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Abstract

Two calorimetric methods: solution and direct reaction technique were used
for determination of the enthalpy of formation of advanced aluminides from Al-
Ti and Al-Ni systems — candidates for high temperature application. The special
construction of solution calorimeter enables to determine enthalpy of formation
at various temperatures and to compare them with existing literature
information and with theoretical calculations. In the case of titanium aluminates,
differences between results obtained by solution method and direct reaction
technique grows up with the decrease of aluminium content in the phases — this
tendency was explained by mechanism of formation of phases from powders —

in particular by the sequence of phases formation. In nickel aluminates,
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temperature dependence of the enthalpies of formation may explain also the
differences between experimental results and ab initio calculations at 0 K and
may be attributed to the different reference state of the compound and its
components. Differences between the numerical values of enthalpies of
formation of these intermetallic phases are discussed in terms of structural
similarities and combined with literature Gibbs energies to calculate excess

entropies responsible for high temperature stability.

Streszczenie

Dwie metody kalorymetryczne: rozpuszczania i bezposredniej reakcji uzyto
dla okreslenia entalpii tworzenia aluminidkéw z uktadéw AI-Ti i Al-Ni —
bedacych kandydatami do wysokotemperaturowych zastosowan. Specjalna
konstrukcja kalorymetru typu rozpuszczania umozliwila wyznaczenie entalpii
tworzenia w réznych temperaturach i poréwnanie jej z informacjami z literatury
oraz z obliczeniami teoretycznymi. W przypadku aluminidkéw tytanu réznice
pomigdzy wynikami otrzymanymi metoda rozpuszczania a bezposredniej
syntezy wzrastaly wraz ze zmniejszajacym si¢ udzialem aluminium w fazie — ta
tendencja zostala wytlhumaczona mechanizmem tworzenia si¢ faz z proszkéw —
w szczegllnosci kolejnoscia tworzenia si¢ faz. Dla aluminidkéw niklu,
temperaturowa zaleznos¢ entalpii tworzenia moze tlumaczy¢ réznice pomigdzy
wynikami eksperymentalnymi i obliczeniami ab inito w 0 K i moze by¢
zwigzana z réznymi stanami odniesienia zwiazku i jego skiadnikéw. Réznice
pomiedzy wynikami entalpii tworzenia aluminidkéw przedyskutowano w
aspekcie ich strukturalnych podobienstw i powigzano z danymi resztkowych
energii Gibbsa celem obliczen resztkowych entropii odpowiedzialnych za

wysoko temperaturowa stabilnosé.
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1. Introduction

In experimental thermodynamic studies of metallic alloys emf with
liquid and solid electrolytes, vapour pressure measurements and
calorimetric studies are used. It is shown that usually one experimental
technique is not sufficient for a reliable separation of the Gibbs energy
into appropriate entropy and enthalpy contributions, which is necessary if
one seeks the correlation between thermodynamic properties and phase
equilibria. It is particularly important for systems with intermetallic
compounds. One of the recent trends in the study of thermodynamics of
intermetallics is the comparison between experiment and phase diagram
constructs based on theoretical predictions of the enthalpies of formation
of ordered phases. To compare the results of these two approaches,
enthalpies of formation are interesting to observe. This quantity may be
obtained experimentally by emf methods from partial molar value along
the liquidus in an indirect manner, or directly and more precisely by
calorimetric techniques.

Calorimetric techniques in metallic systems were discussed in details by
Kleppa [1-2], Castanet [3], while for instance calculations of enthalpies
from vapour pressure measurements of Al and Ni in Al-Ni system were
presented by Raj et al. [4] and Benche et al.[5].

Indirect estimates can be obtained also by the Calphad method based on
the phase diagram optimization, by Miedema model and finally in recent
years from first principle calculations. One limitation of the latter
calculations is the fact that the theoretical enthalpies of formation are
obtained at 0 K, while experimental data are mainly available at higher

temperatures. Therefore, the difference sometimes observed between
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experiment and theory may be attributed to the possible temperature
dependence of the enthalpy of formation. In this respect since the 1995
Rindberg meeting in Germany [6] the Institute of Metallurgy and
Materials Science, PAS have started co-operation with Brookhaven
National Laboratory in USA. It was based on the previous co-operation
with Max Planck Institute in Stuttgart, Germany from which the original
construction of the calorimeter was used, and later on its modified
version in our Institute in Krakéw. During the recent years our results of
enthalpies of formation from solution calorimetry were compared with
the method based on powder products synthesis directly in the
calorimeter realised within the co-operation with Nancy University in
France.

Enthalpies of formation from first-principles calculations of transition
metal compounds were compared [7], [8], [9] with experimental data.
Similar comparison for other systems, such as Al-Ni, were made by
Colinet and Pasturel [10] who reviewed their tight-binding and linear
muffin tin orbital (LMTO) calculations along with other theoretical
predictions and available experimental data. The AI-Ni system was also
considered by Carlsson and Meschter [11] and recently by Watson [12]
using mainly FLASTO calculations.

In addition, enthalpies of formations of these three intermetallic
phases from Al-Ni system from experimental techniques are compared
with theoretical calculations and are discussed in terms of entropies
contributions. The latter discussion is possible as from solution

calorimetry we have directly measured enthalpies of formation at desired
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temperatures to join them with literature excess Gibbs energies on the
one hand and on the other to observe how extrapolation to 0 K
corresponds with first principle calculations. The mutual agreement of
enthalpies of formation from experiment and theory may be a good
indication for phase diagram calculations from theoretical estimates.
The phases belonging to Al-Ti system and alloys based on these phases
are the object of the intensive fundamental studies and studies directed
for their application. Recently, more than half of papers referring to the
intermetallic phases relates to the phases of Al-Ti system [13]. Such a
considerable interest in these phases is a result of their merits, which are
important from application viewpoint. The property which attracts the
attention is their high strength to density ratio [14] what makes it possible
reduction by ca. half the weight of constructional materials like exhaust
valves, turbine wheels, comparing with classical superalloys. It is also
worth to note their outstanding corrosion resistance [15]. A good
mechanical properties, obtained for two phase AITi/AlTis alloys [16] or
by introduction of alloy additions for example niobium [17] makes
interest in these materials understandable by the automotive, aircraft
industry and space investigations agency.

In the case of Ti aluminates the difference between the results from
solution calorimetry and direct teaction technique is connected with the
mechanism of formation of these aluminates from powders, particularly

by the sequence of phase foramation.

The main aim of this monograph being a part of a wide program of

investigations on intermetallic phases was to summarize the calorimetric
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studies of intermetallics from Al-Ti and Al-Ni systems from solution and
direct reaction methods, previously published in two separate papers [18-
19] which review mainly the results of both authors Z.M. and K.R. in
Institute of Metallurgy and Materials Science in Krakéw, Poland carried
out until the recent years when K.R. completed his habilitation [20].
Results from direct reaction method were performed jointly with Prof.J.-
C. Gachon from Nancy University. This monograph reviews the progress
made on calorimetric studies used for determination of the formation
enthalpies of AINi, AlNi3, Al3Ni; and AlTi, AlsTi, AlTi; and Al,Ti and
compares them with first principle calculations as the source for
verification of phase equilibria of Al-Ni and Al-Ti systems and phase
diagram calculations from theoretical estimates. The updated
information on enthalpies of formation from literature both from

calorimetric studies, emf and vapour pressure measurements was added.

2. Calorimetric techniques used in this monograph

Calorimetry provides the way of the determination of the enthalpy of
formation, heat capacity, heat of transformation, enthalpies of mixing,
etc. by means of a suitable device since it enables a direct measurement
of the heat effects. Depending on the construction the measured heat can
be stored in the calorimetric vessel or the bath and / or exchanged with
the surroundings shield. Due to this fact calorimetric measurements

consist in general in the measurements of temperature changes.
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In this study there are used two kinds of calorimeters, solution and
based on the direct synthesis of the product - intermetallic phase in the
calorimetric vessel, commonly named direct reaction method. In both
cases the solid state of components and of the alloy was chosen as a

reference state. Thermochemical data were taken from [21].
2. 1. Solution calorimetry.

The enthalpy of formation (AfH) of the considered phase,
determined by this method, is obtained from the difference of heat
effects accompanying the dissolution in the aluminium bath of the
studied phase and its components. In the case of the two-component
phase the following equation is applied:

AH=X,AHT®+ X AHT®, , —AH "y x, (1)

X
where: AfH - formation enthalpy of the alloy, Xa, Xg -

concentrations (mole fractions) of the alloy components, AHA®"?, AHp*",

AHY ‘o:c,g:B — heat effects accompanying the dissolution of the
components and the alloy in the bath.

Schematic diagram of solution method is presented in the Figure 1.
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AH
{xaA (solid) + xpB (solid)} — § Ay, By, (solid)} T,
heating

Q: melting Q,
dissolution

in the bath
{xaA(dissolved) + xpB(dissolved)} T, (bath)
AH=Q; - Q,

Fig. 1. Schematic diagram of calorimetric solution method

Value AHA" and AHp consists of the following terms: 1/ enthalpy
of heating up of the solid component from room temperature to the
temperature of the calorimeter (Hroom™ "), 2/ heat of melting of the
component (Hper), 3/ limiting partial heat of solution of titanium in liquid
aluminium for zero concentration of titanium (Ho-n) - this value were
determined in our own measurements and is equal —128.3 kJ/gramatom at
1356K; (respective value for aluminium equals zero) 4/ AHpeiing — if
melting of component takes place at temperatures higher than
temperature of the bath, one should add the value of enthalpy of melting
of this component.

Details of the applied high-temperature calorimeter constructed at the
Institute of Metallurgy and Materials Science, PAS and experimental
procedure are described in [22], [23]. A previously described prototype
calorimeter [24] was reconstructed at the Institute of Metallurgy and
Materials Science. The main modification is an installation of

intermediate rotary multiple container enabling simultaneous annealing
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of several samples at any temperature from ambient up to 1300 K before

dropping the samples into the liquid bath.

The calorimeter block of solution calorimeter is shown in Fig.2.
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Fig. 2. Calorimeter block (solution method)

In the central part is placed crucible (1) made of sintered alumina
holding about 55 grams of Al to which there are added during
measurements samples of intermetallic compounds amounting from 0.3
to 0.5 grams. Due to small weight of added samples of compounds in
comparison to the Al bath, extrapolation of the heat effects of separate
single measurements to the limiting concentration in the bath of the
investigated material requires only the averaging. Very important is also
negligible change of filling of crucible during experimental series. The
measurement of the heat effect is done by means of thermopile (2)
composed of about 50 thermocouples AINi-CrNi situated directly below
the bottom of the bath crucible. In the figure we can also see effective

ceramic stirrer (3), lower part of device facilitating delivery of the
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samples crucible with the bath (4), thermocouple (5), block of
calorimeter (6). All elements of block are immersed in a heat-resistant
tube (7), which in turn is installed inside calorimetric furnace (8).

The front view of the calorimeter is shown in Fig. 3.

Fig. 3. The front view of solution calorimeter

At the bottom part is situated the vertical furnace (1) heated by three
independent heating elements. It enables from one side to maintain the
constant zone of temperature at the length of 15 centimetres, and from
the other to get the temperature gradient amounting 12 K/cm along the
vertical axis of the furnace. The latter enables to heat the sample in the
container to any temperature between room temperature and 1200 K
before dropping it into the bath. This rotary container with five seating
enabled the simultaneous heating of 5 samples before dropping them into

the bath and considerably decreased the time of measurements.



Krzysztof Rzyman, Zbigniew Moser, Jean- Claude Gachon 103
Calorimetric studies of the intermetallic compounds from al-ti and al-ni
systems

The other details of the Fig.3 are as follows: (2) - heat resistant holder
containing the calorimetric block connected with calorimeter head (3),
(4) driving gear of the stirrer, (5) - glass interconnections and (6) -
pulling arrangement enabling to operate with the calorimeter block.
Before each experimental run, the calorimeter was three-fold evacuated
and flushed with high purity argon. Numerous runs were done in a steady
argon atmosphere with continuous stirring of the bath. Calibration was
done at the beginning of a run by adding several Al samples of known
enthalpy content.

The calculation of enthalpies of formation was facilitated by coupling of
the calorimeter with a computer. In this manner the voltage signal from
the thermopile was amplified and transformed to digital form, the
planimetration was done automatically, and the enthalpies of formation
were calculated directly from the recorded enthalpy effects.

Samples of investigated intermetallic compounds AlTis, AlTi, Al3Ti
and Al,Ti were obtained from the proper amounts of 99.99 wt.%Ti and
99.99 wt.%Al by five-fold arc-melting under an Ar atmosphere. After
every arc-melting the samples were turned (180°). Then, they were
homogenised in the quarz tubes in a separate furnace under the same
atmosphere at temperatures of range 1223 K +1273 K for 72 h. Then the
samples Al;Ti, AITi, AlTi; and Al,Ti devoted for measurements of
formation enthalpy at room temperature were cooled slowly with the
furnace. These samples were delivered into a bath at room temperature.
Another part of AlTi samples devoted for the measurements of

formation enthalpy at 1031 K, after homogenising annealing at 1123 K,
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were annealed at 1031 K for 24 hours and then rapidly quenched in water
with ice. The last stage of annealing was performed also at 1031 K for 12
hours inside intermediate container inside the calorimeter directly before
dropping samples into the bath.

Samples of investigated intermetallic compounds AlNi3 , AINi and
Al3Ni; were obtained by melting the proper amounts of 99,98wt.%Ni
and 99.999wt.%Al in an induction furnace under an Ar atmosphere and
then homogenising in a separate furnace under the same atmosphere at
1273 K for 72 h. Next, the temperature of the furnace was lowered to
1090K and kept within 48h and the first part of samples were quenched
in water with ice. The remaining part of samples were maintained at 770
K for 48h and similarly quenched. The last portion of samples was
cooled down in the furnace to room temperature within 48h. Finally, 4h
of additional heating for each sample took place in the calorimeter
container at temperatures planned for measurements before dropping the
samples into the bath. For instance, in the case of Al;Ni,, samples were
heated respectively at 770 K and 1090 K. The alloys were tested by X-
ray analysis to confirm the existence of the desired intermetallic phase

for intermetallic compounds both from Al-Ti and Al-Ni systems.

2. 2. Direct reaction method

In this method, the basis of determination of formation enthalpy is

the measurement of the heat effect accompanying the direct reaction of
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powder components at elevated temperature in the calorimeter

accordingly to the scheme in Fig. 4.

X A(solid) + x;B(solid) room temperature \

heating (T, o0 — T catorimeter)
‘ o

direct synthesis

NS

AxBx, (solid) temperature of calorimeter /

Fig. 4. Schematic diagram of calorimetric direct reaction method

Calibration and reaction samples are dropped from the room temperature
to the elevated temperature of the reaction crucible. The desired synthesis

of binary alloy can be presented using the following form:

AXA (room temp) + By, (oomtemp) — Ay, By, (calor. temp) +Q (2)
The amount of heat measured calorimetrically (Q) is the algebraic sum of
formation enthalpy AdHa, s, and the heating effects AHom™ " (A),
AH;00n"(B) of the alloy components from room temperature to the
temperature of the reaction crucible.

The enthalpy of formation is calculated from  the
equation: AfHAxA — Q = [XAAH calor. (A) £ XBAH calor. (B)] (3)

room room
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In the solution method and in the direct reaction technique, the solid state
of components and phase was chosen as a reference state. Due to this, it
is necessary to add to the value calculated from Eq.3, a portion
proportional to the concentration of the component of the enthalpy
accompanying the change of the state of aggregation or other change of
conversion of the component. The latter remark is valid for the
conversions taking place between ambient temperature and the
temperature of the reaction crucible of the calorimeter.

Calorimeter for the direct reaction method used at the University of
Nancy was described in details in Ref [25] and in Ref [18].

The preparation of the samples has been done in a separate glove-box
where the powders of Al, Ni and Ti produced by Cerac of the 99.5
weight % purity were weighted and pressed to get samples of about 0.5 g.
In the same glove-box were weighted the o-alumina samples (99.7
weight %, produced by Haldenwanger) used for calibration.

In the course of the calorimeter run, the samples for measurement and for
calibration are falling down directly to the reaction crucible. The heating
of the furnace enables to maintain the zone of the constant temperature
(£ 1 K) amounting 10 centimetres. To the side walls of both crucibles:
reaction and for calibration are mounted the NiCr-NiAl thermocouples
forming the pile to measure the heat effect of the synthesis reaction.
During the experimental run the heat effect is visible on the monitor
screen of the computer due to coupling with the thermocouples file.
Integration of the resulting heat effect and the calculation of the enthalpy
of formation is facilitated by the computer program as reported in [25].
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3. Phase Diagram of the Al-Ti system

Phase diagram of the Al-Ti system is reproduced from Massalski
[26]. Due to practical application of intermetallics from Al-Ti system, the
precise determination of phase equilibria is of very importance, however
up till now there are significant discrepancies between various authors
[27], [28], [29], [30], [31], [32]. There is although a concordant opinion
that one of main reasons of dimness of determination of phase
equilibrium of Al-Ti system is inconsiderable (in some temperature
extent) difference between values of Gibbs energy of liquid phase and
other phases being in equilibrium with each other. In this situation
impurities of phases may play an important role in difficulties in precise
determination of phase equilibria.

The equilibrium phase diagram of Al-Ti system [26] is presented in
Fig.5.
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Fig. 5. Phase diagram of the Al — Ti system [26]
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4. Experimental results of the enthalpies of formation for aluminates

from Al-Ti system

Apart our own experimental results of the enthalpies of formation
obtained by solution and direct reaction methods, the values of formation
enthalpy determined experimentally and theoretically by other authors

are also included.

4.1. Data for AlsTi

Table 4.1.1 Results obtained by calorimetric solution method for Al;Ti
intermetallic compound; samples were delivered into the bath at room
temperature=303K; temperature of the bath = 1335 K

Heat effects accompanying
The temperature | Temperature of | Meas. Phe chssolupon of ALT1 ;
of intermediate Al bath no. 19tcr_‘metalln_:: (':ompound n
container [K] K] liquid aluminium
[kJ/mole of atoms]
1 47.8
2 50.1
303 1335 3 48.4
4 48.4
5 48.5
Average value:
48.7+1.0
Formation enthalpy = -37.84+2.3
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Table 4.1.2 Results obtained by calorimetric solution method for Al;Ti
intermetallic compound; samples were delivered into the bath at
temperature=1031K; temperature of the bath = 1335 K)

Heat effects accompanying

The Temperature of Al the dissolution of Al;Ti
temperature bath Meas. |intermetallic compound in
of (K]0 no. |liquid aluminium
intermediate [kJ/mole of atoms]
container [K]
1 27.9
2 275
3 28.4
1031 1335 4 26.4.
5 27.8
Average value:
27.84+0.8

Formation enthalpy = -37.3+2.3 kJ/ mole of atoms

Table 4.1.3 The values of formation enthalpy of AL;Ti determined
experimentally and theoretically by other authors

Formation enthalpy T
Method of ALLTi Bc(] References
[kJ/mole of atoms]
Experimental methods
Calorimetric
method of direct -37 1073 [33] cit. [34]
synthesis
As above -37 298 [35]
As above -39.6 298 [36]
As above -35.7 298 [37]
EMF measurements -36 960 [38]
Optimization of :
expetimentdl data -36.6 298 [39] cit. [40], [41]
As above -36 298 [42], [43]
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Theoretical estimations
Miedema’s method -39 [44]
CALPHAD -39.0 298 [27]
estimation
Theoretical -41.5 0 [45]
calculations of ab -41.5 0 [46]
initio type -39.6 0 [47]
4.2. Data for AL, Ti

Table 4.2.1 Results obtained by calorimetric solution method for ALTi

intermetallic compound;

samples

were

delivered into the bath at

temperature=300K; temperature of the bath = 1337 K

The ¢ Heat effects accompanying the
temperature of Temperatite'o Meas. dissolution of Al,Ti intermetallic
intermediate Al bath no. compound in liquid aluminium

container [K] (K] [kJ/mole of atoms]
1 39.8
2 41.6
3 38.8
306 1337 4 39.0
5 36.9
Average value: 39.2+1.9

Formation enthalpy = -38.6+2.6 [kJ/mole of atoms]
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Table 4.2.2 The values of formation enthalpy of ALTi determined
experimentally and theoretically by other authors

Formation enthalpy of ALTi | Temperature
Method [kJ/mole of atoms] (K] References
Experimental methods
Calorimetric
method of direct -38.4 298 [41]
synthesis
Theoretical estimations
CALPHAD -36 298 [48]
estimation
As above -42 298 [27]

4.3. Data for AITi

Table 4.3.1 Results obtained by calorimetric solution method for AlTi
intermetallic compound; samples were delivered into the bath at
temperature=300K; temperature of the bath = 1360 K

The Heat effects accompanying the
temperature of Te;“P‘“'ra‘“‘e Meas. dissolution of AlTi intermetallic
intermediate ol bath no. compound in liquid aluminium
container [K] (K] [kJ/mole of atoms]

1 -23.6

2 -24.1

300 1360 3 -21.7

4 -22.4
Average value: -23.0+1.1

Formation enthalpy = -41.943.1 kJ/ mole of atoms
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Table 4.3.2 Formation enthalpy of AlTi determined by the method of direct
synthesis; room temperature = 300K; temperature of rection crucible = 1306 K

Sssaawenng Formation enthalpy of AlTi
) [kJ/mol of atoms]
1 -37.3
2 -36.9
3 -37.9
4 -36.0
5 -37.6
Average value -37.1£1.0

Table 4.3.3 The values of formation enthalpy of AlTi determined experimentally
and theoretically by other authors

initio type

Enthalpy of formation
Method of AlTi Tcm;{:%ature References
[kJ/mole of atoms]
Experimental methods
Calorimetric '
method of direct -38 208 (39] Cl&ﬁol and
reaction
EMF -36 960 [38]
measurements
Optimisation of
experimental data -36 298 [42], [43]
Theoretical estimations
Miedema’s -61 [44]
method
CALPHAD
estimation -38.4 298 [27]
Theoretical -42.4 0 [46]
calculations of ab 30.6 " e
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4.4. Data for AlTis

Table 4.4.1 Results obtained by calorimetric solution method for AlTi;
intermetallic compound; samples were delivered into the bath at
temperature=300K; temperature of the bath = 1356 K

temp'zl:'eature Heat effects accompanying the
of Temperature dissolution of AlTi; intermetallic
O of Al bath Meas. no. compound in liquid aluminium
e container [K] [ka mole of 3t01'l'15]
(X]
Se-ries 1 1 -17.7
2 -19.1
3 -21.6
300 1356 Series2 | 1 -21.6
2 -18.2
3 -21.6
Average value: 19.7.0£1.9
Formation enthalpy = -41.943.1 kJ/ mole of atoms

Table 4.4.2 Formation enthalpy of AlTi; determined by the method of direct
synthesis; room temperature = 299K;
temperature of rection crucible = 1306 K

T Formation enthalpy of AlTi
) [kJ/mol of atoms]
1 -18.3
2 -21.1
3 -21.6
Average value -20.3+£1.9
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Table 4.4.3 The values of formation enthalpy of AlTi; determined
experimentally and theoretically by other authors

Formation enthalpy of Temperature
Method AlTi; [kJ/mole of K] References
atoms]
Experimental methods
Calorimetric method

of direct synthesis 28 2 [40]
EMF measurements -24 960 [38]

Theoretical estimations
Miedema’s method -39 [44)]
CALPHAD -28.6 298 [27]

estimation

Theoretical -27.0 0 [48]
calculations of ab -28.9 0 [46]
initio type -27.0 0 [47]

5. Discussion and final remarks for Al-Ti aluminates

Analysing results obtained by solution method and by direct reaction
method obtained both at University of Nancy and by Kubaschewski [40],
[41] the considerable difference between results obtained by two
calorimetric methods for compounds AlTi and AlTis focus the attention.
Simultaneously, very similar results obtained for Al;Ti obtained by both
methods were noted. Also similar values of formation enthalpy of AlsTi
obtained by solution method for room temperature (AfH=-37.8%+2.3
kJ/mole of atoms) and 1031 K (AH=-37.3+2.3kJ/mole of atoms).

To recognise the sources of differences between results obtained by
both methods in the case of AITi and AlTi; and their accordance in the
case of AlsTi, it is worth to recall results of studies concerning the

recognition of the mechanism of formation of phases in the Al-Ti system.
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The results of numerous works where powders were used as the
initial material [49], [50], [33], [51], [52], [53], [54], [55] indicate, that
irrespectively on the proportions of the amount of introduced powders of
aluminium and titanium, first obtained product is phase Al3Ti. An
important factor is melting of aluminium, which coats the particles of
titanium. This reaction dominates up to exhausting of metallic
aluminium. If quantitative proportion of titanium to aluminium is higher
than 1:3 (at.%), the particles of titanium which did not react , start to
react with AlsTi phase, forming the layer of AITi and ALTi directly
around metallic titanium. It is worth to notice, that after melting and
reacting of aluminium to mainly AlsTi, the further reactions take place
between solid substances much slower. This reflects the change of
temperature during reaction between initial powder materials in a ratio
3:1 of Ti:Al [49], [50]. In the first moments of process temperature
considerably increases although majority of titanium remains non-
reacted. The further reactions occur quicker at temperatures higher than
1165K. At this temperature titanium allotropic form (), of high
diffusitivity appears, contrary to the (ct) titanium existing at lower
temperatures. Much slower reaction between solid substances causes
distinct decrease of temperature. In other works structural analysis
indicate also existence of phases like AlTi, Al,Ti, AlsTi. Ti(Al) among
the products.

It is interesting to analyse the results of enthalpy of formation,
comparing data obtained by solution and direct reaction calorimetry. In

the case of solution method, problems connected to mechanism of
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formation of desired phase are focused on the stage of formation of the
compound of demanded composition. It takes place before application
the sample to the calorimetric measurements, that is before dropping the
sample into metallic bath. Considering compound AITi, in the case
direct synthesis we noted that similar values were obtained in Nancy
University (-37.1£1.0 kJ/mol of atoms) and by Kubaschewski (37.7
+2.1kJ/mol of atoms) [40]. For other compounds the difference is bigger
what was discussed in detail in [20]. The basic problem which needs to
be emphasised is the distinct difference between results obtained in
solution and direct reaction methods in the case of AlTi and AlTi; and
good agreement of results obtained for Al;Ti. We noted a great rate of
formation of AlsTi first in the presence of liquid Al; comparing with the
rate of formation of other phase of this system, where reaction occur
between solid substances. Basing on the work of [56] one can conclude
that at the first stage of mechanical milling process, particles form long
strips being in tight contact. Apart from it the oxides are teared off from
the particles.

Two kinds of the powder materials were studied in our work : 1) one
directly after direct synthesis in calorimeter (Fig 6-left side ) after direct
synthesis in calorimeter + 2 hours of mechanical alloying + one more
synthesis in calorimeter (Fig.6-right side). In the latter figure AlTiz phase

is dominating.
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Fig. 6. The BSE microstructures of the phases achieved by direct synthesis
performed in calorimeter: left side — the synthesis non-preceded by the
mechanical alloying process, right side — synthesis preceded by the mechanical
alloying process

Obtained result indicates an interesting technological path: in initial
stage of application mechanical alloying, then spontaneous synthesis or

synthesis with assistance of external source of heat.

6. Phase diagram of the Al-Ni system and phase diagram calculations

Okamoto [57] updated the Al-Ni phase diagram from [26] which was
reported by [58]. This updated phase diagram is shown in Fig.7 and in
addition to the liquid phase has five intermetallic phases: Al3Ni

(orthorombic), Al3Ni, (trigonal), AINi (bcc), Als Nis (orthorombic) and
AlNij3 (fce)
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Fig. 7. Al-Ni phase diagram updated by Okamoto [57]. Dotted lines for each
stoichiometric intermediate phase: AINi [19] and AlNi; [19] and Al;Ni; [19],
denote the range of temperature in which calorimetric studies were undertaken

The solid solubility of Ni in Al is very small and increases with
temperature from 0.01 at.% (773 K) to 0.11 at.% at the eutectic
temperature (913 K). Ni has a wide 7y solid solution range with significant
solubility of Al up to 21.1 at.% at the eutectic temperature (1658 K).The
decrease of the terminal solubility of Al in the y- solid solution with
decrease of the temperature results in precipitation of the Y’ AINi; phase
and strengthening of these alloys. The presence of a congruently melting

compound, AINi, suggests a strong interaction in the liquid Al-Ni system
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and hence high absolute values of both enthalpies of mixing and
formation.

Several attempts have been made to describe the phase diagram of the
Al-Ni system by means of a thermodynamic approach with various
modelling of the existing phases. Ansara et al. [59], [60] and Du et al.
[61] used the CALPHAD approach in which Gibbs energies for all the
phases are expressed in terms of phenomenological models based on
existing thermodynamic and phase diagram data (for instance the
compound energy model with two sublattices). Huang and Chang [62]
treated the liquid and fcc (7y) phases as disordered solutions and Yy’ AlNisz-
based ordered phase as the intermetallic compounds with appreciable
ranges of homogeneity.

AlINi (B2) and Al;Ni, phases are described by energy models, while the
other intermetallic phases are assumed to be the line compounds.

In the subsequent analysis, enthalpies of formation of this study from
solution and direct reaction calorimetry will be compared with other
experimental data from literature sources, based on modeling in [59],

[60], [61], [62] and as well on first principal calculations.
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7. Experimental results of the enthalpies of formation of aluminates

from Al-Ni system from solution and direct method

Advanced aluminides, including the ordered phases AlNi; and AINi,
are potential candidates for practical applications. AINis is the principal
phase exhibiting interesting high-temperature properties, AINi with a
high melting temperature is very attractive due to its low density, good
corrosion resistance, high thermal conductivity, and low raw material
cost; however, the main limitation is the fact that, contrary to single

crystals, polycrystalline material is brittle [63]

7.1. Data of AINi

Heat effects accompanying the dissolution of AINi in liquid Al bath
are summarised in Table 7.1.1, and in Table 7.1.2 there are presented the
enthalpies of formation at the investigated range of temperature. In Table
7.1.3 there are given enthalpies of formation from the direct reaction

method.
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Table 7.1.1 Heat effects accompanying the dissolution of AINi intermetallic
compound in liquid aluminium

The

temperature Heat effects accompanying the

of Temperature dissolution of AINi compound
intermediats | of Al bagy | Measurement in liquid aluminium
rotary (K] No. [kJ/mole of atoms]

container
K]

31.6
31.0
30.0
31.6
304
Average value: 31.040.7
24.2
25.5
25.5
25.2
Average value: 25.110.6
14.6
15.5
15.5
14.8
Average value: 15.130.5
13.0
13.9
13.2
Average value:13.410.5
5.1
4.6
4.7
4.1
Average value: 4.610.4

298 1181

| [ B =

545 1181

LB |

779 1123

P LD | =

g

[ 3%

939 1181

(98]

1140 1140

P L S A
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Table 7.1.2 Formation enthalpy Ad of intermetallic compound AINi determined
at various temperatures by calorimetric solution method

Formation enthalpy of AINi intermetallic
Temperature [K] compound
[kJ/mole of atoms]
298 -66.1+1.3
545 -67.0£1.2
779 -66.9+1.1
939 -67.5+0.9
1140 -67.310.8

Table 7.1.3 Formation enthalpy Ad of AINi intermetallic compound determined
by direct reaction method; room temperature = 296K; temperature of reaction
crucible = 1136 K

Formation enthalpy of AINi
Measurement No.
[kJ/mole of atoms]
1 -65.6
2 -64.9
3 -65.1
4 -67.2
Average value -65.7+1.1

In the next Table 7.1.4 the summary is given of the experimental data of
the enthalpy of formation from various references from literature and

compared with theoretical calculations.
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Table 7.1.4 The values of formation enthalpy of AINi determined experimentally
and theoretically by other authors

Method Formation enthalpy -
= eferences
[kJ/mole of atoms] Remarks
Experimental results
Calorimetric
solution method -66.412.0 [64]
As above +67.0 [65] Measurement
Calorimetric _conductcd ina
direct reaction 58.8 (6] wide COt{lcelzltl'f;:;On
method ' range of B2 phase
EMF
measurements -62.0 [67]
Calorimetric
direct reaction -58.3+1.1 (68]
method B Measurement
conducted for
EMF stoichiometric
measurements -67.412.6 [69] AINi
Calorimetric
solution method -66.0 [70]
Theoretical results
Miedema model -48 [71]
CALPHAD -66.8 [60] Two sublattice
imati model used as in
estimation 1]
Ab initio 71 [72]
calculations 80 (73]
-76 [74)
-71 [75], [76]
-76 [77]
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-79 [78]
-63 [79]
. alt[:l?alxt'_ons Ferromagnetism of
-67.5+1 con d]:lctf: db nickel not taken
y into account
Watson
" alE:ll.l?EIlt'_OHS Ferromagnetism of
-66.0 ! nickel taken into
conducted by No——
Watson

7.2. Data of Alz3Ni;

This compound is not important from the practical point of view, but

its enthalpies of formation will be used for phase diagram verification.

Similarly as for AINi, in a tabular form there are presented for Al3Ni; the
heat effects of the dissolution in liquid Al bath (Table 7.2.1), the enthalpy

of formation values (Table 7.2.2), and next in Table 7.2.3 the data from

direct reaction method and finally in Table 7.2.4, a comparison with

calorimetric data of Kubaschewski [80] and with theoretical calculations.
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Table 7.2.1 Heat effects accompanying the dissolution of Al;Ni, intermetallic
compound in liquid aluminium

Temperature of
intermediate rotary
container
(K]

Temperature
of Al bath
[K]

Measurement
No.

Heat effects
accompanying the
dissolution of Al;Ni,
compound in liquid
aluminium
[kJ/mole of atoms]

301

1123

-40.7

-40.5

-38.5

£ |W =

-40.9

Average value: -40.2+1.1

767

1113

-26.0

-27.1

-28.7

oW B =

-27.0

Average value: -27.2+1.1

1093

1172

-20.2

-18.8

-17.4

-19.0

[ T S LV | S T

-19.5

Average value:-19.0+1.0
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Table 7.2.2 Formation enthalpy AH of the compound Al:Ni; determined at
various temperatures by calorimetric solution method

Temperature Formation enthalpy of compound Al3Ni;
K] [kJ/mole of atoms]
301 -63.5%1.7
767 -64.3+1.6
1093 -64.5%1.6

Table 7.2.3 Formation enthalpy AH of Al;Ni; compound determined by direct
reaction method; series 1: room temperature = 297 K; temperature of reaction
crucible = 1093 K; series 2: room temperature = 296 K; temperature of

reaction crucible = 1175 K

Series Megsuremenit No. Formation enthalpy of compound Al;Ni,
[kJ/mole of atoms]
1 -62.8
" 2 -63.9
3 -63.6
Average value -63.440.8
1 -62.8
2 -62.9
2
3 -61.5
Average value -62.4+1.0
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Table 7.2.4 The values of formation enthalpy of ALNi; determined
experimentally and theoretically by other authors

Formation enthalpy
Method k) Aisole:of atoins] References Remarks
Experimental results
Calorimetric
direct reaction -56.5 [80] Determined at 298K
method
Theoretical results
Miedema model -43 [71]
CA?PH.AD 61.6 [59] Two sublatl.lce model
estimation applied
-61.8 [77]
Ab initio -62.9 [12]
calculations 521 [10]
7.3. Data of AlNij;

In Table 7.3.1 there are summarised the enthalpy effects
accompanying the dissolution of AINi3 at various temperatures and in
Table 7.3.2 the resulting enthalpies of formation are listed. In Table 7.3.3
there are given the enthalpies of formation from the direct reaction

method and in Table 7.3.4 a comparison with other literature data.
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Table 7.3.1 Heat effects accompanying the dissolution of AINi; compound in
liquid aluminium. Temperature of bath = 1123 K

Temperature of Heat effects accompanying the dissolution of

intermediate rotary | Measurement AlNi; compound in liquid aluminium.
container No

K] [kJ/mole of atoms]

-34.4

-32.2

-33.0

-32.7

-33.6

300 328

-32.0

-33.1

O |00 |~ O || W D =

-32.3

Average value: -32.940.7
-37.9

-38.6

-37.8

321 386

(RN LS S

-38.5

Average value:-38.2 10.7

-46.4

B |

756 -45.8

Average value: -46. 0.8

-51.0
-51.8

947 -51.7

|| B |-

-51.6

Average value: -51.. 0.6

-57.7

-57.3

-56.8

-58.6

1123 e

-56.0

e (=Y L E =N LS A S

-59.2

Average value: -57..:41.1
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Table 7.3.2 Formation enthalpy A4 of the compound AINi; determined at

various temperatures by calorimetric solution method

Formation enthalpy of compound AlNi;
Temperature [K]
[kJ/mole of atoms]
300 -41.3%+1.3
521 -42.0+1.1
756 -41.6t1.2
947 -42.2+1.0
1123 -42.3+1.6

Table 7.3.3 Formation enthalpy Ad of AINi; compound determined by direct
reaction method: room temperature = 297 K; temperature of reaction crucible

=1116 K
Formation enthalpy of intermetallic
Measurement No. compound AlINi;
[kJ/mole of atoms]
: -39.4
2 739.1
3 -39.0
4 139.8
Average v ilue -39.440.6
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Table 7.3.4 The values of formation enthalpy of AlNi;  determined
experimentally and theoretically by other authors

Method I[:k(_)IT::::li:I:) : nﬁ%ﬁ;‘g References
Experimental results
Calorimetric solution method -40.6x1 [81]
Calorimcn:::: &i:ict reaction 402 (82]
As above -37.6 [80]
Vapour pressure measurements -38.245.0 [83]
Theoretical results

Miedema model -33 [71]
CALPHAD estimation -38.0 [61]
-49 [74]
-48 [77]
Ab initio calculations -47 [84]
-45 [85]
-44.4 [12]

8. Discussions and final remarks for Al-Ni aluminates

The experimental data of enthalpies of formation of AINis, AINi and
AlsNi; obtained by solution and direct reaction calorimetry were obtained
in the range from ambient temperature to about 1140 K.

Data for AlNis indicating slight temperature dependence of the enthalpy

of formation were discussed in 1995 during the Rindberg meeting in
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Germany [6] with Watson from Brookhaven National Laboratory. Some
joint attempts were undertaken to correlate theoretical calculations (first
principle) of formation enthalpies of intermetallic phases obtained for 0
K with experimental data mainly available at higher temperatures. The
difference observed between experiment and theory may be attributed to
a possible temperature dependence of the enthalpy of formation and to
the different reference states of the compound and its components. As a
reference state we do not mean in this case the state of aggregation,
because solid state was chosen as the reference state in the case of all
substances, but the state considered from the point of view of magnetic
properties.

The first to be studied in this venture was AlNi3 compound [86]. The
enthalpy of formation of AINi; extrapolated to 0 K from results of
measurements by solution calorimeter, showed only a slight temperature
dependence and was in reasonable agreement with calculations by the
FLASTO method. In the case of AINis there is no significant
complication from the point of view of the reference state, as this

intermetallic phase is a weak ferromagnet and Ni is also ferromagnetic.

Another situation was in the studies of the stoichiometric AINi phase,
which is paramagnetic, and discrepancies between theoretical
calculations and experimentally determined enthalpies of formation
showed differences between results of experiments and theoretical
calculations as is also the case for AlFe, FeTi, FeV [87]. As a result, it
was concluded that magnetic properties of constituents and alloy have

influence on the enthalpies of formation of intermetallic phases, which
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has been proved for AlFe [88]. The bottom part of Table 7.3.4

summarises the calculations of enthalpy of formation by ab initio [87]
when the correction for magnetic energy for Ni has been taken into

account.

The obtained absolute values of the enthalpies of formation for AINi are
higher than the similar data for other compounds crystallising also in B2
structure (see table 8.1).

Table 8.1 The values of formation enthalpy of some B2 intermetallic compounds
and the highest range of their existence

Intermet | Formation Temp(;e;ature Upper
— cothalpy determination | References S References
compou | [kJ/mole of £ f ; range of
nd atoms] of lormation existence [K]
enthalpy [K]
-26.7+1.7 296
AlFe -22.9+1.9 791 [89] 1520 [26]
-31.240.8 1248
AlINi -65.740.9 939 [19] 1911 [26]
AlCo -60.7+0.5 1073 [70] 1913 [26]

The present results of enthalpies of formation of AINi, taken together
with the published data of the excess Gibbs energies [90] (-54.0 kJ/ mole
of atoms at 1273 K) let one evaluate the excess entropies of formation.
Assuming entalpies of formation of this study as —67.7 kJ/ mole of atoms
at 1273 K, enabled the calculations of excess entropies of formation

equal to —16.53 J/K.mole of atoms. The absolute value of this excess
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entropy of formation is much higher than the values for other
compounds, for instance equal to —11.5, 0.0 and —9.5 J/K.mole of atoms
in the case of AlNis, AlFes, and AlTis, respectively [86].

This pronounced negative value of excess entropy of formation for AINi
contributes to the stability and the ordering of AINi even at temperatures
of the order of 1200 K. It is also interesting to compare the concentration
dependence of enthalpy of formation over the entire range of
homogeneity of AINi (B2). Measurements of [91] were carried out at
1100 K at concentration range X a; = 0.40 to 0.55 molar fractions (see
Fig.8).

AH [kJ/mole of atoms]

'?4 T ‘ L ! L 'I T I L I T ’ L I L) ' T
38 40 42 44 46 48 50 52 54 56
concentration of Al [at.%]

Fig.8. Formation enthalpy of AINi (B2) phase as a function of concentration of
Al according to [91]. Al liquid state of aluminium was chosen as a reference
state
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For the equimolar concentration, the value —72.2 kJ/mole of atoms was
obtained, standing in good agreement with the value from our studies,
taking into account the differences of the assumed reference states (in
this study-solid Al and for [91]- liquid Al). Accepting for the value
presented in Ref. [91] and as the reference state - solid Al, one can
obtain, AfH = -66.8 kJ/mole of atoms being very close to A H = -67.5
kJ/mole of atoms of our study.

Results of enthalpies of formation performed at the considerable range of
B2 phase [91] enable to confirm the linear decrease of the enthalpy of
formation when leaving the equimolar composition. The decrease in
enthalpy of formation of AINi on both sides of stoichiometry is
connected with an increase in disordering in these alloys, which is
indicated by x-ray studies [92], by lattice parameter and density
measurements [93].

The latter two properties were taken from ref. [93] for AINi. For Ni-rich
alloys, Al sites are occupied by the smaller atoms of Ni, resulting in a
decrease of the lattice parameter and an increase in the density in these
alloys (rni= 0.124 nm, r o). =143 nm [94]).

On the other hand, for the Al-rich AINi phase, we note the decrease of
the absolute value of formation enthalpy when compared with
stoichiometric AINi (Fig. 8). Because of considerable difference in the
size of aluminium and nickel atoms [95] substituting of Ni atoms by Al
atoms is not possible, but the extension of existence of AINi phase
towards Al-rich range is possible thanks to the formation of vacancies

and this fact is responsible for decrease of the absolute value of



Krzysztof Rzyman, Zbigniew Moser, Jean- Claude Gachon 135
Calorimetric studies of the intermetallic compounds from al-ti and al-ni
systems

formation enthalpy mentioned above. It is reflected also in the decrease
of lattice parameter and density of the considered alloys [96]. According
to [97] as much as 25 at. % of Ni positions may be not occupied in B2
Al-rich alloys. These phenomena also result in the extensive
homogeneity range of B2 phase (42 to 69 at.%Ni).

The resulting data of enthalpies of formation of this study for AINi,
together with the excess Gibbs energies, the pronounced negative of
excess entropy of formation calculated on their basis, contributes to the
stability and the ordering of AINi even at temperatures of the order of

1200 K.

-35
-40 7 [ —
i & +——e AINi,
45
g | AH,uny = 41.116 - 0.001048"T
s -5
< 50 -
3 § AHy ) = -63.168 - 0.001294°T
% -55 — AHyy = 65.915 - 0.001412°T
re _
< 60—*
o — ALNi,
4 .\"—'—-_l AINi
.70 T ! T | T 1 T 1 T [ T
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Temperature, K

Fig. 9. Formation enthalpy of AI3Ni, [19] AINi [19], AINi; [19] compounds as a
function of temperature
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In Fig.9 there are presented the temperature dependencies of
enthalpies of formation of all three intermetallic phases: AINi, Al3Ni; and
AlNis.

The present experimental results indicate a slight temperature
dependence of the enthalpy of formation of AlsNi,, which however is
within experimental uncertainties. It is observed that numerical values of
the enthalpies of formation of AlsNi, are close to those of AINi with an
approximate difference of about 3kJ/mole. It is understandable due to the
similar structure of both intermetallic compounds. The structure of
AlsNi, may be considered as a modification of AINi with every third

diagonal plane of nickel atoms missing [98].

It seems particularly interesting, when the compositions of the
considered AINi and Al3Ni, phases come nearer to each other. Thus, on
the Ni-rich side of stoichiometric Al3Ni,, it would be possible for the
excess Ni atoms to be accommodated in the lattice vacancies [96] and
this leads to the increase of the absolute value of formation enthalpy of
these alloys in comparison with the stoichiometric Al;Niy, as it can be

seen in the Fig. 10.
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Fig.10. The calculated enthalpies of formation at 298 K [62], solid line,
compared with experimental data: * [80], A [82], 0 [65]. For Al;Ni, e this
study —63.5 kJ/mole of atoms, 301 K, for AINi e [19] —66.1 kJ/mole of atoms,
298K, and for AlNi; e [86] —41.3 ki/mole of atoms, 300 K. Data of this study
Jfrom solution method [19]

The full points in this figure are the data of our work, values obtained
by other authors in previous calorimetric measurements are also marked,
and the solid curve refers to the recent thermodynamic analysis of Al-Ni
system [62]. Accommodation of Ni atoms in the lattice vacancies leads

also to lattice expansion and the increase of density, what was confirmed
by [96].

One can observe the interesting phenomena connected with the
change of enthalpy of formation with composition changes in both

Al3Ni; and AINi. It was discussed previously, that in B2 phase it is
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possible to replace the Al atoms by Ni atoms for alloys rich in Ni in
relation to stoichiometric AINi, but due to considerable size of Al atoms,
the reverse case, i.e. replacing of Ni atoms by Al is not possible, and the
extension of existence of the range of B2 phase in Al-rich alloys is by
formation of vacancies. This results in the increase of the energy of the
alloy and is reflected in decreasing of the absolute value of enthalpy of
formation. For instance, for the limiting alloy close to B2: Ni46Al154, this
decrease amounts to 2.4 kJ/mole of atoms (temperature 1100 K) from
[91]. The composition of the analysed alloy is still belonging to the B2
phase, however most close to Al3Ni, . Contrary to AINi, where it was not
possible to replace Ni atoms by Al, in the structure of the phase AlsNi;
(due to removing of Ni atoms in each third plane, in relation to AINi) it is
possible to accommodate the big Al atoms in non-occupied sites
“reserved” for nickel [96].

However, in the case of increasing content of nickel (when compared
with stoichiometric Al3Niy), the empty sites are filled gradually by nickel
atoms, making the structure more and more like that of AINi.

In the case of AlsNi; compound the value of formation enthalpy
calculated by FLASTO method [12] equals — 62.9 kJ/mol of atoms,
which is close to the value obtained experimentally in this work —63.2
kJ/mol of atoms.

Using Al solution calorimetry, the enthalpies of formation of AINij
in the L1, structure ranging from —41.3 to —42.3 kJ/mol of atoms were
determined at temperatures from 300 to 1123 K [56]. Slightly lower

absolute values were obtained in this study by the direct method A¢H = -
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39.4 £+ 0.8 kJ/mole of atoms (Table 7.2.3). The obtained results of this

study are in good agreement with data from solution calorimetry : -40.6
1 kJ/mol of atoms [81] as well as with —40.2 + 1kJ/mole of atoms from
direct synthesis method [82]. Kubaschewski el al. [80] by the direct
method reported slightly lower absolute values: A H = -37.6 kJ/mol of
atoms. From vapor pressure studies [83] it was possible to evaluate the
enthalpy of formation equal to: AfH = -38.2 kJ/mol of atoms. As noted in
Table 7.2.4, higher discrepancies in the absolute values of enthalpies of
formation were observed when comparing experimental results with
theoretical calculations. These considerable negative values of the
enthalpy of formation of AlNis;, both experimental and theoretical, are
related to the lack of any trasformation of the compound, which remains
ordered up to the melting temperature amounting to 1635 K. This lack of
transformation is reflected by nearly constant, at the range of
experimental error, values of enthalpy of formation versus temperature.
AlNis crystallizes in the close-packed, face-centered cubic lattice of the
CusAu structure as do other transition metal aluminides including the
transition metals such as Sc, Ti, and Ni. In this structure, the minority Al
constituents has 12 unlike neighbours, thus enhancing the opportunity for
alloy bonding. Each Al atom is surrounded by 12 Ni atoms, and each Ni
atom is surrounded by 8 Ni atoms and by 4 Al atoms. Such arrangement
is energetically profitable [99] and is reflected also in the values of
excess entropy of formation. The value of excess entropy equal to —12.9
J/K.mol of atoms was calculated using As H = -42.2 kJ/mol of atoms of

this study and the excess Gibbs energy: A(G™ = -33.6 kJ/mol of atoms at
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1045 K from the emf method [100]. A similar considerable, negative
value is obtained from excess Gibbs energy [101] at 1273 K for the
composition of the alloy Al25.8Ni74.2 equal to —27.89 kJ/mol of atoms,
which simultaneously with data of our study of enthalpy of formation
from solution calorimetry extrapolated to 1273 K, results finally in
excess entropy of formation equal —11.5 J/K.mole of atoms. This
negative value of excess entropy reflects the high degree of the ordered
structure L1, in which AINis crystallises.

When comparing the differences between formation enthalpy values
obtained by solution and by the direct reaction method it is worth to
notice that these differences are higher in the case of AINis than in the
case of the two other studied compounds (1.6; 1.6; 2.9 kJ /mole of atoms
for ALNis, AINi, AINis, respectively). It is due to the low melting
temperature of aluminium and low temperature of eutectics containing
97.3% at. of Al. As a consequence, the phases with the richest Al-content
appear at the first stage of the reaction proceeding [102], [103], [104],
[105]. Such tendency of a growing difference in the values of formation
enthalpy, obtained by two methods mentioned above, for decreasing
content of Al was very clearly visible in the Al-Ti system, as discussed in

the first part of this monograph.
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