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Abstract

Ni-based superalloys are the important materials for gas turbines in ad-
vanced aeroplane engines . The addition of refractory elements to these su-
peralloys, such as rhenium and tungsten, can significantly improve the high-
temperature performance by so-called solid-solution hardening. Although the
strengthening effect of refractory elements in Ni-based superalloys have been
known for a long time, the effective interactions among alloying components
as well as the atomic ordering in the alloy systems are still under investigation
and even under debate. In this work, we study these interactions and this
ordering for two binary alloys, Ni-rich Ni-Re and Ni-rich Ni-W, by means of
ab initio simulations and statistical mechanics simulations based on the Ising
Hamiltonian.

For the Ni-rich Ni-Re alloys, we show that the effective cluster interactions
vary substantially depending on the temperature, concentration of the compo-
nents and the magnetic state of the matrix. The strain-induced interactions
have large contribution to the nearest-neighbor pair-interactions and some mul-
tisite cluster-interactions in the ferromagnetic and nonmagnetic states. The
ordering tendency of binary Ni-Re alloy systems can be predicted in terms of
ordering energy and enthalpy of formation. We show that the D1a ordered
structure should be stable at the concentration of 20 at.% Re in the Ni-rich
Ni–Re alloy system. The Monte Carlo simulations of Ni-Re random alloys
show the existence with the D1a-Ni4Re ordered structure at low temperatures.

We also calculated lattice parameters for different compositions of Ni-rich
Ni-W alloys, and we find that lattice parameters of random Ni-W alloys in-
crease linearly with the concentration of W. This is in good agreement with
the Vegard’s law predictions and experimental data. We investigated phase
stability of Ni-rich Ni-W alloys in terms of the enthalpies of formation and
ordering energies. We find the chemical pair interactions are sensitive to the
magnetic state and concentration. The calculated strain-induced interactions
are quite large for the first coordination shell, which is due to a large size
mismatch of Ni and W. Taking local lattice relaxation into account, the Ni-W
systems were modeled by Monte Carlo method. The D1a-Ni4W ordered struc-
ture can be observed up to 22 at.% W. In higher concentrations of W, in our
MC calculations, the DO22-Ni3W and Pt2Mo-Ni2W ordered structures can be
observed in Ni-25 at.% W alloy and Ni-33 at.% W alloy, respectively.

Keywords: Ni-based superalloys, ab initio calculations, atomic ordering,
effective interactions.



Sammanfattning

Nickel-baserade så kallade superlegeringar är viktiga material i gasturbiner
för avancerade flygplansmotorer. Genom att tillsätta högtemperaturmetaller
så som rhenium och volfram till dessa kan prestandan avsevärt förbättras vid
höga temperaturer genom så kallad lösningshärdning. Trots att den härdande
effekten av att tillsätta högtemperaturmetaller varit känd sedan länge så är de
effektiva interaktionerna mellan legeringskomponenterna, samt den atomära
ordningen, fortfarande studerad och debatterad. I den här studien har vi
undersökt dessa interaktioner och atomära ordningen för två Ni-rika binära
legeringar, Ni-Re och Ni-W, med hjälp av ab initio-simuleringar och statistisk
mekanik-simuleringar baserade på en Ising-Hamiltonian.

I den Ni-rika Ni-Re-legeringen kan vi visa att den effektiva kluster-interaktionen
varierar starkt med temperaturer, komponent-koncentration och det magnetiska
tillstå endet hos matrisen. Deformerings-inducerade interaktioner påverkar
par-interaktionerna och vissa kluster-interaktioner i det ferromagnetiska och
icke-magnetiska tillstånden. Tendensen hos binära legeringar att ordna sig
strukturellt kan förutspås med hjälp av en ordningsenergi och en bildningsen-
talpi. Vi visar att den ordnade strukturen D1a är stabil vid en koncentration
av 20 at.% Re i den Ni-rika Ni-Re-legeringen. Monte Carlo-simuleringar visar
att det vid låga temperaturer Ãďven existerar en ordnad D1a-Ni4Re-struktur

Vi har beräknat gitterparametrar för olika kompositioner för Ni-rik Ni-W-
legeringar och funnit att dessa växer linjärt med koncentrationen av W, vilket
också är i enlighet med Vegards lag och experimentell data. Vi har även under-
sökt fasstabiliteten hos Ni-rika Ni-W-legeringar som en funktion av ordningsen-
ergi och bildningsentalpi. Vi ser att de kemiska par-interaktionerna beror
på det magnetiskt tillståndet och koncentrationen. De beräknade deformations-
inducerande interaktionerna är relativt stora för det första koordinationsskalet,
vilket är en effekt av den stora skillnaden i storlek mellan Ni och W. Vi har
inkluderat effekten från strukturell relaxering och modellerade Ni-W-legeringen
med en Monte Carlo-metod. En ordnad D1a-Ni4W-struktur kan observeras
upp till en koncentration på 22 at.% W. För högre koncentrationer av W
så visar våra Monte Carlo-simuleringar att ordnade DO22-Ni3W -och Pt2Mo-
Ni2W-strukturer existerar för koncentrationer på 25 at.% W och 33 at.% W.

Nyckelord: Nickel-baserade superlegeringar, ab initio, atomär ordning, ef-
fektiva interaktioner.
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Chapter 1

Introduction

Superalloys represent a group of metallic materials which exhibit an excellent
mechanical performance at elevated temperatures and resistance to corrosion
and erosion. Depending on the prime alloying elements, superalloys can be
grouped into three main classes: Fe-based, Ni-based and Co-based alloys.

The Ni-based alloys are by far the most important class and can be used for
modern aircraft gas turbine engines. Ni-based superalloys derive their mechan-
ical properties at elevated temperatures from the presence of a high volume
fraction of ordered precipitates (L12 type) dispersed in a γ solid solution, which
is strengthened by the addition of various alloying elements [1, 2]. The similar-
ity in their crystal structures and the small lattice parameter mismatch leads
to the formation of coherent γ/γ′ heterophase interfaces [3], which are very
important for the mechanical properties at high temperatures [4, 5].

Recent studies reveal that with the γ′ precipitate volume fractions up to 70
%, there is a chance to further optimize the microstructure in the morden Ni-
based superalloys. Hence, recent attempts to increase strength and extend the
temperature capability of Ni-based superalloys have relied upon manipulating
of γ and γ′ phases by means of solid solution [6].

1.1 Solid-solution hardening
Strengthening in superalloys is usually achieved by solid-solution hardening.
The distortion of the atomic lattice caused by the misfit of atomic radius in-
hibits the dislocation movement. The use of high-melting-point elements as the
solutes provides stronger lattice cohesion and reduces diffusion, particularly at
high temperatures. This considerations can be applied to the hardening of both
γ and γ′ phases [7]. Solid-solution hardening also decreases the stacking fault
energy in the crystal lattice, and inhibits the dislocation cross slip, which is
the main deformation mode in Ni-based superalloys at elevated temperatures.

Since 1980s, designers of superalloys have been improving the high-temperature
mechanical properties of superalloys, especially the creep resistance, by adding
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large amounts of refractory alloying elements such as Ta, W, Mo and Re, and
a major step was the alloying of Re at a level up to 3 wt.% from the sec-
ond generation superalloys [1]. The relatively high refractory element level in
the third-generation superalloy CMSX-10, which with the W and Re up to
5 wt.%, 6 wt.%, respectively, resulted in a temperature capability improve-
ment of about 30 ◦C to the second-generation superalloys CMSX-4 and the
first-generation superalloy PWA1484 [8]. The solid-solution hardening effects
on the Ni-based superalloys are well established, however, not much is known
about the microstructure of solid solutions in alloy systems.

1.2 Short range ordering
Atomic clustering or short-range order can further contribute to the strength
of Ni-based alloys. These effects are related to electronic orbitals of alloying
elements and are quite obvious for some refractory elements, including Mo,
W, Ta, and Re, which have substantially hardening effect in a nickel matrix.
At the same time, the phase composition is a major parameter controlling
the properties of superalloy for many reasons [2]. More interestingly, some
experiments revealed that Re and W were not randomly distributed in the γ
phase but instead form small clusters[2, 9–11]. In the case of Re, clustering
Re in the Ni matrix can originate from the large miscibility gap in the Ni–
Re phase diagram. It is thought that these small clusters act as much more
efficient obstacles against a dislocation motion during creep tests as compared
to isolated randomly distributed Re atoms. Therefore, in order to understand
the microstructure of binary Ni-based alloys, it is needed to know the atomic
ordering in these systems.

1.3 Motivation of present work
In this work, we focus on two aspects. Firstly, we investigate some ground
state properties and dependence of effective cluster interactions (ECIs) on
concentration, temperature and magnetic state in binary Ni-rich Ni-Re and Ni-
W alloys. Secondly, we study atomic configuration in these two alloy systems
on the basis of corresponding Monte Carlo (MC) thermodynamics simulations
with the derived ab initio effective interactions. Thus, the atomic ordering and
phase stability are discussed for the Ni-rich Ni-Re and Ni-W alloys.



Chapter 2

Theoretical Background

Electrons and nuclei form the matter and determine its properties. In solids,
the electrons in the outmost shells of an isolated atom interact strongly with
neighboring electrons, these are usually so-called valence electrons. The rest of
electrons are tightly bound to the nucleus, their orbits do not extend far from
the position of the nucleus, which are called core electrons. In most of cases,
it is reasonable to neglect the effect of core electrons and just to consider the
behavior of valence electrons.

2.1 First-principles approach

2.1.1 The Hamiltonian of the system

In classical mechanics, the motion path or time evolution of a particle with
mass can be determined by Newton’s laws. In quantum mechanics, the state
or motion of the system is determined by the Schrödinger equation [12]

HΨ(RI ; ri) = EΨ(RI ; ri), (2.1)

here, Hamiltonian H is the operator corresponding to the total energy of the
system, which contains the kinetic energy of the nuclei and electrons, and
interactions of electron-electron, nucleus-nucleus, electron-nucleus [13]

H = −
Nc∑
I=1

∇2
I

2MI

−
Ne∑
i=1

∇2
i

2me

+ Vee(ri) + VII(RI)− VeI(ri,RI). (2.2)

Due to the huge difference of mass between ions and electrons, the motion
of atomic nuclei and electrons are treated separately in the Born-Oppenheimer
approximation [14]. Thus the nuclei behave like classical particles and can be
fixed during finding the equilibrium state for electronic subsystem, this makes
it possible to solve the Schrödinger equation for the wave function of electrons
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alone. Then the ground state properties of a non-relativistic system are defined
by the time-independent form of the Schrödinger equation

Hψ(ri) = −
Ne∑
i=1

52
I

2me

+ Vee(ri)− VeI(ri,RI)] = Eψ(ri), (2.3)

solving the Schrödinger equation with this Hamiltonian is, however, not an
easy task for many-electron system. For instance, if two electrons interchange
their positions should also be changed; this is so-called "exchange" property
and it leads to Pauli exclusion principle.

In general Ψ is a N-electron function, which means that none of the electrons
can be single out and all of them exist in a complicated correlated state. In the
coming section, density functional theory (DFT) is introduced, which provides
a way to map the many-body problem onto a single-body problem with an
effective potential. This approach makes it possible to obtain a very efficient
method to solve the original many-body problem (Equation 2.3).

2.1.2 Density functional theory

Density functional theory is usually implemented as an effective single particle
method [15, 16], which leads to the most efficient way to describe the ground
state properties of many-electron system. In particular, the total energy of the
system in DFT is a unique function of the one-electron density Es(Ω, N)[n(r)].
One can obtain the electron density by solving the one-electron Kohn–Sham
equation [16]:

Hφi(r) =
[
−1

2∇
2 + V (r)

]
φa(r) = Eaφa(r), (2.4)

n(r) =
∑

a(occup)
|φa(r)|2, (2.5)

where H is the Kohn–Sham effective Hamiltonian (here the Hartree atomic
unit is used: ~ = me = e = 1, ~ is the Plank constant, me and e represent
the electron mass and charge, respectively); V (r) is the effective one-electron
potential and φa(r) is the one-electron wavefunction for an energy state α.

The total energy can be written using the solution of the one-electron Kohn–
Sham equations (2.5) and (2.4)

Es[n] = Ts[n] +
∫
drVext(r)n(r) + 1

2
∫ ∫

drdr′n(r)n(r′)
|r− r′|

+1
2
∑
i6=j

ZiZj
|Ri −Rj|

+ Exc[n], (2.6)
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where T0[n] is the kinetic energy of the non-interacting electron gas

Ts =
∑

a(occup)
Eα −

∫
d3rV (r)n(r), (2.7)

the one-electron potential is given by

V (r) = Vext(r) +
∫ n(r′)
|r− r′|

dr′ + δExc[n(r)]
δn(r) . (2.8)

The effective potential is a function of the electron density n(r), and depends
on all the single-particle states. Thus, the Kohn-Sham equations (2.4), (2.5)
and (2.8) are solved using iterations until self-consistency of the one-electron
potential is obtained.

2.1.3 Local density and generalized gradient approxi-
mation

To solve Kohn-Sham equations, the exchange-correlation functional, Exc[n(r)],
should be known. The most common method for the exchange-correlation
functional is the local density approximation (LDA)

Exc[n(r)] =
∫
drεxc[n(r)]n(r), (2.9)

where ε rmxc[n(r)] is the exchange-correlation energy per particle of a homo-
geneous electron gas of charge density n(r), which can be determined from
quantum Monte Carlo simulations [17]. Although the electron density in real
systems is quite inhomogeneous, the LDA is quite accurate for a wide spectrum
of materials and their properties. The reason for this can be explained by the
fact that the electron density in the inter-atomic region is relatively smooth
and the LDA satisfies some important properties and constrains [18–20].

A further improvement for the exchange-correlation energy can be achieved
by a consideration of the gradient corrections of the density in the system.
The exchange-correlation energy in the so-called generalized gradient approx-
imation (GGA) has the form [21]

Exc[n(r)] =
∫

drεGGA
xc [n(r),∇n(r)]n(r). (2.10)

The main highlight of the GGA is that it reproduces the equilibrium volume
of 3d metals better than the LDA. But they have the same accuracy for the
ground state properties of 4d metals, while LDA is much better than the GGA
for 5d metals [22–24].
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2.1.4 Wave function methods and projector augmented
wave method

Many systems in solid state have a crystalline structure characterized by a spa-
cial periodicity. This means that in terms of the Schrödinger equation electrons
interact with a periodic external potential of nuclei. According to Bloch’s theo-
rem [13], the eigenfunction of the Hamiltonian (Equation (2.1)) can be written
as

ψn(k,r) = exp(ikr)µ(k,r), (2.11)

where k is a vector in reciprocal space restricted to a corresponding primitive
cell of the crystal, exp(ikr) is the phase factor and µ(k,r) is a periodic function
of the crystal.

Therefore, the Bloch’s function becomes a superposition of plane waves only,
which is a very convenient choice. However, oscillation of the wave function
near nuclei (due to the strong Columb interac ion) demands a large number
of plane waves to be included in the expansion to describe the wave function
properly in this region and is therefore impractical in many cases. One of the
solutions to this problem is to divide a valence wave function into a smooth and
rapidly oscillating parts as it is done in the Projector Augmented Wave (PAW)
method [25, 26]. The Kohn-Sham valence wave function can be obtained from
the pseudo wave function via a linear transformation T̂ [25]:

|ψ〉 = T̂ ψ̃. (2.12)

The transformation is applied only within a sphere centered on a nucleus,
where the wave function starts to oscillate. Outside the sphere, the valence
wave function and the pseudo wave function are identical. The smooth pseudo
wave function in the sphere can be expanded in spherical harmonics φ̃i :

|ψ̃〉 =
∑
|φ̃i〉ci, (2.13)

This type of expansion is very useful as |φ̃i〉 can be chosen to be solutions of
the Kohn-Sham Schrödinger equation for a free atom. Due to the linearity of
the transformation T̂ , the coefficients ci are defined as

ci = 〈p̃i|ψ̃〉, (2.14)

with p̃i the projector functions [25] which satisfy the condition:

〈p̃i|φ̃j〉 = δij, (2.15)

|ψ〉 can be expanded within the sphere in the same way as |φ̃j〉:

|ψ〉 =
∑
i

|φi〉ci, (2.16)
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and accordingly the all electron wave function is expressed as:

|ψ〉 = |ψ̃〉+
∑
i

|φi〉ci −
∑
i

|φ̃i〉ci, (2.17)

where the exact full wave function |ψ〉 is reconstructed from a pseudo wave
function |ψ̃〉 by substituting the pseudo wave function in the core region∑ |φ̃i〉ci with the exact wave function ∑

i |φi〉ci. The PAW method with its
plane wave expansion allows one to solve the Kohn-Sham equations (2.4) us-
ing a plane wave basis in a convenient and efficient way.

The PAW method is one of the most efficient and accurate ways for elec-
tronic structure calculations, which has been widely used to estimate various
properties of materials [13] and implemented in many codes, for example, the
Vienna ab initio package (VASP) [27–29]. The VASP-PAW method has been
used in several calculations in this work, such as, to compute enthalpies of
formation as well as evaluate the strain-induced contributions to the effective
cluster interactions.

2.2 Ab initio methods for alloys

2.2.1 Green’s function method

The Green’s function method is an equivalent way of solving the Schrödinger
equation. In the Green’s function method [30, 31], the Schrödinger equation
can be written as

[−1
2∇

2 + v(r)− E]G(r, r′, E) = −δ(r− r′) (2.18)

then the electron density is

n(r) = − 2
π

∫ EF
dEIm[G(r, r, E)], (2.19)

with the Fermi energy EF. The Green’s function is usually obtained within
the multiple-scattering or Korringa-Kohn-Rostocker (KKR) method [32, 33].

2.2.2 Exact muffin-tin orbitals method

The exact muffin-tin orbitals (EMTO) method is sometimes referred to as
an improved screened KKR method [33]. In the EMTO method [34–37], the
effective single-electron potential, called muffin-tin (MT) potential VMT, is ap-
proximated by spherical potential wells VR(rR) − V0 (V0 is called MT zero)
centered on lattice sites R with potential radius sR plus a constant potential
V0. Then the equation (2.8) can be written as follows

V (r) ≈ VMT = V0 +
∑
R

[VR(rR)− V0]. (2.20)
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The solutions of the Kohn-Sham equations for this muffin-tin potential are
expanded in terms of exact muffin-tin orbitals

ψi(r) =
∑
RL

ψ
a

RL(εi, rR)vaRL,i, (2.21)

where where L denotes a set of orbital and magnetic quantum numbers l and
m respectively; vaRL,i are expansion coefficients determined from the condition
that the expansion above is the solution of equation (2.4) [37]. The sum is
usually truncated at l= 3, i.e. the s, p, d and f muffin-tin orbitals basis is
enough for most cases [37, 38].

2.2.3 Coherent potential approximation

The Green’s function is a quite convenient method to study the impurities and
their interactions in the system. With the help of the one-electron Green’s
function, one can find an average Green’s function of an alloy which is treated
as one-component effective medium. A convenient and accurate method to
achieve this is the so-called coherent potential approximation (CPA) [39–41].

In the CPA, the scattering properties of the effective medium should be the
same as the average scattering properties of alloy components, embedded in
this effective medium [38]. It is presented in Figure 2.1. The coherent potential
function m̃ represents the CPA effective medium, the on-site coherent path
operator g̃ is determined in the form of multiple-scattering equation:

g̃(E) = Ω−1
BZ

∫
BZ

d3k
1

m̃(E)−B(k,E) . (2.22)

In terms of the CPA condition, the coherent potential path operator g̃ is
obtained from the average of the Green function gA(B) of the alloy components,
which are embeded in the effective medium,

g̃(E) = cgA(E) + (1− c)gB(E), (2.23)

where the individual Green function of the alloy components, gA(B), can be
calculated by a single-site Dyson equation:

gA(B)(E) = 1
1 + g̃(E)[mA(B)(E)− m̃(E)] g̃(E), (2.24)

here mA(B) are the potential function matrices in alloy components. These
equations are solved iteratively, and electron density of each component in a
random alloy can be obtained from Equation (2.19).
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Figure 2.1: Two-dimensional illustration of the CPA to the alloy problem. The real
alloy, AcB1−c, within the CPA is treated by the ordered set of effective
scatters placed at the sites of the underlying crystal. Each of the scatters
can be characterized by the coherent potential function m̃, and the coherent
scattering path operator g̃ can be obtained from Equation (2.22).

2.2.4 Locally self-consistent Green’s function method

Most of current DFT methods are limited to unit cells with a few hundred
atoms due to the O(N3) scaling with respect to the number of real-space
cluster configurations of an N -atom cluster. One practical and effective way
to solve this limitation is to combine the supercell approach and the CPA, as
can be done in the locally self-consistent Green’s function (LSGF) method [42,
43].

The local interaction zone (LIZ) was first introduced in the local self-consistent
multi-scattering method [44, 45] to solve the multiple-scattering problem in the
system. In the LSGF method, one can consider the local environment for those
alloys which have short range order and even ordered alloys [43], and a clus-
ter Dyson Equation (2.24) for the LIZ centered at each atom in the system
has been solved in order to obtain the on-site path operator of every atom.
The configuration of alloys beyond the LIZ is described by the CPA effective
medium.

The LSGF is an order-N method which can be employed in calculations to
alloy systems consisting of thousands of atoms [38, 46]. In this work, the LSGF
method has been used to calculate screening parameters of random alloys.
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Figure 2.2: The illustration of main idea in the LSGF method. (a) Distribution of
effective atoms on the crystal underlying lattice; (b) The local interaction
zone (LIZ) surrounding site i, is embedded in the effective medium; (c) The
LIZ has been moved to site j and it will be moved through all of the sites
in the supercell; (d) A different size of LIZ. It depends on the types of the
atoms constituting the alloy, the degree of order, etc., but not on the size
of the supercell [43].

2.3 Effective cluster interactions

In this thesis, we will consider two types of effective cluster interactions. First
of all, we calculate "fully renormalized" interactions, which can be obtained in
the dilute limit alloy AcB1−c (c→0) from a set of the total energies of clusters
of minority element A in a host B. Formally, n-site, or n-atom, interactions
are given by [38]

W (n)
s =

∑
t∈A−even

Et −
∑

t∈A−odd
Et, (2.25)

where, the first sum is over all the clusters with an even number of A atoms
and the other one with an odd number of A atoms in this particular cluster s.
So, for instance, the fully renormalized A-A pair interactions is

W (2)
p = EAA

p − 2EA
imp + EB, (2.26)

where EAA
p is the total energy of a B supercell with two A atoms at the p-th

coordination shell, EA
imp the total energy of supercell with one A atom, and EB

the total energy of pure B. Note that these interactions make sense either in the
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case when there are only two A atoms in the system or multisite interactions
are small. Neither of these cases is relevant to real alloys, however, these
interactions can be used for qualitative analysis of stability. This is so, since
they correspond to the effective interactions of the concentration independent
(CI) Ising Hamiltonian:

HCI = 1
222

∑
p

Ṽ (2)
p

∑
i,j∈p

σiσj + 1
233

∑
t

Ṽ
(3)
t

∑
i,j,k∈t

σiσjσk

+ 1
244

∑
q

Ṽ (4)
q

∑
i,j,k,l∈q

σiσjσkσl + . . . , (2.27)

in the following way:

W (2)
p = Ṽ (2)

p +
∑
t

D
(3)
t Ṽ

(3)
t +

∑
q

D(4)
q Ṽ (4)

q ,+ . . . , (2.28)

where D(n)
s are the coefficients which depend on the geometry of the lattice.

The fully renormalized multisite interactions are connected with the usual
effective cluster interactions in the same way, and the difference between them
is due to higher order effective cluster interactions.

In the statistical thermodynamic simulations, we will use concentration de-
pendent (CD) effective cluster interactions (ECI), which are parameters of the
following Hamiltonian:

HCD = 1
2
∑
p

V (2)
p

∑
i,j∈p

δciδcj + 1
3
∑
t

V
(3)
t

∑
i,j,k∈t

δciδcjδck

+1
4
∑
q

V (4)
q

∑
i,j,k,l∈q

δciδcjδckδcl. (2.29)

Here, V (n)
s is the n-site effective interaction for the cluster of an s type, which

depends on the alloy composition, lattice constant, and magnetic state. δci
are the concentration fluctuations at sites i: δci = ci − c, where ci is the
occupation number at site i, taking on values 1 or 0 if the site i is occupied by
B or A atom, respectively, and c is the concentration of B. Again, there is a
mathematically well-established connection between Ṽ and V [47, 48], and in
particular, V (2)

p = Ṽ (2)
p = W (2)

p if multisite interactions are negligible, however,
in real systems, these interactions are disconnected by complicated physics of
interatomic bonding.

The ordering energy, i.e., the difference of energies of ordered and random
alloys for a fixed lattice constant in terms of the ECI can be expressed as

∆Eord = 1
2c(1− c)

∑
p

zpV
(2)
p αp + h.o.t. (2.30)

where, the first term is the contribution from effective pair interactions (EPI)
expressed using the Warren-Cowley [49, 50] SRO parameters: αp = (< cicj >
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−c2)[c(1 − c)]−1 for the pth coordination shell, zp is the coordination number
for the pth coordination shell and h.o.t. stands for higher-order terms due to
multisite interactions.

Figure 2.3: Examples of some 3-site and 4-site clusters at the fcc underlying crystal
lattice. Numbers denote coordination shells of the edges in the clusters.

2.3.1 Screened generalized perturbation method

The generalized perturbation method (GPM) was suggested by Ducastelle and
Gautier within the tight-binding (TB) theory [51, 52]. It has been applied for
the use in KKR method or the linear muffin-tin orbital (LMTO) method [53–
55]. In the KKR-CPA method, one can get the one-electron contribution to
the GPM effective interaction

V (n)−GPM
s = − 1

π
Im

∫ EF ∑
p∈s

Tr(δtig̃ij∆tj...∆tkg̃ki)s. (2.31)
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Screened electrostatic interactions should be added to one-electron part of
GPM [38, 56–58], the intersite screened Coulomb interactions, V scr

p , can be
determined in the form

V scr
p = 1

2(qA − qB)2α
scr
p

S
, (2.32)

where qA and qB are the net charges of the alloy components inside the corre-
sponding atomic sphere, ascr

p is the intersite screening constant. The screened
GPM (SGPM) interaction can be obtained by summing the one-electron part,
V (2)one−el(GPM)
p , and the screened Coulomb interaction term, V scr

p :

V 2
p = V (2)one−el(GPM)

p + V scr
p . (2.33)

The SGPM method is an efficient method for many metallic systems. How-
ever, the SGPM interactions are usually less accurate [59] for the first coor-
dination shell due to the large charge transfer in the atomic sphere approx-
imation (ASA). Especially for those systems which have substantial atomic
mismatches.

2.4 Finite temperature simulations

2.4.1 Magnetism at finite temperature

DFT provides a solid basis for ground state properties of solids, including their
magnetic structures. Although only quite specific approximations of DFT are
used in practice, for instance, the local spin-density approximation (LSDA) [60,
61], the resulting magnetic moments and other properties are usually reason-
ably well reproduced as is the case of Fe, Co, and Ni [62, 63]. Accurate results
for spin-stiffness constants and low-energy part of the magnon spectrum of Ni
and Fe indicate that the LSDA also works quite well for low-energy magnetic
interactions [64, 65].

At finite temperatures, however, only Stoner-like excitations due to trivial
one-electron Fermi surface smearing are included in the "standard" version
of DFT, while all the others collective magnetic excitations are beyond its
framework and require an additional consideration. For instance, the high
temperature paramagnetic state of the Heisenberg magnet can be modelled in
first-principles calculations by the so-called disordered local moment (DLM)
approach [66, 67], however, it does not have real connection to the temperature.
Besides, it fails in the case of itinerant magnets, where magnetic moment
disappears in the DLM configuration in DFT calculations, like Ni and and its
alloys.

In order to account for magnetic excitations in such systems, one should
take longitudinal spin fluctuations (LSF) into consideration [68], which lead to
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the appearance of non-zero local average magnetic moment. This can be done
by prescribing a certain entropy to such states. In particular, using simple
quadratic form of the LSF energy and considering high temperature classical
limit, it was shown [69] that the the corresponding entropy is SLSF = 3ln(m),
where m is local magnetic moment of atoms in the DLM configuration. This
simple consideration has been used in this work to account for paramagnetic
state of Ni–Re and Ni–W alloys at high temperatures.

2.4.2 Monte Carlo method

There exist many methods for calculation of the equilibrium configuration,
such as, the mean-filed approximation [52], the cluster variation method [70],
the Monte Carlo (MC) method [71]. One simple Monte Carlo method is the
Metropolis algorithm [72]. In this method, the transition probability is divided
into two parts: the proposal of a movement from state i to state j with a
probability W (i → j), and acceptance with a probability A(i → j). Thus, the
transition probability P (i → j) can be P (i → j) = W (i → j) × A(i → j).

In this work, the MC method in the canonical ensemble is employed. The
Metropolis algorithm is used at a given temperature to model the equilibrium
distribution of atoms. Using ab initio calculated effective cluster interactions,
the configurational equilibrium state of the alloy can be obtained by using
large number of atomic exchange steps [71]. Then some variables, such as the
total energy, the specific heat, and distribution parameters of component can
be calculated from the atomic equilibrium state.



Chapter 3

Interactions and atomic
ordering in Ni-Re alloys

3.1 Introduction

Owing to the fundamental importance of Re to Ni-based single-crystal super-
alloys, intensive investigations [3, 73–78] of the effect of Re were performed. It
was found that Re atoms strongly partitioned to the γ phase, slowed down the
γ′ precipitate coarsening kinetics and modified the misfit between the γ matrix
and γ′ precipitates [73]. While the effect of Re additions on the nickel-based
superalloys is well documented, the origins of the so-called rhenium effect are
still under debate [76, 79, 80].

According to the recent Ni-Re phase diagram [81], there is a large miscibility
gap in this system with peritectic reaction at 1893 K and a peritectic com-
position of 17.4 at.% Re in the Ni-rich part. On cooling below the peritectic
temperature to 1073 K, the solubility of Re in Ni decreased to 12.2 at.% Re,
and the solubility of Ni in Re was 14.3 at.% Ni, changing little with temper-
ature. Due to this large miscibility gap in the Ni-Re phase diagram, it was
suggested that Re atoms formed small clusters in the Ni matrix, which could
act as more efficient obstacles against dislocation motion compared to the iso-
lated solute atoms in a solid solution [2, 9]. However, not much is known about
the microstructure of solid solutions in Ni-rich Ni-Re system.

The atomic short range order (SRO) in Ni-based alloys has been investigated
experimentally by different techniques. Atom probe tomography (APT) tech-
nique was used by Blavette et al. [9] for Re-modified versions of CMSX-2 and
PWA 1480 superalloys and by Wanderka et al. [78] for the second-generation
alloy CMSX-4, also by Rusing et al. [10] for a model Ni-Al-Ta-Re superalloy.
They found possible Re clusters in the γ matrix, with a size of about 1 nm,
acted as obstacles against dislocation motion in γ matrix [9, 78], and mutual
average distances of these clusters were around 20 nm [10]. Scanning trans-
mission electron microscopy and energy dispersive X-ray spectroscopy were
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utilized to investigate distribution of Re and W in the second-generation su-
peralloy DD6 [80]. It was reported that Re and W were enriched in the γ phase
close to the γ/γ′ interface after creep tests which was conducted at 1100 ◦C
under stress 140 MPa for 12 h with the stress axis parallel to the [001] orienta-
tion. Mottura et al. [79] studied the local atomic structure around the solute
atoms in a Ni-Re binary alloy by the extended X–ray absorption fine structure
(EXAFS) technique, and found that Re atoms were surrounded by Ni atoms
only. They also [82] investigated distribution of Re in a binary Ni-Re alloy
and a CMSX-4 superalloy using APT technique, and found no evidence for Re
clustering. Diffuse X–ray scattering was performed in the investigation of the
microstructure of Ni-9.4 at.% Re by Schönfeld et al. [83]. They concluded that
the type of local order was not well established; however, there was evidence
for the presence of local order from the negative sign of Warren-Cowley SRO
parameter α110 [83].

In addition to these experimental investigations, there exist several theoret-
ical studies of atomic ordering in Ni-Re alloys. Mottura et al. [84] calculated
the binding energies of Re-Re pairs and the stability of small Re clusters in the
nickel face-centred cubic (fcc) lattice using density functional theory (DFT).
Their results showed a strong repulsion between Re-Re nearest neighbours and
Re clusters were unstable in fcc Ni. Similar findings were also obtained for
W-W and Ta-Ta nearest-neighbor pairs. The repulsion between Re-Re pairs
was rapidly reduced with the distance, so they suggested that the interactions
between solute atoms were strongly localized. Levy et al. [85] conducted a
high-throughput DFT-based calculations for Re binary alloys, and predicted
that two compounds, Ni4Re (D1a) and NiRe3 (DO19), should be stable in the
ground state of the Ni-Re system. Maisel et al. [86] investigated the Ni-Re
binary system theoretically and experimentally, they found that there existed
one extremely stable ordered structure at a stoichiometry of Ni4Re (D1a) for
the binary Ni-Re system up to 30 at.% Re in terms of heat of formation.
Monte Carlo simulation and EXAFS experiments on a Ni96.62Re3.38 showed
that D1a-Ni4Re was stable up to T ≈ 930 K and these precipitates would
dissolve leaving some remnant short range order of solute atoms at elevated
temperatures (above 1000 K).

Although there exist several first-principles calculations of Ni-Re system, [86–
88] they do not shed light on the effective interactions which governing the
atomic configuration and to great extent the thermodynamics of this system.
Besides, the two latest investigations [86, 88] use the FM results two deter-
mined phase equilibria at temperatures much higher than the Curie tempera-
ture of Ni.

Therefore the main aim of this work is to investigate the effective interac-
tions in Ni-Re in particular their dependence on different internal and external
parameters. We consider different type of effective cluster interactions, demon-
strating their non-trivial behaviour, which shows up in their dependence on
volume, concentration, temperature and magnetic state. At the end, we per-
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form Monte Carlo statistical thermodynamic simulations of high temperature
ordering in Ni-Re alloys and compare our results with existing theoretical [88]
and experimental data [83]. Our analysis of the phase stability is based on the
consideration of the interatomic interactions, ordering energies and enthalpies
of formation of random and ordered alloys.

3.2 Ground state properties
Ni is itinerant ferromagnet with magnetic moment of about 0.6 µB [89, 90].
The addition of Re strongly suppresses spin polarization in Ni-Re alloys at 0
K, which become nonmagnetic when Re concentration exceeds 12 at.% [91,
92]. In Figure 3.1, we show the magnetic moment of Ni in Ni-Re random alloys
obtained in the EMTO-CPA calculations and existing experimental data [92].
At finite temperatures, however, Ni can acquire a finite local magnetic moment
(in a simple static one-electron picture given by the LSDA or GGA) due to
LSF, which will be discussed latter.

Figure 3.1: Magnetic moment of Ni as a function of Re concentration Re in Ni-Re
alloys. The calculations have been done in the FM state at a lattice constant
of 3.515 Å. The experimental data are taken from Ref. [92].

The lattice parameters of Ni-Re alloys have been previously obtained ex-
perimentally and theoretically in a number of investigations [81, 93–96]. In
Figure 3.2, we show our GGA-PBE results for Ni-rich random alloys obtained
in the EMTO-CPA and supercell VASP-PAW calculations. In the NM state,
our calculated lattice parameters of pure Ni are 3.520 Å and 3.508 Å in the
EMTO and PAW calculations, respectively; while in the FM state, the lattice
parameter of Ni is 3.527 Å in the EMTO and 3.515 Å in the PAW calculations.
Note that the experimental 0 K lattice parameter of Ni is about 3.515 Å [97],
and the expected DFT value without a contribution from zero-point vibrations
is 3.508 Å [98].
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This means that the EMTO method somewhat overestimates the equilib-
rium lattice constant of Ni (if the VASP-PAW results are accurate). The
theoretical concentration dependence of the lattice parameters in the Ni-rich
Ni-Re alloy is slightly overestimated compared to the room temperature (RT)
experimental results [81, 93, 95]. The latter is most probably related to the fact
that GGA overestimates the equilibrium volume of 5d metals [99, 100]. As will
be clear from discussion below, it can effect to some extent the concentration
dependence of the formation enthalpies.

Figure 3.2: Calculated 0 K lattice parameters of Ni-Re random alloys without con-
tribution from local atomic relaxations. The EMTO-CPA calculations have
been done in FM and NM states. The VASP-PAW have been done in the
NM state using random Ni-Re alloys modeled by supercells of different sizes.
The experimental results are also shown for comparison [81, 93, 95].

The calculated enthalpies of formation of random and some (presumably
most stable Ni-rich) ordered Ni-Re alloys are shown in Figure 3.3. In these
calculations, we have taken the hcp Re and fcc Ni as the reference states. By
open circles we show the formation energies of the FM random alloys and by
other open symbols the formation enthalpies of the ordered alloys, obtained by
the PAW method, relative to the FM fcc Ni (all the ordered structures come
out non-magnetic in calculations except A15B, however, the magnetic energy
in this case is only about 0.34 mRy). They correspond to the stability at 0
K. The NM enthalpies of formation (which means that they are determined
relative to the NM fcc Ni, whose energy is about 4.10 mRy higher than that of
FM Ni) can be roughly associated with the stability at elevated temperatures,
i.e. above the Curie temperature of Ni (630 K) [96].

It is obvious that the magnetic state produces a huge effect upon stability of
Ni-rich Ni-Re alloys. The slope and the curvature of the NM and FM formation
energies of random alloys in the dilute limit of Re in Ni clearly show the drastic
change from ordering to phase separation. This is a very important point for



3.2 Ground state properties 19

Figure 3.3: Calculated 0 K enthalpies of formation of ordered structures and random
Ni-Re alloys with respect to fcc Ni (in the FM and NM states) and hcp Re.
Filled symbols show the enthalpies of formation obtained relative to the NM
Ni, while the corresponding open symbols show the enthalpies of formation
with respect to the FM Ni.

consideration of the phase stability in Ni-Re alloys at high temperatures, i.e.
under processing and service.

The point is that the enthalpies of formation of alloys with concentration of
Re less than 20 at.% exhibit quite pronounced downward shift in the NM state
leading to a different phase equilibria picture. For the FM reference state, the
D1a-Ni4Re phase is the outmost Ni-rich stable phase, which is the result of
the cluster expansion calculations [86–88]. But this is not the case for the
NM reference state. In particular, Pt8Ti-type ordered structure [101] becomes
stable for the alloy composition Ni8Re against phase separation to pure Ni and
D1a-Ni4Re, as one can see in Figure 3.3.

However, a substantial shift of the energy of the NM Ni reference state means
that other ordered structures, with less content of Re, which are unstable in
the FM consideration, can also become stable. For instance, we have checked
the stability of the A15B ordered structure shown in Figure. 3.4, and found
that it is highly stable against phase separation into fcc Ni and D1a-Ni4Re,
while the Pt8Mo-Ni8Re phase becomes unstable if one considers its stability
with respect to the A15B-Ni15Re ordered structure and D1a-Ni4Re.

Let us note that our PAW-VASP result for the formation enthalpy of the
D1a-Ni4Re in the FM state, −4.53 mRy/atom, is in good agreement with
existing first-principles results, which are −4.70 mRy/atom [87] and −4.23
mRy/atom [86]. The formation enthalpy of the D1a-Ni4Re is−7.80 mRy/atom
for the NM reference state.

We do not know if there are some other (more) stable ordered phases in
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Figure 3.4: A15B ordered structure. Positions of B atoms are shown by large (red)
spheres, while positions of A atoms are shown only in one cubic fcc unit
cell for clarity. The other positions of the A atoms cell can be obtained by
2×2×2 translations of the cubic unit cell (without replacing B atoms shown
in the figure).

the NM case. To some extent such a simple 0 K consideration of the NM
phases does not guarantee in general that the found stable ordered phases are
really stable at high temperature, since the stability in this case is determined
by the Gibbs free energies, which include all the relevant thermal excitations.
Unfortunately, this is a formidable task for this system, since the accurate ac-
count of thermal magnetic excitations at elevated temperatures is practically
impossible at the present time. Therefore, it is a subject of speculations, if the
"stable by enthalpy consideration" NM ordered structures are indeed stable at
high temperatures. On the other hand, it is clear that such NM enthalpies
provide a valuable qualitative guide on what may really be happening at high
temperatures. At the same time, the existing assumption that on the FM con-
sideration of the enthalpies in Ni-Re provides the basis for the phases stability
consideration at high temperatures is highly doubtful.

In Figure 3.3, we also show the formation enthalpies of random Ni-Re de-
termined in the EMTO and PAW calculations. As one can see the agreement
between EMTO and PAW results being quite good up to about 10 at.% of
Re, is worsening beyond 15 at. % of Re, which is similar to the results of Ref.
[96]. One of the possible reasons of why EMTO results are higher than PAW-
VASP ones is the overestimated lattice constant in the EMTO calculations.
The EMTO also produces higher values for the enthalpies of formation of the
ordered structures. In particular, the EMTO enthalpy of formation of the D1a
structure is −6.5 mRy/atom. However, if the PBE-sol functional [102] is used,
which produces smaller equilibrium lattice constants, the enthalpy becomes
−7.5 mRy/atom, which is close the PAW result. The reason of such sensitiv-
ity of the formation enthalpies to the equilibrium lattice constants will become
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clear in the following sections. The other possible reason is inaccuracy of the
exact MTO method due to the use of the ASA for one-electron density and
potential during self-consistent interactions.

3.3 Effective interactions and ordering in Ni-
Re alloys

3.3.1 Fully renormalized interactions of Re atoms in Ni

In Table 3.1, we show the first six total fully renormalised pair Re interactions
as they are determined in Equation (2.26). The calculations have been done
in the NM and FM states using a 256-atom supercell (4 × 4 × 4(×4)) for a
fixed lattice constant of 3.585 Å, which corresponds to the experimental lattice
parameter of Ni at 1300 K [103] or Ni0.9Re0.1 alloy at about 1000 K. One can
see that there is a huge difference between the values of the nearest neighbour
pair interaction in the FM and NM states: in the FM state, the interaction is
strongly negative, while it is very large and positive in the NM state. This is
reflected in the concentration dependence of the corresponding enthalpies of
formation of random alloys, whose slope is roughly proportional to the value
of the dominating interaction (taken with the opposite sign).

Table 3.1: Fully renormalized strain-induced (SI) and total pair interactions of Re
in Ni (in mRy) obtained in the VASP-PAW calculations in the FM and NM
states.

p FM NM
lmn SI Total SI Total
110 −2.80 −9.60 −3.01 29.55
200 −0.53 −11.75 −1.34 7.10
112 −0.13 −6.54 −0.32 3.67
220 −0.40 2.49 −1.21 8.84
310 −0.31 −3.58 −0.44 0.02
222 −0.04 −2.08 −0.14 −0.21

The fully renormalized interactions have been obtained by finding the total
energies of 4 × 4 × 4(×4) supercells whose volume and shape were fixed, but
the local atomic positions were relaxed. If the atomic positions are fixed to the
underlying fcc lattice, one obtains the chemical interactions. The difference
between chemical and total interaction is the strain-induced interaction, which
is associated with local atomic relaxations.

In Table 3.1, we also show the strain-induced interactions, which have been
obtained in the dilute limit. As one can see the FM and NM strain-induced
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interactions does not differ much in contrast to the total interactions. They
are also quite moderate in size compared to the total interactions.

What we would like to demonstrate now is that those fully renormalized
pair interactions should contain substantial contributions from the multisite
(or many-atom) interactions. In Table 3.2, we show four fully renormalized
three-site interactions: W (3)

111, W
(3)
121, W

(3)
131, and W

(3)
141, which are for the triangle

of the nearest neighbors, and triangles formed by two nearest neighbors and
one next nearest neighbor, the third and the fourth neighbors, respectively, and
one four-site interaction, W (4)

1111, for the tetrahedron of the nearest neighbors.
As in the case of pair interactions, they have been obtained directly from the
total energies as is defined by Equation (2.25).

Table 3.2: Fully renormalized three-atom, W (3)
t , and four-atom, W (4)

q , interactions
(in mRy) in FM and NM states.

FM NM
Interactions SI Total SI Total

W
(3)
111 −2.12 12.52 −4.37 −16.86

W
(3)
112 −1.60 10.28 −0.61 −5.63

W
(3)
113 −2.35 11.55 −2.37 −5.56

W
(3)
114 0.36 7.18 −1.99 −14.17

W
(4)
1111 −1.14 −11.34 1.55 11.72

As in the case of pair interactions, fully renormalized many-atom interac-
tions strongly depend on the magnetic state. They are quite large and do not
show substantial decreasing with increasing the order: the four-atom interac-
tion for the tetrahedron of the nearest neighbors is as strong as the interaction
for the triangle of the nearest neighbors. Although we have not checked the
higher order interactions, it is clear that they can be quite large too.

In general, if the interaction of order n > m are negligible, than the inter-
actions of the CI Hamiltonian equation (2.27) can be obtained in the direct
calculations using equation (2.25), starting from order m interactions and go-
ing down with the order. However, in the case of Ni-Re system, it is hardly
possible, or extremely time consuming.

Another interesting point is that the multisite strain-induced interactions are
also quite large. In the microscopic theory of elasticity [104–106], it is assumed
that the strain-induced interactions of the order n ≥ 3 are negligible. This is
not the case here if we compare them with pair strain-induced interactions,
although they are definitely much less than total or chemical interactions.
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3.3.2 Concentration dependent effective chemical inter-
actions

The existence of large and slowly decaying with the order multisite interactions
in the system means that interatomic bonding and interactions in this system
depend strongly on local and global composition of the alloy. In this case, the
ordering behaviour in a restricted concentration range can be investigated by
CD ECI. They can be easily obtained by the SGPM, although the accuracy
of the SGPM interactions maybe reduced in the systems because of the CPA
error and or due to inaccurate treatment of electrostatics in the atomic sphere
(or muffin-tin) approximations, though the ASA is corrected by accounting
for the multipole moment contributions in the present implementation of the
SGPM and EMTO [38].

The latter is a problem in systems with large charge transfer, like Ni-Re
alloys, since the electrostatic contribution due to the screened Coulomb inter-
actions becomes very large, amplifying the error of the ASA. However, this
method still have its own advantages. It may not be that advanced to produce
very accurate ordering energetics for this system, however, it is probably the
only method to get a qualitative picture of the effective interactions in the
paramagnetic state in Ni-Re at high temperature, as will be discussed below.

As has been mentioned above, the disappearance of the local magnetic mo-
ment in Ni-Re alloys above the Curie temperature in the standard DFT cal-
culations is a failure of DFT to incorporate the thermal magnetic excitations.
In simplified static approximation, the missing contribution from the LSF can
be included using different techniques [68, 69]. But all of them require the use
of the DLM description of alloy components. This is where the CPA-based ab
initio techniques have an advantage over the usual Hamiltonian methods, like
VASP-PAW. The SGPM calculations can reveal at least on a semi-quantitative
level the effect of LSF on the effective interactions.

In Figure 3.5, we show the dependence of the local magnetic moment of Ni
on temperature in Ni0.9Re0.1 alloy at a fixed lattice constant of 3.585 Å ob-
tained using a simplified scheme described above. As one can see, the Ni local
magnetic moment at 800 K becomes as large as in pure Ni in the ground state
and grows further with the temperature. This is, of course, a qualitative re-
sult. However, it makes an important point showing that NM consideration of
Ni-Re alloys at elevated temperatures is likely to be an error.

Next, in Figure 3.6, we show the SGPM interactions together with the
corresponding one-electron and screened Coulomb contributions for Ni0.9Re0.1
alloy in the NM and LSF state at 1300 K obtained for lattice constant 3.585
Å. One can see that the one-electron contribution is large and negative in
both cases, i.e. electronic structure "favours" clustering or phase separation in
Ni-Re (the LSF substantially decrease one-electron contribution in this case).
At the same time, the screened Coulomb interaction at the first coordination
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Figure 3.5: Temperature dependence of the local magnetic moment of Ni in
Ni0.9Re0.1 due to LSF.

shell has the opposite sign and it is about twice as large as the one-electron
contribution.

Figure 3.6: SGPM interactions for Ni0.9Re0.1 alloy in the NM state (filled symbols)
and in the LSF (open symbols) states at 1300 K. The one-electron contribu-
tion is shown by squares and screened Coulomb interactions by diamonds.

In other words, it gives the largest and dominating contribution to the ef-
fective interaction at the first coordination shell, which, in the end, promotes
strong ordering in the system. Since the screened Coulomb interaction is the
result of the "charge transfer" effects originating from the size difference of Ni
and Re, this contribution is quite sensitive to the lattice constant (see, for



3.3 Effective interactions and ordering in Ni-Re alloys 25

instance, Ref. [56] discussion of interactions in Cu-Au). One can also see that
the contribution from the screened Coulomb interactions is larger in the NM
state than in the LSF. The latter is again partly a size effect: the induced local
magnetic moment on Ni in the LSF state makes it larger thereby decreasing
the charge transfer between Ni and Re.

The concentration and lattice constant dependences of the strongest EPI at
the first coordination shell, V (2)

110 , obtained in the NM and LSF states are shown
in Figure 3.7. First of all, one can see that there is a quite strong dependence
of the EPI on concentration especially in the NM case even for a fixed lattice
constant. If the calculations are done for the equilibrium lattice constant (in
this case we have used just the Vegard’s law [107] for the lattice parameters
at the other concentrations), which corresponds to the given composition, the
value of chemical interaction substantially decreases. This is so, since the
charge transfer becomes reduced with increasing lattice spacing and therefore
the screened Coulomb interactions also decrease.

Figure 3.7: The nearest neighbor EPI, V (2)
110 , in the NM state (squares) and in the

LSF state at 1300 K (circles). Filled symbols show the interactions at a
fixed lattice constant of 3.585 Å (experimental value for pure Ni at 1300 K),
while open symbols for lattice parameters which correspond to the given
concentration using the Vegard’s law [107]. The lattice parameters of Re
are taken from experimental data at 1300 K [108].

The complexity of Ni-Re system is also reflected in the pronounced concen-
tration dependence of the multisite ECIs. In Figure 3.8, we show the concen-
tration dependence of the strongest three- and four-site SGPM interactions in
Ni-Re: V (3)

111 and V
(3)

114 are the three-site interactions for the triangles formed
by three nearest neighbours and by three subsequent sites on the line in the
closed-packed direction [110]; V (4)

1111 is the four-site interaction for tetrahedron
of four nearest neighbors. One can see that V (4)

1111 decreases monotonously with
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concentration and changes sign at about 18 at.% Re in the NM case, while it
has local maximum around 7 at.% Re in the LSF state. A non-monotonous
behavior of the 4-site interactions means that there should exist non-negligible
at least six-site ECIs in Ni-Re.

Figure 3.8: The strongest three-site, V (3)
t , and four-site, V (4)

q , chemical interactions
in Ni-Re as a function of Re concentration. Filled symbols show the inter-
actions in the NM state and open symbols in the LSF state at 1300 K. The
lattice constant is fixed to the value of 3.585 Å.

3.3.3 Ordering energies in Ni-Re alloys

The quality of the SGPM interactions can be checked by comparing the or-
dering energies calculated directly from the total energies of the ordered and
random phases, and those obtained by the SGPM method at the same lat-
tice constant and concentration. In Table 3.3, we show the ordering energies
of the A15B, Pt8Ti, D1a, H60, L12, and DO22 structures calculated from the
strongest SGPM interactions, which include the first 40 EPIs, 77 three-site
and 26 four-site ECIs, and the corresponding total energy calculations. In all
the cases, the lattice constant was 3.585 Å.

As one can see, the overall ordering trends are quite well reproduced by
the SGPM interactions, although the SGPM quite substantially overestimates
the strength of ordering in Ni-Re alloys. This is most probably due to the
overestimated screened Coulomb interaction at the first coordination shell. It
is obtained in the atomic sphere approximation and this means that the error
can be simply due to the overlapping of the atomic spheres of the nearest
neighbor atoms. Taking into consideration that the value of the screened
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Table 3.3: Ordering energies (in mRy/atom ) of Ni1−xRex alloys in the NM state
obtained from the total energy and SGPM interactions in the EMTO cal-
culations. The values in parentheses are obtained by the downshift of the
nearest neighbor effective pair interaction by 17 mRy (see discussion in the
text).

Etot SGPM Contributions:
Structure Total ∑

V (2) ∑
V (3) ∑

V (4)

A15B (Ni15Re) −0.34 −1.31 (−0.91) − 1.15 −0.12 0.03
Pt8Ti (Ni8Re) −1.85 −2.75 (−1.49) −3.25 0.42 0.08
D1a (Ni4Re) −6.83 −10.29 (−6.21) −9.93 −0.14 −0.22
H60 (Ni3Re) −7.34 −11.95 (−7.44) −11.03 −0.90 −0.02
L12 (Ni3Re) 11.97 3.93 (10.69) −9.18 12.52 0.59

DO22 (Ni3Re) −2.43 −10.30 (−3.54) −13.97 3.53 0.14

Coulomb interactions at the first coordination shell is huge (see Figure 3.6),
the ASA error can be also relatively large.

As one can see in Table 3.3, the reduction of this interaction by about 17
mRy brings the SGPM results for ordering energies very close to the total en-
ergy EMTO results. Of course, the other SGPM interactions, especially at first
several coordination shells can be in error, however, the resulting interactions
reproduce quantitative picture of the ordering in the NM state quite well.

The decomposition of the ordering energy into the contributions from inter-
actions of a different order shows the importance of many-atom or multisite
interactions in Ni-Re alloys. In Table 3.3 we show the ordering energies of
three different structures, L12, DO22, and H60, for the same alloy composi-
tion, Ni3Re. They are very different, although, for instance, L12 and DO22
are closely related to each other. Comparing contributions from interactions
of different orders, one can trace the origin of the so large difference. As one
can see, it steams from the three-site interactions, which produce very large
positive contribution to the ordering energy of the L12 structure, although the
contribution of the three-site interactions to the ordering energy of the H60
phase is small. This result shows the non-trivial character of interactions and
ordering in Ni-Re alloys.

3.4 Short-range order

As has been pointed out, the origin of the overestimation of the ordering en-
ergy by the SGPM is mainly due to the too large screened Coulomb interaction
at the first coordination shell. Therefore in order to obtain atomic SRO pa-
rameters in the Ni0.91Re0.09 alloy at 900 K, which are experimentally known
[83], we have used the renormalized in this way SGPM interactions obtained in
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the LSF state at 900 K with additional contributions from the strain-induced
interactions presented in Tables 3.1 and 3.2 in Monte Carlo simulations.

The Monte Carlo simulations have been done in the canonical ensemble
using Metropolis algorithm.[71] The Monte Carlo simulation box contained
16384 atoms (16 × 16 × 16 supercell of the 4-atom fcc unit cell). The EPI at
the first 21 coordination shells, 17 strongest three-site, and 2 strongest four-
site interactions has been used in the configurational Hamiltonian. At each
temperature, the system was first equilibrated for 4000 MC steps/atom. After
that, the statistical data were obtained by averaging over additional 4000 MC
steps/atom.

Figure 3.9: Calculated SRO parameters for α200 and α211 in Ni0.91Re0.09. A low-
temperature (300 K) snapshot out of a Monte Carlo simulation box is shown
for this composition. The ordered D1a structure can be seen in this snap-
shot.

The Warren-Cowley SRO parameters for the (200) and (211) coordination
shells are shown in Figure 3.9. It is clear to see that there is order-disorder
transition at about 940 K. The snapshot of the MC simulation box at 300 K
in this figure shows that this is a phase separation transition where the D1a
ordered structure precipitates in pure Ni. This makes the direct comparison of
the experimental and theoretical SRO parameters at 880 K impossible, since
it is obvious that according to the experimental SRO parameters the alloy is
most probably in a random state.

Therefore, in Table 3.4, we show the calculated Warren-Cowley SRO param-
eters, αlmn, for Ni-9.0 at.% Re at 880 K and 1000 K, that is below and above the
transition temperature in the MC simulations, together with the experimental
data [83] for the Ni-9.4 at.% Re at 873 K. It is obvious that the calculated
atomic SRO is much stronger than the experimental one even at 1000 K. The
origin of the disagreement is most probably in the oversimplified theoretical
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Table 3.4: Warren-Cowley SRO parameters, αlmn, as determined in Monte Carlo
simulations for Ni-9.0 at.% Re at 880 K and 1000 K. The experimental
parameters are taken from Ref. [83] for the Ni - 9.4 at.% Re. The experi-
mental data were obtained using two methods: Georgopoulos-Cohen (GC)
and Borie-Sparks (BS).

αlmn

Ni-9.0 at.% Re(LSF) Ni-9.4 at.% Re (Ref.[83])
lmn 880 K 1000 K GC BS
000 1.000 1.000 1.062(11) 1.218(5)
110 −0.097 −0.086 −0.018(4) −0.024(2)
200 0.176 0.048 −0.028(4) −0.008(2)
211 0.166 0.061 0.011(2) 0.012(1)
220 −0.086 −0.040 −0.025(3) −0.036(1)
310 0.030 −0.006 −0.004(2) 0.003(1)
222 −0.088 −0.041
312 0.151 0.017
400 0.174 0.032
411 −0.078 −0.011
330 −0.076 −0.001

description of the high temperature state of Ni-Re alloys and corresponding
effective interactions, although our results in qualitative agreement with theo-
retical simulations by Maisel et al.[86].Clearly, a more thorough investigation
of Ni-Re system at high temperature is needed to resolve the controversy.





Chapter 4

Interactions and phase
transformation in Ni-W Alloys

4.1 Introduction

Tungstan is an important alloying element in Ni–base superalloys due to its
high melting point. Ni-W alloys are known for their excellent properties, such
as high corrosion resistance, mechanical strength and thermal stability [109–
111]. According to current Ni-W phase diagram [112], there are three different
condensed structures: liquid, fcc, and bcc. Below 1350 K, there exist three
intermetallic phases, which are Ni4W, NiW, and NiW2. Poulsen et al [113]
observed the Ni 4W ordered structure at annealing temperature up to 1273 K,
and the presence of the compound NiW was established at temperatures from
1073 K to 1363 K. It was the first time a new phase with the formula NiW2 at
temperatures ranging from 1073 K to about 1313 K in specimens heat-treated
in vacuum and argon atmosphere has been found. However, NiW and NiW2
have not been evidenced in other studies [112, 114].

In the Ni-rich side of the Ni-W system, the presence of the ordered phase
Ni4Whas been reported and confirmed by many experiments [115–122]. Unfor-
tunately, a notable feature of the recent Ni-W diagram is the absence of a cor-
responding phase of Ni3W and the metastable phase Ni2W. Mishara et al. [115,
117, 118] investigated ordering in stoichiometric Ni–20%W and off-stoichiometric
Ni–15% W alloys using electron microscopy and diffraction techniques. Short-
range order (SRO) spots were observed at (11

21) positions in the specimens of
Ni-20 at.% W, and as the two hitherto unknown metastable phases: Pt2Mo-
Ni2W and D022-Ni3W were observed in the diffraction patterns. They also
found the short-range order in Ni–15% W alloy was similar to that in Ni–20%
W alloy and consist of [118].

The solute distribution in nanocrystalline Ni-W alloys has been investi-
gated by means of atom probe tomography and MC simulation. The present
nanocrystalline Ni-W alloys exhibit only a subtle amount of solute segrega-
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tion to the intergranular regions [123]. Monte Carlo simulations were used
to investigate the equilibrium solute distribution in nanocrystalline Ni-W al-
loys [124]. It was found that short-range chemical ordering can be observed
in all nanocrystalline structures, but to a degree less than that achieved in
ideal single crystals. Using DFT calculations, Liu et al. [125] predicted that
a hcp NiW3 phase was indeed stable in the Ni-W system. There also existed
a possible metastable Ni3W phase with either fcc or hcp structure. It was
reported that the other possible metastable Ni3W phase with either fcc or hcp
structure could also be formed by solid-state interfacial reaction or ion beam
mixing experiment.

In recent studies of the phase stability in the Ni-W system, Schindzielorz
et al [88] reported the Ni4W, with the D1a-prototype structure, was stable
in the side of Ni-rich Ni-W alloy system. They also suggested that at a stoi-
chiometry of Ni8W, the Pt8Ti-prototype [101, 126] was found to be stable. By
combining the experimental and model diffuse scattering, they concluded that
the Pt8Ti-Ni8W ordering in Ni0.92W0.08 was driving by long-range interactions
induced by Fermi surface nesting [127]. They investigated the tendency of Ni-
W for excessive planar faulting by using X-ray diffraction and first-principles
techniques, and they found at xW ≈ 25 at.%, the hcp-based superstructures
became more stable than fcc-based superstructures [128]. This can be inter-
preted as W-content driven stabilization of the planar faults [129]. Under
solid-state reactions, the same fcc phase and another metastable crystalline
phase of hcp structure were obtained in the Ni-rich and W-rich multilayers,
respectively [130].

Although there exist several first-principles calculations of Ni-W system [88,
127, 129], they do not shed light on the effective interactions which govern-
ing the atomic configuration and to great extent the thermodynamics of this
system. Besides, the two latest investigations [86, 88] used the FM results to
determine phase equilibria at temperatures much higher the Curie tempera-
ture of Ni. Therefore the main aim of this work is to investigate the effective
interactions and phase stability in Ni-W alloys using ab inotio methods and
thermodynamic simulations. Our analysis of the phase stability is based on the
consideration of the interatomic interactions, ordering energies and enthalpies
of formation of random and ordered alloys.

4.2 Ground state properties

4.2.1 Magnetic properties

Ni is ferromagnetic with magnetic moment of about 0.6 µB in the ground state
and becomes paramagnetic about 630 K. In Ni-W alloys, the local magnetic
moment of Ni disappeared when concentration of W was about 9.5 at.% in
experimental investigations at low-temperatures [131, 132]. In Figure 4.1, we
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show the average magnetic moment in random Ni-W alloys obtained in the
EMTO-CPA calculations and experimental data [131, 132]. One can see that
the Ni-W alloys exhibit the nonmagnetic state above the critical concentration
of 9.5 at. % W. At finite temperature, however, Ni can acquire a finite local
magnetic moment due to longitudinal spin fluctuations (LSF) [68, 133].

Figure 4.1: Comparison of magnetic moments of Ni-W alloys from EMTO-CPA cal-
culations and experiments [131, 132]. The EMTO-CPA calculations have
been done in the FM state at a lattice constant of 3.515 Å (experimental
lattice parameter at 0 K).

4.2.2 Lattice parameters

The lattice parameters of Ni-W alloys have been previously obtained experi-
mentally and theoretically in a number of investigations [134–141]. The present
calculations have been done at 0 K in the NM state for the W concentration
range of 0 – 25 % and in the FM state for the concentration of W up to 12 %,
the calculation details and results can be seen in Figure 4.2. In the NM state,
our calculated lattice parameters of Ni from EMTO-CPA and VASP-PAW are
3.520 Å and 3.508 Å, respectively, while in the FM state, the lattice parameter
of Ni is 3.527 Å in the EMTO and 3.515 Å in the VASP-PAW calculations.
Note that the experimental 0 K lattice parameter of Ni is about 3.515 Å [97]
and the expected DFT value without a contribution from non-point vibrations
is 3.508 Å [98]. It is also clear to see in the Figure 4.2 that the Vegard’s law
can predict the lattice parameters of random Ni-W alloys reasonably.

4.2.3 Enthalpies of formation

Zero-temperature enthalpy of formation of random Ni-W alloys has been de-
termined and discussed in previous ab initio calculations [88, 128]. In Figure
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Figure 4.2: Calculated zero-temperature lattice parameters of Ni-W random alloys
without contribution from local atomic relaxations. The EMTO-CPA cal-
culations have been done in FM and NM states. The VASP-PAW calcula-
tions have been done in the NM state using random Ni-W alloys modeled
by supercells of different sizes. The results from Vegard’s law prediction
and experiments [134] are also shown.

4.3, we show the enthalpies of formation of Ni-W alloys obtained in the VASP-
PAW calculations for the random alloys and ordered structures. The results
for ordered structure are calculated in the FM and NM states. The local lattice
relaxations are taken into account in all of the calculations. In Figure 4.3, we
have taken the bcc W and fcc W as the reference state for the random Ni-W
enthalpy calculations, and one notices that the enthalpies from the former one
are higher due to a lower ground state energy of bcc W.

The FM and NM formation enthalpies are also shown in Figure 4.3. It is
similar to the Ni-Re alloys, the magnetic state produce a huge effect upon
stability of Ni-rich Ni-W alloys. A Ni4W phase, D1a, which has the lowest
enthalpy of formation, is found to be stable in both NM and FM state. At 20
% W, the enthalpies of formation for DO22 and H60 structures are shown in
Figure 4.3, these two structures have stronger formation tendencies compared
with Pt8Ti and Pt2Mo in NM and FM states.

4.3 Effective cluster interactions

4.3.1 Effective chemical interactions

Effective chemical interactions have been calculated by the SGPM method for
random alloys in the DLM-LSF state and by the EMTO-CPA and VASP-PAW
method in the FM state for the dilute limit. Figure 4.4 shows the chemical
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Figure 4.3: Calculated 0 K enthalpies of formation of ordered structures and random
Ni-W alloys with respect to fcc Ni (in the FM and NM states). In the case
of random alloys, we have taken the bcc W and fcc W as the reference states
for enthalpies calculations; while the bcc W has been taken as the reference
state for the enthalpies calculations of ordered structures. Filled symbols
show enthalpies of formation obtained relative to the NM Ni, while the
corresponding open symbols show the enthalpies of formation with respect
to the FM Ni. The contributions from local lattice relaxations have been
considered in all of cases. The results predicted by cluster expansion from
other work [88] are also shown for comparison.

pair interaction V (2)
p for random Ni-11 at.% W, Ni-20 at.% W, and the dilute

limit alloy Ni-0.78 at.% W. The calculations for Ni-0.78 at.% W, Ni-11 at.% W
and Ni-20 at.% W and have been done with lattice constants of 3.585 Å, 3.639
Å and 3.680 Å, respectively. The concentration-dependent lattice parameters
are obtained by the Vegard’s law using the lattice parameters of nickel and
tungsten at 1300 K from experiments [91, 142]. In Figure 4.4, the chemical
EPIs are shown for the first 9 neighboring shells for four alloy compositions to
illustrate their concentration and magnetic state dependences.

The strongest three- and four-site interaction parameters in Ni-W for various
alloy compositions in the NM and LSF states are listed in Table 4.1. As can be
seen in Figure 2.3, in the case of four-site interactions, tnn is the tetrahedron
of nearest neighbors 1-1-1-1-1-1 , tnnn the tetrahedron with one pair of next-
nearest neighbor atoms 1-1-1-1-1-2, ttnnn is the cluster of four sites in the
plane of (001) in the fcc structure 1-1-1-1-2-2, and cpd is the cluster 1-4-1-4-
1-10 formed by four consecutive atoms in the close-packed direction [110] in
the fcc structure. One can see two types of cluster 1-1-4 and cpd which both
are in the close-packed direction have strong interactions among the clusters
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Figure 4.4: Effective pair interactions V (2)
p in Ni-W alloys for four different compo-

sition obtained from EMTO-SGPM and VASP-PAW methods. The results
from VASP-PAW have been done in the dilute limit of W in Ni using Equa-
tion 2.26.

Table 4.1: Strongest three- and four-site interaction parameters in Ni-W for the
various alloy compositions in the NM state and the DLM-LSF state. The
calculations for Ni-11 at.% W, Ni-20 at.% W and Ni-25 at.% W alloys have
been done with lattice constants of 3.639 Å, 3.680 Å and 3.702 Å, respec-
tively.

V 3
t and V 4

q (mRy)
Ni–11 at.% W Ni–20 at. % W Ni–25 at.% W

Type NM LSF NM LSF NM LSF
V 3

111 −2.97 0.51 −1.54 2.39 0.05 3.26
V 3

112 2.64 1.21 2.28 0.79 1.80 0.75
V 3

113 2.45 4.05 4.39 3.75 4.32 3.46
V 3

114 −9.37 −5.53 −7.60 −5.00 −6.99 −4.78
V 4
tnn 4.89 7.27 7.77 6.96 8.49 6.49
V 4
tnnn 2.52 3.50 6.43 3.23 6.33 2.88
V 4
ttnnn −3.72 4.18 0.84 4.64 2.79 4.40
V 4
cpd 7.37 2.80 6.30 2.19 5.20 1.95
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in Table 4.1.

4.3.2 Strain-induced pair interaction

Figure 4.5: Strain-induced pair interactions obtained in the dilute limit of W in Ni
using supercell approach. The calculations have been done in the FM state
with the lattice constant of 3.585 Å.

To obtain additional contributions to the ECI due to local lattice relaxations,
we have used a supercell approach for the strain-induced interactions. In this
case, we assume that the multisite interactions are small relative to the pair
interaction and can be negligible in the system. Thus, effective interactions
in the dilute limit of W in Ni can be determined by the supercell approach as
described in Section 2.3 of Chapter 2.

The strain-induced W–W interactions at the first six coordination shells are
shown in Figure 4.5. They were calculated in the 256-atom supercell with the
experimental lattice constant of 3.585 Å [103], corresponding to 1300 K. One
can see a large value of strain-induced interaction at the first coordination shell
due to substantially atomic mismatch between Ni and W atoms.

4.3.3 Ordering energies of Ni-W alloys

Here we verify the quality of SGPM interactions by comparing ordering en-
ergies calculated directly from the total energy method with those obtained
by the SGPM method. As we have shown previously, the ECIs in Ni-W ran-
dom alloys obtained from SGPM depend on concentration and magnetic state.
Thus, the simplest way to check the accuracy of the effective cluster interac-
tions is to establish how well they can reproduce ordering energies of ordered
alloys. The ordering energy, ∆Eord = Eord

tot − Erand
tot , is defined as the energy

difference between an ordered and the completely random alloy configurations
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having the same composition. We have calculated ordering energies for a set of
ordered structures using direct total energy calculations as well as by SGPM
interactions [143, 144]. The ECIs for each ordered alloy are taken from SGPM
calculations of random alloys at corresponding concentrations.

Table 3.3 shows the ordering energies of the A15B, Pt8Ti [101, 126] D1a, H60,
L12, DO22, and Pt2Mo [143, 144] structures calculated by using the strongest
effective cluster interactions, which include the first 50 coordination shells, 68
three-site and 26 four-site SGPM interactions and determined in the direct
total energy calculations.

In this work, the ordering energies obtained from direct total energy calcu-
lations and SGPM interactions are listed in Table 3.3 for the NM state and
the DLM-LSF state. The calculations for ordering energy have been done on
the ideal fcc underlying lattice with the experimental parameter value of 3.585
Å [103].

Note that the ECIs obtained from SGPM interactions can reproduce the or-
dering energies for those ordered structures in Table 3.3. The ordering energies
in the NM state are higher than those in the LSF state. Compared ordering
energies among different structures, it is noted that the multisite interactions
have large contributions to the ordering energies for H60, L12 and Pt2Mo in
both NM and LSF states. For D1a and DO22, the multisite contributions
depend on the magnetic state.

4.4 Phase transformation in Ni-W alloys

To obtain a quantitative picture of the local atomic arrangement in binary
Ni-W alloys, the statistical thermodynamic simulations have been done by the
canonical ensemble Monte Carlo (MC) simulation [71], which provides a quick
way to achieve the equilibrium distribution of atoms in simulations.

The Monte Carlo simulation box contained 16384 atoms (16×16×16 super-
cell of the 4-atom fcc unit cell). The EPI at the first 6 coordination shells has
been used in the configurational Hamiltonian. At each temperature, the sys-
tem was first equilibrated for 4000 MC steps/atom. After that, the statistical
data were obtained by averaging over additional 4000 MC steps/atom.

In our MC calculations, the D1a ordered structure, which has a strong or-
dering tendency according to our results for the enthalpies of formation and
ordering energies can be observed up to 20 at.% W in in the Ni-rich Ni-W
system. As shown in Figure 4.6, the order-disorder transition temperature in-
crease with the concentration of W, and the transition temperature is 1320 K
at the concentration of 20 at.% W, which is in good agreement with the ex-
periments [116]. From our previous enthalpies of formation in Figure 4.3 and
ordering energies studies in Table 4.2, the results show that the DO22 ordered
structure has very strong ordering tendency at the concentration of 20 at.%.
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In our MC calculations, the ordered DO22-Ni3W [145] can be observed in the
concentration interval of 22–31 at.% W.

A further investigation for higher concentrations of W shows that the Pt2Mo-
Ni2W [146], which also have strong ordering tendency in terms of enthalpies
of formation and ordering energies studies, can be obtained in the Ni–33% W
alloy in our MC simulation.

Figure 4.6: The order-disorder transition temperatures in Ni-W alloys for different
concentrations of W. The results are obtained from MC simulations.

The concentration dependence of order-disorder phase transition tempera-
ture is shown in Figure 4.6. The order-disorder transition temperature in Ni–15
at.% W alloy and Ni–20 at.% W alloy are also shown for comparison [118]. In
their experiments, they found short-range order in the off-stoichiometric Ni–15
at.% W alloy is similar to that in Ni–20 at.% W alloy, and obtained D1a-Ni4W
in these two alloys. In our MC calculations, the D1a-Ni4W can be observed in
the range of 1–22 at.% W. One can see that the agreement between theoretical
results and experimental data is very good.

In Figure 4.7, we show the Fourier transform αq of SRO for Ni4W, Ni3W
and Ni2W at 1700 K and 1000 K in the (001) plane. SRO spots in these three
compositions can be observed at {11

20} positions, which are in agreement with
the exprimental investigations from electron microscopy and diffraction in Ni–
15 at.% W and Ni–20 at.% W alloys [115, 117, 118]. Figure 4.7 also shows the
superstructure vectors of D1a, DO22 and Pt2Mo phases, respectively.

In order to understand the atomic arrangement and transformation of above
ordered structures. The description of three fcc-based superstructures, D1a ,
DO22 and Pt2Mo, in terms of stacking of (420) planes in the [001] projections
are shown in Figure 4.8. The similar superstructures and phase transforma-
tions can also be observed in the Ni–Mo alloys [147–152].
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Figure 4.7: Calculated SRO diffuse intensity map, α (q), of Ni4W, Ni3W and Ni2W
alloys at 1700 K and 1000 K in the (001) plane for the reciprocal space.

Figure 4.8: The description of three fcc-based superstructures (D1a, DO22 and
Pt2Mo) in terms of stacking of (420) planes in the [001] projections. Red
balls represent W atoms; blue, the Ni atoms.





Chapter 5

Conclusions and future work

In this work, Ni-rich Ni–Re and Ni–W alloys have been investigated by first-
principles techniques and statistical mechanics simulations based on the Ising
type Hamiltonian.

Ni-rich Ni-Re alloys exhibit very pronounced ordering in the NM state, which
actually becomes stronger with decreasing Re concentration and making stable
ordered structures like A15B (at least against separation to pure Ni and D1a-
Ni4Re). This means that theoretical simulations [86] of the atomic ordering in
Ni97Re3 based on the FM state, which predict the phase separation into pure
Ni and D1a-Ni4Re at 900 K can be just an artefact of the FM presentation
of the enthalpies of formation. On the other hand, the NM description of the
phase equilibria at high temperature is also oversimplification: Ni is a itinerant
ferromagnet, whose atoms indeed lose their local magnetic moment at 0 K upon
their randomization, like in the DLM, which presents a paramagnetic state of
the usual Heisenberg system. However, in reality, the local magnetic moments
fluctuate at finite temperature leading to a non-zero local magnetic moment
in the DLM presentation. In Ni-Re, we have shown that such LSF produce
noticeable effect upon interactions in the system: they reduce strong ordering
interactions at the first coordination shell (see Figure 3.7) thereby affecting the
stability of different ordered phases. Unfortunately, the latter is practically
impossible to predict using usual DFT calculations. The problem is even more
complex than it may look like from the standard procedure based on the cluster
expansion and the consequent use of the corresponding interactions in Monte
Carlo simulations. Although the enthalpies of formation are expanded for that
kind of simulations, they do not take into consideration strain effects which
should be pronounced when an ordered phase with Re precipitates in Ni due
to presumably substantial size mismatch of these phases. This topic needs a
further thorough investigation.

In Ni-W alloys, we demonstrate that the effective pair interactions are
strongly dependent on concentration and magnetic state. In particular, there
also exist very strong chemical multi-site interactions. At the same time, we
have found that keeping a mean-field character of effective interactions makes
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possible to describe reasonably the atomic ordering in the NM and LSF states
in the Ni-W random alloys. Taking local lattice relaxation into account, the
Monte Carlo simulations with ab initio effective interactions show that the the
stable fcc-based ordered structures are D1a, DO22 and Pt2Mo phases observed
in the Ni-25 at.% W, Ni-25 at.% W and Ni-33 at.% W alloys, respectively.
The calculated atomic short-range order results are in reasonable agreement
with experiments and other theoretical investigations.

D1a ordered structure can be observed up to 22 at.% W in in the Ni-rich
Ni–W system. The order-disorder transition temperature increases with the
concentration of W. The DO22 and Pt2Mo phases can be observed respectively
in the Ni-25 at.% W and Ni-33 at.% W alloy in our MC simulation, which are
in agreement with previous investigations.

My future work will focus on the Ni-based ternary alloys, Ni-Al-X (X=
Re, W, Cr, Ta) based on first-principles technique and statistical mechanics
simulations. In order to understand the microstructure and phase stability
of Ni-based ternary alloys, we should study the effective interactions, atomic
ordering and investigate the ordered precipitate structure and distribution of
alloying elements in these systems.
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