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Ab initio total energy calculations based on the exact muffin-tin orbitals method, combined with the
coherent potential approximation, have been used to study the thermodynamical and elastic
properties of substitutional refractory Ru1−xNixAl alloys. We have found that the elastic constants C⬘
and C11 exhibit pronounced peculiarities near the concentration of about 40 at. % Ni, which we
ascribe to electronic topological transitions. Our suggestion is supported by the Fermi surface
calculations in the whole concentration range. Results of our calculations show that one can design
Ru–Ni–Al alloys substituting Ru by Ni 共up to 40 at. %兲 with almost invariable elastic constants and
reduced density. © 2009 American Institute of Physics. 关DOI: 10.1063/1.3120543兴
In comparison with B2 NiAl and CoAl, isostructural
RuAl has significant toughness at room temperature and
maintains considerable strength at higher temperatures.1,2
Also, B2 RuAl has a high melting temperature 共about 2300
K兲 and high oxidation and corrosion resistance.2 The presence of 具100典, 具111典, and 具110典 slip vectors provides the
significant plasticity for B2 RuAl 共Ref. 2兲 in a sharp contrast
to Ir-based superalloys3 which turned out to be quite brittle.
Such outstanding mechanical properties of Ru–Al alloys allow one to consider them as attractive materials for hightemperature applications. Ruthenium, being a platinum
group metal, has a high weight density, which obviously limits its applications in jet and gas turbine engines. On the
other hand, NiAl and RuAl have the same crystal structure
共B2兲 and, according to the phase diagram,4 they form a continuous 共Ru,Ni兲Al solid solution. In order to circuit the highdensity problem, one should try the opportunity to partially
substitute Ni for Ru.5,6 Furthermore, there is no intermediate
brittle phase between the B2 phase and the disordered A2
solid solution, i.e., B2 phase precipitates directly from the
high-temperature A2 solid solution.7 A good review of the
structural, physical, and mechanical properties of Ru–Al alloys can be found in Refs. 8 and 9.
Mechanical properties of materials are intimately related
to the elastic constants. Accurate knowledge of the elastic
stiffness and of the atomic scale phenomena behind its variation with composition promotes fundamental understanding
of a wide diversity of properties that the solid solutions exhibit. In this letter we present results of our studies of the
elastic constants and mechanical properties of 共Ru,Ni兲Al alloys and show that their peculiar concentration dependence
is related to the electronic topological transition.
Our total energy calculations to evaluate the equilibrium
volume 共V0兲, bulk modulus 共B0兲, and elastic constants have
been performed in the framework of density functional
a兲

Electronic addresses: eyvaz_isaev@yahoo.com and isaev@ifm.liu.se.

0003-6951/2009/94共16兲/161901/3/$25.00

theory using the exact muffin-tin orbitals method to solve the
Kohn–Sham equations. Within this approach, the individual
muffin-tin potentials are allowed to overlap, which makes the
extended muffin-tin orbital 共EMTO兲 method similar in precision to full-potential methods. The combination of EMTO
method with the coherent potential approximation10 makes
investigations of substitutionally disordered alloys possible.
The exchange-correlation effects in the electron gas have
been treated using the generalized gradient approximation
共GGA兲.11 Elastic constants are evaluated from the total energy Etot of crystals to which volume-conserving orthorhombic 关C⬘ = 共C11 − C12兲 / 2兴 and monoclinic 共C44兲 distortions
have been applied.12 The two cubic elastic constants C11 and
C12 are decoupled using the relation B0 = 共C11 + 2C12兲 / 3.
Upper-bound 共GH兲 and lower-bound 共GS兲 estimates of the
shear modulus G for polycrystals are found according to the
Hashin and Shtrikman formalism.13 Besides, as it was noticed in Ref. 14, the G / B ratio can serve as an indicator of
brittleness of the material.
In Fig. 1共a兲, we present the dependence of the lattice
constant for 共Ru,Ni兲Al alloys on the nickel concentration.
One can see a good agreement between our calculated and
experimental 共diamonds兲 共Ref. 15兲 lattice parameters. There
is a positive deviation from the Vegard’s rule for the lattice
parameter of quasibinary RuAl–NiAl alloys but the dependence of B on Ni concentration is almost linear 关see Fig.
1共b兲兴. A similar deviation from the Vegard’s rule for lattice
parameters was obtained independently by Gargano et al.16
Our calculated bulk moduli for RuAl and NiAl are in agreement with the experimental data1,17,18 and with the majority
of theoretical calculations19–21 共typical deviation is 10%–
15%兲.
In Fig. 2, the calculated elastic constants C11, C12, C44,
and C⬘, and the shear modulus G 关inset in Fig. 2共a兲兴 for the
共Ru,Ni兲Al alloys are shown as a function of Ni concentration. Calculated elastic constants for NiAl are in agreement
with the experimental18 data but there are no reported experi-

94, 161901-1

© 2009 American Institute of Physics

Downloaded 03 Jul 2009 to 130.236.83.91. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp

161901-2

Appl. Phys. Lett. 94, 161901 共2009兲

Bleskov et al.

3.05

Present work
[15]

a, Å

3.00
2.95
2.90

(a)

B, GPa

2.85

220

Present work

200

[1]
[17]
[18]

180

(b)

160
140
0

20

40

60

80

100

Ni, %at.
FIG. 1. Lattice constant 共a兲 and bulk modulus 共b兲 of Ru100−xNixAl superalloys as a function of Ni concentration. Dashed line refers to the Vegard’s
rule. Experimental lattice parameters are taken from Ref. 15.

mental elastic constants for RuAl. Our calculated elastic constants for both RuAl and NiAl agree well with most of the
theoretical results19–21 共the comparison with calculated and
available experimental data is given in supplementary
materials,22 Table I兲.
In fact, our elastic constants for RuAl are in excellent
agreement with recent calculations of Ref. 19 carried out by
means of ultrasoft pseudopotentials using a GGA exchangecorrelation functional.11 The difference is larger when our
GGA results are compared to results obtained within the
360
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FIG. 2. Elastic constants of Ru100−xNixAl superalloys as a function of Ni
content: 共a兲 C11, 共b兲 C12 and C44, and 共c兲 C⬘. Shear modulus G and brittleness parameter G / B are shown on insets into panels 共a兲 and 共c兲, respectively.
Experimental data are taken from Ref. 17 共open square兲 and Ref. 18
共otherwise, open triangle for C12 and circles兲.

local-density approximation21 but still does not exceed 20%.
We also note that our calculated C44 for NiAl is lower than
that of RuAl in qualitative agreement with the results of
FP-LMTO calculations.21
The elastic constants C11 and C⬘, as well as the shear
modulus G, are found to exhibit quite different dependencies
on the Ni concentration in two compositional regions 关see
Figs. 2共a兲 and 2共c兲, and the inset in Fig. 2共a兲兴. The first region comprises the concentration interval up to 40 at. % of
Ni where the C⬘ and G can be considered to be constant
within the accuracy of our calculations. Around 40 at. % of
Ni 共a significant drop兲 occurs in the concentration dependencies of C⬘ and G. The elastic constants C12 and C44 are
almost constant functions of the composition with a marginal
drop of C12 near the composition of 40 at. % and a shallow
decrease of C44 for Ni content beyond 60%. As the Cauchy
relation C12 = C44 is not fulfilled for the most of studied alloys, obviously, the interatomic forces in the alloys are not
central-symmetric. For the Ru78Ni22Al and Ru60Ni40Al alloys, we found C12 = C44 and we suppose this is a subject for
further studies. Moreover, we find that the Cauchy pressure
C12 − C44 is negative for the 共Ru,Ni兲Al alloys with the Ni
concentration in the range 30– 60 at. % 关see Fig. 2共b兲兴. According to Ref. 23, a negative Cauchy pressure is characteristic of systems with covalentlike contribution to atomic
bonding and we suppose this type of bonding might cause
the enhanced hardness of 共Ru,Ni兲Al alloys observed experimentally in Ref. 24. Of course, there are many other possible
sources of enhancement of the alloys’ hardness 共such as lattice mismatch, presence of dislocations, nonstoichiometry,
etc.兲 but we suggest that interatomic bonding should play the
main role in solid solution hardening. Amazingly, the dependence of the brittleness parameter G / B on the Ni content
关inset in Fig. 2共c兲兴 is quite similar to that of the hardness of
共Ru,Ni兲Al alloys.24
We suggest that the unusual behavior of the elastic constants of 共Ru,Ni兲Al originates from the electronic topological
transitions. Indeed, we have plotted the Fermi surfaces for
intermetallics RuAl, and NiAl, as well as for 共Ru100−xNix兲Al
alloys with x = 20, 40, 60, 80 at. % Ni, as cross sections by
共001兲 and 共110兲 planes 共Fig. 3兲. More detailed information on
the Fermi surface evolution as a function of Ni content is
provided as a supplementary material.22 One can see that the
Fermi surface topology changes very abruptly at a composition of about 40 at. % Ni 共several parts of the Fermi surface
of RuAl located near the ⌫X and ⌫M lines disappear in the
electronic structure of the 共Ru40Ni60兲 Al alloy while a new
electron sheet starts to gradually appear兲. A similar explanation was proposed in Ref. 25 for a similar kind of behavior of
C⬘ in bcc Be.
For B2 RuAl we have also calculated the Grüneisen parameter ␥ 共which describes anharmonicity of a crystal兲. The
calculated value is about 1.69 for RuAl. As compared to
NiAl with ␥ = 1.42, RuAl turns out to be more anharmonic,
presumably due to less covalent bonding in RuAl. Nevertheless, our estimate of the high-temperature linear expansion
coefficient of RuAl is ␣ = 8.5⫻ 10−6 K−1 in agreement with
experimental results of Tryon et al.26 ␣ = 8.1⫻ 10−6 K−1.
This value is lower than the ␣ for Ni, NiAl, commercial alloy
CMSX-3, and Ni共Pt兲Al, and is very close to the value of ␣
for Al2O3 at a highly desirable operating temperature around
1400 ° C.

Downloaded 03 Jul 2009 to 130.236.83.91. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp

161901-3

Appl. Phys. Lett. 94, 161901 共2009兲

Bleskov et al.

Research Center on Materials Science for Nanoscale Surface
Engineering 共MS2E兲, and The Göran Gustafsson Foundation
for Research in Natural Sciences and Medicine. The calculations have been performed at the Joint Supercomputer Center
of the Russian Academy of Sciences, Moscow, Russia; at the
computer network UPPMAX, Uppsala, Sweden; and at the
National Supercomputer Center 共NSC兲, Linköping, Sweden.
1

R. L. Fleischer, R. D. Field, and C. L. Briant, Metall. Trans. A 22, 403
共1991兲.
R. L. Fleischer and D. W. McKee, Metall. Trans. A 24, 759 共1993兲.
3
K. Chen, L. R. Zhao, and J. S. Tse, J. Appl. Phys. 93, 2414 共2003兲.
4
S. Chakravorty and D. West, J. Mater. Sci. 21, 2721 共1986兲.
5
R. L. Fleischer, Acta Metall. Mater. 41, 1197 共1993兲.
6
I. M. Wolff and G. Sauthoff, Acta Mater. 45, 2949 共1997兲.
7
K. W. Liu, F. Mücklich, W. Pitschke, R. Birringer, and K. Wetzig, Mater.
Sci. Eng., A 313, 187 共2001兲.
8
F. Mücklich, A. Lasagni and C. Danielć, Intermetallics 13, 5 共2005兲.
9
F. Mücklich, N. Ilić, and K. Woll, Intermetallics 16, 593 共2008兲.
10
L. Vitos, Computational Quantum Mechanics for Materials Engineers
共Springer, London, 2007兲; L. Vitos, I. A. Abrikosov, and B. Johansson,
Phys. Rev. Lett. 87, 156401 共2001兲.
11
J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77, 3865
共1996兲.
12
M. J. Mehl, J. E. Osburn, D. A. Papaconstantopoulos, and B. M. Klein,
Phys. Rev. B 41, 10311 共1990兲.
13
Z. Hashin and S. Shtrikman, J. Mech. Phys. Solids 10, 335 共1962兲; 10,
343 共1962兲.
14
S. F. Pugh, Philos. Mag. 45, 823 共1954兲.
15
A. L. R. Sabariz and G. Taylor, in High Temperature Ordered Intermetallics VII, edited by C. C. Koch, N. S. Stoloff, and A. Wanner, Mater. Res.
Soc. Symp. Proc. 共MRS, Warrendale, PA, 1997兲, Vol. 460, p. 611.
16
P. Gargano, H. Mosca, G. Bozzolo, and R. D. Noebe, Scr. Mater. 48, 695
共2003兲.
17
R. L. Fleischer, ISIJ Int. 31, 1186 共1991兲.
18
G. Simmons and H. Wang, Single Crystal Elastic Constants and Calculated Aggregate Properties: A Handbook, 2nd ed. 共MIT, Massachusetts,
1971兲.
19
B. Wen, J. Zhao, F. Bai, and T. Li, Intermetallics 16, 333 共2008兲.
20
M. J. Mehl, B. M. Klein, and D. A. Papaconstantopoulos, in Intermetallic
Compounds: Principles and Practice, Volume 1: Principles, edited by J.
H. Wesbrook and R. L. Fleischer 共Wiley, London, 1995兲, Chap. 9, pp.
195–210.
21
D. Nguyen-Manh and D. G. Pettifor, Intermetallics 7, 1095 共1999兲.
22
See EPAPS Document No. E-APPLAB-94-019916 for more details, comparison of calculated elastic constants with available experimental and
theoretical elastic constants of RuAl and NiAl, and evolution of the projection of the Fermi Surface sheets onto 共001兲 and 共110兲 planes in dependence on Ni concentration. For more information on EPAPS, see http://
www.aip.org/pubservs/epaps.html.
23
D. G. Pettifor, Mater. Sci. Technol. 8, 345 共1992兲.
24
J. Hohls, P. J. Hill, and I. M. Wolff, Mater. Sci. Eng., A 329–331, 504
共2002兲.
25
K. Kadas, L. Vitos, R. Ahuja, B. Johansson, and J. Kollár, Phys. Rev. B
76, 235109 共2007兲.
26
B. Tryon, T. M. Pollak, M. F. X. Gigliotti, and K. Hemker, Scr. Mater. 50,
845 共2004兲.
2

FIG. 3. 共Color online兲 Evolution of the Fermi surface cross sections by the
共001兲 and 共110兲 planes with the Ni concentration for intermetallics RuAl,
NiAl and 共Ru100−xNix兲Al alloys. Abrupt changes of the Fermi surface
topology occur near the concentration of 40 at. % of Ni.

In summary, we have calculated thermodynamic and
elastic properties of refractory 共Ru,Ni兲Al alloys with high
melting temperature. The observed peculiarities in elastic
constants of the alloys are explained as a result of electronic
topological transitions occurring upon the increase of Ni
content. We have shown that there is optimal concentration
range up to 40 at. % of Ni for alloying of RuAl by Ni where
the elastic constants of 共Ru,Ni兲Al alloys do not change considerably. High elastic constants in combination with reduced
density and high melting temperature allow us to suggest that
共Ru,Ni兲Al alloys are promising refractory materials for gas
turbine and jet engine technology.
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