i.e. < 1 at.%),
also dAH(x) /dx can be determined in good approximation by

A}IZ (xl + AX) - AHI (xl)
B Ax

dAH(x) Ax
dx (x + 2) M

The AH (x) and the dAH (x) /dx curve for liquid In-Sb alloy [7] is shown in
Fig. 2 a, b, for example. From AH (x,T) measurements also the values for
the mean excess molar heat ACp can be derived via

AT, (oT) — AHGTy) — AH (T

T,- T, @

whith T = (T, — T,) /2. Fig. 2c shows ACp curves for the same alloy [8].

J. Thermal Anal. 33, 1988



SOMMER: HIGH TEMPERATURE CALORIMETRY 19

4 [
T_g A TB 10 °
: a) b)
2 5 2
T <
<3 D 5
L g
I
]
o
o In 02 04 | | | o
Il 06 08 Sb
- Xsp
_S =
1 —
-]0 —
0 | ] ! 1 -
ln 02 04 06 08 Sb 15k
Xsp,  J
Fig. 2a Enthalpy of mixing of liquid In-Sb alloys Fig. 2b Derivative of the enthalpy of mixing of

at 953 K [7].
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liquid In-Sb alloys at 953 K {7].

Fig. 2c Mean excess molar heats of liquid In-Sb alloys [8] (0 at 971 K; Aat 1158 X).
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Experimental information for AC, and dAH(x) /dx are particularly useful
for the investigation of chemical short range order tendencies in liquid
alloys with compound forming tendencies [18]. Even in systems with weak
compound forming tendencies such as in Sb—Sn alloy melts, due to the small
AH-values (< —1.5 kJ mol™), AC,-values can be obtained (Fig. 3). The

values of AHfxgyxs, shown here demonstrate also the deviations from a
regular solution behaviour.

Fig.3 Mean excess molar heats of liquid Sb-Sn alloys at 988 K and AH(x,T) /bexsn (oat 968 K; A at
1108 K) [9].

If the components of an alloy have a high vapor pressure above the
melting point and if they are especially sensitive to oxygen like e.g. Li, Mg,
Ca or Sr, a special design of the crucible has been used [10]. Two opposing
Fe-crucibles tightened together via a screw thread act as the reaction cru-
cible are sealed off with tantalum foils and oxidation as well as vaporization
of the components during sample handling outside the argon box and the
heating process of the calorimeters can essentially be avoided. By removing
the tantalum foils with the strirrer the mixing process is started.

J. Thermal Anal. 33, 1988



SOMMER: HIGH TEMPERATURE CALORIMETRY 21

Scolution calorimeter

The enthalpy of formation (AHf:1 X By_) of solid alloys can be measured by
solution calorimetry in an analogous manner like the determination of AH
using the same calorimeter. At room temperature the solid alloy samples and
those of the components are droped down the calibration tube into a given
bath (e.g. consisting of liquid aluminium). The experimental results for the
thermal effects of dissolution AHF  extrapolated to x5; = 1 to obtain
values of the thermal effects for infinite dilution AHEC. The AH”values of
the compounds at room temperature are calculated directly from these
AHEC values

AHY p =xANHEO+ yAHEO- AHf;fo 3)

The partial enthalpies of mixing at infinite dilution on the liquid com-
ponents 4 and B in the liquid bath metal AH;’L g can obtained by subtracting
the heat content of the elements between room temperature and the
temperature of the solution experiment from AHﬁ’g. Table 1 shows results
for some technologically important intermetallic phases with a very low
standard error.

Table 1 Heat of formation of Ni-Al and Fe-Al and Fe-Si intermetallic phases at room temperature and
partial enthalpies of mixing at infinite dilution of Ni, Fe and Si in liquid AL [11].

AHT , AHC
kJ mol™ kJ mol™?
Feoqs Alo.as ~141%1.1 AH$; =-1533:1.1T=1023K
NissAlys -37.3%2 AHg, =-1233:16T=1073K
Nirg Al -376 £ 1.7 AHY; = _ 142£04T=1073K
Fe,Si —258%2

A schematic construction of a solution calorimeter operating up to
temperatures of 1800 K is shown in Fig. 4. Sample addition is carried out
inside the calorimeter in vacuum or under argon. A revolving container with
36 holes is used for addition of the calibration samples and of the com-
ponents or the compound, respectively. The molybdenum calorimeter block
(1) is suspended in an alumina reaction tube (7) both (1) and (7) being put
in the temperature constant zone of a rhodium wound furnace (8). The
PtRh6—-PtRh30 thermopile (2) and an alumina reaction crucible (2) com-
plete the calorimeter.

J. Thermal Anal. 33, 1988
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Fig. 4 High-temperature solution calorimeter: 1) moliybdenum blocks 2) reaction crucible 3) PtRh6-
PtRh30 thermopile 4) stirrer 5) addition tube 6) thermocouple 7) Al, Q5 reaction tube 8)
rhodium furnace.
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At high temperatures a liquid alloy can also be used as a bath for the
solution of high melting compounds and components. Pure metals are often
not useful at high temperatures because of possible high vapor pressure
involved and/or because of small solubilities of component and compounds.
For the determination of AHY for Ni, Ta and CrNiTa a liquid Crs,Niso alloy
at 1700 K was used as the bath [12].Calibration was done by adding alter-
natively Cr- and Nisamples. The change of AH(x) for liquid CrNi alloys is

J. Thermal Anal. 33, 1988
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very small compared to the heat content of the calibration samples. The
results obtained from Eq. (3) are (AHfGNira =-17.9+2kImol™, AHI{;izTa =
-35.5%£1.4 kI mol™?).

With additional results for the enthalpy of melting AH™ of a intermetallic
phase it is possible to calculate additonally AH of the liquid alloy at the
melting temperature of the congruently melting compound 7™ for the
composition of the compound

AH(x,T™) = AHY_ g, (T™) + MY p — xAH (T™) — yAHE (T™) (4)

Where AHY} p are the extrapolated enthalpies of melting at T™. The AH
value obtained from Eq. (4) allows for checking the results obtained by
measuring AH directly as e.g. with the calorimeter given in Fig. 1.

High-temperature mixing calorimeter

A high temperature calorimeter, based on the principles of quantitative
differential analysis for measurint AH of liquid alloys, has recently been
improved for measurements up to 1900 K [13]. The construction of the
calorimeter is shown schematically in Fig. 5. The high temperatures are
obtained by using a molybdenum short circuit heater. The heater and the
calorimeter componenets are mounted within a water cooled vacuum
container (7). The operation principle is similar to that of the calorimeters
described above. Two revolving containers with 48 holes provide for the
addition of the samples. Three thermocouples (PtRh6—PtRh30) control the
temperatures i.e. one in the reaction crucible, another for the reference in
the molybdenum block and the third in the upper crucible. The
measurements must be carried out in vacuum. Data of AH for liquid Fe-Sn
alloys obtained at 1820 K are shown in Fig. 6. The positive values for AH
show the tendency to segregate these alloys in the liquid state. A fit of the
data can be obtained via the quasichemical approximation by replacing mole
fractions by atomic surface area concentrations [13].

J. Thermal Anal. 33, 1988
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Fig. 5 High-temperature calorimeter for determination of enthalpy of mixing at temperatures up to
1900 K [13]. 1) sample addition 2) molybdenum short circuit heater 3) addition crucible with
stopper 4) molybdenum block with reaction crucible, stirrer and thermocouple 35) reference
thermocouple 6) radiation shields 7) water cooled vacuum container.

Drop calorimetry

Direct measurement of AH (x,T) by mixing of pure liquid components
is often not possible if one of the components is e.g. an alkali metal due
to the high vapor pressure and the high reactivity of these metals. By
employing drop calorimetric heat content measurements AZ‘p and AH™ can

J. Thermal Anal. 33, 1988
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Fig. 6 Enthalpy of mixing of liquid Fe-Sn alloys at 1820 [13].

be determined. This, however, requires that the liquid alloys always reach
the same final state when they are cooled to room temperature. According
to the phase diagram this condition applies only to the composition of
congruent melting compounds. The experimental apparatus consists basically
of a furnace for heating the samples up to the measurement temperature
and a calorimeter which operates at room temperature for the heat
content measurements. The alloys are contained in tightly closed molyb-
denum ampules. For the calibration a sample container is filled with tin and
this tin sample is measured together with the alloy sample at each tempera-
ture [14]. Figure 7 shows the results for the heat contents of Li,Pb, alloy.
Using C,-data for Li and Pb the excess molar heats for liquid Li,Pb, alloys
is At‘p =157 +24J mol?K™? (1004 K < T < 1110 K), which highlights
the strong temperature dependence of AH for this alloy system. From the
AH™ value and AH{i . = —31.4 £ 1.7 kJ mol™ obtained by solution
calorimetry, the value for AH calculated with Eq. (4) results in —31 + 2.5
kJ mol™. The AH value measured by direct mixing of the components
amounts to —29 * 1.4 kJ mol™ [15]. Considering the experimental uncer-
tainties, the comparison shows the internal consistency of AH™, AH'and
AH obtained by different calorimetric methods.

J. Thermal Anal. 33, 1988
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Fig.7 Heat content of Li,Pb,.

Levitation mixing calorimetry

Electrical resistance heating of solid conductors sets an upper temperature
limit of about 2000 K for the calorimetric devices of the type considered so
far. The use of “levitation calorimetry” which is a levitation melting apparatus
with a drop calorimeter has overcome this limit. A metallic specimen is hereby
levitated and at the same time heated without any contact by an alternative
electromagnetic field. The temperature is measured by using a pyrometer. With
this well known technique Cp-values of high melting metals and alloys can be
measured in the liquid and solid state. Frohberg ef al. [16] have developed
this method to also measure AH and AHY of liquid refractory alloys. The
specimens to be alloyed are mixed within a levitation coil. A small liquid
component is droped onto a different larger liquid component or liquid alloy
specimen. From the temperature change of the levitating and alloyed
specimen AH{ or AH (x) can be calculated by using the C,-values of the com-
ponents. To mix two ligiid components a double levitation coil can be used
(Fig. 8) of which the application is expensive and restricted to the choice of
the systems. As an alternative a melt-off technique can be used, which
includes melting of the base metal and keeping it levitating. A drop of the

J. Thermal Anal. 33, 1988
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alloying component is obtained by melting it off a cylindrical solid specimen
using induction heating (Fig. 8). Temperature measurements of the melting
drop show no deviation from the corresponding melting temperature. A
third method is the combination of a solid second component with a drop
again in levitating condition. Results obtained for Mo-Si alloys in the
temperature range of 2960 to 3224 K are shown in Fig. 9 [17]. The errors
for AH(x) and AH?-values are of the order of 10 to 20%. These methods are
limited to systems with metallic solvents showing pronounced exothermal
and endothermal reactions.
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Fig. 8 Experimental set up for combining liquid and solid samples with a liquid solvent {16]: 1) levi-
tation coil 2) liquid solvent 3) second component 4) teflon insulator 5) short circuit bow 6)
cylindrical sample 7) water cooled sample magazin.

AH,kJ-mol™

-40

v
Fig. 9 Enthalpy of mixing of liquid Mo-Si alloys between 2960 K and 3224 K {17].

J. Thermal Anal. 33, 1988



28 SOMMER: HIGH TEMPERATURE CALORIMETRY

References

1 R. C. Mackenzie (Ed.), Differential Thermal

Analysis, Vol. I and, Vol. Il Academie Press,

London 1970, 1972.

W. Hemminger and G. Hohne, Grundlagen

der Kalorimetrie, Verlag Chemie, Weinheim

1979.

3 Wm. R. Parish, Fluid Phase Equilibria 29
(1986) 177.

4 K. L. Komarek, Z. Metallkde., 64 (1973)
325.

5 K. L. Komarek, Ber. Bunsenges. Phys. Chem.,
81 (1977) 936.

6 B. Predel, Calphad, 6 (1982) 199.

7 B. Predel and G. Ochme, Z. Metallkde., 67
(1976) 826.

8 C. J. Rosa, N. Rupf-Bolz, F. Sommer and B.
Predel, Z. Metallkde., 71 (1980) 320.

893

10 F. Sommer, Z. Metallkde., 70 (1979) 359.

11 F. Sommer and K. Rzyman, to be published.

12 F. Sommer, J. Schott and B. Predel, Z.
Metallkde., 76 (1985) 369.

13 R. Liick and B. Predel, Z. Metallkde., 76
(1985) 685.

14 F. Sommer, D. Eschenweck, B. Predel and
R. W. Schmutzler, Ber. Bunsenges. Phys.
Chem., 84 (1980) 1236.

15 B. Predel and G. Oehme, Z. Metallkde., 76
(1979) 450.

16 M. G. Frohberg and G. Betz, Ber. Bunsenges.
Phys. Chem., 87 (1983) 782.

17 E. Arpaci and M. G. Frohberg, Z. Metallkde.,
76 (1985) 440.

18 F. Sommer, Z. Metallkde., 73 (1982) 72, 76;
Ber. Bunsenges. Phys. Chem., 87 (1983) 749.

9 F. Sommer, R. Liick, N. Rupf-Bolz and B.
Predel, Mat. Res. Bull., 8 (1983) 621.

Zusammenfassung — Kalorimetrische Hochtemperaturmethoden zur Anwendung in der Metallurgie
werden diskutiert. Zwei isoperibole Mischungskalorimeter werden vorgestellt. Sie erlauben die direkte
Bestimmung der Mischungsenthalpie flussiger Legierungen in Abhingigkeit von der Konzentration und
Temperatur und ihrer Ableitung nach der Zusammensetzung bei Temperaturen bis 1300 bzw. 2000 K.
Ein Hochtemperatur-Losungskalorimeter, in dem ein flissiges Metall oder eine flissige Legierung als
Badfliissigkeit dient (Maximaltemperatur 1800 K), kann zur Bestimmung der Bildungswirme fester
Legierungen und zur Messung der partiellen Mischungsenthalpie bei unendlicher Verdinnung
verwendet werden. Mit einem Einwurf-Kalorimeter konnen thermodynamische Eigenschaften sehr
reaktiver Legierungssysteme gemessen werden. Thermodynamische Messungen schwerschmelzbarer
Metalle und Legierungen bei Temperaturen bis 4000 K sind méglich mit der Schwebe-Kalorimetrie.

PE3HME — OBcy:KIensl BHICOKOTEMIIEPATYPHEIE KajlopMMeTpHIecKHe METOALI, HCNONb3yeMbie B Me-
ta;uryprim. IIpencraBneHo ABa THNA H3ONEPUOOINYECKHX KATOPHMETPOB, OSBOMAIMMX HEMOCpencT-
BEHHO ONpEeReNfATh SHTANBIHIO CMeLeHHA KHAKHX CIUIABOB B 33aBUCHMOCTH OT KOHUEHTPALY X Temie-
paTypEl, a TAaKXe H3MEPATh KOHUEHTPAIMOHHYIO 3aBACHMOCTE ee MPOU3BOAHON AC TEMIEPATyD, CO-
ormercTBeHHO, 1300 B 2000 K. BoicOKOTeMNepaTypHBIi MUAKOCTHOH KalOpHMeTp, rie B KayecTBe
BaHHBI HCTIONB3YeTCA JKUAKMH MeTal WIH CIUTaB, MOXET ObITb MCIONb30BAH [NA ONpe/esieHud Tel-
1OTH OGPA3OBAHMA TEEPABIX CIUIABOB ¥ JUTA WSMEPeHN:A NAPUMAlLHOA IHTANBIMY CMEIleHU IpH Gec-
KOHeYHOM pas6annenu. C KaleibHEIM KaJIOPAMETPOM MPEACTABIISCTCH BO3MOXKHBIM H3MEPATE TepMO-
IAMHaMEYECKie CBONCTBA OYeHp DPEAKLMOHHOCMOCOGHBIX CIUIaBoB. TepMOIMHaMHUUECKHEe H3MEpeHHud
BBICOKOMIABALMXCH TYFOMUIABKAX METWLUIOB K CIIABOB MOTYT GBITH OCYLIECTBIIEHE! METAOM OTLIAB-

KOBO# KaopAMeTpuH A0 Temueparyprt 4000 K.
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