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Abstract

Ordered intermetallic compounds draw great interest at the present time because of both possible
applications and fundamental scientific importance. The scientific interest is derived from the
recognition that many intermetallics exhibit considerable ranges of nonstoichiometry which
correspond to the presence of constitutional point defects which are temperature independent.
Additional to these constitutional point defects thermally activated point defects can occur. The
total defect structure (i.e. the types and the concentrations of the point defects) determines
important properties of the intermetallic compounds (e.g. all diffusion dependent properties).
Hence, for understanding and control of these properties a detailed knowledge of the defect
structure in intermetallic compounds as function of composition and temperature within the
homogeneity range of the compounds is a prerequisite. This thesis is aimed at formulating a
model which can be used to calculating the ordering energy parameters AHap and AHp, and the
concentration of vacancy (z) and the concentration of Antistructure Defect as a function of the
composition parameter y and the temperature 7. The ordering energy is related to but different
from the formation energy, because the former is the energy change from the disordered alloy
AB to the ordered alloy AB, while the latter is the energy change from the pure metals A and B
to the ordered AB. Having obtained the model parameters (note that these are AH;; and AS;; for
the fitting of the vacancy concentration and h; and s; for the fitting of the thermodynamic
properties, respectively), the temperature dependence of the vacancy concentration can also be

determined.
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CHAPTER ONE

Introduction

Now-a-days technology and metal are highly interrelated. When we say metals we mean
crystals which are composed of a certain type of transition metal elements or compounds. There
are metals composed of two or more type of atoms or alloys. Such type of metals is called
intermetallic compounds. Intermetallic compounds, which are composed of two or more types of

metallic elements or compounds, are our point of concern in this work.

As mentioned above, due to its high applicability metals are the subject of research from
the old age up to now. In addition, intermetallic phases have been a subject of research for almost
a century, and the idea that atomic ordering is responsible for their wide spectrum of properties is
almost as old as the study of intermetallic phases [1]. Intermetallic compounds or ordered alloys
have recently attracted much attention as structural materials for high temperature applications.
Knowledge of thermal and structural defect formation is necessary for the use of these materials
in technological applications [2]. Due to this intermetallics take a great attention of many

scientists and researchers.

Through successive study scientists understood that one of the factors that determines the
properties of intermetallics is the formation and concentration of point defects. In intermetallic
compounds the most important point defects generally assumed are vacancies and antistructure
atoms, i.e. atoms occupying a “wrong” site in the ordered crystal structure. In many cases, in
elementary metals monovacancies dominate as point defects at least in some temperature range.
On the other hand in intermetallic compounds more than one type of point defect can occur in
order to maintain the ordered structure. Due to this, the experimental analysis of the defect

structure of intermetallic compounds is difficult [3].

In general there are two methods in which scientists study the defect structure of
intermetallic compounds. One is experimental while the other is theoretical. Each of them is

discussed in the following paragraphs in a little more detail.
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Regarding experimental method, different experimental techniques may be used for the
determination of the various defect concentrations [4]. The absolute concentration of vacancy
type defects can be determined by comparison of thermal expansion data measured by X-ray
diffraction with experimental data measured by dilatometry (unit cell size change vs.
volume/length change) [5]. Positron annihilation experiments [6] provide a sensitive means for
the study of vacancies too. Other possible experiments for the determination of point defects
involve intensity methods using X-ray diffraction [7], field ion microscopy [8], magnetic
susceptibility [2] and Mossbauer measurements [9]. Despite the large number of available
experimental methods, many of these methods provide only information on effective” defect
properties (i.e. they respond to the total defect structure) and often they can be applied only in a

certain defect concentration window.

On the other hand the theoretical analysis of the defect structure of intermetallic
compounds may be subdivided into two groups: statistical methods associated with ab initio
calculations and statistical methods associated with experimentally measured data [10]. In the ab
initio statistical methods [11] an expression for the grand canonical potential is minimized with
respect to the defect concentrations. The input parameters are defect energy parameters which
are obtained by ab initio calculations. The defect formation entropies are neglected. In the
second group of statistical methods [12] an expression for the free energy as a function of the
various defect concentrations is minimized with respect to the defect concentrations. The input
parameters appearing in the expression for the free energy are determined by fitting the
theoretical expressions to experimental data. In both (types of statistical) methods, i.e. using ab
initio calculations or experimental data, it is assumed that the input parameters are independent

of the defect concentrations and of the temperature.

Some of the approaches of the statistical methods require certain type of input parameters
different from the others to determine the defect concentration. In the approaches based on the
Bragg-Williams concept the input parameters are the energies of interaction of neighbouring
atoms and the corresponding entropy parameters [13]. In the approaches based on the Wagner-
Schottky concept [14] the input parameters are the concentrations of antisite atoms on each of
the sublattices and the total vacancy concentration (combining the sublattices) at the

stoichiometric composition and at the considered temperature (i.e. in this case the input



parameters include information on both the energy and the entropy). Other possible input
parameters in Wagner-Schottky approach are the enthalpies of formation of the four types of
point defects (neglecting defect formation entropies) [15]. Of the statistical methods, the Bragg-
Williams approach is an easily applicable formalism that leads to accurate predictions

concerning thermodynamic data as well as defect concentrations [16].

A number of models have been developed for the description of the thermodynamic
properties of B2, L1, and L1, phases usually using a Bragg—Williams (B—-W) or Wagner—
Schottky (W-S) formalism [17]. These models are useful for making predictions of defect
concentrations and for providing the thermodynamic description of the phase for computational
thermodynamics databases. An excellent review on this topic was written by Chang and
Neumann [18]. Since then, additional experimental data have become available, in particular,

enthalpy of formation, lattice parameter, and defect concentrations [19].

The present thesis reports such an extension of the model for a binary A,,B, compound
that is composed of two sublattices. A pair interaction model applying the Bragg-Williams
approach is presented. The formalism is given in a general form for binary ordered compounds
with B2, L1, and L1 crystal structures considering all possible types of point defects. With this
general model the essential equations for three common ordered structures (B2, L1y and L1,) can

be easily derived.

Three of the most common superlattices occurring in binary intermetallic phases are the
B2 type (or CsCl type), the L1, type (or AuCul type) and the L1, type (or AuzCul type). As
shown in Figure 1.1(a), the ordered structure of the B2-type has two atoms per unit cell with one
kind (say, B atom) occupying the body-centered position and the other (say, A atom) occupying
the corner position. The symmetry is no longer of body-centered cubic but one of simple cubic
with each lattice point associated with two different atoms. The structure may also be considered
as consisting of two simple cubic sublattices interpenetrating each other. The L1, type ordered
structure as shown in Figure 1.1 (b) is similar to that of B2 type. The only difference between
them is in the ratio of A atoms to B atoms. In the case of B2 the ratio is 1:1 while in the case of

L1, the ratio is 1:3. Accordingly, in the L1, type ordered structure all A atoms are located on the



corner positions while all B atoms are located on the face-centered positions. The symmetry in

L1, type becomes one of simple cubic having four atoms associated with each lattice point.

The face-centered tetragonal L1y type (AuCul type) superlattice as shown in Figure 1.1
(c) is also one of the ordered phase. However, in this case the ratio of A to B atoms is 1:1 with
the two different kinds of atoms occupying the alternate (001) layers, resulting in a tetragonal

distortion of the lattice.

(> A atoms () A atoms
. B atoms ' B atoms
b) L1, type c) L1, type

Figure 1.1: Structures of three common superlattices in binary intermetallic phases

From the foregoing discussion, it is obvious that perfectly ordered structures are possible
only at the simple atomic ratios of 1:1 or 3:1 for the three superlattices considered. Deviations
from the simple atomic ratios will result in the formation of lattice disorder introduced by point

defects.

There are a large number of binary and ternary intermetallic compounds with the B2 (or
CsCl) structure, many of which exist over substantial composition ranges [20]. One of the
interesting aspects of the B2 structure is the existence of constitutional crystal defects when the
composition deviates from the stoichiometric composition. In the fully ordered stoichiometric
compound, one type of atom occupies the a-sublattice while the other type of atom occupies the
B-sublattice. This occurs only at O K, but at finite temperatures thermal defects are present in
increasing number as the temperature is increased. When there are no longer equal numbers of
the two atoms the structure must introduce some type of atomic defect to maintain the crystal

structure.



While several types of defects are possible, experience has shown that the most common
defects in the case of B2 type FeAl are TM (Transition metals such as Fe) antistructure atoms on
the Al-sublattice for composition deviations to the TM side and vacancies on the TM sublattice
when there is an Al excess. At stoichiometry, it is possible for intermetallic compounds to have
TM antistructure atoms on the Al-sublattice with two vacancies on the TM sublattice to maintain
the equality of lattice sites, so-called triple defects [21]. Deviations from stoichiometry are
accommodated by TM vacancies in TM-deficient alloys and by TM antisite atoms in TM-rich
alloys. However, additional point-defect disorder has been observed even in well-annealed
samples of FeAl, for example by X-ray diffraction [22]. Such disorder is a consequence of a low
enthalpy of formation of thermal defects and a high enthalpy of migration of vacancies, making
it difficult to reach thermal equilibrium at low temperature. In FeAl the disorder is believed to
involve the same defects that accommodate deviations from stiochiometry, that is, Fe-vacancies,
Vre, and Fe-antisite atoms, Fey [2]. Other elementary point defects that have not been reported

for annealed samples include the Al-antisite atom, Alge, and Al-vacancy, V4.

A subset of the B2 compounds, the aluminides, where one of the major components is Al
and the other is generally a TM element, are of interest for use in high-temperature structural
applications because of their low densities, high melting points, and oxidation resistance [23].
Iron aluminides represent an intriguing class of materials; they offer a good combination of
mechanical properties, specific weight/strength ratio, corrosion (and oxidation) resistance and
low raw material cost. These properties make them potential candidates for the substitution of
stainless steel in applications at moderate to high temperature. It is well known that upon rapid
quenching from elevated temperatures iron aluminides retain a high concentration of thermal
vacancies which when frozen increase their yield strength and hardness at room temperature
[24]. Despite these useful properties, the aluminides still present considerable challenges for such

applications, in particular, they exhibit poor room temperature ductility and creep resistance [19].

Intermetallic compounds showing high stability of superstructure are promising
technological materials. As their attractive properties follow mostly from a high degree of long-

range atomic order (LRO), knowledge of ordering kinetics in these systems is crucial.



LRO is an essential factor responsible for attractive technological properties of many
intermetallic compounds. Effective production of these materials involves, therefore, specific
procedures (e.g. thermal treatments) aiming at a generation of particular atomic configuration in
their crystalline lattice. Physically, the configurations form according to the rules of diffusional
kinetics, among which ordering kinetics plays a principal role. The process has been investigated
for several decades including a study of one of its specific aspects: so-called “order—order”
kinetics. The “order—order” kinetics, a relaxation of atomic configuration following an abrupt
temperature variation within the domain of LRO (i.e. below the “order—disorder” transformation)
is a process controlled by atomic migration, which, however, occurs under non-stationary
conditions. This fact makes that, despite showing the same microscopic mechanism as steady-
state diffusion (i.e. predominantly atomic jumps to the neighbouring vacancies), “order—order”
kinetics may be characterised by different values of e.g. activation energy. Consequently, when
designing technology of intermetallic materials, not only diffusion characteristics, but also

ordering kinetics should be referred to.

The development of new, more ductile, intermetallic alloys depends on a thorough
understanding of their properties implicating a better comprehension of the properties and
behavior of defects in these materials. Experimental as well as theoretical studies suggest that
intermetallics present complex point defects, especially triple defects. It is expected that the
concentration of vacancies can be strongly changed in the intermetallics with the variation of
heat and mechanical treatment, together with the composition modification of the intermetallics

by transition metal ternary additives [25].

The defect equilibrium as function of composition and temperature at constant pressure
may be described by statistical thermodynamic models [23]. The validity of a model for a
particular phase can be tested by comparing measured and calculated data for the Gibbs free
energies of formation as function of composition. Here notice that the experimental values for

the Gibbs free energy of formation have to be known with sufficient accuracy.

Theoretical method provides an evaluation of the different statistical methods, i.e.
employing either ab initio calculations or applying the Bragg-Williams or Wagner-Schottk
ployimg pplymg £g g y

approaches. The discussion about applicability and outcome of pair interaction models based on



the Bragg-Williams approach emphasizes its role as an easily utilized and powerful tool in the

determination of defect concentrations from thermodynamic properties.

In the work of J. Breuer [16] a generalized Bragg-Williams model for ternary ordered
intermetallic compounds having B2 and L1, crystal structures incorporating any type of defect
was presented. But the model has not been extended to work for L1, ordered crystal structure.
Even though the work says the generalized model works also for L1,, the formulation started by
fixing values used for B2 and L1j. On the other hand in another paper a model for binary B2 type
intermetallic compounds is derived for a limited number of defects [23]. Both of these works are

incomplete and motivated us as the starting point for our thesis work.

Applying a Bragg-Williams approach, the present study provides a method to extract the
description of the interaction between pairs of species in the compounds (atoms/atoms and
atoms/defects), the enthalpy of formation, the Gibbs free energy as well as the defect structure of
the ordered binary intermetallic compounds for the B2, L1, and L1, types. The work formulates
a procedure of how to search for a right defect concentration to predict the physical parameters.
To mention a few, first, a general form of pair interaction model of Bragg-Williams for binary
ordered compounds for B2, L1, and LI, type structures is designed. And then a model is
specifically derived for B2 type binary intermetallic compounds containing hybrid (four) defect.
In the application of the model on B2 type binary intermetallic compounds, all the important
equations are used to self-consistently match with the experimental data to determine some
parameters which has contribution on the determination of the properties of the intermetallic

compounds.

The rest of the thesis is organized as follows. In Chapter two a generalized Bragg-
Williams model for binary ordered intermetallic compounds containing certain types of point
defect is derived. In Chapter three a specific model appropriate for B2 type binary intermetallic
compounds suitable for all types of point defects is derived. In Chapter four discussion and
conclusion is presented. In general in this thesis we derived a generalized Bragg-Williams model
for B2, L1, and L1, type binary intermetallic compounds containing any type of point defects. In
addition to that we derived a simpilified model for B2 type binary intermetallic compounds

containing any type of point defects. Here it is important to note that there are works in which a



Bragg-Williams model for B2 binary intermetallic compounds was used. But those works cannot
be used for any type of defects while the present work can be used for all types of point defects.
We know of no previous work where this is done. Hence, to the best of our knowledge the work

presented in this thesis has not been done previously by others.



CHAPTER TWO

Bragg-Williams model approach for binary ordered

compounds

2.1 The Model

In an ordered intermetallic compounds vacancy formation still remains unclear. One
unsolved but central problem in intermetallics is how to understand why there exist a variety of
different types of intermetallic compounds which exhibit very different vacancy concentrations

with vastly different temperature dependences [26].

The model we want to address is a generalized Bragg-Williams model for binary ordered
intermetallic compounds having a crystal structure composed of two sublattices. Due to this we
can apply this model for binary ordered intermetallic compounds having a structure composed of
two sublattices like B2, L1, and L1 to find thermodynamic data such as defect concentrations.
In this statistical thermodynamic model (for a survey, see [12]) an expression for the free energy
is minimized with respect to the various defect concentrations. The energies of interaction of
neighbouring atoms (H) and the corresponding entropy of interaction of neighbouring atoms
including configurational entropy (S) appearing in the expression for the Gibbs free energy (G)
are determined by fitting the theoretical expressions to experimental data. The relation between

these three physical quantities is given by
G=H-TS, (2.1)
where T is the temperature of interaction of neighbouring atoms.

In order to describe the number of atoms and defects in each sublattice, we first define

the parameters characterizing them and this will be done in the next section.



2.1.1 Assumptions and their relations

To describe the point defect structure of the binary ordered intermetallic compounds
having the structure mentioned above, consider the following definitions and assumptions which

one usually uses [26].

1. A binary compound whose chemical formula is 4,,B,, .

2. N,‘Sdesignates the number of I (=A, B, vacancy (O0)) species on the 6 (= a, ) sublattice.

For example, N is the number of A atoms on the a sublattice.

3. The total numbers of A and B atoms in the crystal are N4 and Np, respectively. N denotes the
constant total number of atoms (here one mole of atoms is considered, so N = Avogadro’s

number): N = N, + Njp.

4. The composition variable (x) specifies the overall composition of the binary system

_Np n Ny m

N m+n N m+n’

5. The defects considered are A atoms on the 3 sublattice (numbers: N f ), B atoms on o sublattice

(number:Ng), vacancies on a sublattice (number:NY) and vacancies on the [ sublattice

(number:ND[g ).

6. In the defect free ideal crystal, which can only exist at the stoichiometric composition at 0 K,
all A atoms occupy all o sublattice sites, while all B atoms occupy all B sublattice sites. The

crystal consists of ma sites and nf sites. The total number of sites Ng, Ng= N+ N, = N+ NS +

NDB , 1s variable.

B
. . . N .
7. The concentration of A atoms on the  sublattice is defined as y, = TA and the concentration

L . Ng . .
of B atoms on the o sublattice is defined as yp = TB’ respectively. The vacancy concentration

. . N . .
on the a sublattice is defined as z, = 7” and the vacancy concentration on the [ sublattice is

. NP
defined as 7g = =,

10



8. The total concentration of vacancies, z, is givenby z = z, + zp.

9. For small deviations from the stoichiometric composition the concentration of defects is small.

Then it can be supposed that the defects are randomly distributed and do not interact. Therefore,

enthalpy and entropy contributions containing z, zy, Zg, Y, ¥g and/or y in the second or higher

power are neglected. The approximation ﬁ =~ 1 - zis applied.

The numbers of atoms and vacancies on the a and [} sublattices can be expressed interms of N,

Ya» YBs Za»> Zg» 2 and . These expressions are shown in Table 2.1.

Table 2.1: Numbers of atoms and vacancies on the a and f sublattices.

o-site

[B-site

Total number of sites

A atoms

B atoms ) Nyg (mT‘*")

)Nz (5F)

Vacancies N&

Total sites

menN[E = Gt (57)

V(i) M = (G N+ 2

m+n

NE=(m) M

NE=(T=IN[1 = G =0 (

m+n)
n

NE=(-

m+n

o) Nz ()

NB=(L) N, = (ﬁ) N(1+2)

m+n
n

)

Ni=(im ~ XV

NB:(X t mI-]I-n)N

ND=N(ZO_, + ZB)

N,=N(1+7)

From the above table and assumption 6 we can write the expressions for z, and zg as

Zo = (=)z + X + Ya — ¥b.

m+n

and

7 = (o

respectively.

)Z—X—VA"‘)’B,

(2.22)

(2.2b)

The relationship between the four kinds of point defects can be obtained by subtracting Eq.

(2.2b) from Eq. (2.2a):

Zg— 2= (m

m +

)Z + 2y, — 2y + 2.

n
n

11
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The independent variables in Eq. (2.2a) and Eq. (2.2b) are only three out of the five
unknown concentrations zy, Zg, z, Ya and yg. Since the total vacancy concentration z and the
concentration of antistructure atoms on both sublattices, y4 and yg, seem to be the quantities
that can most easily be obtained experimentally, one can choose these three

concentrations (z, y,, ¥g) as independent variables.

With the partition of atoms and defects shown in Table 2.1, we can calculate the number
of six kinds of nearest-neighbour atomic bonds, AA, BB, AB, Bo (0 means vacancy), Ao and
oo, by using the mean-field approximation. Assuming that x < 1, z, K 1, z3 K 1, ya < 1 and yg
« 1, we can neglect terms higher than first order of these quantities during calculation. The

number of these atomic bonds is thus given by

man=Z(NJCE) = 2 () Vo (B0 [1 = Gtow) (B0) | = Nzwwe 4w
s 20cl) - 220 s () 1= -0 (2 s,
s~ fnict+ wict) N2 [(2) — x50 (2) +2(2) - 5} 2o

- Z(NB ce+ NP Cg) = NZz, (2.4d)

- Z(N"‘CB + Ngch ) - NZz,, (2.4¢)
= 2{0fs) 22 v (22 (2] - s

Note that C ,5 (I=A, B, 0; = a, B) designates the concentration of I in the § sublattice and is
defined by the number of I in the J sublattice divided by the total site number of the 6 sublattice:

8 = (N/2)(1 + z). Zis the coordination number of nearest-neighbour atomic bond for B2, L1,

or L1 structure.

Similarly, we can calculate the number of next-nearest-neighbour atomic bonds
interaction, AA, BB, AB, Bo (o means vacancy), Ao and oo, by using the mean field

approximation.

12



nia =2/ (NSCE + NYCF) = Nz (=) [1— 200+ ) (Bo) = 2. (2.52)
npp =2/ (NECE + NjCF ) =NZ' (=) [1 - 20 — 0 (B2) - 2], (2.5b)

p=2'(NFCE+ NJCP )= NZ' (s + ). (2.5¢)
ny =2 (NSCE + NYCE) = NZ' () 2 (0) = NZ'z,. (2.5d)
npo=2'(NSCE + NECE) =Nz’ (=) 25 (0) = N2z (2.5¢)
nio=2'(NgC& + Nich) =o. (2.50)

Here Z' is the coordination number of next-nearest-neighbour atomic bond of B2, L1, or Ll

structure.

2.1.2 Dependence of the defect concentration on composition and temperature

2.1.2.1 Gibbs free energy

The next step in the development of the model is the formulation of the Gibbs free energy
(G). According to the Bragg-Williams approach, the Gibbs free energy will be formulated by
considering the interaction of only pairs of atoms (a vacancy is considered as an “atom”). The
interaction enthalpy and the vibrational or phononical entropy of each type of bond between

pairs of atoms are assumed to be independent of composition and temperature.

Consider nearest- and next-nearest-neighbour interactions for the enthalpy of the

intermetallic compound. The general expression for the enthalpy then is
H=3;inijhi; + Xijnihi;. (2.6)

where n;; is the number of nearest-neighbour pairs 7 - j and h;; is the corresponding interaction
enthalpy (i and j can be A or B atoms, or vacancies 0), and the analogous terms for the next-

nearest-neighbour interaction are represented by n;; and h;;.

13



Let AA, BB, AB, BO, Ao and OO bonds have bond energies hyy, hgp, hag, hgg, hag and
hoo, respectively, for nearest-neighbour atoms interaction and hj 4, hpg, hig, hpg, hag and hig
for next-nearest-neighbour atoms interaction. We are then able to express the internal energy H

in terms of defect concentrations so that

! ! ! !
H = nyahgs + npghpp + nyp hag + Npg hgn + Nupghan + Noghon + Nyahps + npghpp +

A ! ! A A ! ! 1A
+Nyphap + Npohpn + Naghag + nighin. 2.7)

The number of atomic bonds (n;; and n; ;) are derived on the basis of the relations given

in Table 2.1 for the numbers of atoms and vacancies on the a and [ sublattices. By considering
the coordination number Z for nearest-neighbour pairs and Z' for next-nearest-neighbour pairs,

the following expression is obtained for the enthalpy H:

1 020 ()b + (2 - 2 (32) - (22 - x(2- )+
-+ ) (B + 52520 (52 e+ (52510 (22 )
o ([ - 20+ (52) - i+

E ) + ) G + ()2

+ (5 2 () b + (G [1- 20— 0 () - 7] th}. 2.8)

Note that the expression for H above (Eq. (2.8)) enables us to see the difference between

our generalized model and that of J. Breuer ef al. [16]. In fact their work was for ternary atoms
but it can be reduced to a binary generalized model. It is clear that the generalized model they
developed does not work for L1, type ordered structure while ours works for all the three types

of ordered structure i.e. B2, L1y and L1, of binary atoms.

Next we simplify the above equation and get

= Nz {mhas + [(57) = va = =9 (3) + x(5) = 2 ()| has + 2510 +
+ zghpo + thBB} + NZ' {[(L) —2(0x + ya) — Z(%)] haa + [y + yalhip +

m+n

+ zehis + zghpe + (=) =20 — 0 = 2 (=) A} - (2.9)

m+n m+n
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To write the expression for the Gibbs free energy the entropy is needed in addition to the
enthalpy. The entropy consists of the configurational entropy S¢ in which the random
distribution of each species on the two sublattices is assumed and the vibrational (phononical)

entropy SV so that the total entropy S is the sum of the two:
S=5°+ S (2.10)

The configurational entropy, S¢, is a function of the numbers of atoms and vacancies on the o

and P sublattices given by

a) B
SC=kBlr1< N Al )

NN BB B
N4'Ng!Ng! N; INGING!

2.11)

Applying Stirling’s approximation (InX! = XInX! — X) and using the relation given in Table

2.1 the above equation turns out to be

s¢ =

RIGE [+ v o (5 (555) + @)Lz + 0 =0 (57)Im () +

+(1 + 2In(1 + 2) — [yalnys + yglnys + z«Inze + zglnzg| — ( " )[1+

et (- ok o0 (2] - ()1~ 00 - D () 4
-5 — 0 (=)} (2.12)

Here R = Nk, with k; is Boltzmann’s constant. In the same manner to the enthalpy (see above),

the total vibrational entropy can be written as
SV = XijnSij + Xijni;Si;. (2.13)

As in the expression for the enthalpy there are parameters for the entropy of the nearest-

4

and next-nearest-neighbour interaction denoted by S;; and S;;, respectively. Using these

parameters an expression for SV can be written in a similary way as that of Eq. (2.8). In fact the
formulation of the vibrational entropy in a manner specified above as a linear function of the
number of pairs found in the crystal structure lacks a strong physical foundation. But, from the

previous studies which use these statistical thermodynamic approach, it is found that the

15



individual parameters S;; and S ; ; are not dealt with, but rather certain combinations of them have
a well-defined physical meaning [2]. Here again let AA, BB, AB, BO, Ao and 00O bonds have
vibrational bond entropies Sy4, Sgg, SaB> SBo> Sap and Sgg, respectively, for nearest-neighbour
atoms interaction and Su4, Spg, Sap> SposSan and Sy for next-nearest-neighbour atoms
interaction. We are then, able to express the vibrational entropy SV in terms of defect

concentrations as

v _ oo oo I
SY = NyaSaa + NppSpp + Nap Sag + Npo SBo + ManSan + NooSan + MaaSaa + NeeSee + NapSap

+ NpySpn + ManSan + NooSaa- (2.14)
By considering the coordination number Z for nearest-neighbour pairs and Z' for next-nearest-
neighbour pairs, the expression for the vibrational entropy S simplifies to

Sv= NZ{yASAA + [(l) —Ya— X—YB (%) + X(%) - Z(l)] Sap T ZgSpn +

m+n m+n

t+ZySpn t+ yBSBB} + NZ’{[(l) —2(0x + ya) — Z(l)] Saa + v + yalsap +

m+n m+n

+ ZuSan + ZpSpn + [(L) —2(yg— x)— z (#)] 51’33} (2.15)

m+n

Notice that in the same manner as the above generalized enthalpy our generalized
vibrational entropy is more general than that of J. Breuer et al. [16]. In their work even though it
was for ternary atoms, the vibrational entropy was generalized for two ordered crystals only i.e.
B2 and L1y. On the other hand if we see the generalized vibrational entropy for binary atoms by
reducing their work, it again works only for B2 and LI, structures. Contrary to that our
generalized form of vibrational entropy works for all the three binary ordered structures i.e. B2,
L1, and L1y. Therefore, if one wants to have a generalized Bragg-Williams model for B2, L.10
and L12 structure of ternary atoms then the generalized vibrational entropy should be developed

in the same manner presented in this work.

Substituting Eq. (2.12) and Eq. (2.15) into Eq. (2.10) and carrying out further simplification the

expression for the total entropy, S, of the system is
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) T (X T yA)]ln(m+n) t [Z(m:tn) T (yB - X)]ln(m:an)-l-

= w2

+(1 + 2In(1 + 2) = [yalny, + yplnyp + zeInze + z5Inzg] — [(m?n)
- (X"‘)’A)] In [1 X + ya) (m+n)] - [(m) - (vg — )()]ln [1 - - X (m+n)]} +

+NZ{yA5AA + [(L) —Ya— X~ s (—) + X(m) - Z(L)] Sap t2pSan + ZaSpo t

m+n n m+n

+yBSBB} + NZ’{[(L) =20 + ya) — Z(m+n)] Saa + e + Yalsap + 2ZuSpo +

m+n

asho + {(557) ~ 200 = 0 = 255 sho) @.16)

After substituting the above derived expressions for H (Eq. (2.9)) and for S (Eq. (2.16)) in

the Gibbs free energy relationship given in Eq. (2.1), one can obtain the Gibbs free energy to be

6 =Nz{yahan + [(555) = 3= =30 () + %(3) = 2(G) b+ zphac +

+ Zghpy + thBB} + NZ' {[(_) —2(x + ya) — Z(m+n)] haa + [ys + yalhup +

+ahin +26hb0 + |(555) —20m = 0 - 2(555)| hhe} = RT {2 (555) +
+O+y)|In(=) + [2(55) + 0 = 0|In(=)+ 4+ 2@+ 2) +
) = )| In{1- G+

+y0) ()] - [(2) - Os = 0] [t = Gs— 0 (B9} - N2T {yasan +

m+n

[(m+n) Ya— X— )’B( ) X( ) Z(%)] Sap * ZgSan + ZgSpn t J’BSBB}+

-NZ' T{[(l) —2(x + ya) — Z(m+n)] Saa t [V + Yalsap + ZuSag + ZpSpn +

+ () =20 = 0 = 2 (55| b @.17)

The generalized Gibbs free energy G presented above can’t be reproduced from J. Breuer

— [yAlnyA + yglnyg + zilnz, + Z[gan[g] - [(

et al. [16]. But from this G we can generate the generalized G for binary atoms derived from [16]
1.e. for B2 and L1. In addition to that our G can give the form of Gibbs free energy for L1,

structure.
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2.1.2.2 Thermodynamic equilibrium

Thermodynamic equilibrium at constant temperature and pressure requires the Gibbs free
energy G to be minimum. This implies that (0G/d x = 0) and (302G /0x? > 0) at the same time
where x stands for z,y, and yg. Thus the equilibrium defect concentrations at a specific
temperature, pressure and overall composition can be obtained by minimizing G with respect to
the three independent defect concentrations z,y, and yg. And applying the minimization
conditions in the Gibbs free energy relationship given in  Eq.(2.17)
(0G/0z =0, 0G/dy, = 0and dG/dyg = 0) one obtains:

S . . .96 .
The minimization with respect to vacancy concentration z (i.e. % | rpy = 0) gives:

NZ|hag + hoo = (=5 ) hag| + NZ'|hag + oo — (=) haa — (o) hiss | +

m+n m+n

— NZT [Sa + Spo = San ()| = NZ'T [Sho + Sho — (=) San — () Sha| =

m+n m+n m+n

Rr|(F)m(55) + (E)in(57) + ma+2) - () (G55 + x +on +
) = ()i (G — v+ o) | .18

Next, the minimization with respect to the concentrations of antistructure atoms on 3 sublattice

. G . .
ya (ie. Iva | rpy = 0) gives the relation,

NZ[hgg — hgp — hag + hpol + NZ'[hyp + hjg — 2hps — hpol — NZT[Sya + Spp +

+

m
m+ m+n

— Sun+ Spal = NZ'TI[Sip + Sho — 2Sha — Shol = RT [In(=5=) = Iny, — In (==

+x +ya—yp)t+ ln(ﬁ— X— ya+ yB)+ ln(l— an)] (2.18b)

Lastly, applying minimization with respect to the concentration of antistructure atoms on o

. . 96
sublattice yg (i.e. Py |

Sa | T =0) we get
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NZ |hao = hoo = (%) has + has| + SNZ'[Rhg — Byo + hpo — 2hbp ] — NZT [Suq +
—Spo— (%) San + Spa | — NZ'T[Sis — Sio + S — 2Sp5] = RT[In(=) +

— Inyp + ln(ﬁ+ X+t Y4 — yB) —ln(i— X— Yat yB)+ln(1+

m+n

_ (s- x)(m+n))]_ (2.18¢)

n

Egs. (2.18a), (2.18b) and (2.18c) are the relations which cannot be derived from J.Breuer
et al. [16] or any previous generalized Bragg-Williams model. The equations express the
relationship between the equilibrium defect concentrations of a given amount of concentration of
atoms at a certain temperature with a known value of interaction enthalpies and entropies of
nearest- and next-nearest-neighbour atoms. These equations, different from other generalized
equations, can be used for any of the three ordered structures (i.e. B2, L1y and L1,) of a binary

intermetallic compounds by fixing the appropriate values of the parameters of m, n and Z.

2.1.3 Thermodynamic activities

Activity is potential for chemical reaction. It is the ability of a substance to undergo a
chemical reaction. It is known that activity data for components A and B of the binary
intermetallic compounds can be determined experimentally. In the following, we derive

equations that enable us to evaluate the thermodynamic activities of components A and B.

The value of the Gibbs free energy for component i (i = A or B), G;, is related to the

thermodynamic activity, a;, by
G; =G + RTIna,. (2.19)

In particular,

Inay=—G, — —Gf, (2.20a)
and
Inag = R—IT Gg — % GY. (2.20b)
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where G2 and G are the partial Gibbs free energy for components A and B, respectively, in a
standard state. On the other hand, the partial Gibbs free energy for components A and B, which
is G4 and Gp, respectively , in a binary system is derived from the Gibbs free energy, G, as

_ _ N4\ Ny 9G _ Npy 0G
GA—G+( N)NaNA N L (2.21a)

G

— G — Napy 96 _Ns
Gp =G N NaNA + (1 )NaNB'

N

(2.21b)

In the above equations there are two variables N, and Ng. We now replace the parameters

of Ny and Ny by the concentration variable y. The relation (61\?6 ) appropriately indicates
(B)

functional relation between G and Ny(gy. Note that

() =G G =G e
and

(5,) = (2) Gas) =5 G5 (2.22)

By substituting Egs. (2.22a), (2.22b) and using assumption 4 in Eqs. (2.21a) and (2.21b), the

Gibbs free energy for each component G4 and Gg takes the form

n G
Gy = G— z(x + m)a—x (2.23a)
and
m G
Gp = G + z(m - X)a_x’ (2.23b)

respectively. Inserting the above derived expression for G (Eq. (2.17)) into (Eq. (2.23a) and Eq.
(2.23b)), we get the following expressions for G and Gg:
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Gy = NZ {yAhAA [(27::?) —Ya+ X— V5 (—) X( ) Z(%)] ha + [(%) N
+X—yA+yB+( ) ]hAD_[(m+n)+)( ya + yB_(m_)Z]hBD+thBB}+
+ NZ' {[(4rz+m)+ 2y — 2y, — Z( )] hya + lyg + yalhup — [(m+n) + oy — ya+t

o ()t +[(Z2) 1 - on o ()] o= () + 20+ 2+

(2 )+ A { (o + men) ) =~ 2 (5) + Gt o fn () +
— [z(m+n) + (yg — X)]ln( )— 1+ 2)In(1 + 2) + yylny, + yglnyz +

(e on = IR+ +n =]+ [G25)e 2
x4t (G2 x = o[22 4 = -

m+n

e (22)] = () + 2+ ][t = 00— 0 (B[] - wzr s +
HGm) — vt () = x(5) — 2(GR)lswe +[(GR) £ = oa v

+ (i) 7310 = i) + 0= vt e = (G55) 2w + s} = W2ZT{[(G3)

m+n m+n

+2x = 2ya — Z(—)] Saa + e + yalsap — [(,,in) +X=yat yp— (ﬁ) Z] Sag +

() + 0 —ya + v+ () z]sho— [(22) +2v + 255 + 2 ()| shs)  2240)

and,

65 = NZ{ahas + |(ZF2) () = F55) =2 () + x = —w (7)) +
— () e = |G57) -+ a = = 2 (G e+ [(G) —x + o
—yg t+ Z( )] hgo :' )’BhBB} + NZ' {[(: )"‘ 2y — 2y, — Zz( )] hya +

+ s + yalhis — (o) = x + 4 — v + z(o=)| Bao — [ m) X+ yat

m+n m+n m+n

~vn = 25 o+ |(557) - 2 = 29 = 2 ()| i) = AT {5+

o))+ () + 6+ () + [2 () + 00 - 0] (25) +
+(1 + 2)In(1 + Z)— yalny, — ygInyg +

1) - x e = G e -] ¢ (22 -

+ya = ¥p — z(—=)|In|(==)z = x — ya + ye|+ (% — X +ya)n1- &+

m+n m+n

+y0) (5)] - [(B=R) - x = ve] |1 = 05— 20 (55)]} = N2T {yasaa +

m+n

[552) ~ k()= 0 () = 2w () x =
+ () 2] sao — [G55) + 0= vt v = (G55) 2l smo + ymsn) +
- NZ’T{[(‘},Z”") + 4x = 2y, — Z( )]SAA [ve + Yalsaz — [(Z—n) + X yat

m+n

= ()l sio + |(G5) + 1 = o+ ve + (555 7l sho = [(G55) + 2+ 20w +

m+n

+2(="=)| st} (2.24b)

m+n

+
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At last, the equation for the thermodynamic activity of components A and B can be derived as
follows. Inserting Eqs. (2.24a) and (2.24b) into Egs. (2.20a) and (2.20b), respectively, gives the
final generalized thermodynamic activity equation for each component atom of the ordered

binary intermetallic compounds.

imay = 5 Pahan + |(5) = vat %= (3) = 2(5) = 2(555) [ e +[(55) +
v =oa+ et (Fr) e e = () + 2= at ye = (555) 2] se + yshas) +

(Y 4 2 = 2y, — 2 (G2 haa + Ds + yallas — [(2n) + 1= ya

m+n m+n

o= () ot + [ + 2 = va + o+ (F5) 2o = |(55) + 22+ 20 +

w2 () )+ {(2+ 556 = [2(555) + G+ o (555) +

- [Z(mzn) + (v — X)]ln(m+n)— 1+ 2In(1 + 2z) + y4lny, + yglnyg +
2n

Gz xva == G |G) 7+ x+oa =]+ [(F) 2+ x+
=+ yet (i) [(GR) 7 = = wa ]+ [(G55) + = sl [1- o+
+y0) ()] - [(G=) + x+ ve| |1 = Ga— 20 (B)]} = Z{yasas +
+|Gm) — v+ x=w (R) = x(3) — 2GR sn +[(Z5) + 2 = oa + 3+

+ (i) A swe = (o) + 2= va+ vo = () o smo + voson} = H{{(500) +

+2x = 2y, — Z( )] Saa + v + Yalsap — [(Z—n) X—Ya+t ys— (i)Z] San +

m+n m+n

G+ = oa o+ mt (GR) 2 sho = [(G0) + 20+ 2w+ 2 (55| o) - 7568
(2.25a)
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ey = e + () - (25) - x(2) #x -0 - (2) +
=2 () s = [(G5) = + 4 = e = 2 () oo + [(%)_xw+
)+ ) + 22 ¢ 20 20— ()

+[yp + yalhap - [(z—m) X+ ya—ypt Z(m+n)] hac = [(z—m) Xt yat

m+n m+n

v = 2(G)lne + |(G0) - 20 = 2 = 2 (50 [} - {555 - 20) () +

+ [Z(m+n) + oot VA)]ln(m+n) + [Z(m+n) + (s — X)]ln( ) + (14
+2)In(1 + 2) — yalny, — yplnyz +

B I R N
+ya = yp — z(—=)|m|(z5)z = x = ya + yu|+ (55 — x + ya)In1- (x+

m+n

+y0) (B)] - [(B=R) - x = ve]In[1 = e — 0 (B5)]} = F{yasaa +

m+n
L) o2 (2) o 2+ om s
+ ()7l s = (o) + 0= oa+ 0= () 2] sm + wsea) = S{{(5) +
+ 4x - 2y, — Z( )] Saa + v + yalsip — [
= ()7l sio + o)+ 2 = om + ve+ () 2] sho = | (o) + 20+ 2+

+2(="=)| shs} — = G8. (2.25b)

2
—n)+X—YA+)’B+

m+n

2.1.4 The relationship between H and AH

The following equation shows the relation between the total enthalpy (H) and the
enthalpy of formation (AH). AH can be experimentally determined (e.g. by solution calorimetry).

The experimentally accessible enthalpy of formation AH is given by
AH = H = |"2H, + “2 Hy)|. (2.26)

We can rewrite the above equation as
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AH =H — [(ﬁ - x) H, + (x + L) HB], 2.27)

m+n

where H, and Hg are the enthalpies per mole of the pure element at the same temperature and

pressure as pertaining to H and AH.

To the best of our knowledge the generalized statistical thermodynamic model presented
here is our original work which is not done by others before. The generalized statistical
thermodynamic model of the Bragg-Williams approach for ternary intermetallic compounds
having structure of B2 and L1 type acquiring up to four (hybrid) point defect was presented by
J. Breuer et al [16]. But here a generalized statistical thermodynamic model of the Bragg-
Williams approach for binary ordered intermetallic compounds having structure of B2, L1, and
L1y type acquiring up to four (hybrid) point defects is presented. The other point is that every
equation in this generalized formulation can’t be regenerated from other generalized models of
the Bragg-Williams type because it is more general than that of any other model of such type. If
one compares this work with a pair interaction model of [16], it is not difficult to notice the
existence of basic difference from the beginning. In that work it started by fixing partially the
value of variables n and m from the beginning. Due to this one can say, that work was
generalized for B, and L1 type structures only [16]. In general our work can be applied to binary
ordered intermetallics having any of the three structure acquiring mono vacancy, antistructure,

triple, three or four (hybrid) defect.

As we mentioned above, an ordered binary intermetallic compound can have a certain
type of defect or another. This happens because of the presence or absence of vacancy or
antistructure atom in either of the sublattices of the ordered binary intermetallics. Now, if one
wants to apply the model, first he needs to modify all the necessary equations of the generalized
once to the appropriate form depending on the type of structure and the defect type. For three
common ordered structures constituted of two sublattices (B2, L1y and L1,) the model equations
for the enthalpy of formation (Egs. (2.28), the thermodynamic activity (Egs. (2.26a) and (2.26b))
and the three minimization conditions which govern the point defect concentrations (Egs. (2.19a,

2.19b and 2.19c¢)) can be obtained easily by inserting m, n, Z and Z’ data given in Table 2.2.
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Table 2.2: m and n numbers and coordination numbers for nearest (Z) and next nearest

neighbours (Z’) of three ordered crystal structures.

Structure | Prototype | m [n |Z | Z’
B2 CsCl 1|18 |6
L1y CuAu 1 [1]12]6
L1, CuzAu 31111216

2.2 Applications of the Bragg-Williams method

The generalized model presented in this Chapter can be modified into different types of
defect models depending on the selected types of binary ordered structure intermetallic
compounds. In any of the B2, L1, or L1 ordered structured intermetallic compounds there can
be mono vacancy in one kind of intermetallic compound, triple defect on another, three defect or
hybrid defect again in another. According to the type of structure and defect, it is required to

modify the Bragg-Williams model to determine the defect parameters.

The generalized model can be modified to work for the four defect model. First it is
important to select the type of binary ordered structure and put the appropriate values of Z, Z’, n
and m. In the case of four (hybrid) defect there are antistructure atoms on both sublattices and
vacancy on both sublattices. Using very accurate enthalpy of formation data and activity data the

!

model parameters /;;, hi;, s; and s;; (i.e. including up to next-nearest-neighbour interactions) can

be determined and the defect concentrations can be calculated.

If the experimentally determined natural logarithm of B type atom activity and the
experimentally determined enthalpy of formation for a given binary ordered intermetallic
compound is available, then by, simultaneous fitting of the enthalpy of formation data and the
thermodynamic activity data, both as a function of composition, leads to very good descriptions
of the experimental input data. Inserting the thereby obtained model parameters (four enthalpy
parameters and four entropy parameters) into the model equations, the defect concentrations can
be calculated as a function of composition. The experimentally determined defect concentration
data can be fitted to the calculated defect concentration curves and then checked its full

consistency.
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Using the model with the obtained parameters, also calculations for temperatures other

than the one pertaining to the thermodynamic input data can be performed. The thus obtained
values for the effective enthalpy, hgf ! (1), and entropy of formation of vacancies, sgf f 0,

according to the Arrhenius relation z(y,T) :exp(sgf s (x)/k)exp(-hgf f (0/kT), can be checked

whether it agrees very well with the results of ab initio calculations or not.

To describe the experimentally determined vacancy concentration curve as a function of
composition and temperature, the model described can be applied. However, inserting the model
parameters obtained by fitting to the vacancy concentration data as a function of composition at
higher temperatures, the temperature dependence of the vacancy concentration as calculated by
the model is unusual. It means that at absolute zero temperature no vacancies would exist and all
defects would be antistructure atoms. On the other hand raising the temperature by only a few

degrees, the vacancy concentration shoots up to its almost temperature independent high level.

For the calculation of the effective enthalpy and entropy of formation of vacancies in the
framework of the given model one may use the following recipe: solve Eq. (2.18b) for yp, insert
into Eqgs. (2.18a) and (2.18c), solve Eq. (2.18c) for y4 and insert into Eq. (2.18a), solve for z.
Then, from comparison of the obtained equation with the usual Arrhenius-type relation, one can

identify the effective enthalpy and entropy of the vacancy formation.

Provided with sufficient experimental data for thermodynamic properties (i.e. enthalpy of
formation data and data for the thermodynamic activity), that allow reliable assessment of the
interaction parameters, the statistical method based on the Bragg-Williams approach provides a
powerful instrument for the determination of types and concentrations of point defects. The
revisited statistical-thermodynamic method applying pair interactions is a viable approximation
of nature that leads to satisfactory predictions on atomic level from knowledge of properties on

macroscopic level.
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CHAPTER THREE

A Bragg-Williams model for binary B2 intermetallic
compounds with hybrid defect

3.1 Models for hydride defect in B2 intermetallic compounds

3.1.1 Four defect type model

In this chapter a model for a hybrid point defect formation in B2 intermetallic compounds
will be formulated using the generalized model presented in Chapter two. There are models
designed for the description of thermodynamic properties of B2 intermetallic compounds
acquiring triple defect and three defect types by incorporating nearest-neighbour pair interaction
terms only [27]. There is no previous model designed for more complex type of point defect
called hybrid (four) defect type of B2 intermetallic compounds. In the hybrid defect type model
vacancies occur on both a and P sublattices, and antistructure atoms also occur on both
sublattices. The distribution of the atoms and defects on the two sublattices are given in Table
2.1 in Chapter two. In the hybrid defect type model there are three independent variables: the
vacancy concentration z, the concentration of antistructure atoms on the B sublattice ys and the
concentration of antistructure atoms on the a sublattice yg. Knowing these quantities the other
defect concentration, i.e. the vacancy concentration on the a sublattice z, and the vacancy
concentration on the P sublattice zg, can be calculated [3]. In the following section we will
develop equations for calculating composition and temperature dependence of a hybrid defect.
Here we will use the same approach as in [27] so that we will consider only nearest neighbour

pair interactions.

3.1.2 Composition and temperature dependence of thermodynamic properties
according to the four defect types model

In order to get equations that relate the dependence of composition and temperature on
the hybrid defect, we first derive the expression for the enthalpy H and the entropy S of B2 type

hybrid defect and substitute them into the equation for Gibbs free energy G. The condition for
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equilibrium requires that we minimize G with respect to defect parameters which will enable us
to determine the relationship between the defect parameters with composition and temperature.
In addition, we will find the expression for the enthalpy of formation AH and the thermodynamic
activity a,(py to determine the relationship between defect parameters with composition and
temperature. This relation will enable us to generate thermodynamic data using available
experimental data of thermodynamic activity and enthalpy of formation by fitting.

From the generalized model developed in the previous Chapter, we can get the expression
for the enthalpy H of the B2-A; B, compound acquiring four defect according to the Bragg-
Williams approach. In Eq. (2.9) taking m=1, n=1 and Z=8 for B2-type gives,

H = 4AN[(1 = 2))hap + 2xhppl — (z — 2x + 2ya+ 2yp)AHup + (z — 2y — 2yp +

+2yp)AH,m + (z + 2x + 2ya — 2y8)AHgg 3.1)
where
AHgp = 4N [hyp — C2422020), (3.22)
AHug = 4N [hao — 4], (3.2b)
_ hpp
and AHgg = 4N |hgg — “22|. (3.2¢)

The terms AHj; have the same meaning as in [27], with Nh; as the enthalpy value per mole

connected with the ‘bond’ ij. On the other hand, the enthalpy of formation AH is given by
1 1
AH =H — [(5 - )() H, + (X + E) HB] (3.3)

where H; (i=A,B) are the enthalpies per mole of the pure elements at the same temperature and
pressure as pertaining to the enthalpy H. From Eq. (2.24a) and (2.24b), the values of H, and Hp

can be derived for B2 type ordered intermetallic compound. Hence,

AH = N[(2x = 1)Bhaa + 3hss — 4hap)] = (3 — 21 ) AHag (3.4)
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Analogous to the enthalpy above Eq. (3.1), the vibrational entropy (S"”) for the same system is

gives by

gvib — AN[(1 —2))sag + 2xsggl — (z — 2y + 2y, + 2y)ASup+ (z — 2y — 2y, +

+2yp)ASun + (z + 2x + 2y — 2Y5)ASsg (3.5)
where
ASyp = 4N [s,p — S242%88)] (3.6a)
AS,, = 4N :sAD - %“‘] (3.6b)
and ASpo = 4N [sg0 — 22, (3.6¢)

The formulation of the vibrational entropy as a linear function of the number of pairs found in
the structure (Eq. (3.5)) is lacking a strong physical foundation. In the following the total amount
of the vibrational entropy is dealt with instead of the individual parameters s;. The given
definition may be compared with the approach by Wagner who wrote the vibrational entropy in

terms of a linear function of the number of atoms [14].

The configurational entropy (S°Y) for B2 can be derived by taking n=1, m=1 and Z=8 in
to Eq. (2.12) so that

seonS = 2[2(1+Z)ln(1+z)—ZyAlnyA—ZyBlnyB—2(% +x + ya —yB)ln(g +x +
+ya—v8)—2(G—x—ya+ys)In(G=x—ya+ys)— (1 = 2x-2y2) In(1 - 2y — 2y,) +

— (1+ 2% = 2y5) In(1 + 2% — 2y;) = 2(z + Y5 + y5) In 2] 3.7)

Inserting Eqgs. (3.1), (3.5) and (3.7) into the expression for the Gibbs free energy [G =H —
T(S”ib + Sconf)] we get,
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G =4N[(1=20hap + 2xhgsl — (z — 2x + 2ya+ 2yp)AHap + (z — 2 — 2ya +
+2yp)AHun + (z + 2x + 2ya — 2yp)AHpg _T{4N[(1 — 2x)sap + 2xspsl +

—(z — 2y + 2y, + 2yp)ASug + (z — 2y — 2yp + 2yp)ASun+ (z + 2y + 2y, +

— 2yg)ASp + RT[(l +2z2)In(1+2)—y,Iny, —yglnyg — (g + x + ya — yB)ln (§+
+x+ya-v8)— G=x—ya+ye)n(G—x—ya+ys) = (5 — x— ya) In(1 +

—2x =2y~ (G+x—ys) (1 +2x - 2y5) -+ +ye) 2]} (339

At equilibrium G takes a minimum value with respect to the defect variables z, y, and yg. From

Eq. (3.8), calculating 0G/dZ =0, 0G/0y, =0 and 0G/0yg = 0 (equilibrium at constant

temperature and pressure) term by term gives

4(AH 5 — TAS,5) = RT In [L224-2a)042x-2yp)] (3.92)
L 16y4¥YB
_ [(1—2x—2y4)(z — 2x — 2y 4+ 2Yp)*
4(AHyo — TAS;5) = RTn | T | @o)
_ [(1+2x—2yp)(Z +2x +2ya — 2yB)*
and 4(AHpo — TASps) = RTIn| P e ] (3.9¢)
respectively.

After carrying out certain manipulation the above equation gives

_ (+20)]a
VB = 1w o (3.10)
. (1-2))Jp
VA= 002 (3.11)
and
(A-—2x)js  _ _(A+2x)Ja  _
2x + 22-K)+Jg  2(z-K)+]a K, (3.12)
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where

4(AG gn— AG 4B)

Ja=(1+2)% RT

4(AGpn— AG 4B)

]B = (1 + Z)Ze RT ’

1
2(AGgp +AGpp — AGAB)}E
b

K={zz—e RT

AGAB = AHAB - TASAB’
AGAD = AHAD - TASAD,
and AGBD = AHBD - TASBD'

Eq. (3.12) states that for known parameters of AH,p, AHyn, AHpg, ASap, ASpn and ASy,
the vacancy concentration z is an implicit function of the temperature 7" and the composition
variable y. Similarly, Egs. (3.10) and (3.11) are implicit functions of composition variable y, the
vacancy concentration z and the temperature 7 for known parameters of AHyg, AHyn, AHpg,
AS,p, ASpg and AS, of the concentration of antistructure atoms on the  sublattice y, and the

concentration of antistructure atoms on the a sublattice yp, respectively.

From Egs. (2.23a) and (2.23b) the dependence of the activity of component A(B), ay(g),

on all the above parameters considering the nearest-neighbour atoms interaction only for B2 four

defect, is given by
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RTlnaA = 4N[(2 + X)h’AA - Xh’BB] + (2— ZyA_ZyB - Z)AHAB + (2 + 2)(_ ZyA+

+2yg + 2)AHyy — (2 + 2y — 2y, + 2y — z)AHgy, + RT [(g +x + yA)ln2+

+ (g + yB+—X)ln2— 1+ 2In(1 +2)+ yylny, + yglnyz + (g— X + ya+t

~ye — UG+ x+ya—ve)+ GHx—ya+ye+t )n(E—x—ya+ys)+
3 1

+ (§+ X — yA)ln(l— 2x — ZyA)— (§+ x+ yB)ln(l — 2yp +2)()] - 4NT[(2 +

X)Saa — XSppl + T[(Z‘ 2y, — 2yp - Z)ASAB + (2 + 2y — 2y, + +2yp + 2)ASy, —

(2 + 2y — 2y, + 2y — 2)ASgs] — G, (3.13a)

and

RTInag = 4N [(x = 3)haa + (3= X)hes|+ (1 = 2y4 — 275 — DAHp +
—(2-2y + 2y, — 2y — z)AH,u+ (2 — 2y + 2y, — 2yg + z)AHpy — RT [(1+
+2)In(1 + z) = (z + ya + yp)In2 — yslny, — yplnyp — (1 Xt Ya—ypt
+9mE+x+ya-ve)+ (L-x+ya -y —m(E = x - ya +yp)+

+ G -x + yA)ln(l— 2x — 2y,) — (g— X — yB)ln(l — 2yp +2)()] - 4NT[(2)(+
=) saa + (5= 22)ses| + T[4 — 24 — 28 — 2)ASus — (2- 20 + 294 — 2ys +
— 2)ASus + (2 — 2x + 2y4 — 2yp + 2)ASpg| — G (3.13b)

where GJ and GJ are the Gibbs free energy of pure A and B, respectively, in its reference state

(cf. Eq. (22) in [3]).

The relationship between z, y and T is given by Eq. (3.12). In principle, by fitting Eq.
(3.12) to the experimentally determined vacancy concentration as a function of composition at a
constant temperature, the dependence of z on y can be determined. The other way to determine
Z(x) 1s by simultaneously fitting the enthalpy of formation and thermodynamic activity data, both
as a function of composition at constant temperature. Having obtained the model parameters

(note that these are AHj; and ASj; for the fitting of the vacancy concentration and hy; and s;; for
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the fitting of the thermodynamic properties, respectively), the temperature dependence of the

vacancy concentration can also be determined using Eq. (3.12).

The relation between z, y and T is prescribed implicitly by Eq. (3.12). The task now is to
determine z(y) by fitting Eq. (3.12) to experimentally determined vacancy concentrations as a
function of composition at a constant temperature or by simultaneous fitting the enthalpy of
formation and thermodynamic activity data, both as a function of composition at constant
temperature. One may also use experimental z(7) data measured for constant compositions y, as
input for the fitting, or a combination of all of these data sets (z(y), z(T), AH(y) and ag(y)) as
input for the fitting procedure. Details about the two fitting procedures to be applied in the future

work, the “numerical’ procedure and the ‘analytical’ procedure, are given in the Future prospect.

As a test for the validity of our model we apply it for B2 type three defect. In this case of
three defect zg = 0 while the other defect parameters stay the same. On the other hand for B2

type structure the values of m, n and coordination number for nearest-neighbour atoms (Z) will
be m=1,n=1 and Z = §, respectively. Accordingly, the form of H from eq. (2.9) for the nearest

atoms interaction only takes the form

H = 4N{2y,has + [1 — 2y, — 2y — zlhap + 22ghan + 224hpn + 2yphps) (3.14)

Again from eq. (2.2b) and assumption 8 we have
2y, =z — 2y + 2yp (3.15)
zZ = Zg+ g =24 (3.16)

After substituting the above two equations in addition to eqgs. (3.2a) and (3.2¢) in to eq. (3.14)

gives
H = 4N[(1 _ZX)hAB + ZXhBB] - Z(Z - 2X + ZyB)AHAB + ZZAHBD

This equation is nothing but J. Breuer’s result which appears in the paper [27].
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CHAPTER FOUR

DISCUSSION AND CONCLUSIONS

4.1 Discussion

In this work a generalized pair interaction model of the Bragg-Williams type for binary
intermetallic compounds A,,B, composed of two sublattices and exihibiting B2, L1 and/or L1,
structures is presented. In the development of the model the enthalpy and entropy of nearest- and
next-nearest-neighbour atoms interaction are considered as the basic parameters. Here the
entropy incorporates vibrational and configurational entropies. It is designed to describe ordered
binary intermetallic compounds containing all types of point defect from the simple mono
vacancy type up to the complex type of defect called hybrid (four). As we showed in Chapter

three, it can be simplified to one of the specified structure having a certain type of point defect.

The Bragg-Williams model presented is capable of describing defect concentrations of
intermetallic compounds that incorporate all four possible point defects. Using accurate
experimental data for the enthalpy of formation and the thermodynamic activity, both as a
function of the composition (and, if available, of the temperature) in the homogeneity range of
the A;,B, compound, the model parameters for the enthalpy and the entropy of interaction terms
of pairs of atoms can be determined. If, however, experimental input data are not available to a
sufficient degree (as is the case for B2-Fe;_,Al, that exists predominantly only on the Fe-rich side
of the stoichiometric composition), the model may not lead to satisfactory results: no unique

parameter set can be determined [16].

Vacancy concentrations as a function of the composition and temperature in ordered
binary intermetallic compounds are parameters used to compare results between theory and
experiment. A necessary step to check the validity of a model is to compare it with reliable
experimental data. Before one tries to make a comparison between our model and experimental
data, we would like to make a few remarks about what experimental data can fulfill this purpose.
Some researchers compared their models with activity data of intermetallics. However, activity

data do not appear to be very sensitive to point-defect structures, as it has been found that
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different models (which predict different defect structures) gave very similar fits to activity data
[27]. Therefore, comparison with activity data does not appear to be a sensitive check for a
model. On the other hand, different models predict quite different composition and temperature
dependences of vacancies. Thus comparison with the experimentally determined vacancy
concentration as a function of the composition and the temperature can provide a critical check

for theoretical models.

The model parameters for the enthalpy and the entropy of interactaction of pairs of atoms
can be determined using accurate experimental data of the enthalpy of formation and the
thermodynamic activity, both as a function of the composition (and, if available, of the
temperature) in the homogeneous range of the A;.B, compound. If, however, experimental input

data are not available to a sufficient degree the model may not lead to satisfactory results.

A comparison of the Bragg-Williams statistical thermodynamical method with methods
that apply the Wagner-Schottky approximation for fitting of experimental data or methods that
calculate the model parameters by ab initio approaches shows that the model parameters of the
individual methods cannot be transferred into each other directly. Yet, the methods can be
compared considering “higher level parameters” as the effective enthalpy of formation of the
point defects, that can be calculated assuming the usual Arrhenius-type temperature dependence
of the defect concentrations. On the basis of the current evaluation of literature data, it follows
that the revisited statistical method based on pair interactions provides a consistent description of

important properties of intermetallic compounds.

To the best of our knowledge, up to the day the work is completed, there is no
generalized Bragg-Williams model for ordered binary intermetallic compounds having a
structure of B2, L1 and/or L1, with hybrid or less type of point defect. In addition, we did not
see a simplified model as we did for ordered binary B2 acquiring hybrid (four) defect. Finally,
we want to see that, if accurate experimental vacancy concentration and thermodynamic data are
available, it would be straight forward to apply the model and determine thermodynamic

parameters of a certain intermetallic compound.
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4.2 Conclusions

A pair interaction model of the Bragg-Williams type for binary intermetallic compounds
A,,B, composed of two sublattices and exhibiting various crystal structures is presented. The
model incorporates the contribution of the vibrational entropy. It is capable of describing
intermetallic compounds that incorporate all four possible point defects: vacancies and
antistructure atoms on both sublattices. The general model as presented can be adjusted (i.e.
simplified) easily to more special cases, e.g. when certain defect types can be ignored.
An elaboration of the hybride defect types model for the thermodynamics of point defects in B2-
type ordered compounds makes it possible to determine the parameters of the model not only to
fit to experimentally determined vacancy concentrations, but also to experimentally determined

enthalpy of formation and thermodynamic activity data.

A. Fitting to experimentally determined vacancy concentrations

— If an experimental data of good accuracy is available, fitting of the hybride defect types model
to (only) experimentally determined vacancy concentrations as function of composition at
constant temperature and pressure in B2-intermetallic compounds can show that the fitting
procedures lead to at least as good fits of the model to the experimental data than obtained by
using the values for the fit parameters as given by [21, 6]. However at the moment there is no
available experimental data on which we can do fitting of theoretical and experimental vacancy

concentration as a function of composition.

B. Fitting to experimentally determined enthalpy of formation and thermodynamic activity data

— Again here also if an experimental data of good accuracy is available, fitting of the hybride
defect types model to (only) experimentally determined enthalpies of formation and activities in
binary B2 intermetallic compounds at constant temperature and pressure can provide good
description of the experimental data. However, fitting the simpler triple defect model containing
less fit parameters [19] yields fits of the same good quality. Once again we want to mention that
if experimental data of enthalpy of formation and activity are available fitting of theoretical and

experimental enthalpy of formation and activity as a function of composition can be performed.

Note that the fitting process in part A needs to be accomplished with part B

simultaneously. Because in part A an array of experimental values of vacancy concentration data
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as a function of composition at a certain temperature and pressure is compared with an array of
theoretical vacancy concentration to determine the enthalpy of formation. On the other hand in
part B experimental value of enthalpy of formation and activity data will be compared with the
theoretical enthalpy of formation and activity data to generate the array of vacancy concentration
given in part A. From the above two statements, it is clear that the two fitting procedures are
interrelated so that the task should be carried out self consistently for the theoretical values to

match with the experimental data.

Finally, we would like to recommend that the subset of the generalized model presented
in Chapter three can be modified to a more complex one by adding next-nearest, next-next-
nearest, etc atoms interactions for more accurate fitting of experimental with theoretical data. In
addition, the generalized model can be applied in a similar manner for L1y and L1,. The same

generalized model can be carried out for ternary ordered intermetallic compounds.
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Future prospect

Algorithm for fitting the model equations

The z-x-T- relationship given by Eq. (3.12) is the equation to work with when starting any
of the fitting procedures presented in this work. There are two different ways of solving the
implicit relationship provided by this equation: a "numerical" procedure (see 1) and an
"analytical" procedure (see 2). Because of their physical meaning, Eq. (3.12) is to be fulfilled by
only real (i.e. not complex) values for the AH;- and AS;- parameters, by only positive real z-
values and by only real y-values with absolute values less than 0.5. Applying Descartes’ rule of
signs to the polynomial Eq. (3.12), it is seen that there can be only one positive root for z that can

be real or complex for every eligible y value [27].
1 The '""numerical'' procedure

For the numerical method, z as a function of y and 7 can be obtained from Eq. (3.12)
numerically, for a given parameters AH,;, AH,,, AHy., AS,5 AS,. and AS,.. First an array of (real)
values for the vacancy concentration z (i.e. 0 < z < 1) is chosen. Using Eq. (3.12) for a given T,
this array of z values can be transferred into an array of x values. Then, the physically relevant
values, i.e. the y values pertaining to the alloys concerned, are selected. Thereby a "calculated"
data set z(y)results. Clearly, this indirect procedure requires that the density of the initial z array
is much larger than that of the array of experimental y values. When performing the
numerical/indirect method, there are two options for the z-y-y4-yp (hybride defect model) or the
Z-x-ya-ys (hybride defect types model) set, that is taken for the actual fitting to the experimental
data of the vacancy concentration and the thermodynamic properties: one may either take the y
values that come out of the computation of Eq. (3.12) (and Egs. (3.10) and (3.11)) or replace the
calculated y-values by the experimental ones (while keeping the z, ys (and y;) values
corresponding to the calculated y-values; the z values, y4 value (and y; values) then become
approximate ones.). If the fitting is carried out with a sufficiently dense array of z values, the

difference in the results obtained by both options is insignificant.
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For the fitting to the measured data for the vacancy concentration z one now calculates
the difference, i.e. the error between the "calculated" z() and the experimental z() values. For
the fitting to the thermodynamic properties (enthalpy of formation and thermodynamic activity
values) one inserts the calculated z-y-ya-y; set into Egs. (3.4), (3.13a) and (3.13b) and compares
the calculated and experimental values of the enthalpy of formation and the activity by
determining the differences. For both fittings then the procedure starts again with a new set for
the parameters AH,;, AH,, , AS,; and AS,, and it is continued until the calculated differences are

minimal.

Parameter input: AHup, AHxg,
AHBD, ASAB, ASAD and ASBD

A 4
A

z array (z e [0,1])

v
Eq.(3.12)

A 4

A 4

Calc. (z, y) array

‘ il Exp. data: AH(y),
Exp. Data: z(y) Eas.(3.10) and (3.11)
T aa(y) and ap(y)
= Calc. (z, X. ya, yp) array |
. L
| 4] v X
Selection of closest y

A 4

A

calc. For y exp.

Eqgs.(3.4), (3.13a)
and (3.13b) AH, ay and ap

Te |
A 4 i

Calculate error

A\ 4

Figure 1: Scheme for the ‘numerical’ procedure used in the fitting of the four defect type model.
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2 The "analytical'' procedure

For the "analytical" procedure an appropriate mathematical software program can be used
that finds directly extensive analytical equations for the four roots of Eq. (3.12) for z, for given
parameters AH,;, AHy. , AS,; and AS,, and a given temperature 7. Inserting the experimental y
values into the equations of the four roots of Eq. (3.20) for z, the four possible z-y,-x arrays are
computed. There can be only one positive root for z (see introduction of the Future prospect) and
this root (that can be real or complex) is selected. If the root is complex, it is accepted if the
imaginary part can be neglected. The fittings to the vacancy concentration or to the

thermodynamic properties then proceed as described for the numerical method (see Section 1).

» Parameter input: AHup, AH4p, <
Exp. Data: z() AHpo, ASpp, ASps and ASpo Exp. data: AH(0).
I 7 as(y) and ag(y)
X > Eq.(3.12), (3.10) and (3.11) 4—\ L
- ¥ %]

(21, (- Y1, YB1)
(22, - Ya2, YB2)
(23, X~ Y3, YB3)

v

Selection of the (max.

One) phys. Possible root

Egs.(3.4), (3.13a) AH, a and ap
»/ | and (3.13b)

<

A 4 A 4

Calculate error

Figure 2: Scheme for the ’analytical’ procedure used in the fitting of the four defect types model;

see text.
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