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Abstract: Enthalpies of formation of Al-Ni—X (X: Fe, Ru, Pd, Pt, and Cu) alloys were meas-
ured by high-temperature calorimeter and compared with the calculated value from
Miedema’s model and interpolation models. The interpolation models generally provide bet-
ter prediction than Miedama’s model. No one interpolation model generated superior predic-
tions. Lattice parameters of B2 phase compounds were determined by X-ray diffraction
(XRD). The atomic volumes in the Al-Ni—Fe system were calculated and show that Fe sub-
stitutes preferentially on the Al sublattice. The heat content of AljsNij,Ruj 5 and
Al sNij 35Cu |5 at high temperature was obtained, and the results are in good agreement
with those heat capacities estimated by the Neumann—Kopp rule.

Keywords: Al-Ni-X alloys; Miedema’s model; Neumann—Kopp rule; enthalpies of forma-
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INTRODUCTION

The AI-Ni—X systems (where X is a third element) are of importance not only because of the Al- and
Ni-base alloys, but also because they contain ternary compounds with interesting properties. One of the
more interesting compounds that frequently appears in these systems is the B2, CsCl type. There are a
large number of binary and ternary intermetallic compounds with the B2, CsCl structure [1], many of
which exist over substantial composition ranges [1,2]. The B2 structure has a primitive cubic Bravais
lattice with two atoms per unit cell. In the binary compounds, the unit cell contains one atom of each
type and so we can consider the lattice to consist of two interpenetrating simple cubic lattices, o and f3,
each of which contains atoms of only one type under conditions of perfect order at 0 K. A subset of the
B2 compounds, the aluminides, where one of the major components is Al and the other is generally a
transition-metal (TM) element, are of interest for use in high-temperature structural applications be-
cause of their low densities, high melting points, and oxidation resistance [3—5]. Despite these useful
properties, the aluminides still present considerable challenges for such applications, in particular, they
exhibit poor room-temperature ductility and creep resistance [6,7]. Alloying can be used to modify
these properties, and consequently a knowledge of the phase equilibria and thermodynamics of ternary
and higher-order systems containing B2 phases is needed [8,9]. Over the last 25 years, there have been
many papers dealing with different aspects of binary and ternary B2 compounds. These include phase
equilibria [10], thermodynamics [11-13], defect structures [14—16], and mechanical properties [3,17].
Investigations have been both experimental [18,19] and theoretical with a number of first-principles cal-
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culations being performed for this structure [20-22]. The present work is part of a systematic investi-
gation of the thermodynamics and phase equilibria of Al-Ni—X ternary systems with the third element
generally either a TM or rare earth. The work is aimed at populating databases for computational
thermodynamics, developing an understanding of alloying, and clarifying phase equilibria. In this
paper, we mainly address some issues concerning the B2 phases in these systems.

EXPERIMENTAL
Enthalpies of formation

The experimental procedure has been described in detail previously [18]. Briefly, it involves two ex-
periments, the first measures the heat of reaction on dropping a sample of unalloyed elemental powders
which react in the calorimeter and the second the heat content of the reacted sample. The samples are
dropped from room temperature (298 K), the difference between the two gives the heat of formation at
298 K. Thus, the standard enthalpy of formation, AHf298 Kis

AH?8 K = AH, AH,

reaction heat content

A precise knowledge of the temperature of the calorimeter is, in principal, not necessary except
in the sense that it must be the same for both experiments. The main experimental issues with this tech-
nique are that the sample should react completely in the calorimeter and that on cooling to room tem-
perature, no phase separation should occur, that is, it is single phase at room temperature. Note also that
the actual state of the sample at the calorimeter temperature is not important only that it is the same for
both experiments. The presence of a liquid phase at the calorimeter temperature is not a problem unless
it leads to phase separation, or inhomogeneity in the sample. For example, compounds forming by a
peritectic reaction with a melting point below the calorimeter temperature cannot be measured.

Lattice parameters

Lattice parameters of Al-Ni—X B2 compounds are an indirect measure of the bond strength and con-
stitutional defect structure, and can be used to determine the atomic volume of each constituent element.

X-ray diffraction (XRD) was performed in a ThermoARL diffractometer using Cu Ko radiation.
Scans were taken over a 20 range of 5 to 120°. The “1976 XRD Flat-Plate Intensity Standard” alumina
purchased from NIST (National Institute of Standards and Technology) is used as the standard refer-
ence material for calibration to obtain precise peak positions and accurate lattice parameters.

Once the calibration curve is obtained, the peak position obtained from subsequent experiment
has to be corrected by the equation of the calibrated curve. Several index planes in an XRD pattern were
used to determine the lattice parameter by an extrapolation function [23].

B2 Compounds

One of the interesting aspects of the B2 structure is the existence of constitutional crystal defects when
the composition deviates from the stoichiometric composition. In the fully ordered stoichiometric com-
pound, one type of atom occupies the o-sublattice and the other type of atom the B-sublattice. This oc-
curs only at 0 K, but at finite temperatures thermal defects are present in increasing number as the tem-
perature is increased. We will ignore for the most part the presence of such thermal defects since our
discussion will focus on room-temperature and sufficiently large deviations from stoichiometry that
thermal defects constitute a small fraction of the total. When there are no longer equal numbers of the
two atoms the structure must introduce some type of atomic defect to maintain the crystal structure.
While several types of defect are possible, experience has shown that the most common defects are TM
antistructure atoms on the Al-sublattice for composition deviations to the TM side and vacancies on the
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TM sublattice when there is an Al excess. When adding the third element X to NiAl, the site preference
of the third element can be predicted from the enthalpies of formation of NiX and AIX [39], as shown
in Table 1. At stoichiometry, it is possible to have TM antistructure atoms on the Al sublattice with two
vacancies on the TM sublattice to maintain the equality of lattice sites, so-called triple defects [24].

Table 1 The calculated K value and the preference of X in Al-Ni—X B2 systems.

Dilute AH‘C Al AH If\,ic K Relative site Absolute site
addition (kJ/mol) (kJ/mol) (kJ/mol) preference preference of
C compared infinitesimal
to Ni addition
at 298 K
Sc —41.1 + 1.5 [27] -44.7 + 2.3 [35] 73.1 B
Ti -38 [28] -33.1 + 1.1 [36] 64.6 B
Mn -21.55 = 1.05 [29] —14.21 [28] 62.16 B
(898 K) (1050 K)
Fe -26.5 £ 1.1 [18] -3.86 [28] 46.86 B
(1200 K)
Co -53.4 + 1.4 [27] 0 [28] 16.1 B
1400 K
Ni -62 + 2 [30] 0 7.5
Cu -20.04 [29] 1.8 [28] 47.66 B
973 K
Y -88 [31] =37 [37] 18.5 B
Ru -62.05 = 1.6 [32] +1 [34] 6.45 B
cal.
Ru =545+ 1.2[19] +1 [34] 14 B
cal.
Rh —-106.3 = 1.6 [32] +1.1 [38] -37.9 o o
1100 K
Pd -91.25 £ 4.7 [33] —-0.5 [28] -21.25 o o
1273 K
Re =30 [34] +3 [34] 36.5 B
cal.
Os -38.6 £ 0.9 [32] +2 [34] 28.9 B
cal.
Ir -92.8 + 1.8 [32] -2 [34] -21.3 o o
cal.
Pt -97.55 £ 5 [33] -9.3 [28] -18.75 o o

K=AH fC_B*AH FAB—AH A AHRE T = A\ |=AH A~ AHREE1

AHREE™Tee = 7.99 kJ/mol.

Relative site preference: K > 0 — C has a stronger preference for B-sublattice (Al); K < 0 — C has a stronger
preference for o-sublattice (Ni).

Absolute site preference: K < 0 — C has a stronger preference for o-sublattice.

The enthalpy of formation of a B2 compound reflects the total bond strength resulting from the
formation of unlike atom bonds, and in the case of non-stoichiometric alloys will also include some
other bonds such as like atom bonds or vacancy-atom bonds. Thus, if we measure the enthalpy of for-
mation as a function of composition we expect it to vary in accordance with the changes in numbers of
bonds of each type. The experimental error involved in determination of enthalpies of formation means
that sensitivity is limited and therefore significant compositional variations are needed to obtain useful
information on the constitutional defect structure. One example of such measurements is for the com-
positional variation of the enthalpy of formation of NiAl [12]. The enthalpy of formation is a maximum
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at the stoichiometric composition and decreases at different rates on the Al- and Ni-rich sides. This is
a consequence of the different constitutional defect structures, with antistructure atoms on the Ni-rich
side replacing AI-Ni bonds with weaker Ni—-Ni bonds and weaker Al-vacancy bonds on the Al-rich side.
Since the Al atom is significantly larger than Ni, there is a compositional variation of the lattice pa-
rameter, which also depends on the types of defect formed [6]. Furthermore, there is a significant effect
on hardness due to the strain effects resulting from the different defects [25,26].

At the stoichiometric composition, the effect of adding a third element to AINi would be to
change the enthalpy of formation toward the value for the aluminide of the added element. Deviation
from a linear relationship would indicate a second near-neighbor effect between the third element and
Ni. This effect will most likely be small if the third element is a TM. There may also be a change in the
number of thermal defects if the third element has a site preference, but we are assuming small con-
centrations at 298 K for the purpose of this discussion. However, as one moves away from stoichiome-
try to Al-deficient compositions the interaction between the third element and Ni becomes important in
determining site preference, and this determines the number and types of bonds formed. The effect be-
comes more pronounced as the Al content decreases because the probability for forming nearest-neigh-
bor Ni—Ni bonds or Ni—X bonds increases as the Ni and/or third element must make up the deficiency
on the Al sublattice.

A number of models have been developed for the description of the thermodynamic properties of
B2 phases usually using a Bragg—Williams (B—W) or Wagner—Schottky (W-S) formalism [13,18,39].
These models are useful for making predictions of defect concentrations and for providing the thermo-
dynamic description of the phase for computational thermodynamics databases. An excellent review on
this topic was written by Chang and Neumann [40]. Since then, additional experimental data have be-
come available, in particular, enthalpy of formation, lattice parameter, and defect concentrations
[18,19,26].

RESULTS AND DISCUSSION
Al-Ni-Fe

Experimental enthalpies of formation were compared to Miedema’s semiempirical model [41] and the
interpolation methods of Toop, Kohler, Colinet, Muggianu, and Hillert [42].

Using the extended Miedema model [41], the standard enthalpy of formation of a ternary com-
pound, AHfzg8 K can be calculated from

AHPPE = C, ft () + CafE MH () + Cfe AH o,
C, and Cpy are the molar
ratios of A and B elements, respectively, in the corresponding compounds, f ﬁ is the degree of surface
contact of an A atom with B neighbors while f é is the degree of surface contact of an A atom with C
neighbors. AH'™®T is interfacial enthalpy.

Hillert [42] has classified the empirical models for the prediction of enthalpies of formation in

ternary systems into two categories depending on the method of choosing the binary composition:

o symmetric model: Kohler [43], Colinet [44], and Muggianu [45]
. asymmetric model: Toop [46] and Hillert [42]

They are shown in Fig. 1.
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Fig. 1 Interpolation models for predicting ternary enthalpies of formation.

Figures 2—4 show the comparison of experimental enthalpies of formation at 298 K with empiri-
cal jnterpolations and Miedema’s model in the AI-Ni-Fe system. f ﬁ, f é, f g, AH i/i‘itfl{g, AH }g‘}grc, and
AHSIL values for Miedama’s model are from [41]. The enthalpies of formation of binary compounds
for the interpolation models are from [34] with some additions, Table 2. It is apparent that enthalpies
calculated from Miedema’s model are less exothermic than those measured from direct synthesis
calorimetry, but both show the same tendency of enthalpy change with composition. The interpolation
models provide very reasonable approximations to the experimental values in most cases.
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Fig. 2 Comparison of experimental enthalpies of formation at 298 K with empirical interpolations and Miedema’s
model for Al sNij 5_ Fe..
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Fig. 4 Comparison of experimental enthalpies of formation at 298 K with empirical interpolations and Miedema’s
model for Alj 33Nij o, Fe .
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Table 2 AH ,;_y and AH\; y at 298 K [34] (kJ/mol).

Ni Co Pd Pt Fe Ru
AlgX, -30
Al X -57
Al5X, -32
AlX -38 -38 —51* -28
AlsX, 41 -25
AlLX -26
AlX, -57 —84%* -96.5
[47]
Al-X AlIX -62 -534  -91.25 -97.6 -26.5 -54.5
[30] [27] [33] [33] [18] [19]
Al X, -86
Al X, -89
AlX, -87.3
[48]
AlX, —41 -63.6
[47]
Ni-X Niy 5X 5 0 0 -0.5 (1273 K) -93 —4[49] +1

*373 K.

Figure 5 shows a Gibbs triangle with experimentally determined enthalpies of formation of the
B2 phase [18] superimposed with the B2 phase boundaries at 1400 K [50]. Although the calorimeter
samples were slowly cooled to room temperature from the calorimeter temperature, they show that the
B2 phase field in Al-Ni—Fe is more extensive than predicted by the thermodynamic model of [50].
Measurements of the composition dependence of the lattice parameter of the B2 phase have also been
made [51]. Figure 6 shows the composition dependence of the lattice parameter of the B2 phase in
Al-Ni-Fe for constant Al content of 0.4 [51]. It is clear there is a change of slope that occurs at 0.1 Fe
for the Al 4Nij ¢ Fe . Similar results have been obtained by Pike et al. [26]. The results clearly indi-
cate that the larger Fe atom preferentially occupies the antistructure sites on the Al sublattice, and only
when these are filled do the Fe atoms begin to occupy the TM sublattice. An analysis of these data [51]
produced the following atomic volumes in the Al 40Ni(0'60_x)Fex section:

Vaya = 0.0134 nm?
Vi = 0.0107 nm?3
Vi = 0.0106 nm?
Vie/ar = 0.0131 nm?
Ve = 0.0112 nm?

Similar values are obtained for constant 0.33 mole fraction Al.

The atomic volumes of the atoms indicates that the constitutional defect site preference of Fe for
the Al sublattice is due to the closer match of the Fe atomic volume with that of the Al coupled with
the lower bond strength of Al-Fe. Hardness measurements of [26] also indicate such a site preference,
and the softening observed on adding Fe results from the smaller lattice strain than for Ni.
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Fig. 5 Enthalpies of formation of B2 compounds in the Al-Ni—Fe system [18] and B2 phase boundary at 1400 K
[50].
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Fig. 6 Lattice parameter of Alj 4Nij . Fe .

The composition dependence of AH, of the B2 phase in the Al-Ni—Fe system using the W-S
model is

N
AH = AH (1 + X5) + AH X |5 + AH 53X 3 + AHy0Xo0 + AH, X5 + AHy3X03
AH" = xAHL; o + (1 —x) AHL

The definitions of the parameters in the above equations are given in Table 3. Table 4 shows the
enthalpy coefficients in the W—S model.
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Table 3 Definitions of the parameters in the W—S model of the B2 phase.

Parameter Definition

AHf Enthalpy of formation of B2 phase in AI-Ni-Fe

AH" Enthalpy of formation of 1 mole of the ideally stoichiometric B2 phase

AH |, Enthalpy of formation of 1 mole of Ni antistructure atoms in the B-sublattice
AH |5 Enthalpy of formation of 1 mole of Fe antistructure atoms in the B-sublattice
AH,, Enhthalpy of formation of 1 mole of vacancies in the o-sublattice

AH,, Enthalpy of formation of 1 mole of Al antistructure atoms in the o.-sublattice
AH,, Enthalpy of formation of 1 mole of Fe in the o-sublattice

X1 Concentration of Ni antistructure atoms in the B-sublattice

X3 Concentration of Fe antistructure atoms in the -sublattice

X50 Concentration of vacancies in the o sublattice

X9 Concentration of Al antistructure atoms in the o.-sublattice

X3 Concentration of Fe antistructure atoms in the o-sublattice

AH fAlNi Enthalpy of formation of 1 mole of the ideally stoichiometric AINi
AH fAlFe Enthalpy of formation of 1 mole of the ideally stoichiometric AlFe

Table 4 Enthalpy coefficients in the W—S model of the
B2 phase in Al-Ni-Fe.

Enthalpy coefficients kJ/mol

AH,, 97.5 (AINi) [12]

AH |, 70.3 (AlFe) [54]

AH,, ~15.8 (Al 33Ni 67 Fe,) [18]
AH ), 0 (Alj 5oNigg 50 Fe,) [18]
AH ), ~0 (Alj 4oNi(g 60_x)Fe,) [18]

The data, Figs. 2—4, show that AH23 is small (0-2 kJ/mol) for the 0.5 and 0.4 Al sections but for
the 0.33 section AH,3 =~15.8 kJ/mol consistent with a small negative heat of mixing of Fe and Ni [18].
As discussed previously, the Ni—X bond strength will be more influential on the enthalpies of forma-
tion the smaller is the Al concentration since the probability of such bonds increases with decreasing
Al content.

Al-Ni-Ru

Some controversy exists regarding the existence of a miscibility gap in this system in the extensive B2
phase field extending from NiAl to RuAl [52,53]. If there is a miscibility gap then the critical temper-
ature is likely relatively low, resulting in a kinetic constraint on the phase separation, making experi-
mental verification quite difficult. Calorimetric data on enthalpies of formation at 298 K indicate un-
usual behavior, Fig. 7, where there is a decrease in the enthalpy of formation of the B2 compound
around 0.1 mole fraction of Ru, indicating a reduction in stability which will likely result in a misci-
bility gap, very different from the values predicted by Hillert interpolation model. The effect diminishes
on reducing the Al concentration below stoichiometry [19]. This results in negative curvatures for the
enthalpy—composition relation characteristic of systems exhibiting miscibility gaps. Since at equilib-
rium it appears probable that there is a miscibility gap, then some of the experimental data on enthalpy
of formation of the B2 phase obtained in our work represents the metastable enthalpy curve, XRD on
the samples shows only one B2 phase [19]. At 298 K, we should have phase separation but this did not
occur because the transformation is kinetically constrained.

© 2007 IUPAC, Pure and Applied Chemistry 79, 1653—-1673



1662 R. HU et al.
48 - 48
—_ -50 u Alu,sNin 5xRux [19] - -50
3 | A
2 5l <« Hillert 1 .52
i | ]
:E 54 1
S -6 | 4 -56
£ s8] q ] 58
5 ] |
% 604 < 460
B 62 -__l é @ + 462
8 g4 ~ 4 84
8 6] (12 166
68 468
-70 ] T T T T T T T -70
0.0 0.1 0.2 0.3 0.4 0.5

Ru atomic fraction

Fig. 7 Enthalpies of formation of Al 5,Nij 5, Ru [19].

Heat content and capacity

The heat content of Al sNij ,Ruy 5 between room temperature and high temperatures (from 1243 to
1470 K) was measured, and its heat capacity was calculated over this temperature range by fitting the
heat content linearly, Fig. 8. The calculated value of C_ = 27.2 J/mol/K, which is close to the value of
32.4 J/mol/K estimated using the Neumann—Kopp rule and slightly lower than the value for Nij sAlj s,
which is about 30.5 J/mol/K. This is reasonable since the heat capacity of Ru is smaller than Ni in this

temperature range.
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Fig. 8 Heat content and heat capacity of Al sNij ,Ru, 5 at high temperature.
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Al-Ni—Pt

The enthalpies of formation of the Al-Ni-Pt phases, B2, L1,, Al;Ni,, (Al) and (Ni, Pt) are shown in
Fig. 9, superimposed with the B2 phase boundaries at 1333K [55]. With constant Al, when replacing
Ni with Pt, the enthalpy of formation of AlI-Ni—Pt increases because of the stronger Al-Pt bonding en-
ergy. The experimental data are compared with the calculated data from Miedema’s model and the inter-
polation models, Figs. 10-13. The linear enthalpy change with composition from Nij,sAlj 5 to
Pt sAl, 5 indicates the small interaction energy between Ni and Pt, which is in accordance with the en-
thalpy of formation from [34]. The Miedema predictions are consistently less exothermic than the ex-
perimental data, while the interpolation models provide good estimates.
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Fig. 9 Enthalpies of formation of Al-Ni-Pt compounds [this work] and B2 phase boundary at 1333 K [55], the
binary data points are from [12,33,34,47].
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model for Al (Nij , Pt

© 2007 IUPAC, Pure and Applied Chemistry 79, 1653—-1673



1664 R. HU et al.

-40 - -40
° ® Miedma |
= Toop
-50 -~ -50
g 2] ® V¥ Kohler
5 / Muggianu
x  -60 é <« Hillert 460
c ] H Experimental data
15 (B2)4 P
= 70 4-70
© (B2) i
£ T (B2) T
£ 8o < 4 -80
ey ] (B2+Ni,Al,) ]
n [33]
o -9 € 90
2_ \ 4
= ) ]
£ -100 1 100
o |
ww
-110 . ; . ; . ; . ; . -110
0.0 0.1 0.2 0.3 0.4 0.5
Ni . Al . Pt atomic fraction, x PtAl

Fig. 11 Comparison of experimental enthalpies of formation at 298 K with empirical interpolations and Miedema’s
model for Al sNig s Pt .

-30- ® Miedema - -30
Toop
—_ ® ¥ Kohler
g Muggianu
5 404 < Hillert - -40
2 B Experimental data PY
g (B2+y)
- o ¢
£ -50 1 -50
S
S (B2) (Ni,AL)
2 60+ + v {60
= (B2)
& ' 3 '
; v

70 1.70

T T T T T T T T T
025 030 035 040 045 050 055 060 065

) Al Pt
Ni, Pt Al atomic fraction, x x o

Fig. 12 Comparison of experimental enthalpies of formation at 298 K with empirical interpolations and Miedema’s
model for Nij g Al Pt ;.

© 2007 IUPAC, Pure and Applied Chemistry 79, 1653-1673



B2 phases in AI-Ni-X systems

01 ® Miedema 10
1 Toop 1
5 04 @ v Kohler 4-10
E : ; Muggianu )
2 2047 < Hillert . 120
‘E ] (Ni) m  Experimental data ]
S .30 (A1) 4 30
[1+]
E o ]
S 40+ {40
5 H
(3] 1 ° |
& 504 ) 4 e { -50
3 1 (B2#) ]
s 801 160
g " |
70 (B2) (B2+Ni,Al,) 170
T T T T T T T T T
0.0 0.2 04 0.6 0.8
Ni o5 Ptoos Al atomic fraction, x Al Pt

1665

5

Fig. 13 Comparison of experimental enthalpies of formation at 298 K with empirical interpolations and Miedema’s
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XRD was used to determine the crystal structure and phases of each sample, and the results are
shown in Table 5. The composition Al sNij;Pt;, shows diffraction peaks from B2 with a small
amount of a second phase in agreement with the phase equilibria [55].

Table 5 Phases and lattice parameters of Al-Ni—Pt alloys.

Composition Reaction enthalpy,  Heat content, Enthalpy of Phase Lattice parameter
AH | (kJ/mol) AH, (kJ/mol) formation of B2 phase (nm)
AH; (kJ/mol)

Al 5Nig 5 -61.8+1.11 B2 0.2887
(12]

Al 5Nig 45Ptj o5 -31.04 £ 2.0 29.71+133  -60.75+259 B2 0.2903

Al 5Nig 4Pty | -36.04 = 1.33 31.87£1.05 -6791+£193 B2 0.2924

Al 5Nig 5Pt; 5 -40.62 +2.07 3147 +0.71  -72.09+238 B2+? 0.2963

Al 45Nig 45Ptg -29.39 +1.79 30.88+1.26 -60.27+238 B2 0.2915

Al 45Nig 4Pty 15 -31.8+0.95 29.84 +£1.22 -61.64+179 B2 0.2939

Al 5Ptg 5 -97.6+5.0 B2 0.3212
[33] (1545-1613 K)

[56]

Al 4Nij ¢ -519+1.7 B2 0.2865
[12] (6]

Al 55Nig 4Ptj o5 -29.6 £0.51 31.39+£0.81  -60.99+1.33 B2+ AlNi, 0.2881

Al ¢Nig 5Pty —29.68 +1.28 3489 £1.54 -6457+223  ALNi, -

Al ¢Nij 5Pty 5 —45.75+£1.25 3328 £0.52  -79.03+1.64 ALNi, -

Al (Nig Pty 5 -57.74 + 1.27 30.11£0.81 -87.85+1.77 Al}Ni, -

Al 57Nij ¢3Pty -12.29 £ 1.19 3755096 —49.84+179 B2+Ll, -

Al 57Nij ¢sPt o5 -531+1.16 36.54+0.82 —41.85+170 B2+LlI, -

Al 5Nig 9oPto o5 2512+ 1.3 39.96 £0.71 -14.84+1.75 (Ni, Py -

Al oNi o5Ptg o5 2533 £0.84 4385+ 1.26 -18.52+1.77 (Al -
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No ternary phase diagram of the Al1-Ni—Pd system is available, so the enthalpies of formation and crys-
tal structures of Al-Ni—Pd compounds were investigated to provide the basic data for developing the

phase diagram.

Figure 14 shows that enthalpies of formation of AI-Ni—Pd compounds increase as Pd replaces Ni
since the Al-Pd bonds are stronger than Al-Ni bonds. Figure 15 shows that the enthalpies of formation
of Al sNijys_Pd (0 <x<0.5) are linear between Ni, sAl s and Pd, sAl, 5, which indicates a negligi-
ble second near-neighbor interaction energy between Ni and Pd.

m(-57.14)

® B2
H non-B2

[12]
[33]

o148 o mli6158)
-65.39) P B (-69.03)
0.8 (-72.13) e m (-75.08) 0.2
(-77.96)
1.0’ L4 (-37’.61) LA LA LA D'U
0.0 0.2 (24.25) 0.6 0.8 1.0

Fig. 14 Enthalpies of formation of AI-Ni—Pd compounds.

Miedema’s model predicts less endothermic values for the enthalpies of formation, see Figs. 15
and 16. The empirical models predict the enthalpies of formation quite well with no particular model

being generally better than the others.

® Miedema
Toop

-45 - V¥ Kohler - 45
= 50h L °® Mugginau ] .50
g <« Hillert
£ 554 [12] B Experimental data - -55
2 / °
= -so-. 4 460
2 .65 2 v ] 65
£
E -70{(B2) ' = ° 1-70
:: -75- (B2) - -75
3 -80 (B2) - - -80
2 [33]
E. -85 - (BZ) * - -85
(5]
£ -90 \4 -90
w 95 4 -

95 82 g 95

-100 T T T T T T r -100
0.0 0.1 0.2 0.3 0.4 0.5
Al Ni, Pd atomic fraction, x Al_Pd

Fig. 15 Comparison of experimental enthalpies of formation at 298 K with empirical interpolations and Miedema’s

model for Al sNijs Pd..
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Fig. 16 Comparison of experimental enthalpies of formation at 298 K with empirical interpolations and Miedema’s
model for Al, ,Niy ¢ Pd .

XRD of Al sNij s_ Pd, alloys shows that they are single-phase B2 compound. Al 4Nij . Pd (0
<x £0.5) alloys are within the two-phase region, B2 + L1,. The crystal structures and lattice parame-
ters are summarized in Table 6. The lattice parameters of Al, sNij, s Pd B2 phase, Fig. 17, show that
with x increasing, the lattice parameter increases linearly, which indicates that the Pd simply substitutes
for Ni on the Ni-sublattice.

Table 6 Phases and lattice parameters of the AI-Ni—Pd compounds.

Composition Reaction enthalpy, Heat content, Enthalpy of Phase Lattice parameter
AH, (kJ/mol) AH, (kJ/mol) formation of B2 phase (nm)
AH; (kJ/mol)

Al 5Nig 5 -61.8 +1.11 B2 0.2887 [6]
[12]

Al sNij 4Pd) | —34.35 +0.55 31.04 £ 0.8 —65.39 + 1.26 B2 0.2916

Al sNij 5Pd) 5 —40.45 +0.18 31.68 +0.87 -72.13 + 1.19 B2 0.2956

Al sNig ,Pd 5 -44.44 +1.95 33.52£3.75 —~77.96 = 4.30 B2 0.2984

Al 5Nig (Pdj 4* -50.52 + 3.47 36.64 £ 3.03 -87.16 + 4.85 B2 0.3001

Aly sPd 5 -91.25 +4.7 B2 0.3049 [56]
[33]

Al 40Nig 60 -519+1.7 B2 +L1, -
[12]

Al 4Nig sPd -20.61 = 1.25 36.53 £ 1.12 —57.14 + 1.86 B2 +L1, -

Al 4Nig 4Pd 5 —25.58 +1.42 36 +2.26 —-61.58 +3.07 B2+ L1, -

Al 4Nig ;Pd 5 -35.87 £ 3.77 33.16 £ 291 —-69.03 + 4.83 B2 + L1, -

Al 4Nij ,Pd 4 —42.56 +2.2 3252 £ 1.51 -75.08 + 3.1 B2 + L1, -

*With small amount of non-B2 phase.

The results show that the B2 phase field extends

studied at constant Al , consisting of B2 + L1, phases.

across the ternary system from NiAl to PdAl
However, the B2 phase field does not extend far on the Al-deficient side with all ternary compositions
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[56]
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Fig. 17 Lattice parameters of Al sNij 5_ Pd, compounds.

Al-Ni-Cu

This system is unusual in that the extension of the B2 phase occurs along the composition line from
NiAl to Cu;Al. Recent work on the Al-Ni—Cu system shows that there is a B2 phase miscibility gap
[57], and consequently one expects this should be reflected in the enthalpy of formation.

The B2 phase boundary at 1173 K in Fig. 18 shows that the B2 phase shifts to the Cu-rich range
at the Al-Cu side. The enthalpies of formation of Alj 4Nij ¢ Cu, (0 <x < 0.45) decreased with x in-
creasing, which indicates the weaker bonding of Al-Cu and the B2 crystal structure is not stable at the
composition AlCu. Figure 19 shows no indication of a positive deviation in the enthalpy as observed in
the Al-Ni—Ru system.

Cu ® B2
H non-B2
0.0 1.0
@ B2+other phases

[12]
[58]

0.0
Al Ni

Fig. 18 Enthalpies of formation of AI-Ni—Cu compounds [58] and B2 phase boundary at 1173 K [59].

o. v 7 7
0.0 4 (-61.8)0.6 (-51.9) 0.8 1.0
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Fig. 19 Enthalpies of formation of Al, 4Nij ¢ Cu compounds.
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Phases and lattice parameters of alloys in AI-Ni—Cu are summarized in Table 7. Lattice para-
meters of Alj sNij 5_ Cu, compounds initially increased with x, but when x is larger than 0.20, Fig. 20,
the lattice parameter becomes almost constant, which may indicate that these compositions are in a two-
phase field. The lattice parameters of Alj 4Nij ¢ Cu, increase, with x increasing in the single phase B2

region, Fig. 21.

Table 7 Phases and lattice parameters in the AI-Ni—Cu system.

Composition Reaction enthalpy,  Heat content, Enthalpy of Phase Lattice parameter
AH | (kJ/mol) AH, (kJ/mol) formation of B2 phase (nm)
AH; (kJ/mol)
Al sNi 5 -61.8+1.11 B2 0.2887
(12]
Al sNig 45Cup o5 —26.88 + 0.87 29.23 £0.69 -56.11+138 B2 0.2888
Al sNig 4Cug | -26.26 + 0.66 285+0.58 -5476+129 B2 0.2894
Al sNij 35Cug 5 -12.2 +£0.87 28.9 +0.31 —-41.1+124 B2 0.2903
Al 5Nig ;Cuy 5 -9.94 + 1.00 2897+0.70 -3891+154 B2 0.2909
Al 5Nij »5Cug 55 0 32.02+0.82 -32.02+2.07 B2 0.2910
Al sNij ,Cug 5* 50614 3503+ 1.5 -2997+226 B2 0.2910
Al 40Nig 60 -519+1.7 B2 0.2865
(12] (6]
Al 4oNig 50Cug 19 -18.93 +0.62 2997+0.81 —4890x139 B2 0.2882
Al 49Nig 49Cup 59 -11.46 + 1.86 30.17+£0.74 —41.63+221 B2 0.2892
Al 40Nij 35Cug 55 -8.07 £ 0.56 31.09+0.77 -39.16+1.26 B2 0.2895
Al 40Nig 30Cuy 30 —6.45 +£1.07 31.06 £045 3751150 B2 0.2895
Al 4oNig 20Cug 49 4+0.36 3323 +£0.63 -2923+1.19 B2 0.2901
Al 4oNig 15Cug 45 6.75 + 1.41 38.53+1.35 -31.78£2.12  Not single 0.290
B2
Al 55Nig 30Cug |5 -8.37 £ 0.95 33.06£0.93 4143+156 B2+ ALNi, -
Aly 1oNig 10Cug g0 29.48 £ 0.79 36.09 = 1.12 -6.61 £1.60  (Ni, Cu) -
Al 5Nij 5oCug 5 9.95 +0.70 3844 £2.71 -2849+295 B2+ A4 -

*With small amount of non-B2 phase.
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Fig. 20 Lattice parameters of Al sNij s_ Cu, compounds.
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Fig. 21 Lattice parameters of Al 4,Ni, ¢ Cu, compounds.

Heat content and capacity

The heat content of the Al sNij 35Cuy |5 alloy between room temperature and high temperatures (from
1243 to 1470 K) was measured with the calorimeter, Fig. 22. The heat capacities were calculated over
this temperature range by fitting the heat content linearly, resulting in 27.7 J/mol/K. which is close to
the value of 33.2 J/mol/K estimated using the Neumann—Kopp rule and slightly lower than the value of
Nij sAl, 5, which is about 30.5 J/mol/K. This is reasonable since the heat capacity of Cu is smaller than
Ni in this temperature range.
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Fig. 22 Heat content and heat capacity of Al sNi, 35Cu |5 at high temperature.

CONCLUSIONS

Atomic volume calculations in the Al-Ni—Fe system verify the constitutional defect site preference of
Fe for the Al sublattice.

Comparisons of experimental data with the Miedema model and interpolation models show that
any of the interpolation models will provide a more accurate prediction of the enthalpy of formation in
a ternary system, assuming that the binary values are known accurately. No one interpolation model
showed consistently more reliable predictions than any other.

The heat capacities of Al sNij 35Cug |5 and Al sNij ,Ru, ; were determined to be 27.74 and
27.2 J/mol/K, respectively.

When adding Cu, Pd, or Pt to NiAl, the lattice parameter of the B2 phase increases.

In the Al-Ni-Pd system, the B2 phase extends across the ternary system from NiAl to PdAL
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