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Adiabatic calorimetry and solid state properties
above ambient temperature

Fredrik Grgnvold
Department of Chemistry, University of Oslo, P.O. Box 1033 Blindern, 0315 Oslo, Norway

Abstract -Some developments in the use of adiabatic-shield calorimeters above ambient temperature are reported,
with emphasis on their importance in the study of slow reactions. In addition to the usual demonstration of
calorimeter performance in terms of the heat capacity of 0-Aly03, fractional enthalpy of fusion determinations as
well as heat-capacity measurements on solid/solid transitions ought to be considered as testing experiments. In
this connection results on indium and tin are presented. The larger variety of heat-capacity behavior in two-
component systems are considered for solid/solid transitions in Ag,Se, quartz and cristobalite. The usefulnes of
adiabatic calorimetry in the study of transitions from metastable to stable states is shown for the NiS phases and
for wiistite.

INTRODUCTION

Calorimeters with electrically heated shiclds, which follow the surface temperature of the sample container, offer unique
possibilities for accurate detcrmination of thermodynamic properties. They can be operated with intermittent energy inputs,
preceded and followed by equilibration periods, or alternatively with a continuous input of energy. In the latter, dynamic
mode, the characteristics resemble those of DSC. The energy or cnthalpy increments are usually fairly accurate for
instantaneous processes, but the corresponding temperatures might be slightly shified. With step-wise operation the accuracy
of enthalpy and temperature dcterminations can be increased, and even morc important, the presence of enthalpy rclaxation
processes may be discovered and analyzed. When such processes occur above ambicent temperature, they might be studied
more casily than below, since intermediate, metastable states start transforming after shorter induction periods, and more
often go to completion within rcasonable time. These advantages of adiabatic calorimetry for reactive substances in the
higher temperature region have appcaled to me, but also limited the ficld of study so far to substances which could be made
or obtained in sufficiently large quantitics (50 - 200 g). Among references to methodic developments in the ficld, the
contributions by West and Westrum (ref. 1), Hecmminger and Hohne (ref. 2), and the onc by Kagan (ref. 3) might be
mentioned. Before looking closer at the adiabatic techniques I should like to make a few comments about drop calorimetry.
The method is unsurpassed for enthalpy-increment determinations for substances with negligible intrinsic and extrinsic defect
concentrations in the region of interest, like high-purity synthetic sapphire, a-AlyO3, except in the vicinity of the melting
temperature.. When such determinations are carried out with sufficicntly small temperature steps, very accurate heat
capacities can also be derived. Thesc types of calorimeters arc not adiabatic, or impassable, with rcgard to the sample to be
studied, which is quenched in the transfer, with accompanying influcnces on the observed thermodynamic properties of the
substance in question. One way 1o avoid the quenching elfccts is o cquilibrate the sample as close to ambicnt tcmperature as
possible, and keep the receiver at a temperature where equilibration is sufficiently fast. Another Way to obtain results closer
to equilibrium conditions is to usc the adiabatic shicld technique.

TECHNIQUES

Continuous heating

The continuous-heating technique reached a high level of performance with the work by Moser (ref. 4) at the Physikalisch-
Technische Reichsanstalt in Berlin in 1936. The results on nickel, B-brass and quartz, all showing A-typc transitions, arc
familiar to us through widcspread depictions in the literature. Time has shown that the results suffered somewhat from the
difficulty in correctly accounting for the heat exchange and dissipation during continuous heating. In addition, the short
“equilibration” time during continuous heating is insufficicnt for characterizing the details of many structural order-disorder
processes, even for good thermal conductors. The time element is of marginal importance for electronic processes, like the
disappearance of ferromagnetism in nickel. The continuous heating, adiabatic shield technique has been used successfully
and been perfected over the years (ref. 1 - 5). Development in the direction of smaller samples (1 - 2 g), inspired through the
advances in adiabatic low-temperature calorimetry, has begun. A calorimeter constructed by Mizota ct al. (rcf. 6) has
recently been used by lishi ct al.(rcf. 7) in the study of a non-commensurate phase transition.

Step wise heating
The intermittent technique was brought to a high level of perfection by West and Ginnings (ref. 8) about 40 years ago. Its
excellent capabilitics were demonstrated in  work on a-AlpO3 up to 800 K, and later on sulfur (ref. 9) up to 700 K. The
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calorimeter was remodelled by Octting and West (ref. 10) and used in heat-capacity detcrminations on plutonium metal (ref.
11). In addition to the instruments referred to in the above references, I should like to mention the one by Inaba (ref. 12). It is
operated in vacuum over the range 70 to 700 K with intermittent heating. Accuracy is better than 0.2 %, and thus comparable
with that of the best adiabatic calorimeters hitherto described. The calorimeter cell is of 90Pt10Rh, 30 mm diamecter, 45 mm
long with 0.2 mm wall thickness. The heater is wound on the outside of the cell and shielded by 0.03 mm silver foil. The heat
transfer is 40 mW-K-! at 700 K. The wide-range, fully automatic instrument constructed by Zhang (rcf. 13), bears some
resemblance to the one by Westrum (ref. 1,14). It was tested with a-AlyO3 over the region 80 to 600 K.

The fully automated instrument by Sorai et al. (ref. 15) bridges the low to intermediate temperature region, 13 - 530 K.
Calorimeter cells with 30, 10, and 6 cm3 sample volume were used. The successful operation of the largest cell was shown
by the heat-capacity results on benzoic acid (15 - 305 K) and of a-AlyO3 from 60 to 505 K with an inaccuracy 0.25 % over
the region 25 to 400 K. Another instrument was developed by Kano (ref. 16) and used in the region 300 to 700 K for studying
the heat capacity of solid, liquid and supercooled bismuth, as well as the enthalpy of fusion. On the basis of their previous
work (ref. 17), and that by Yamomura et al. (ref. 18), Tan et al. (ref. 19) construcled a calorimeter with 20 cm- sample
volume for use in the pressure range 0.1 to 15 MPa and temperatures in the range 300 to 600 K. An accuracy of 0.5 % was
obtaincd with water and o.-AlyO3 as test substances at 0.1 and 12 MPa pressure.

The first version of the calorimeter which I have been using in the temperature range 300 to 1000 K, was completed in the
1960's (ref. 20). The sample conlainer of 99.99 % Ag is now 29 mm in diameter and 128 mm long, and has a removable
bottom of 90Pt10Rh. The wall thickness is 0.4 mm, and the ends are¢ covered by 0.2 mm thick silver shields. Fuscd silica is
the most frequently used sample container material. The vessel has a central well 10 mm in diameter and 105 mm decp, for
the 25-ohm resistance thermometer and the 20-ohm heater of 75Pt25Ir. The silver container has 3x4 thermocouple pockets on
its outside. Similar pockets are located on the inside of the top, side and bottom shiclds for the alumina-insulated
Pt/90Pt10Rh thermopiles. The double-walled shields contain 90Pt10Rh heating elements for maintaining zcro temperature
difference between calorimeter and shields, using 3 L&N 9838 Nanovoltmeters as null detectors. Each thermocouple and
null detector are floating with respect to the others, and separatcd by an optocoupler from the recorder, PID controller and
zero-switching power amplifier, see Fig. 1. Outside the shiclds is a heated guard sysicm, also of silver. The whole asscmbly
is placed in a vertical tube furnace with closed bottom.The measuring system and procedurcs have been completely
automated since 1978. Molar heat-capacity values etc. are turned out after completion of each measuring cycle around the
clock - sometimes up to a week - with only minor adjustments by the operator. The main measuring instruments are now an
HP 3858A multimeter for current and potential measurements, and an ASL 18 AC resistance bridge. The latter makes it
possible to determine drilt rates more accurately than the earlier-used Mueller bridge by a factor of 10. Thus, slow reactions
and relaxation processes can be followed with minimal human effort. Limitations in accuracy stcm mainly from undctected
local non-adiabaticity, and from light scatter in the zero drilt of the calorimeter with time, due to changes in spurious EMF's
from changing temperature gradients in thermocouple wires ctc.

Pt1ORN/Cu REF JCT
. 03[
1 0 Indium 1992

r— NANOVOLT 12v
< AMPLIFIER o
o« : E +4pV/E50mV
5 (Bi5n &
2 = ) OPTOCOUPLER | 24V
o] g | ] -eeereeeea. DC
g I T RECORDER 230V
PID CONTROLLER Indium 1578
3 + 230V ] I ] I
POWER AMPLIFIER| AC -12
0-10V 0 20 40 60 80 100
DC - 1/Fraction fused
Fig. 1 - Shield control system Fig. 2 Fractional fusion of indium

PERFORMANCE TESTS
Synthetic sapphire, 0-AlyO3, is a generally used test substance for comparing heat-capacity results with those deduced by

Ditmars et al. (ref. 21) on the basis of earlier results. More recent results obtained by adiabatic calorimetry do not seem
consistent enough to warrant any change of importance in the range 400 to 900 K.

Few performance tests of the adiabatic calorimeters mentioned have been made on transitions in the purc elements. Octting
and Adams (ref. 11) studied those occurring in plutonium with a modified version of the calorimeter by West and Ginnings
(ref. 8), and found a maximum heat capacity of about 15 000 3K-L-mol-! for the irreversible & to B transition, which is far
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from infinite. For the B to yand the ¥ to & transitions it did not exceed 600 J-’K-1-mol-1. Similar behavior is characteristic for
polymorphism in other elements, like transitions between hexagonal and cubic close packings. Thus, the enthalpy and
temperature of melting for very pure metals like indium and tin remain most uscful for enthalpy and tcmperature calibrations.
Fractional fusion experiments ought to give hcat capacities in the region 107 - 108 IK-Imol’l, ic. 2 temperature rise of
less than 0.1 mK for an encrgy input 1000 J per mole of substance in the 10 to 90 per cent fusion intcrval.

Fusion of indium and tin

Results of fractional enthalpy of fusion experiments on a 99.99995 % pure indium sample are shown in Fig. 2 together with
results on a less pure sample studied 15 years ago (ref.22). The new sample, which was measured for the Laboratory of the
Government Chemist, UK, has a much narrower premelting interval than the carlier sample, consistent with a mole fraction
of solid-insoluble/liquid-soluble impurity of the order 2-107° if the region from 0.4 to 87.8 % fuscd indium is considered, and
2.10-7 if only the region of 13.4 to 88.0 % fusion is taken into acount, Over the latter region the temperature risc is (0.28 +
0.08)mK, which corresponds (o a heat capacity of the order 107 3K-L1-mol-1. Inside that part of the fusion region the heat
capacity might rise to even higher values. The mean result of the five series of enthalpy of fusion determination on a 200 g
sample are given in Table 1 together with the unpublished result by Dr. David Ditmars (ref. 23) on NIST SRM (2231) and
NPL CRM M16-01, and my carlicr determination. They agree rcasonably well.

TABLE 1. Enthalpy of fusion determinations on indium and tin
AmHm/(J-mol'l) Purity Mecthod Year Authors Ref. AmHm/(J-mol'l) Purity Method Year Authors Ref.

M(In) = 114.818 g'mol-1 M(Sn) = 118.710 grmol-1
32837 6N  Adiab. 78 Grgnvold 22 7195+ 7 6N  Adiab. 74 Grgnvold 24
3275£7* 6N  Drop 90 Ditmars 23 7147 £ 22 SN Drop 89 Diumars 25
3283+ 7** 6N Drop 90 Ditmars 23 7139 + 18 SN DSC 92 Callanan 26
32969 7N Adiab. 92 Grgnvold - 7179 £ 15 6N  Adiab. 92 Grgnvold -

* NIST SRM (2231), **NPL CRM M16-01

The results for metallic tin also diverge. Thus, Ditmars result for NIST SRM 2220 was 0.8 % lower than my carlier one.
New determinations by adiabatic calorimetry on a different material than I used before are approximately 0.5 % above the
ones by Ditmars (ref. 25) and by Callanan (ref. 26). The lower results obtained by drop calorimetry might be real and related
to quenching.

In case of a solid insoluble / liquid soluble impurity with mole fraction of the order 104 it should be possible o recognize an
isothermal enthalpy absorption at the eutectic temperature. At temperatures closer to the melting temperature a heat-capacity
contribution caused by solution of impurities in the melting solid phase is expected. Tin melts at 505.08 X, and the enthalpy
of melting is about 7170 J-mol-1. With the presence of an ideal solid-insoluble/liquid-soluble impurity with mole fraction
xptot = 1-10°0 the fraction fused (F}) at Ty is (ref.27):

Fy = (x.liq)/(xp,t0t) = (xp OORTZ [((AHin( Ty - TP = 295-10°6K/(T, - T). )

For Ty, - Ty = AT = 1 K, F; = 0.0003 and for AT = 17 mK, F; = 0.017. On raising the temperaturc of a tin samplc in the
calorimeter about 1 K up to 0.017 K below the fusion temperature the corresponding solution enthalpy increment is 125
Jmol-1, Similarly, the molar premeliing heat capacity obscrvable in adiabatic calorimetry:

Cp,i (,topRT2 (T -Tp)? -(AT/2)2) ©)

should be 2.1 and 9800 J-K-L-mol-1 at T; =1K and 0.017 K below the fusion temperature, respectively. With the additional
presence of solid-soluble/liquid-soluble impurities the melting would occur in a depressed or raised temperature intcrval,
depending upon the impurity distribution between the two phases, and with correspondingly decreased heat capacity.

If the impurity separates out completely from the liquid on quenching in the drop calorimetric experiment, the adiabatic and
the drop methods should lead to the same result (except for the strain component due to quenching in the latter), but not so if
a small fraction of impurity-rich solution remains incompletely crystallized and is not separated into the components after
quenching. Ditmars asserted that the SRM 2220 tin did not show evidence of premelting to within 17 mK from the fusion
temperature. In adiabatic calorimetry the pre- and post-melting contributions are routinely included.

TRANSITIONS IN BINARY COMPOUNDS

Some examples of different Lypes of solid/solid transitional behavior are shown in Fig. 3 for an intermediate compound in an
X +Y two-component system. The common variant of solid/liquid transitions, where the liquid phase surrounds the solid
phase with lower-melting eutcclics, has its counterpart in the solid/solid phase eutectoid transition. Here the high-temperature
phase (I) form eutectoids on either compositional side of the low-temperature phase (I). If phase (I) has a scnsible
homogeneity range, various easily depictable heat-capacity behaviors may be be encountered (for example a high to infinite
heat capacity contribution at the (X) + (I) = (II) eutectoid temperature, followed by a moderate transitional heat capacity
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over a wider temperature rangc). Both processes are kinetically controlled, and the observed heat capacities might show
considerable scatter.

X+ 1\ h+Y
X+ i l+Y
Eutectoid/eutectoid transition Eutectoid/peritectic transition Degenerate transition

Fig. 3. Sections of tempcerature - composition diagrams for a binary system.

Another transition variant is the eutectoid/peritectoid one, which is common among solid phases tending towards non-
stoichiometry, like some transition metal chalcogenides. Finally one has the case where the two-component phases (I) and
(I1) are "line" phases with exactly the same stoichiometry. In such cases the low- and the high-temperature phases coexist
with identical composition as a dcgencrate case. Then an intermediate, non-commensurate structural region might exist.

Some of the chalcogenide phases cquilibrate relatively fast, and adiabatic calorimetry might be of the right time scale (up to
some days equilibration time) for resolving the phase relationships and energies involved. The maximum heat capacity
reached varies considerably from system to system In the case of the transition in stoichiometric FeS at 420 K we found a
maximum heat capacuy of only 2750 J- K-1'mol! (ref. 28)) while in case of the one in Ni3S, at 834 K it rose to the order
2105 JK-L-mol1 (ref.29).

Agzse

The o to B transition in AgySc at about 405 K seemed well suited for investigating the compositional influcnce on the heat-
capacity behavior in binary solid/solid regions, (except that the diffusion rate is somewhat low in the low-temperature phase).
The compositional limits of the phases, as determined by coulometric titrations by Valverde (ref. 30), by von Oehsen and
Schmalzried (ref, 31), and by Shukla et al. (ref. 32), are combined and redrawn in Fig. 4.
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Fig. 4 Section of the Ag - S phase diagram. Phase limits by Valverde, Fig. 5. Fractional cnthalpy of transition for
W; by von Ochsen and Schmalzried, x ; and by Shukla et al, o. Ag 0058, & AgaS, 0;and AgpSy o1, 0.

Exactly stoichiometric 0-AgySe should transform peritectoidally into the slightly more silver-rich B-Ags,,Se at about 405
K, while a slightly silver-rich a-Ago.Se should transform in a narrow temperature interval starting at about 403 K. Finally,
a suitable mixture of a-AgSe and silver (Agp goggSe + 0.0026Ag) should combine completely at 403 K to give -
Aga 00355€. Thus, small compositional variations between samples ought to result in quite different heat-capacity behavior.
Another reason for our interest in AgySe is that Shukla et al. (ref. 32) found by DSC that the transitional enthalpy dropped
from 7740 J-mol-1 for Ag1.9999055¢ to 6280 J: mol-1 for Ag2 000695¢-

Three high-purity Ago4ySe samples are being studied (rcf. 33), and some fractional enthalpy of transition results in the
transition region arc shown in Fig. 5. For AgpSeq op the transition occurs almost isothermally at 405.5 K About 75 % of
the transitional enthalpy is acquired within 0.05 K, which corresponds 1o a transitional heat capacity of 10° JK-Lmol ! with
a waiting time of 30 hours. Mclting of the excess sclenium occurred at about 495 K with an enthali)y of 58 J, which possibly
indicalcs a minute sclenium surplus for the B-AgpSc at this lemperature (A Hpy(Se) = 6159 J-mol-!, ref. 34).
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The silver-rich sample, Agy ggsSe,which consists of a-AgySe and Ag, suddenly starts Lo transform at 404.2 K, but the
enrichment of silver in the B-phase procceds slowly. A temperature rise of 0.37 K occurred as result of 6 encrgy inputs
representing about 60 % of the transitional enthalpy, i.e. an average transitional heat capacity of the order 104 K- 1lmol!
during the 15 hour time interval. The transition is about 90 % complete at 405.0 K after 10 additional hours of cquilibration,
but would presumably have occurred isothermally if the equilibration time had been sufficiently long.

For stoichiometric o-AgoSc no eutectoid formation reaction is observed, and the transitional heat capacity is of the order
103 JK-1mol-1 from 404.4 to 405.6 K during the 11 h measuring time, indicating a slow compositional change of the
high-temperature phase as the temperature goes up. Above 406 K the heat-capacity risc is steeper, possibly for kinctic
reasons. Anyway, the heat capacity remains very high above the highest eutectoid temperature. A possible cxplanation is
that the low-temperature phase transforms congruently into the high-temperature phase, just as secms to be the case for
Ni3Ss. In contrast to the results by Shuklia et al.(ref. 32), the presently observed transitional enthalpies differ by less than
100 J-mol-1, which might indicate that changing kinetic conditions confuses the DSC results. Considcrably varying values
for the transitional enthalpy have been reported, from 6.95 kJ'mol-1 by Bellati and Lussana(ref. 35) to the valucs 9.16 and
10.5 kJ'mol"! by Banus(ref. 36), obtained by calorimetry and through use of the Clapeyron equation.

Si0;

Let me then turn to the o to B transitions in quartz and cristobalite, which we have studicd in some detail. The A-type
behavior in quartz was clearly demonstrated in the work by Moser (ref. 4). He made continuous adiabatic mecasurements
in about 10 K steps. The highest heat capacity value was 91 3K-L'mol-1, or far from infinite with present-day technique.
Even so Moser claimed the presence of a first-order enthalpy component of 350 Jmol-l, or about 1/2 of the total,
connected with a 0.45 per cent discontinuous volume change. The heat-capacity work by Sinelnikov (ref, 37) did not show
any isothermal enthalpy absorption on heating, thus contradicting the presence of the discontinuity. The latter conclusion
was strengthened through structural work by Young (ref. 38), which showed that the greatest amplitude of oxygen atom
vibrations is in the direction which the oxygen atoms move during the o to B transition. In more recent work the transition
is established as non-commensurate over a region of about 1 K (ref.39 - 43). We found no really isothermal cnthalpy
absorption by adiabatic calorimetry, as the maximum heat capacity was 1700 J K-Lmol-1 only over a 0.02 K interval near
847.30 K (ref. 44). The rise and fall of the curve are very steep and are not easily fit within the common framework for
describing the heat-capacity behavior for higher-order transitions (ref, 45,46)

ApsCp = (A ([(Te -TYTI® -1} + B
where o is the critical exponent, T, the critical temperature, and A and B empirical constants.The rise is closer to that

related to a solid-insoluble/liquid-soluble impurity, see above, or to the incorrect expression for the diverging magnetic
heat capacity (ref. 47), ALrst = A(TC-T)'U2 but the detailed encrgetics of the transition remain uncertain.

The transition behavior of crisiobalite is also puzzling. The o to B cristobalite transition is structurally more drastic than
the one in quartz, with its discontinuous volume increase of about 4.5 per cent. According to the hcat-capacity study by
Smith (ref. 48) and Leadbetter and Smith (ref. 49), the maximum heat capacity is found at 541 K on heating and at 511 K
on cooling. The heat capacity riscs to the exceptionally moderate value of about 350 J K-L'mol-1, even though the sample
was crystallized from vitrcous silica at 1690 to 1700 OC for 8 hours. We have measurcd the heat capacity of a cristobalite
sample (ref. 50), obtained by transforming our carlicr studicd quartz sample at about 1625 C for 8 hours. Another sampic
was obtained on loan from Professor Westrum. It was crystallized from quartz at a considerably lower tempcraturc. Heat
capacity results in the transition region are shown in Fig. 6. The temperature of the heat-capacity maximum obtaincd on
heating is highest for the Leadbetter/Smith, sample which had been recrystallized at the highest temperature, but
surprisingly, the maximum heat capacity is not much higher than for our sample recrystallized 50 K lower. For the sample
studied earlier by Westrum (ref. 51) the peak is broad and does not rise above about 140 J K-Lmol-L. The transitional
enthalpies are close to the same for all three samples (about 1300 J-mol'l). The width of the hysteresis temperaturc
interval is reported to increase with the temperature of preparation, while the time for the partial transformation at any
temperature is short.

In spite of detailed structural and other studies the reasons for this peculiar behavior still scem in doubt. In the well
established, tetragonal structure of a-cristobalite, (ref. 52-54) the two different types of Si - O bond lengths in the Si0y4
tetrahedra are 160.1 and 160.8 pm at ambicnt temperature, and the tetrahedra sharc corners with an Si - O - Si anglc of 146°,
The cubic, structurally improbable arrangement first suggested for B cristobalite by Wyckoff (ref. 55), resulticd ina Si - O
bond length of 154 pm and Si - O - Si angles of 180°. Nieuwenkamp (ref. 56), saw a solution to this discrepancy in that the
oxygen atoms are displaced from their (16-fold) positions normal to the Si - $i axis to six- or twelve-fold positions on a circle
with radius of about 45 pm, or perform a hindered rotation on this circle. Thereby satisfactory bond lengths and angles were
obtained. The B-cristobalite structure has been studied in more detail by Peacor (ref. 54) and by Wright and Leadbetter (rcf.
57). A symmetry analysis of the transition has recently been carried out by Hatch and Ghose (ref. 58). They concluded that
the transition involves simultancous translation and rotation of the SiOy4 tetrahedra coupled in the 110 direction with
formation of transformation twins, enantiomorphous twins, and antiphase domains on increasing the temperature.

One hysteresis explanation forwarded by Smith (ref. 48), which seems (o have considerable truth, is related to the obscrvation
that the transformation of one twin form to another involves much greater atomic rearrangement than the local o to B-
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transition. If therefore differcnt domains have different degrees of disorder "locked in”" on cooling from the preparation
temperature, this disorder is not annealed out at low temperature, Thus, the o to B cristobalite transition seems to equilibrate

between metastable states within the time scale of our experiments, and with most of the enthalpy increment related to a
local order-disorder process.
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Fig. 7. Heat capacity of NiS. Aand < , results for NiAs-
type phase after quenching the samples from above 660 K;
x and o, results for annealed samples (Millerite).

ENTHALPY RELAXATION MEASUREMENTS

In contrast to the transitions considered so far, which are are carricd out under close to cquilibrium conditions, and therefore
can be characterized cntropy-wise, I will now turn to some that can only be directly characterized enthalpy-wise by adiabatic
calorimetry. One such example (ref. 59) is the gradual transition of marcasite to pyrite at about 700 K, which was followed
for about 100 h. Pyrite is the stable phasc and has the lower entropy of the polymorphs over the whole temperature region.

NiS

For nickel monosulfide 3 diffcrent solid phases are of importance:1) the Millerite phase stable from 0 to 660 K, 2) the
semimetallic metastable paramagnetic NiAs-type polymorph (u = 1.7 pg), existing up to about 270 K, where the volume
contracts by 1.7 % to 3) the metatable metallic NiAs-type polymorph, which starts transforming to Milleritc at about 330 K.

Millerite transforms reversibly to the metallic NiAs-type polymorph at about 660 K. This quenchable NiAs-type polymorph
can be nickel deficient, which causes a shift in the non-metal to metal transition from 270 K to below 5 X for Nig 95S.

Coey and Brusctti (ref. 60) and Brusctli et al. (ref. 61) measured the heat capacity of quenched NiS and more sulfur-rich
samples up to Nig ]955 from 5 to 330 K. Using the Debye model they calculated the entropy difference at 265 K to be
ApeSm =385 K" ‘mol-1. In addition, the conduction elcctron entropy increment of the metallic phase was estimated to be

1.70 J'K-L-mol-1 at 265 K. The sum agrees well with the obscrved non-metal to metal transitional entropy, AygSiy =(5.32
+0.16) J'’K-Llmol-1 ,

We have measured the heat capacity of NiS from 260 K in quenched and annealed states(ref. 62). On heating the quenched
NiAs-type phase one first secs the non-metal to metal transition at 270 K, see Fig. 7. The measured cntropy increment is

5000‘
420
4000
400 % )
E 3000
X380 & 5
§ 2000
360 2
1000
340 £
(- S S R T
1 i | 1 1 |
320 3'0 ' 0 0 200 400 600 _ 800 1000
TK

time/hours

Fig. 9. Exccss molar Gibbs cnergy of formation of NiS
phases, relative to the stable one, in the range 0 to 1000 K.
e, met. NiAs type, and <, non-met.; &, Millerite.

Fig. 8. Transformation of NiAs-type NiS to the
Millerite type, Series I to IIL.
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comparable to what Coey and Brusetli (rel. 60) found. Then at about 330 K extra-instrumental drift is obscrved. Further
energy inputs cause the transition to proceed faster. The combined heating and self-heating raise the calorimeter temperature
to above 400 K in a matter of 8 to 30 hours, see Fig. 8. The isothermal enthalpy decrement is calculated to be AypgHpy (340
K) = - 5800 Jmol*l. The heat capacity of the Millerite-type NiS formed rises smoothly with temperature up to 600 K. A
small heat-capacity peak at about 610 K is followed by further weak excess enthalpy absorption up to about 660 K where the
phase change to the NiAs-type NiS occurs. Thus, with knowledge of the heat capacity of both phases from low temperature,
and interpolating it for the mctastable one over the range in which it is not easily measured, a complete thermodynamic cycle
is obtained, which relates the two phases through their Gibbs encrgy or enthalpy difference at zero K. See Fig. 9.

Feq_x O, wiistite

The thermodynamic properties of wiistites, prepared from iron and FepOs, have been studied recently (ref. 63). Heat capacity
measurements on Fe 93790 show a small maximum at about 190 K (Fig. 10), related to the antiferro- to para-magnetic
transition in the oxide. At about 450 K a beginning disproportionation of the mctastable wiistite is obscrved. Aficr complete
disproportionation to iron and Fe304 somc mcasurcments were carried out in the 300 to 400 K region, before raising the
temperature to about 800 K. The results conform to the values calculated for a mixture of iron and Fe304. The enthalpy
absorption for the decomposition reaction started at about 850 K, and was complete after additional energy inputs and a
temperature rise to 892 K during 2 days. In addition to the enthalpy of reaction determination, an cvaluation of the
thermodynamic properties of wiistile in the metastable region has been carried out. It shows that the molar Gibbs encrgy
decrement of the wiistite phase (expressed by the formula Fej.4Oy) increases slightly with decreasing x towards
stoichiometry. Thus, if iron precipitation is avoided at 500 K, the reaction of wiistite with the mean composmon value for
two different samples, Fep 320 = 0.7266 FeO + 0.0684Fe304 might proceed with A;Gy= -500 J- mol! and A Hp,
2500 J-mol-l The exothermic reaction has been studied for a sample with composition Fepgqp70 (ref. 62). It was
practically complete after 3 days. X-ray photographs confirm earlier observations (see for example ref. 64), that a mixturc of
approximately pure FeO (a = 432.8 pm) and Fe304 (a = 839.4 pm) is obtained. On further heating to about 550 K the final
disproportionation of FeO to iron and magnetite starts, and the two reaction enthalpies may thercfore be determined
separately.
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Fig. 10. Molar heat capacity of Fep 93790. e, quenched wiistite Fig.11. Estimated molar Gibbs encrgy of formation
5-350K, Ann Arbor ; 4, quenched wiistite 300 - 470 K, Oslo; for 5 metastable wiistites at 500 K, e ; mixture of
<>, decomposed wiistite (Fe + Fe304) 300 to 850 K, and recom- FeO and Fe304, — ; mixturc of Fe and Fe30y,

bined above. -—

These few examples were intended o illustrate some of the capabilites of adiabatic high-temperature calorimetry. A
disadvantage at present is the large quantity of sample necessary for accurate work. With the steadily improved accuracy of
temperature sensing cquipment, and the stability through numerous cycles within the entirc measuring rangc, the sample size
might now be reduced without undue loss of accuracy. Platinum sheet resistors and sheet heaters in the shields make size
reduction easier, but supposedly not yet adequate for obtaining satisfactory accuracy for most single crystals. Application of
pressure and/or magnetic field constitute other important directions of development.
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