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Abstract

In this paper, examples are given of how calorimetric values can give greater certainty to
phase equilibria calculated from thermodynamic data. Errors that may arise when phase diagram
evaluations are carried out largely from the basis of Gibbs energy information only are illustrated
by reference to recent evaluations of the Ti-Si system and the resulting calculated oxidation be-
haviour of titanium silicides. The importance of calorimetric values for calculation of metastable
phase equilibria is demonstrated by results of work on the AIN-TiN hard-metal coating system.
Finally, suggestions are made with regard to areas of work where calorimetric data are urgently
needed.
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Introduction

The calculation of phase diagrams using thermodynamic principles and ex-
perimental thermodynamic data has become a well-established technique for
determining both stable and metastable phase constitution in materials of many
different types. In particular, such calculations are invaluable in providing in-
formation for multicomponent systems for which the time and costs required for
experimental phase equilibrium studies are forbidding. An optimum procedure
in such cases seems to be the combination of calculation methods based on criti-
cally evaluated thermodynamic data for constituent binary and, if possible, ter-
nary systems, with fewer, carefully defined experimental measurements to
provide missing information.

Critical for reliable phase diagram calculations are calorimetric measure-
ments of various types. Whilst the phase boundaries of a system are defined by
the relative positions of the Gibbs energy curves or surfaces for the different
phases as a function of composition, temperature, etc., it is enthalpies of forma-
tion and mixing which establish the order of magnitude of the Gibbs energies,
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enthalpies of fusion which determine, for example, the shape of the liquidus
around maximum-melting compounds, enthalpies of transformation and disso-
ciation which give rise to changes in slope of phase boundaries, heat capacity
changes which influence the temperature dependence of other thermodynamic
functions, etc.

In this paper, examples will be given of how calorimetric values can give
greater certainty to phase equilibria calculated from thermodynamic data. In
particular, the importance of calorimetric values for guaranteeing a reliable
theoretical background to important practical problems will be demonstrated.

Examples of the practical importance of calorimetric values

Oxidation of titanium-silicon alloys

Protection of metallic materials against high-temperature oxidation can only
be achieved by the formation of stable oxide scales, in nearly all cases Cr;0s,
AlOs or SiO;, because only these oxides have a sufficiently slow growth rate
[1]. A necessary prerequisite for the formation of a dense and continuous scale
on the surface of an alloy is that the oxide concerned is the most stable of all the
oxides which can be formed from the components of the alloy. Hence, thermo-
dynamic calculations of the oxide stabilities have to take into account the activi-
ties of the alloy components and perhaps those of the oxides also. Al,Os; and
Si0O; are among the most stable oxides and even for temperatures approaching
1000°C and higher, they still retain a sufficiently slow growth rate to provide
protective scales.

There is generally no difficulty in forming Al;Os or SiO; scales on existing
Fe-, Ni-, and Co-based alloys because none of the other components of these
alloys forms an oxide of comparable stability. Expressed in another way, the ox-
ides of Al and Si form at very much lower oxygen partial pressures than do the
oxides of the other alloy components.

A much more complex situation arises if intermetallic phases with titanium
as one of the major components are involved. The partial pressures of oxygen
at which Al,0s and TiO form are very similar, and TiO will form at oxygen par-
tial pressures which are several orders of magnitude lower than those required
for formation of SiO,.

It is therefore vital to know how the activities of oxide-forming components
of an alloy vary with the concentration of the component and with temperature,
so that correct information on the stability of oxides on intermetallics can be ob-
tained. The activity data required to assess oxide stability are an integral part of
the set of coefficients resulting from the thermodynamic evaluation of an alloy
system using the CALPHAD approach [2].
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Fig. 1 The Ti-Si system as reported by Massalski [3]

In the titanium-silicon system (Fig. 1 [3]), S intermetallic phases are pres-
ent. Thermodynamic evaluations of the system using available experimental
thermodynamic and phase diagram data have been reported by Vahlas et al. [4]
and by Paajunen [5]. The calculated phase diagrams resulting from the two
evaluations are shown superimposed on one another in Fig. 2. There is excel-
lent agreement both between the two calculated diagrams and with the phase
diagram reported by Massalski [3].

Nevertheless, if the comparison of the results of the two evaluations is ex-
tended to the enthalpies of formation of the intermetallic compounds and to the
variation of activity values across the system, some significant differences are
revealed. Table [ lists values for the enthalpies of formation at 300 K of the ti-
tanium silicides as calculated from the coefficient sets reported in [4 and 5].

The table clearly shows that the data from [5] result in enthalpies of forma-
tion which are considerably more exothermic for the higher silicon compounds.
This corresponds to less satisfactory accord with the available experimental re-
sults, as illustrated in Fig. 3, which presents a plot of experimental and calcu-
lated enthalpies of formation as reported by Vahlas et al. [4].

The effect of the differences in the enthalpies of formation as obtained from
the data of [4] and [5] on the calculated variation of activity values across the
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Ti-Si system is illustrated for a temperature of 1000°C in Fig. 4 a and b. These
diagrams were calculated and plotted using the program ChemSage [9].
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Fig. 2 The Ti-Si system as calculated from the data reported in Ref. 4 (— - —) and 5 (—)

In particular, the log of the Ti activity change across the compound
Ti 33381667 as calculate from the two data sets is 4.56 and 2.14 respectively. The
magnitude of this difference in Ti activity has important implications for the
predicted oxidation behaviour of the higher silicides. This is illustrated in
Fig. 5a and b, which shows the stable oxide phases formed by oxidation of

TisSis at different oxygen partial pressures, calculated using data from
{4 and 5].

Table 1 Calculated enthalpies of formation at 300 K of the titanium silicides as obtained from
data of [4] and [5]

Compounds AH (300 K)" /J-mol™! -
Ref. 4 Ref. 5
Ti 0.333810.667 -56 967 -92 873
Ti 0.5S10.5 —-68 000 -83 180
Ti 0.556510.444 -71 000 ~-78 291
Ti 0.625810.375 —72 409 -73 474
Ti 0.75810 25 —66 565 -67 522

*Si (diam) and Ti(hcp) standard states
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Fig. 3 Calculated [4] (A) and experimental [6-8] (o, X, +) enthalpies of formation for the
solid phases of the Ti—Si system
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Fig. 4 Activity of Si and Ti in the Ti-Si system at 1000°C Si(diam) and Ti(bce) standard
states (a. Ref. [4], b. Ref.[5])

There are clearly pronounced differences in the two sets of results. Most im-
portant is the prediction that SiO; remains stable at the lowest O partial pres-
sure according to [4] (Fig. 5a), whereas the data from [5] predict that TiO will
be the stable oxide phase formed on Ti sSi s at the corresponding oxygen partial
pressure (Fig. 5b).

The results demonstrate that the calculated oxidation behaviour is very de-
pendent on the evaluated activity data for the alloy components.

In the example discussed here, it is evident that the experimental enthalpies
of formation are decisive in allowing correct ‘optimized’ thermodynamic coef-
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Fig. 5 Oxidation of a Ti sSi s alloy as a function of oxygen partial pressure (Data From a.
Ref. [4], b. Ref. [S])

ficients for the Ti-Si system to be obtained and hence correct oxidation behav-
iour of the titanium silicides to be predicted. While a very good description of
the Ti—Si phase diagram is obtained with two different sets of Gibbs energy co-
efficients [4, 5], it is necessary to reproduce satisfactorily the experimental en-
thalpy of formation data in order to provide a correct prediction, or
interpretation, of oxide scale formation.

Stability ranges of metastable coatings in the AIN-TiN system

A major application of hard metal carbides and nitrides is as coatings for
tool materials. CVD (Chemical Vapour Deposition) techniques have frequently
been used to produce such coatings, but there is ever-increasing use of PVD
(Physical Vapour Deposition) methods, whereby a material of known composi-
tion is transferred from a target (e.g. by sputtering) to a substrate maintained at
a lower temperature. PVD processes are of particular importance because they
enable homogeneous, multicomponent phases with improved properties to be
deposited easily. The stoichiometry of these phases can be controlled by adjust-
ing the process parameters, and variation of the substrate temperature can in
some cases be used to deposit materials in different crystalline structures or as
an amorphous phase.

Metastable coatings in the AIN-TiN system have been found to possess very
good wear-resistant properties and although hexagonal AIN and fcc(NaCl) TiN
show virtually no miscibility in the solid state under equilibrium conditions
(Fig. 6), codeposited mixtures of the two nitrides using PVD techniques result
in a metastable cubic (Ti,Al)N solution phase being formed over a wide com-
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position range [10]. This material displays significantly improved properties
over those of the component nitrides.
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Fig. 6 Calculated TiN-AIN phase diagram [11]

Attempts are now being made to use thermodynamic calculation techniques
to predict the stability ranges of metastable phases in PVD-deposited mixed ni-
tride, carbide, boride, etc. coatings [11]. These calculations, if successful, will
provide an important basis for the design and development of new coating ma-
terials. The basis for the calculations is the hypothesis made by Saunders and
Miodownik [12] with regard to the deposition of metallic alloys on low-tem-
perature substrates. They suggest that, due to the low substrate temperatures
used, diffusion cannot take place to produce separation into a multiphase struc-
ture in the deposited materials. As a result a single phase coating is formed from
the phase with the lowest Gibbs energy at the overall coating composition and
substrate temperature concerned. Using this hypothesis Saunders and Mio-
downik were able to predict accurately the ranges of stability (both stable and
metastable) of different phases found in codeposited alloys at low substrate tem-
peratures.

J. Thermal Anal., 41, 1994
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In the case of hard-metal coatings, the difficulty facing such thermodynamic
calculations is the need to obtain

— thermodynamic values (lattice stabilities) for the pure nitrides, carbides,
etc. in different metastable as well as stable structures

— thermodynamic properties of mixing for the metastable and stable phases
in the coating systems concerned.

Enthalpy values are decisive in establishing reliable data for both types of
missing informaticn. Although various estimation methods have been used to

\

1

Fig. 7 High-temperature drop calorimeter used to determine enthalpies of metastable-stable
phase transformations in the AIN-TiN system [15].1 — charging tube, 2 — capillary
tube, 3 — measuring cell, 4 — thermopile, 5 - reference cell, 6 — holder tube, 7 — bot-
tom plate
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derive enthalpies of transformation from stable to metastable structures and to
predict enthalpies of mixing e.g. [11, 13, 14] it is imperative that these esti-
mated numbers be substantiated by comparison with reliable experimental cal-
orimetric values.

To carry out this comparison and to check the reliability of various methods
of estimation, Stolten [15] has performed drop calorimetry measurements on
specimes in the AIN-TIN system. The experimental apparatus is shown in
Fig. 7.

Specimens for five compositions across the AIN-TiN system were prepared
by sputtering a target consisting of appropriate proportions of pure aluminium
and titanium in a controlled nitrogen atmosphere onto an Al-foil substrate. The
structure of the resulting specimens was investigated by X-ray analysis.
Whilst 3 of the specimens displayed a single phase fcc(NaCl) structure corre-
sponding to that of TiN, specimens at high AIN concentrations were unsuitable
for calorimetric studies because of the presence in them of phases with struc-
tures other than the hexagonal AIN structure.
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Fig. 8 Determination of the metastable to stable transformation enthalpy of a (Ti,Al)N speci-
men

The 3 (Ti,ADN specimens displaying a metastable single phase fcc structure
were used for calorimetric measurements to determine the enthalpy of the me-
tastable single phase to stable 2-phase (AIN+TiN) transformation. Calibration
was carried out using Al;O3 samples. For each (Ti,AI)N specimen, approxi-
mately eight to ten individual measurements were carried out (of which five
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were calibration measurements) at eight different temperatures. The resulting
H(T)-H(298 K) curve for a Ti s;Al 15N specimen is illustrated in Fig. 8.

Based on the 3 results for the transformation enthalpy at different overall
compositions and assuming regular solution behaviour for the metastable
fee(Ti,AI)N mixtures, a plot of Gibbs energy against composition can be made.
The intercept of this curve at the pure AIN axis provides a value for the lattice
stability, G(AIN,fcc)-G(AIN,hex), of AIN in the metastable fcc structure
(Fig. 9).
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Fig. 9 Gibbs energy of the metastable fcc(TiN) to stable AIN+TiN transformation as a func-
tion of composition

In order to calculate the ranges of stability of the metastable fcc(Ti, AI)N and
hex(Al, Ti)N solution phases as a function of composition, a Gibbs energy of
transformation curve for metastable hex(Al, Ti)N to stable AIN+TiN, analo-
gous to that just described for the fcc(Ti, AI)N phase must also be derived. This
was achieved by Stolten using estimation and calculation methods described in
his doctor’s thesis [15]. His plots of Gibbs energy vs. composition for the
fce(Ti,AIDN and hex(ALTi)N phases are compared with estimated values from
[11] in Fig. 10.

Using the hypothesis that in coatings deposited on a low-temperature sub-
strate it is the single phase with the lowest Gibbs energy that is stable at a given
overall composition, it can be seen from Fig. 10 that thermodynamic data for
the AIN-TiN system predict that a metastable hex(Al,Ti)N phase will be
formed at compositions up to about 30 mol% TiN and a metastable fcc(Ti, AI)N
phase at higher TiN concentrations.

In the case of the Ti—Al-N system, it is possible to check this prediction
against the experimental evidence obtained by Knotek and Leyendecker [10]
from an analysis of the structure of coatings produced by sputtering.
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Fig. 10 Gibbs energy vs. composition curves for the hex(Al, TH)N and fce(Ti, A)N phases in
the AIN-TiN system. (Estimated data from Ref. 11) — - —

Figure 11 illustrates the experimental range of the fcc(Ti,AI)N phase. This
extends from TiN to just over 60 mol% AIN, thus giving good support to the
calculated range.

On the basis of these results, it can be anticipated that calorimetric measure-
ments of transformation enthalpies in hard-metal coating systems such as that
discussed here would give a firmer basis to subsequent thermodynamic calcula-
tions of the ranges of composition and temperature in which metastable coating
structures will be formed as a result of physical vapour deposition processes.

Phase diagram ‘problem areas’ requiring experimental
calorimetric data

The above examples illustrate the central role of calorimetric values in ther-
modynamic calculations of phase equilibria.

There remain particular difficulties in the thermodynamic representation of
a system which are still the subject of considerable discussion and for which
calorimetric measurements are urgently needed. Among these are:

The behaviour of the heat capacity of pure liquid elements at temperatures
below the normal melting point.
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Fig. 11 Experimental range of the fce(Ti, ADN phase in the Ti—-Al-N system (Ref. 10)

The temperature dependence of Cy(liq) is needed for an accurate description
of the mixing properties of the liquid phase e.g. in systems formed by elements
of widely different melting points. The frequently made assumption that the
heat capacity of a liquid metal remains constant with temperature below the
melting point can lead to poor description of phase equilibria involving the lig-
uid phase at lower temperatures, e.g. low-melting eutectics. Experimental C,
values for undercooled liquid metals would be extremely helpful in establishing
a reliable, temperature dependent C, equation.

Lack of experimental thermodynamic data for the liquid phase of alloy sys-
tems.

Because of the difficulties of carrying out thermodynamic measurements at
high temperatures, thermodynamic evaluation of high-melting alloy systems
may be forced to resort to over-simplified descriptions of mixing properties in
the liquid phase. This situation could be greatly improved upon if just one or
two measurements of the enthalpy of fusion of selected alloy compositions were
available. In combination with experimental values for solid alloys, determined
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at more accessible experimental temperatures, these enthalpies of fusion would
provide reasonable, order-of-magnitude mixing properties for the liquid phase.

Lack of thermodynamic data for ternary compounds.

In progressing from binary to higher-order systems in phase diagram calcu-
lation work, a stumbling block is often the lack of thermodynamic values for
ternary compounds. As a result, solubility boundaries involving such phases
can be significantly in error and a poor representation of the phase equilibria in
the ternary system may result. Measurements of the enthalpies of formation of
ternary compound phases would enable a much more reliable thermodynamic
evaluation of ternary phase equilibria to be carried out and thus give greater
confidence in proceeding further to calculations in still higher-order systems.

Conclusions

Calorimetric measurements are frequently the ‘key-element’ in producing a
correct thermodynamic description of stable or metastable phase equilibria in
an alloy system. There is still an urgent need for calorimetric numbers to enable
a variety of practical problems to be reliably interpreted and resolved. It is a
matter of some concern that the current trend away from experimental cal-
orimetric work be reversed as soon as possible.
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Zusammenfassung — Vorliegend wird beschrieben, wie kalorimetrische Werte eine grofere
Gewilheit {iber die anhand thermodynamischer Angaben berechneten Phasengleichgewichte
liefern kénnen. Fehler, die sich aus der Auswertung von Phasendigrammen ergeben kénnen, die
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zum groften Teil nur auf der Basis von Informationen der Gibbs‘ schen Energie erfolgten, wer-
den in Bezug auf die vorliegende Auswertung des Ti/Si/Systemes und in Bezug auf das resul-
tierende berechnete Oxidationsverhalten von Titansiliziden illustriert. Die Bedeutung kalori-
metrischer Werte fiir die Berechnung metastabiler Phasengleichgewichte wird durch die Resul-
tate einer Arbeit iiber das Hartmetallbeschichtungssystem AIN-TiN demonstriert. AbschlieSend
werden Vorschlige in Bezug auf Arbeitsbereiche gemacht, wo kalorimetrische Werte dringend
bendtigt werden.
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