
Acta Materialia 52 (2004) 2665–2671

www.actamat-journals.com
Thermodynamic properties of Al, Ni, NiAl, and Ni3Al
from first-principles calculations

Y. Wang *, Z.-K. Liu, L.-Q. Chen

Department of Materials Science and Engineering, Pennsylvania State University, 305 Steidle Building, State College,

University Park, PA 16802-5006, USA

Received 10 October 2003; received in revised form 9 February 2004; accepted 11 February 2004

Available online 12 March 2004
Abstract

The thermodynamic properties of Al, Ni, NiAl, and Ni3Al were studied using the first-principles approach. The 0-K total en-

ergies are calculated using the ab initio plane wave pseudopotential method within the generalized gradient approximation. The

contribution to the free energy from the lattice vibration was calculated using the phonon densities of states derived by means of the

ab initio linear-response theory. The thermal electronic contribution to the free energy was obtained from the one-dimensional

numerical integration over the electronic density of states. With the deduced Helmholtz free-energy, the thermal expansion and

enthalpy as a function of temperature were calculated and compared with the experimental data. Our calculations show that the

enthalpies of formation are slightly temperature dependent with a slope of )1.6 J/mol/K for NiAl and )1.2 J/mol/K for Ni3Al.

For Ni, the inclusion of thermal electronic excitation results in a 10% increase in thermal expansion and 15% increase in enthalpy at

1600 K.

� 2004 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

With the advances in computational methods and

computer speed, the first-principles technique is be-

coming a powerful tool in understanding and predicting

the structural and physical properties of a material. In

the specific field of phase diagram and thermodynamic
properties of alloys, one currently needs to calculate

three additive contributions to the free energy, depend-

ing on the required accuracy and the complexity of

studied system.

The first contribution to consider is the cold energy or

the 0-K total energy. In this case, the atoms are kept

fixed at their static lattice positions. Most of published

works stop at this stage by various reasons, such as, the
system is too complex and only qualitative results are
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needed, the role of ionic vibration is weak, or just the

0-K energies of formation are needed, etc.

To calculate the structural and thermodynamic

properties at finite temperatures, the contribution of

lattice thermal vibration to the total free energy needs to

be taken into account. Theoretically, the commonly

accepted method is the lattice dynamics or phonon
approach. In this approach, within the harmonic or

quasiharmonic approximation, all thermodynamic for-

mulas are strictly derived on the basis of statistical

physics. One of the main advantages is that all the

quantities needed for input to the phonon theory can be

calculated by means of ab initio methods [1–6].

When temperature is increased, especially for cases

when the electronic density of state at the Fermi level is
high, the third contribution to be included is the thermal

electronic contribution (TEC) to the free energy. In

most of the previous works [3,5–10], TEC has been ne-

glected. Although neglection of TEC may be acceptable

at low temperatures, it can be very significant at high

temperatures. Take Ni as an example, its coefficient of
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electronic specific heat c is 7.02 mJ/mol/K2. Therefore,

for T ¼ 1000 K, its contribution to the specific heat is

cT ¼ 7:02 J/mol/K which is 28% of classical constant

volume specific heat of 24.94 J/mol/K.

In this paper, employing the ab initio linear-response
approach [11], we systematically studied the thermody-

namic properties of Al, Ni, NiAl, and Ni3Al. Ni–Al is

the base binary system for the technologically important

Ni-base superalloys which have been extensively used as

high-temperature materials for turbine blades in aircraft

engines due to their low specific weight, high melting

point, and good chemical stability. In particular, we

investigated the phonon dispersion, the thermal expan-
sion, and the enthalpy of formation of the alloys as a

function of temperature. Special attention is given to the

role played by the thermal electronic excitation in

thermodynamic properties at high temperatures.
2. Theory

In a system with an averaged atomic volume V at

temperature T , the Helmholtz free-energy F ðV ; T Þ can

be approximated as

F ðV ; T Þ ¼ EcðV Þ þ FphðV ; T Þ þ FelðV ; T Þ; ð1Þ
where in the framework of ab initio calculations, Ec is

the 0-K total energy. Fph is the vibrational free energy of

the lattice ions and under the quasi-harmonic approxi-

mation it is given by [2]

FphðV ; T Þ ¼ kBT
X
q

X
j

ln 2 sinh
�hxjðq; V Þ
2kBT

� �� �
; ð2Þ

where xjðq; V Þ represents the frequency of the jth pho-

non mode at wave vector q. When the magnetic con-

tribution and the electron–phonon interactions are

neglected, the TEC to the free energy Fel is obtained

from the energy and entropy contributions, i.e.,
Eel � TSel [12]. The bare electronic entropy Sel takes the
form

SelðV ; T Þ ¼ �kB

Z
nðe; V Þ½f ln f þ ð1� f Þ lnð1� f Þ� de;

ð3Þ

where nðe; V Þ is the electronic density of states (DOS)

with f being the Fermi distribution.

The energy Eel due to the electron excitations can be

expressed as

EelðV ; T Þ ¼
Z

nðe; V Þf e de�
Z eF

nðe; V Þe de; ð4Þ

where eF is the Fermi energy.

It should be mentioned that the configuration disor-

dering at high temperatures was not considered in the

present calculations due to the extreme complexity in

treating this. This assumptions is reasonable for the
stoichiometric NiAl and Ni3Al compounds, which have

very limited configurational disordering even at tem-

perature near their melting temperatures [13].
3. Calculation procedure

To calculate the 0-K total energy Ec in Eq. (1) and the

phonon frequency xjðq; V Þ in Eq. (2), the plane-wave

self-consistent field (PWSCF) method [11] based on the

ab initio linear-response theory was employed. We

adopt the Vanderbilt ultra-soft pseudopotential [14,15]

with the generalized gradient approximation (GGA) [16]
to the exchange-correlation functional. The electronic

DOS nðe; V Þ were calculated using the Vienna ab initio

simulation package (VASP) [17]. The 0-K calculations

were performed in a wide volume range with a step of

0.1 a.u. in the lattice parameter.

At a given temperature T , the Fph in Eq. (2) was

calculated in the same lattice parameter step as the 0-K

calculations. The phonon energy Eph and the phonon
heat capacity Cph;V were derived using the same ana-

lytical formula used by Xie et al. [5]. Eel and Sel were
evaluated using one-dimensional integrations as shown

in Eqs. (3) and (4).

To calculate the thermal expansion, our strategy is

different from that of Xie et al. [5]. We did not calculate

the Gr€uneisen parameter, which is numerically not al-

ways stable since a further derivative of xjðq; V Þ against
V must be evaluated. Instead, at any given T , we cal-

culated the Helmholtz free-energy F ðV ; T Þ as a function

of lattice parameter with a step of 0.1 a.u. We then

employed the cubic spline interpolation to find the

minima of F ðV ; T Þ as a function of V . We will show

in the following sections that this approach is more

efficient, stable, and accurate.
4. Results and discussions

4.1. Bulk properties

The three most frequently examined thermodynamic

properties in an ab initio calculation are equilibrium

atomic volume (V0), isothermal bulk modulus (BT), and
the linear thermal expansion coefficient (a) under am-

bient conditions (i.e., T ¼ 298 K and pressure P ¼ 0

GPa). The present results for Al (fcc), Ni (fcc), NiAl

(B2), and Ni3Al (L12) together with the available ex-

perimental values are shown in Table 1.

For Ni3Al, our calculated V0 agrees with the experi-

mental data by Kamara et al. [18] up to the fourth digit.

For the other cases, the calculated values of V0 are
within 1.4% error from the experimental values. We

numerically obtained the bulk modulus BT according

to the formula, BT ¼ �1=V o2F =oV 2 and the errors in



Fig. 2. Phonon dispersion curves of Ni. The calculated values at the

theoretical volume are plotted as solid lines and the calculated values

at the experimental volume are plotted as dashed lines. The data from

the inelastic neutron scattering measurement [28] are plotted as solid

circles.

Table 1

Properties of Al (fcc), Ni (fcc), NiAl (B2), and Ni3Al (L12) at ambient conditions

V0 (�A3/atom) BT (GPa) a (10�6/K)

Theory Experiment Theory Experiment Theory Experiment

Al 16.82 16.60 [19] 68.06 72.2 [20] 24.88 23.1 [21]

Ni 11.09 10.94 [19] 191.6 186 [20] 12.68 13.1 [22]

NiAl 12.16 12.02 [23] 153.5 156 [23] 14.06 11.9 [21]

Ni3Al 11.32 11.32 [18] 182.4 N/A 12.17 12.3 [21]
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comparison with experimental data are 5.7%, 3.0%, and
1.6% for Al, Ni, and NiAl, respectively. For Ni3Al, we

did not find the experimental value. The values of a will

be discussed Section 4.3.

4.2. Phonon dispersion

Experimentally, the phonon frequency can be mea-

sured directly by inelastic neutron scattering [24–26] or
inelastic X-ray scattering [27]. To validate an ab initio

calculation, perhaps the most important and interesting

step is to calculate the phonon dispersion. Considering

that the equilibrium atomic volumes for Al, Ni, and

NiAl are overestimated, our calculations were per-

formed at both the theoretical and the experimental

atomic volumes. The results are compared with the in-

elastic neutron scattering measurements [25,26,28] in
Figs. 1–4 along the high symmetry lines in the Brillouin

zone (BZ). The calculated phonon frequencies with the

theoretical V0 are slightly lower than those of the ex-

periments while the calculations with the experimental

V0 have better agreements with the experiments.

For Al, two previous calculations [8,29] using the

local density approximation (LDA) were carried out at

the theoretical volume which was smaller than the
measured one by about 5%. It appeared the phonon
Fig. 1. Phonon dispersion curves of Al. The calculated values at the

theoretical volume are plotted as solid lines and the calculated values

at the experimental volume are plotted as dashed lines. The data from

the inelastic neutron scattering measurement [28] are plotted as solid

circles.

Fig. 3. Phonon dispersion curves of NiAl. The calculated values at the

theoretical volume are plotted as solid lines and the calculated values

at the experimental volume are plotted as dashed lines. The data from

the inelastic neutron scattering measurement [25] are plotted as solid

circles.
dispersions derived by de Gironcoli [29] had perfect

agreement with the experiment while those by Deber-

nardi et al. [8] shown slightly higher frequencies than

the experiment. At the L point, our calculated longitu-

dinal frequencies show the largest deviations from the



Fig. 4. Phonon dispersion curves of Ni3Al. The calculated values are

plotted as solid lines and those from the inelastic neutron scattering

measurement [26] are plotted as solid circles.

Fig. 5. Linear thermal expansion coefficient of Al. The calculated re-

sults, with and without considering the thermal electronic contribu-

tion, are plotted as solid and dashed lines, respectively. The data from

assessment by Touloukian et al. [21] are plotted as open circles.

Fig. 6. Linear thermal expansion coefficient of Ni. The calculated re-

sults, with and without considering the thermal electronic contribu-

tion, are plotted as solid and dashed lines, respectively. The

recommended values by Touloukian et al. [21] are plotted as open

circles and the newly recommended values by Ho [22] are plotted as

open diamonds.
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experiment among our results. This could be improved

by increasing the number of sampling points in the BZ

as already noticed by de Gironcoli [29]. As the present

work is focused on the thermodynamic properties, the

present overall agreements with the experimental data

are acceptable.

For Ni, Xie et al. [6] published the calculated phonon
dispersions using GGA on high pressures. Our results

shown in Fig. 2 are in good agreements with the ex-

periments.

For NiAl, the agreement between our results and the

experiment is excellent as plotted in Fig. 3.

For Ni3Al, van de Walle et al. [3] presented the

phonon density of state (calculated using LDA) in their

paper. There were also two other published works [7,9]
employing the embedded-atom method (EAM) poten-

tials. The EAM phonon frequencies show very large

deviations from the experiment for the optical branch.

Our results are shown in Fig. 4. At the R point, the

phonon frequencies around 5.8 THz were poorly re-

produced. The reason could be similar to the case for Al

at the L point. Again, the present overall agreement with

the experimental data is acceptable since we are more
concerned with the thermodynamic properties.

4.3. Thermal expansion

The calculated linear thermal expansion coefficients

at zero pressure, with and without considering

the thermal electronic contributions, are plotted in

Figs. 5–8 together with the assessed data [21,22] from
the experiments.

The thermal expansion data of Al assessed by Tou-

loukian et al. [21] are often quoted in the literatures. For

Ni, newly recommended data were given by Ho [22].

These two sets of data are sufficiently accurate to be

viewed as the experimental standard for comparisons.

The calculated a of Al is higher than that of Touloukian
et al. [21] by 10% at 900 K. For Ni, the calculated as
including TEC are in excellent agreement with the newly

recommended values by Ho [22] except a few points near

the magnetic transition temperature. TEC is weak for Al
as shown by its small coefficient of electronic specific

heat c ¼ 1:35 mJ/mol/K2 [20]. In contrast, for Ni the

consideration of the thermal electrons increases the

thermal expansion coefficient by 10% at the highest

temperature studied here.

For NiAl and Ni3Al alloys, as shown in Figs. 7 and 8,

the agreements between the calculations and the rec-

ommended data appeared not as good as in the cases of
of Al and Ni. It should be noted that the values rec-

ommended by Touloukian et al. [21] seemed to have

larger uncertainties due to the limited experimental data.



Fig. 7. Linear thermal expansion coefficient of NiAl. The calculated

results, with and without considering the thermal electronic contri-

bution, are plotted as solid and dashed lines, respectively. The data by

Touloukian et al. [21] are plotted as open circles.

Fig. 8. Linear thermal expansion coefficient of Ni3Al. The calculated

results, with and without considering the thermal electronic contri-

bution, are plotted as solid and dashed lines, respectively. The data by

Touloukian et al. [21] are plotted as open circles.

Fig. 9. Enthalpy of Al. The calculated results, with and without con-

sidering the thermal electronic contribution, are plotted as solid and

dashed lines, respectively. The well-assessed values by Desai [35] are

plotted as open circles.

Fig. 10. Enthalpy of Ni. The calculated results, with and without

considering the thermal electronic contribution, are plotted as solid

and dashed lines, respectively. The well-assessed values by Desai [34]

are plotted as open circles, and those recommended by Barin [36] are

plotted as solid circles.
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For example, the recent high-temperature X-ray dif-

fractometry [30] reported an averaged a of 17.3� 10�6/K
between 300 and 1000 K for Ni3Al. For these two

compounds, the thermal electronic contribution to the

as for Ni3Al is larger than for NiAl. This can be ex-

plained by the fact that the electronic DOS (not shown)

at the Fermi level for Ni3Al are higher than for NiAl.
Fig. 11. Enthalpy of NiAl. The calculated results, with and without

considering the thermal electronic contribution, are plotted as solid

and dashed lines, respectively. The data recommended by Barin [36]

are plotted as solid circles.
4.4. Enthalpy as a function of temperature

The enthalpy as a function of temperature is an im-

portant thermodynamic quantity in thermodynamic

modeling [31–33]. The calculated results at the zero

pressure are compared with the other data source in

Figs. 9–12. Similar to the case of thermal expansions as

discussed in the last section, only experimental results

[34,35] of pure metals are reliable. For the compounds,



Fig. 12. Enthalpy of Ni3Al. The calculated results, with and without

considering the thermal electronic contribution, are plotted as solid

and dashed lines, respectively. The data recommended by Barin [36]

are plotted as solid circles.

Fig. 13. Enthalpy of formation of NiAl as a function of temperature.

The calculated results, with and without the thermal electronic con-

tribution, are plotted as solid and dashed lines, respectively. For other

data, s: recommended by Barin [36]; d: measured by Rzyman et al.

[40]; �, j, M, N, O, and .: other measured data, see [40].

Fig. 14. Enthalpy of formation of Ni3Al as a function of temperature.

The calculated results, with and without the thermal electronic con-

tribution, are plotted as solid and dashed lines, respectively. For other

data, : recommended by Barin [36];d: measured by Rzyman et al. [39];

�, j, and M: other measured data, see [39].
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the recommended values of Barin [36] are shown in
Figs. 11 and 12.

Our calculated enthalpy as a function of temperature

for Al is almost identical to the recommended value by

Desai [35] as shown in Figs. 9. The thermal electronic

contribution to enthalpy is weak for Al. For Ni, the

agreement between the calculation and the experiment

could have been improved further if the effect of mag-

netic transition occurred at �600 K had been accounted
for (Fig. 10). Unfortunately, we do not have a simple

way to include the magnetic effect theoretically right

now. An important effect for Ni, as we already stated in

the theoretical section, is that the thermal electrons can

contribute 15% to the enthalpy at 1600 K.

The results for NiAl are shown in Fig. 11. The cal-

culated enthalpy without considering TEC was in better

agreement with the recommended values by Barin [36]
while those calculated values with considering TEC is

about 4% higher at 1300 K.

For Ni3Al, the calculated enthalpy with considering

TEC is again identical to the recommended values by

Barin [36] as can be seen in Fig. 12. In this case, the TEC

to enthalpy is about 8% at 1600 K.

4.5. Enthalpy of formation as a function of temperature

The enthalpy of formation is more important in

evaluating the phase diagram through the thermody-

namic modeling [37,38]. Due to the difficulties in making

the pure example and the other technical limitation, the

experimental results are rather scattered. The measured

enthalpies of formation of NiAl are in the range of

)58.8 to )72 kJ/mol. For Ni3Al, they are in the range of
)37.6 to )47 kJ/mol. Theoretically, a number of calcu-

lations have been carried out (see [39,40]). However,

almost all of them are done at 0 K.

We have calculated the enthalpies of formation

for NiAl and Ni3Al as a function of temperature. The
results are compared with experiments (see [39,40], and

references therein) in Figs. 13 and 14 for NiAl and

Ni3Al, respectively. The experiments [39,40] show a

negative slope against temperature for both NiAl and

Ni3Al. It is fascinating to note that our calculation re-
produced this temperature behavior.

At room temperature, our calculated enthalpy of

formation for NiAl is )62.7 kJ/mol which is 5% higher

than the recently calorimetric value of )66.1 kJ/mol by

Rzyman et al. [40]. For Ni3Al, our calculated enthalpy

of formation at 300 K is )41.1 kJ/mol which is ex-

tremely close to the calorimetric value of )41.3 kJ/mol

by Rzyman et al. [39].
The thermal electronic effects are usually neglected in

CALPHAD modeling [37,38] due to a lack of data.

Another reason is that in CALPHAD, the enthalpy of
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formation is the more important input than the enthalpy

itself for a compound. For the cases of NiAl and Ni3Al,

our finding is that, after the consideration of the thermal

electronic effect, the calculated enthalpies of formation

are more temperature dependent. Take Ni3Al as an ex-
ample, the slopes of enthalpy of formation against the

temperature are )1.2 and )0.67 J/mol/K, respectively,

with and without considering TEC.
5. Summary

The ab initio linear-response theory was employed to
calculate the phonon dispersions of Al, Ni, NiAl, and

Ni3Al as a function of atomic volume using the PWSCF

method with the Vanderbilt ultra-soft pseudopotential

and the generalized gradient approximation. With the

derived Helmholtz free-energy, the linear thermal ex-

pansions and enthalpies of Al, Ni, NiAl, and Ni3Al are

obtained. In the present work, the consideration of

thermal electronic contribution to the free energy, which
is usually neglected in the literature, improves the

agreement between the calculations and experiments.

The calculated room temperature equilibrium volumes

are within 1.4% error from the experimental values. The

calculated bulk moduli are within the experiments by

5.7%, 3.0%, and 1.6% for Al, Ni, and NiAl, respectively.

Our calculations show that the enthalpies of formation

are slightly temperature dependent with a slope of )1.6
J/mol/K for NiAl and )1.2 J/mol/K for Ni3Al.
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