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CHAPTER I 

INTRODUCTION 

A number of alloys, which show a tendency to decompose, are commercial

ly interesting because of their specific mechanical and/or magnetic 

properties» To attain these specific properties the alloys are subject

ed to several heat treatments, which are optimized by trial and error. 

The alloys are quenched from the thermodynamlcally stable regime into 

the miscibility gap» When an alloy is thermodynamically not stable 

(within the miscibility gap) the alloy will decompose when the mobility 

(temperature) of the atoms is high enough. Quenching of the alloy to a 

much lower temperature will decrease the mobility of the atoms signifi

cantly and the process of decomposition is stopped» This is the 

principle of the heat treatments of commercial alloys» In order to 

improve the mechanical and/or magnetic properties of these alloys by 

changing the heat treatment or composition we first have to understand 

the mechanism of decomposition and find a theory which accurately de

scribes the decomposition. 

J.W. Gibbs [l] divided the miscibility gap (region of the phase diagram 

marked by the equilibrium compositions of the phases of a decomposed 

alloy as a function of temperature) into a thermodynamically metastable 

and an unstable region (see figure 2.1). In the metastable regime there 

is an energy barrier to decomposition and the alloy will decompose by 

the mechanism of nucleation and growth» Small nuclei of the new phase 

will form (clustering) and grow on prolonged annealing» Accordingly in 

the metastable regime there is an instability with respect to local 

perturbations that are large in degree (large composition difference 

with the surrounding matrix) but small in extent (small nuclei). In the 

unstable regime there is an instability with respect to non-local per

turbations (spinodal decomposition), that are small in degree (small 

composition difference with the surrounding matrix) but large in extent 

(long wavelength composition fluctuations). 

Although an alloy above the miscibility gap is thermodynamically stable 

this does not mean that the atoms are randomly distributed» The atoms 

show a preference to surround themselves with similar atoms (short-
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range clustering)» The degree of short-range clustering Is temperature 

dependent and when an alloy, which Is in a thermodynamlcally equilibri

um state above the miscibility gap, Is annealed at a temperature in the 

stable region of the phase diagram, the short-range effects will relax 

to the new equilibrium state* During the last decade results of more 

sophisticated theories and experiments have blurred the distinction 

between relaxation of short-range clustering, nucleatlon and growth and 

spinodal decomposition. Therefore it is of importance to determine the 

range of validity of the existing theories. 

The most important experimental techniques that are used to investigate 

the decomposition and short-range clustering of alloys are neutron- or 

X-ray diffraction and electron microscopy. The diffraction techniques 

are especially suited to investigate the early stages of decomposition 

and the relaxation of short-range clustering, while electron microscopy 

is predominantly used to investigate the later stages of the decomposi

tion. The X-ray or neutron intensity which is related to the state of 

short-range clustering and decomposition (namely by a Fourier transform 

of the pair correlations) is proportional to the difference of the 

scattering factors of the elements in the alloy (see section 2.5.1). 

In the early 1940's the decomposition of a CuNiFe-alloy was investigat

ed by X-ray diffraction and the occurrence of side-bands near the Bragg 

reflections could be partially explained by assuming a periodic varia

tion of the composition (spinodal decomposition). 

This was the first time that the mechanism of spinodal decompostion was 

investigated experimentally. Later on the decomposition of CuNiFe-al

loy s has been investigated more thoroughly with, among others things, 

X-ray diffraction and electron microscopy. Recently the equilibrium 

state and the relaxation of short-range clustering for CuNl-alloys in 

the stable region of the phase diagram has been investigated thoroughly 

by means of diffuse neutron scattering [2—5J. 

The CuNi(Fe) system is especially suited for extending the investiga

tion to relaxation and decomposition processes, especially when the 
62 

stable isotopes N1 (large negative scattering length for thermal 

neutrons) and Cu (large positive scattering length for thermal neu-
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trons) are used (large difference of the scattering lengths) in a 

neutron scattering study of these effects» 

Besides the study of non-equilibrium states, the investigation, both 

theoretically and experimentally, of thermodynamically equilibrium 

states above as well as inside the aiscibllity gap is of importance, 

because this determines the final state of the relaxed or decomposed 

alloy. 

In chapter II a brief review of the existing theories on the equilib

rium state of short-range clustering and the kinetics of short-range 

clustering and decomposition is given. 

In chapter V these theories are tested for a number of CuMi(Fe)-alloy.*:, 

which were investigated by means of neutron scattering. 

In chapter IV the experimental techniques, which are used for the 

investigation of the CuNi(Fe)-alloys, are treated. 

In chapter III the cluster variation method is discussed, which can be 

used to calculate a number of quantities of a system (e.g. phase diag

ram, Helmholtz free energy of mixing, energy of mixing, excess entropy, 

Warren-Cowley short-range order parameters, etc.). Furthermore the 

crystal-growth approximation (an extension of the cluster variation 

method), which can be used to calculate atomic distributions, is 

treated. 

In chapter VI the results of cluster variation method calculations on 

the CuNi-system are described. The temperature and composition depen

dence of the Warren-Cowley short-range order parameters was 

Investigated and the thermodynamic quantities and the coexistence curve 

(equilibrium compositions of the phases of a decomposed alloy as a 

function of temperature) for the CuNl-systea was calculated and com

pared to experimental results. 

In chapter VII the applicability of the crystal-growth theory Is dis

cussed. The consistency of the Input- and output-parameters for the 

calculations is tested* This condition of consistency has to be 

fulfilled before we can draw meaningful conclusions from the crystal-

growth calculations» 



[ I ]  Ihc k f a t f f f c  Papers of J* Willard Cibk (Dover, 1961) p. 105. 

[2] J. Vrfjen rad S o  M l u r ,  ?hyt. Rev- B 17, 409 (1978). - 
[3] J, Vrijea, J .  Adders, C. wan Dfjk and S. R a k l u r ,  Phyt. Rev. B 

22, 1503 (1980). - 
[4 ]  U. bgner, A. PaecscNe, A- Axraa and Do Schurbn, Phys. Rev. B 

21, 3W7 (1980). - 
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aurTEft i i 

KINETICS OF SBOKT-KJMCC CL0STEMNC Ш PHASE SEFAIATIOII IS. ALLOTS 

2.1» Introduction 

The phase diagraas of a ( teat saneer of al loys show a so-called a i s c i -
b i l l ty cap, a region iaside of which the alloy shows a tendency to 
decoapose. The coacept of separating this a i s c i h i l i t y gap into a aeta-
stable aad unstable regio* was f i r s t introduced by J.H. Cibes. Various 
theories were later oa developed to describe the kinetics of the phase 
separation in these regions. la the aetastahle regis» the alloy was 
assuaed to decoapose by the aechaaisa off aacleatloa aad growth (see 
section 2.4.2) while in the unstable regies the decoeposltlon was de
scribed by the growth of the aaplitvde of periodic long-rang* coaposi-
tioa fluctuations (spinodal decoeposltlon; see section 2 .4 .1 ) . Above 
the a i s c ib i l i t y gap the atoas are not raadoaly distributed, but show a 
tendency towards short-range clustering. The theory (see section 2.4.1) 
which describes the relaxation of short-range clustering froa one eoui-
libriua state to another in the stable region of the phase dlagraa i s 
basically the sane as for the decoavositioa in the unstable (spinodal) 
regine. Distinguishing experiaentally between the aechanisa of spinodal 
decoapositioa and nucleatioa and growth turned out to be very d i f f i 
cul t . Globe assuaed that the spinodal l ine , which separates the 
aetastable froa the unstable regie*, i s a sharp boundary. Results froa 
coaputer siaulations and aore elaborate theories suggest that the spin
odal i s a diffuse region* which l i e s closer to the coexistence line 
(locus of the coaposition of the eqailibriua phases as a function of 
>ËBperature) than foraerly assuaed. 

In this chapter we wi l l discuss the tine-evolution of the relaxation of 

short-range clustering in the thcraodynaaically stable part of the 

phase diagraa as well as phase separation in teres of the spinodal 

decoaposltlon, nucleatioa and growth and coarsening tneories. Also the 

scaling procedure (see section 2.4 .3) for the structure function, which 

was recently shown to be valid in the aetastable as well as in the 

unstable region of the phase diagraa, w i l l be discussed» 
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2.2. Thermodynamics of phase stability 

The composition dependence of the Glbbs free energy density g(c) of a 
homogeneous binary (AB)-system (c: fraction of B-atoms) for a tempera
ture T < T , where T is the critical temperature for decomposition of 

а с с 
the system, is shown in figure 2.1. The relation between the Gibbs 
free energy density curve and the phase diagram is also shown in this 
figure. The equilibrium phases (c and с ) are given by the points of 

a 0 
common tangency of the common tangent to the g(c) curve. The alloy 
is thermodynamically stable at T = T for 0 < с < с and с, < с < 1. 

а а р 
For с < с < с and с „ < с < с„ the alloy will be metastable (for T = 

а sa sp p J 

T ). The fractions с and с . are the points where the second deri-
a' sa sp v 

vative of the Gibbs free energy density as a function of concentra
tion is zero (deflection points of g(c)). 
In the metastable tegime small excursions in composition will raise the 
Gibbs free energy of the system, while large differences in composition 
will lower the Gibbs free energy (figure 2.2.a). So there is an energy 
barrier, which has to be overcome before phase separation occurs. The 
decomposition in the metastable region of the phase diagram occurs by 
nucleation and growth. There is a critical nucleus size below which 
nuclei dissolve in the matrix and above which the nuclei will grow. 
For с < с < с _ the alloy is unstable and will decompose spinodally 
which means that the amplitude of composition fluctuations with a 
wavelength larger than a critical value will grow, while for smaller 
wavelengths the amplitude will decay [1,2]. Whether the excursions in 
composition are small or large is of no importance (see figure 2.2.b). 
According to the classical Cahn-Hilliard theory [l,2] the energy barri
er for decomposition will vanish at the splnodal, while the critical 
radius (nucleation and growth) or wavelength (spinodal decomposition) 
diverges at the spinodal. Binder et al. [3j predict that the barrier 
height never becomes zero, but that it only becomes lers than k T (k : 

В В 
B^tzmann's constant) throughout the spinodal regime (figure 2.3). As 
a consequence there will exist no well defined spinodal line (for sys
tems with short-range interactions). According to Binder et al. [ 3] the 
critical cluster size or wavelength will decrease steadily when we 
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а с _ 

т • _ _ - ' •*_ _" 

C.i С 5 , Cs.i С j 

fraction of B-atoms 

Fig. 2.1. The concentration depen
dence of the Gibbs free energy den
sity g(c) for a binary alloy at a 
temperature T and the relation 
between g(c) and the phase 
diagram. 

с, с с, с-, с. в 
fraction of В - aforns 

( a ) 

с, с , с с . с,в 
fraction of В-atoms 

( b ) 

Fig. 2 .2 . Gibbs free energy density g(c) versus composition to i l l u s -
tr ' t e the Gibbe free energy changes during decomposition of a 
metastable (a) and an unstable (b) phase of composition 
с (after Cahn [ l j ) . 
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Fig» 2 .3 . Schematic diagram :f the energy barrier E for phase 
с 

separation (a) and the critical wavelength (b), at which 
phase separation starts, versus composition (after Binder et 
el. [3J). 

move from the coexistence line towards the spinodal region and will 
become comparable to the correlation length of the thermal fluctuations 
(see equation 2.5) inside the spinodal regime (see figure 2.3). 

An alloy in the thermodynamically stable part of the phase diagram will 
not separate (long-range) into two (or more) phases. However, usually 
atoms of a thermodynamically stable alloy are not randomly distributed. 
When an alloy shows a tendency to decompose below T • T then for T > T 

с с 
the atoms will show a tendency to surround themselves by atoms of the 
same kind (short-range clustering). The degree of short-range cluster
ing is temperature dependent. 

2.3. Thermodynamically equilibrium state above the miscibility gap 

2̂ 3 Л . Short-range clustering 

The conditional probability 
pAB (given an A-atom at s i t e o, that s i t e i oi 

is occupied by а В-atorn) for a random distribution of A- and B-atoms 
AB 

is equal to the fraction of B-atoms (P . • c ) . For short-range cluster
ing the atoms have a preference for similar atoms as neighbours and, 
for short distances between the s i t e s о and i , the conditional probabil-
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AB ity P . will be less than the fraction of B-atoms, while for short-oi 
range ordering (s.r.o-)> where there is a preference for unlike 

AB neighbours, P > с There are four conditional probabilities for the 
Д Д A D Ц * Bit 

sites о and i for a binary alloy i.e. P , P , P , P .. These 
conditional probabilities are related by the following equations 

p " + PAB - 1 oi oi 

AB _c_ BA 
Poi " 1-е Poi ' (2.1) 

and 

BA BB P , + P . - 1 ol oi 

Thus we need one parameter only for the description of the correlation 
between the occupation of s i t e s о and 1. The Warren-Cowley short-range 
order parameter, which i s defined by 

c - P A * 
' о 1 - - 7 - ^ . <2'2> 

is commonly used, because it is very convenient to describe the diffuse 
scattering curve. For a random distribution of atoms there is no corre
lation between the occupation of sites о and i *nd consequently all a 

oi 
are zero. For short-range clustering the f i r s t shell Warren-Cowley 
parameter a . . > 0, while for short-range ordering a m < 0. 
For the description of short-range order we only need the a .-values 

ol 
for a few shel ls of atoms, because the occupations of more distant 
s i t e s are uncorrelated and consequently a • 0. As already mentioned 
in section 2.2 the degree of short-range clustering i s temperature 
dependent. When the annealing temperature decreases the short-range 
clusters wi l l become larger and more short-range order parameters are 
needed to describe the system. 
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2 • 3i?-Eiïï£tHS£i°S_£lli°EÏ 

There are two a l t e r n a t i v e approaches for the descr ipt ion of short-range 

ordering. The f i r s t approach, which was used i n the previous s e c t i o n , 

i s in terms of p r o b a b i l i t i e s ( r e a l space ) . The second method, which we 

w i l l short ly describe i n t h i s s e c t i o n i s in terms of corre la t ion 

lengths (reciprocal space ) . The dev ia t ion u ( r ) from the average compo

s i t i o n (c ) of the system i s expanded i n a Fourier s e r i e s 

u(r) - ƒ u(ic)exp(iic.r)ck , ( 2 . 3 ) 

1С 

where ic i s a wave vector . 

From an approximation of the deviat ion of the Gibbs free energy from 

i t s equilibrium caused by a composition f luc tuat ion and the fact that 

according t o the equipart i t ion pr inc ip le the mean energy of a l l к-modes 

i s equal to i k T the fol lowing expression for the mean square of the 
В 

Fourier components may be derived 

< | U ( K ) | 2 > - < | U ( O ) | 2 > - Z 5
£ 2 ' < 2 ' 4 > 

С + к 

The correlat ion length Z, i s defined by 

С - ( 2
2 K V

 ? ) * • ( 2 . 5 ) 
Ö F/dc 

К i s the s o - c a l l e d gradient energy c o e f f i c i e n t (see s ec t ion 2 . 4 . 1 ) . F 

i s the t o t a l Helmholtz free energy, which for a s o l i d at atmospheric 

preesure i s for e l l prac t i ca l purposes equal to the Gibbs free energy, 

of the system with volume V (see equation 2 . 8 ) . 

2 .4 . Decomposition and re laxat ion of short-range c lus t er ing 

2^4^1^J5pinodal decomposition and re laxat ion of short-range 

c lus ter ing 

Cahn and HllHard [ 1,2j developed what i s now ca l led the conventional 

theory for the i n i t i a l stages of spinodal decomposition. Cook [ 4 , 5 ] 
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stressed the importance of including the effect of thermal fluctuations 
(see section 2.5.2) and he showed that the theory of spinodal decompo
sition can also be used for the relaxation of short-range clustering in 
the disordered region of the phase diagram. As a result of a linear
ization (see later) the original theory is valid only for the very 
early stages of the decomposition. Later on Langer [б] extended the 
concept by including non-linear terms. 
First we will treat the conventional theory for spinodal decomposition 
and then discuss the influence of non—linear terms. 

For a binary alloy in the unstable or stable part of the phase diagram 
the Helmholtz free energy can (for our purposes) be composed of three 
terms. The first contribution to the Helmholtz free energy density is 
the Helmholtz free energy density of a homogeneous alloy f(c). For an 
alloy Inside the misclbility gap, which is not separated into two 
phases, it is obvious that f(c) cannot be the true free energy. Usually 
f(c) is interpreted as some sort of coarse-grained Helmholtz free ener
gy density, where the size of the coarse-graining is larger than the 
thermal correlation length. The second term is the Helmholtz free ener-

2 2 gy density due to the elastic strains (TJ Y(c-c ) ) which are caused by о 
small excursions from the average composition с , where n is the linear 
strain per unit composition difference and, for isotropic solids [7,8], 

Y - E/(l-v) , (2.6) 

where E is Young's modulus and v is Poisson's ratio. For anisotropic 
systems the elastic energy depends on the crystallographic direction 
e.g. for most face-centered cubic (fee) alloys the elastic energy is a 
minimum in the <100> directions. The third contribution to the 
Helmholtz free energy density is the energy due to the existence of a 

2 composition gradient (K(Vc) ). К is the gradient energy coefficient. 

The Helmholtz free energy of a binary alloy can then be written as: 

F{c} - ƒ dr [f(c) + n2Y(c-co)
2 + K(7c)2] , (2.7) 
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where the integration is over the total volume of the system. When we 
take into account large-scale composition variations c(r,t) (t is the 
time) consistent with the overall average concentration с , the total 

о 
Relmholtz free energy i s given by a summation over these l a r g e - s c a l e 
composition var ia t ions i . e . 

F(c ) • -N к T In £ exp(-F{c}/K к T) , ( 2 . 8 ) 
о t В | c j t В 

where N i s the t o t a l number of atoms i n the system, 
t 

The in terd i f fus lona l f lux i s given by 

J - -Ж7(цА-цв) . ( 2 . 9 ) 

where M is a mobility, which is assumed to be independent of c(r,t). 
(ц -ц ) is the difference of the chemical potentials of the components А В 
and is related to F{ c} by 

The time dependence of <c(r,t)>, where < > denotes averaging over the 
statistical distribution of all configurations c(r,t) consistent with 
the average composition с , is related to the interdlffusional flux 

о 
through the continuity equation 

1 ö <c> 
Q at -VJ , (2.11) 

where Q i s the atomic volume. 

Combining eqs . ( 2 . 7 ) through (2 .11) we can write the time dependence of 

<c(r , t )> as 

p. " J O *У A •* 
"77^ - iCV I-2KV <c> + 2n Y<(c-c )> + <—>] . (2 .12) 

ot L о ос J 

In the l inear ized theory of spinodal decomposition <df/9c> i s approxi

mated by d f < o / d < c > . Expanding t h i s term about с • с and keeping only 

the term l inear in c ( r , t ) we obtain 
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2 
b-rf-= №V2[-2KV2<u> + (2n2Y + ^4)<u>] (2.13) 

öc o 

with 

u(r,t) = c(r,t) -co • (2.14) 

For a solution of equation (2.13) we expand u(r,t) In a Fourier 
series 

u(r,t) - £ A(iT,t)exp(lic.r) . (2.15) 
•c 

This results for every Fourier coefficient A(ic,t) in 

° А * * ' ° - R(K)A(.c",t) , (2.16) 

where the amplification factor R(K) is given by 

R(ic) - -Юк2[Ъ-± + г,,2y + 2Kc2] . (2.17) 
Э с о 

The concentration fluctuations of wavelength 2n/ic will grow exponen
tially with time for ic < к , where 

*c " (" (H" + 2пЛ)/2К)* (2.18) 
осл 

while for к > к the concentration fluctuations will decay (figure с 
2.4). For к * ic the amplitude of the concentration fluctuation will be 
time-independent. 



-26-

Flg. 2.4. Schematic picture of the 
amplification factor R(tc) according 
to Cahn (equation 2.17) as a func
tion of the scattering vector for a 
system in the thermodynamically 
stable part of the phase diagram 
and for a system inside the spin-
odal regime. 

The maximum growth rate of the amplitude of the composition fluctuation 
will occur at ic ж к with ш 

1С 
к « — (2Л9) 
m /2 

and thus the ratio к /к will be constant and equal to /2. In the dis-
c m _ 

ordered region of the phase diagram R(K ) is negative for all values of 
ic"(see figure 2.4). Experimental results for spinodal decomposition 
however show a number of deviations from these theoretical predictions 
namely 
a. The amplitude of the concentration fluctuations do not increase 

exponentially with time, but the growth rate is smaller. 
b. к and к are not time independent, but they shift to smaller к-

c m 
values with increasing annealing times. 

с The ratio < /к is time dependent. 
- 2 c ш 2 

d. R(K)/K does not vary linearly with к . 
To obtain an approximation which does not show these deficiencies, non
linear terms in the expansion of Of <o/d<c> have to be taken into ac
count . 
Langer [б] used terms up to the foutth order in u(r,t) and also arrived 
at an equation similar to (2.16), but the expression for the amplifica
tion factor R'(<) now differs from equation (2.17). 

scattering vector 
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2 4 
R'(<) - -M2ic2[̂ -|- + J^-J <u2(t)> + 2л2У + 2 »c2] (2.20) 

ÖC ОС 

with 

<u2(t)> - * ƒ S(ic,t)d3K . (2.21) 
(2*) 

The structure factor S(tc,t) can be expressed as the Fourier transform 

of the concentration correlation function 

S(K,t) = i ƒ dr <u(r0)u(rQ+r)>e
 Г . (2.22) 

2 Contrary to R(K), R'(<) is time dependent. The new <u (t)> term will 
limit the exponential growth of the unstable modes because when the 

2 unstable modes grow <u (t)> grows accordingly and thus causes R'OO to 
decrease and eventually become negative* 

The above theories are valid only for small values of the scattering 
2 -vector. For higher к-values the factor В (к) has to be used instead of 

2 2 -ic . В (к) represents a lattice sum which for a cubic system is defined 
by 

В2(к) »- 2 i [1-COS(K.?)J , (2.23) 
a -о г 

where a is the lattice parameter and the suffix indicates that the о 
summation runs over all nearest-neighbour positions. For values of к 
smaller than about 6nm В (к ) becomes equal to к [9]. 
In contrast to the conventional theory the time dependence of u(r.t) 
in the Langer approximation can only be solved numerically, which has 
the consequence that only a qualitative comparison of experimental 
results with the non-linear theory is possible. 

The mechanism of spinodal decomposition is illustrated in figure 2.5. 
The atoms tend to surround themselves by atoms of the same kind and 
small deviations from the average concentration с develop. In the 
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Fig. 2.5. Schematic 
picture (after Cahn 
[l]) to illustrate the 
difference between the 
mechanisms of phase 
separation by nucle-
ation and growth 
(metastable regime) 
and by spinodal decom
position (unstable 
regime). 

spinodal regime the atoms move up the concentration-gradient (nega
tive diffusion coefficient) and the amplitude of the concentration 
fluctuations will increase until the compositions of the equilibrium 
phases are reached. Subsequently the system will coarsen (growth of the 
size of the particles). 

2i4i2i_Nucleation_and_growth 

''hen an alloy is quenched from the stable region of the phase diagram 
into the metastable regime the alloy will decompose when the amplitude 
of the concentration fluctuations is large enough. First small nuclei 
are formed which have already the composition of the final equilibrium 
phases. These nuclei will grow (if they exceed a critical size) because 
the diffusion is in the direction of the grains, which are surrounded 
by a depleted matrix (see figure 2.5). 
The composition с at the boundary of a spherical grain is related to 
the radius R and the composition of the equilibrium phase с by 

CR " C ~ ( 1 + R > < 2 ' 2 4 > 
8 

with 

2o Q 
а - Г " } - • (2.25) 

C; 

c С 

о С. 

f t 

initial eorly later final 

d is tance 
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o is the inter-phase surface tension. When the supersaturation is 
small and the dimension of the grains are small compared to the mean 
distance between them the diffusion current j of the solute across the 
grain boundary is given (for spherical grains) by 

J - D O T L R - » CT )̂ « r * - TK") • <2'26> 
s s s s 

с is the composition of the supersatured system, D is the diffusion 
coefficient and Д • с - с (<<1)> The radius of the grain varies with 
time as 

dR ic 
dt* - ! «> --f-> • <2'27> 

s s 
ас ос 

For Rg > -r— the grain will grow while for Rg < "T— the grain will 
dissolve. The critical nucleus, which is in equilibrium with the 

ОС 
solution has a radius of R * -7— . When the grains are not spherical 
equation (2.27) remains valid except that R has to be interpreted as 

1/3 s 

(3V /4л) ,where V is the volume of the particle, and a is modified 
P P 

to the extent of a numerical factor depending on the shape of the 
particle. 

2.4.3. Dynamical scaling of the^structure function 

When an alloy is quenched from above the misclbillty gap into the meta-
stable or unstable region of the phase diagram the alloy will decom
pose. The decomposition in the metastable regime is usually described 
by the nucleation and growth mechanism, while in the unstable regime 
the theory for spinodal decomposition is used. In a number of reports 
[3,10,llj it was predicted that there should be no abrupt change in the 
decomposition mechanism on crossing the spinodal line. The time evolu
tion of the structure function (see equation 2.22) calculated from 
computer simulations In the eplnodal as well as in the metastable 
region of the phase diagram looks rather similar [12,13]. The results 
of the computer simulations show a qualitative agreement with experi-
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nental data for alloys annealed above as well as below (unstable or 
metastable regime) the coexistence curve. However, the computer simula
tions cannot be used fcr a quantitative evaluation of the experimental 
data, because the size of the computational system is very small com
pared to a real system and we can only use a trial and error method to 
compare the simulations and the experiments. 

A number of authors [11,14,15] has investigated the scaling behaviour 
of the (time-dependent) structure function in the metastable and unsta
ble region of the phase diagram. 
The scaling procedure is based on the assumption that for late times 
after the quench the mean "diameter" of the grains is much larger than 
the thermal correlation length and therefore the former is the relevant 
length scale for the description of the decomposition. We will present 
here the scaling procedure as described by Lebowitz et *1. [ll]« The 
function to be scaled is the function S.(r,t), which is defined by 

Sjdc.t) - Sfr.t) - SE0c) , (2.28) 

where S(K,t) is the structure function at a time t and S (r ) is the 
structure function of the decomposed system. For the scaling only the 
first moment ic of S (ic,t) is needed, but in connection with the 
theories of coarsening, described in section 2.4.4 also the second 
moment к? i* of Importance. The n moment к of the structure function 
is defined by 

КгЬ n 
о 
/B SjOc.t) 

" п - Г , (2.29) 

where к i s some cut-off (see chapter V). The scaled function i s 
defined by 

F(x,t) i <J( t )S 1 fr , t ) / / B r2S1(.c,t)dV (2.30) 
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with 

ж.^у . (2.31) 

Lebovltz et al. [il] found that for their siaalatioas for systems with
in the mlscibility gap F(x,t) was, except for the early stages of the 
decomposition, independent of time (F(x,t) - F(x)). Tfce time-indepen-
dent function F(x) appeared to depend to some degree on the location of 
the quenched state inside the alsclblllty gap. 

When experimental data are need la tbe scaling procedure the structure 
function for the decomposed «Hoy is msmally not measmrcd because the 
equilibrium state cannot be attained la an experimentally accessible 
period of time and therefore S(r.t) is meed instead of S^r.t) [lb]. 

2.4.4. Coarsening 

An approximation for the process of coalescence (the growth of large 
grains of the new phase at the expense of smaller ones) for supersatur-
ed systems close to the coexistence line was derived by Llfshitz and 
Slyozov [17]. Coalescence is the mechanism that is assumed to be 
responsible for the later stages of the coarsening for a system of 
spherical grains, of which the mean radius It is small compared to 
the mean distance between them, where diffusion is assumed to be 
rate-controlling. The time dependence of the mean radius of the spher
ical particles is given by [ 17] 

R* - *' « kt » <2'32> 

where R is the mean radius at time t - 0 and о 

к - 4/9 Da с . (2.33) 

When the particles are not spherical an appropriate mean particle size 
can be used instead of R for the evaluation of the data. 

m 
To estimate the activation energy for coarsening (E ) the rate constant 
k(Ta) is assumed to be given by 



-32-

E с 
k(T ) - к e R Ta , (2.34) 

а о 

where к Is a constant, T Is the annealing temperature and R Is the о а 
Gas constant- E can be obtained from the slope of the straight line 

c -1 
through the points of ln(k(T )) versus T . Although the theory of 

3 Э 
Llfshitz and Slyozov Is strictly speaking only valid for a very small 
region of the mlsciblllty gap, close to the coexistence line, equation 
(2.32) has also been succesfully used for alloys, which were quenched 
deeper into the miscibility gap. 
Binder et al. [10j have derived another coarsening law based upon a 
more detailed consideration of the behaviour of the atoms» The alloy 
was assumed to decompose in rather compact grains of almost pure compo
nents. Binder et al. predicted a much slower growth rate than Lifshitz. 
and Slyozov i.e. 

R « t1/6 . (2.35) 
m 

3 The factor R in equation (2.32) can be neglected except for the 
very early stages of the decomposition. So for longer annealing times 
eqs. (2.32) and (2.35) can be generalized to 

R « tn . (2.36) 
m x ' 

The exponent n can be deduced from a plot of In R versus t. Binder et 
m 

al. [10] suggest that at first the coarsening can be described by 
equation (2.35), while for longer annealing times the Lifehitz-Slyozov 
theory gives the right description of the coarsening (equation 
(2.32)). 

2.5. Interpretation of scattering experiments 

The Warren-Crwley short-range order (s.r.o.) parameters defined in 
section 2.3.1 cjn be calculated from the diffuse scattering cross-
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sectlon for X-rays or neutrons• The relation between the diffuse scat
tering cross-section per atom — (к) for a polycrystalline cubic speci
men and the s.r.o. parameters is given by 

SiMC Г 
Jg- (к) - с(1-с)(ЬА-ЬвГ E Z i a i -^-^ , (2.37) 

where the summation is over all shells i with Z -atoms in the shell and 
b.and b„ are the scattering lengths for A- and B-atoms respectively» 
The s.r.o. parameters a can thus be obtained from a Fourier transform 
of the diffuse scattering cross-section as a function of the 
scattering vector. 

2_i5i2.i_§mâ ilS28i£_8_£*t_t_££iS8 

In this section we will discuss the predictions of the different theo

ries for the structure function in the small scattering vector (к) 
range, which is usually defined by [18] 

0 < |к | < */d , (2.38) 

where d is the interatomic distance in the sample. For condensed a 
matter this results in an upper limit of the small scattering vector 
range of к = 10 пл . For elastic scattering the magnitude of the scat
tering vector is given by 

4B sin 8 .. .-„„ 
< x — ' < 2- 3 9> 

where 6 is half the diffraction angle and X is the wavelength of the 
radiation used for the experiments. 

First we will treat the expression for the structure function, which is 
proportional to the scattering cross-section, using the fluctuation 
theory. The structure function which is equal to the square of the 
Fourier components of the expansion of the deviation from the average 
composition is given by 
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LOO - L(o) - J - S J , (2.40) 
к -к 

с 

where ic is given in equation (2.18) and i s formally related to the с 
correlation length С by 

2 -2 
^ c c - C • (2.41) 

2 - 1 2 
ic can be determined from a plot of L(ic) versus к . The coherent 
с 
spinodal temperature for the investigated composition can be obtained 

2 2 
from an extrapolation of к as a function of temperature to к « 0. 
The expression of the structure function for the theory of spinodal 
decomposition as developed by Cahn and Hilllard [l»2] is given by 

S(K,t) » S(ic,o)exp[2R(ic").t] (2.42) 

Cook [4,5] included the effect of thermal fluctuations and as mentioned 
before he showed that the theory of spinodal decomposition can also be 
used for the relaxation of short-range clustering. The time dependence 
of the structure function is, according to Cook, given by 

S(K,t) - LOO 
- exp[2R(,c).tJ . (2.43) 

S(,c,o) - Ч О 

Another way to treat the decomposition process is the description in 
terms of clusters. A measure of the mean size of the clusters is the 
so-called radius of gyration R . 

G 
For a homogeneous particle the radius of gyration is defined by 

RG "V~/ rG°<rG>drG ' <2*44> 
P 

where 0(r ) is the geometrical cross-section of the particle along a G 
plane normal to a direction G at a distance r„ from the origin (see 
figure 2.6) inside the particle and V is the particle volume. G is in 
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Flg. 2.6. Illustration for the 
calculation of the radius of 
gyration. 

the plane of the Incident and scattered beam and Is normal to the 
direction of the Incident beam. The concept of the radius of gyration 
is applicable to particles of any shape. For example for spheres of 
radius R , the radius of gyration is given by 

Ф\ (2.45) 

According to Guinler and Fournet [ 19] the structure function S(ic,t) can 
be approximated by a function of R (for smal] 

G 
follows (the so-called Guinler approximation) 

be approximated by a function of R (for small values of ic.R ) as 
G G 

2_2. S(K,t) - S(0)exp(^c RG(t)/ 3) (2.46) 

Strictly speaking expression (2.46) is valid only for a single parti
cle, it may however also be used for a system of particles when inter
ference effects are negligible viz. for dilute systems. 
For a spherical particle for example this approximation is valid for 
ic.R < 1.3, while for a rod ic.R < 0.7 [19J. However it turns out that 
for experimental curves the Gulnier approximation can be used for 
much larger values of к.R [20]. The radius of gyration can be evaluat-

2 ed from a plot of ln(S(ic,t)) versus к . 

Only for very dilute systems the effect of interparticle Interference 
on the scattering function can be neglected* For concentrated systems 
the effect of interparticle interference cannot be neglected which 
results in the development of a peak for the structure function for 
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tc = к (*0). However the Guinier approximation can still be used for 
m 

к > к . m 

2.5.3._Side-bands 

During the early stages of decomposition the sharp Bragg reflections, 
which represent the long-rangi order, of a solid solution in the unsta
ble or metastable part of the phase diagram may be flanked by diffuse 
satellite peaks, which reflect the short-range order. In analogy with 
the theories used to describe the mechanisms of decomposition (spinodal 
decomposition and nucleation and growth), these satellite peaks may be 
explained in two different ways (see [2l] and [22]). The first group of 
theories postulates a periodic variation (modulation) of the concentra
tion, which leads to a modulation of the scattering amplitude and of 
the lattice spacing (spinodal decomposition). 

Daniel and Lipson [23] were the first to use this approach for the 
calculation of the intensity distribution and the position of satellite 
peaks. These authors assumed a sinusoidal composition modulation and 
found an expression for the relation between the maximum of the satel
lite peaks and the period of the modulation. A sinusoidal modulation of 
the spacing results in sharp satellite peak? and fairly intense satel
lites of higher order. However experimentally observed satellites are 
rather diffuse and in most cases no higher order peaks occur. To 
account for the diffuseness of the satellite peaks a superposition of 
modulations with different wavelength has to be assumed. For a composi
tion modulation with wavelength Qa (a : lattice parameter) in the [ 100] 

о о 
direction on an fee lattice the (h,k,l) reflection will be flanked by 
two side-bands with a maximum intensity at (h + л",к,1) and (h - Q-,k,l) 
respectively. 
The scattering vectors for the intensity-maximum of the side-bands 
are given by 

4-^[(h+i)2
+k2

+l2] (2.47) 

and 
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2 
<! - *T~ [ (h - ^ ) 2 + к2 + I 2 ] . (2.48) 

а о 

The position of the main reflection i s 

к
2 ж ** [h

2
 + k

2 + x2] . (2.49) 

Combining eqs. (2.47) - (2.49) gives 

4h к2 

* " h2 + k2 + .2 • 'I 2 ' <2-50> 
h + k + 1 < - K 

The second model for the occurrence of satellite peaks was proposed by 
Guinier L ?4]. He considered isolated nuclei of the precipitating phase 
randomly distributed in a homogeneous solid solution. The random 
character of the model explains the broadening of the satellite peaks 
and the absence of higher-order satellites. Since for the experiments 
on CuNiFe-alloys described in chapter V the intensity of the side-bands 
measured with neutron scattering could not be determined with suffi
cient accuracy, we will not go into details concerning the explanation 
of the intensity distribution of the side-bands. 

We only want to mention that the modulation in scattering factor as 
well as the modulation in lattice-spacing give contributions to the 
satellite intensity. 
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CHAPTER III 

CLUSTER VARIATION METHOD AND CRYSTAL-GROWTH APPROXIMATION 

3.1» Introduction 

The wcr.-*»»cy of a solid solution towards short-range ordering (s.r.o.) 
or short-range clustering (s.r.c.) in the disordered region of the 
phase diagram as well as the miscibility gap of the solid solution can 
be calculated once the Gibbs free energy is known as a function of 
composition and temperature. For a solid the Gibbs free energy is prac
tically equal to the Helmholtz free energy F. The various expansion 
methods for the Helmholtz free energy give reliable results near a 
phase transition, but when F bis to be calculated for a number of com
positions and temperatures above and below the critical temperature for 
decomposition, a closed form approximation of F is to be preferred. 
The simplest closed form approximation of the Helmholtz free energy is 
the Bragg-Williams approximation, which is a mean field theory and 
therefore does not take into account deviations from the random dis
tribution of atoms in the disordered region of the phase diagram 
(s.r.c., s.r.o.). As we are interested in short-range clustering ef
fects, an approximation which does take pair correlations into account, 
for example the quasi-chemical or Bethe approximation, has to be 
used. 

In the last decade the cluster variation method (CVM) has found in
creasing use in solid solution theory ([ l] and the review papers [2] 
and [З]). CVM constitutes a hierarchy of in general increasingly 
accurate approximations for the Helmholtz free energy, and the above 
mentioned Bragg-Williams and Bethe approximation are included in this 
hierarchy. 

In this chapter the expression for the Helmholtz free energy in the 
CVM-approximation and the calculation of coherent phase diagrams using 
this expression for F will be discussed. Furthermore tie crystal-growth 
approach for simulating atomic distributions using CVM-probabilities 
will be treated. 
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3.2. Configurational Helmholtz free energy 

3.2.1. Configurational entropy 

In the CVM-approximation only the configurational part of the entropy 
can be calculated, because the model is limited to a riged lattice. For 
the calculation of an approximate expression for the number of config
urations W of the lattice having definite distribution of clusters 
first a group of lattice points (pair, tetrahedron, etc.) which consti
tute a basic figure or cluster has to be selected. For example for the 
Bragg-Williams and Bethe approximation the basic figures are a single 
point and a nearest neighbour pair, respectively. We will classify the 
clusters by the indices (r,t) where r is the number of lattice points 
in the cluster and t is to distinguish between r-point clusters which 
have different geometry e.g. the triangles (123) and (126) in figure 
3.2. For a binary alloy each site of the cluster can be occupied by 
either an A- or a B-atom. In general for an r-point cluster in a binary 
system there are 2r cluster configurations. All equivalent 
configurations of the (r,t) cluster which can be generated by the 
symmetry operations of the basic figure have the same probability and 
will be labeled by the same index 1. The concentration of (r,t) 
clusters in the A configuration will be denoted by x.(r,t), while the 
degeneracy of this configuration is given by a^(r,t). As an example 
we will discuss the method for obtaining the number of configurations 
of the lattice having a definite distribution of clusters for the 
simple case of the two-dimensional square lattice using the nearest 
neighbour pair as basic cluster (Bethe approximation) [l]. 

Consider an ensemble of n two-dimensional square lattices of N lattice 
points each. The lattice is built up by adding one set of sites i (fig
ure 3.1) at a time. The nearest neighbour pair is chosen as the basic 
cluster and the nearest neighbour pair probabilities for a binary sys
tem are denoted by xA(2,l) (i - 1,2 or 3) (table 3.1). The point 
cluster probabilities (concentrations for a decomposing system) яге 
xj(l) (concentration of A-atome) and X2(l) (concentration of B-
atoms). 
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I 

1 

2 
3 

configuration 

A-A 

A-B; B-A 

B-B 

a A ( 2 . 1 ) 

1 

2 

1 

Table 3.1. Configurations of the nearest neighbour pairs which appear 
with a probability хд(2,1). 

/ '
rTTT 

,X\ i i v(' 
oz 4~ 

/ 

' I I I \AAs 

I m 

Fig. 3.1. An intermediate stage of constructing an ensemble of two-
dimensional square lattices. 

The point and pair variables are not independent and the set of rela
tions between these variables is given by 

xx(l) - х^г,!) +х2(2,1) , 

x,(l) - x,(2,l) +x,(2,l) , 

xx(l) +x2(l) - 1 . 

(3.1) 

Assuming that the point and pair probabilities have their correct frac
tional distribution over the ensemble we want to know the number of 
ways xL(l)*n A-atoms and x2(l)*n В-atome can be added to the 
ensemble. First the set of s i tes i (figure 3.1) i s f i l l ed In such a way 
that the cluster probabilities have the correct distribution with re
spect to j . To a randomly selected set of x1(2, l)*n A-atoms (a 
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subset of all Х}(1)*п A-atoms) and x2(2,l)*n B-atoms at posi
tion j, X}(l)*n A-atomc are added at position 1. This forms 
x1(2,l)*n A-A pairs and x2(2,l)*n B-A pairs, which is the cor
rect distribution. The number of ways xi(l)*n A-atoms can be added 
to the lattice in such a way that the probabilities of the configura
tions of the i-j pairs have the correct value is 

[ж1(1).п]! 
g s . (3.2) 

[X]L(2,l).n] ! [x2(2.1)-n]! 

Similarly, the number of ways x2(l)*n B-atoms can be added to the 
ensemble is 

[x (l).n]ï 
é . (3.3) 

^ [x,(2,l).n] ! [x.(2,l).n]! 

The total number of ways is then given by 

2 
П [хд(1).п]! 

*'*i-h'~3—l=1 • (3,A) 

П[хЛ2,1).п]! а1 ( 2' 1 ) 

Л-l X 

Next the bond i-1 will be considered. The atoms on i were added at 
random with respect to 1. So the number of ways i has been added with 
respect to 1 is 

n! 
«1 " 1 » (3.5) 

П [x (l).n]! 
A-l * 

while for the correct way g^ should be equal to g given In equation 
(3.4). In CVM this error is corrected for approximately by multiplying 
by 

(the number of ways i should have been added) g 

(the number of ways i actually has been added) gj 



This i s Che basic approxlaet loa i a CVN. Thas Che CoCal auaaer of ways 

of adding Che A- aad B-aCoaa t o s ice i i s 

2 . 
{ П [ж ( l ) . a ] ! } 3 

«1 { П[ж |(2,1).а]!«1<2»1>} а! 

The total nvaber of ways I sets of lattice poiacs caa he added Co Che 
enseable of lattices is U*. The ameer of ways per lace ice is 

• The coofifaracioaal eatropy is aov given by 

S - k1la(ИJ,/,l) - - ^ la If , (3.7) 

where kg i s Boltzaaao's coastaat . 

With equation (3.6) we caa rewrite equation (3.7) and by using 
Stirl ing's approxlaation we arrive ac Che following ezpressioa for Che 
entropy 

S/Hk - 3 E x f ( l ) lnx , (1 ) -2 Z « . ( 2 , l ) x , ( 2 , l ) l a x , ( 2 , l ) . (3.8) 
ff ш! ff s i 

The derivation of Che empression for Che eatropy discussed above be
comes extreaely cuabersoae for larger c lusters . Barker [*] however 
reformulated CVM and his approach provides che s iaplest aad aost sys -
teaatic way of calculaCing Che entropy la Che CVH-approxiaation for aa 
arbitrary r-point cluster. The expression for Che coafiguracional en
tropy for an arbitrary r-poinc cluster i s given by [5] 

S/Hk - E T ( r , t ) E a . ( r , c )x f r f c ) l n ( x f r f c ) ) . (3.9) 
* ( r , c ) 1 * * * 

where che first suaaacion is over che basic (largesC) cluster and all 
its subclusters. When the basic cluster contains n points, Che coeffi
cients y(r,t) are given by 

Y(n,t) - -H(n,t)/!l (3.10) 

and 
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v(r,t) = -N(r,t)/N - E Z M(r,t;q,s)y(q,s) 
q»r+l s 

(2.11) 

(Kr<n) 

N(r,t) is the total number of (r,t) clusters in the system and 
M(r,t;q,s) is the number of (r,t) clusters contained in a (q,s) clus
ter. The largest subclusters (r',t') that have to be considered are the 
clusters that are given by all distinct overlapping regions of adjacent 
basic clusters. The next subclusters (r",t") with non-vanishing 
Y(r",t") are giver, by all distinct overlapping regions of adjacent 
(r',t') subclusters. 

The basic clusters we used in our calculations are (see figure 3.2) the 
octahedron + tetrahedron (123678 + 1234), the double-tetrahedron 
(123456) and the double-tetrahedron + octahedron (123456 + 123678). 

Fig. 3.2. Basic clusters used in the octahedron + tetrahedron (123678 
+ 1234), the double-tetrahedron (123456) and the double-
tetrahedron + octahedron (123456 + 123678) approximation. 

Before writing down the expressions for the entropy for the approxima
tions used we introduce the following shorthand notation 

• > - П (x (l).n)! , 
A-l * 

(3.12) 

П (x.(2,l).n)! 
A-l * 

(3.13) 
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This notation can easily be extended to larger clusters* The expression 
for the number of configurations of the lattice for the octahedron + 
tetrahedron (ОТ) was first derived by Aggarwal and Tanaka [6] 

1 Л» 

W Q T « 1- - < - . (3.14) 

The expression for W for the double-tetrahedron (DT) is given by 
Kikuchi and Van Baal [ 7]. 

10 

',«' A • 2 ^ 3 
wDT - — ^ : — : —-—i . (3.15) 

Г -\2Uf л 3 (U 1 5Л6 ~ 

Г, Л f2 el f ^ l N , 2 

The expression of the number of configurations for the double-
tetrahedron + octahedron (DTO) was first treated by Sanchez and De 
Fontaine [ 5] 

JO , . Л2 

'Я' U* 
W D T 0 - _ ^ i L _ ^ ' '_ . (3.16) 

To facilitate the minimization of the free energy Sanchez and De 
Fontaine [5] introduced a method to write the cluster probabilities as 
a function of r-body correlation coefficients 5(r,t). 
First the operator Tt(p) is introduced, which takes the value one if 
species i is at lattice point p and zero otherwise 

ri(p) - %[1 + io(p)] , (3.17) 
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where 1 takes value 1 for an A-atom and -1 for a B-atom and o (p) i s the 

spin operator defined by 

+ 1 If spec ies 1 = 1 (A-atom) at p , 
o(p) - { ( 3 . 1 8 ) 

- 1 If spec ies 1 ж - 1 (B-atom) at p 

The c l u s t e r concentrations can now be wri t ten as 

x ( r , t ) E Г (p )Г (p ) . . . Г (p ) , 
1 N ( r , t ) { P l , . , P r } * l 3 2 к г 

( 3 . 1 9 ) 

where the summation Is performed over all lattice points p , «,p 
consistent with the cluster configuration under consideration. 
Combining equations (3.17) and (3.19) we can write the cluster 
concentrations as 

K,(r,t) • — {1 + E v, .(r,t;r',t')^(r',t')} , (3. 
* 2r (r'.t')1'*' 

20) 

where the summation is over the basic cluster and all Its subclusters. 
This set is larger than the set of the basic cluster and the subclus
ters used in equation (3.9). 
The v (r,t;r',t') are coefficients which depend on the symmetry i,. ,K 
and the configuration of the clusters under consideration. 
5(r',t*) is the r'-body correlation function which is defined by 

1 
S(r',f) - E o-(p.)o-(p,).-.a(p ) • (3.21) 

N(r\t') {Pl,.,pr} - Z r 

The conflgurational entropy can now be wri t ten as a function of the 

independent ( r , t ) corre lat ion functions and t h i s approach i s extremely 

useful for the minimization of the configurat ional free energy ( see 

sec t ion 3 . 2 . 3 ) . 

2i!if:iJÏ2!!£i8üE§Ëi22§iJ[Dê£8Y. 

The configurational part of the energy of mixing (EM) can be wr i t t en 

as a summation over the ( r , t ) corre la t ion functions 
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N(r.t) 
EM/N - I E(r,tX(r,t) + E . (3.22) 
M (r,t) N ° 

So the maximum number of energy parameters that can be taken into ac

count is determined by the number of correlations included in the basic 

cluster. Of course for most calculations only pair interactions and 

sometimes one or two many-body interactions will be used. When the 

first to third nearest neighbour pair and the nearest neighbour trian

gle interactions are used the energy of mixing can be written as 

EM/N - 8E(3,1)C(3,1) + 6E(2,1)5(2,2) + 3E(2,2£(2,2) 

+ 12E(2,3)5(2,3) + E(1)C(1) + E Q . 

(3.23) 

The E(r,t) coefficients are a linear combination of the nearest neigh-
s t rd 

bour triangle interaction energies e i f l c and the 1 to 3 

nearest neighbour pair interaction energies e. .(t « 1,2 or 3) . 

The indices 1,j and к represent either an A- or a B-atom. The coeff i 
cients E(r , t ) are given by 

«(3.1) - 1/8(СдАА - З е ^ + Зе д в в - « „ . ) , 

E(2, l ) - 1 / 2 ( C A A A - e M B - eABB + eB B B ) 

" 3 / 4 < E A A " * 1 в + EBB> • 

E(2.t) - l/4(e^ - 2eAJ + e^) , (t - 2,3) 

(3.24) 

E(l) - -8E(3,1) , 

E - -6E(2,1) - 3E(2,2) - 12E(2,3) . 

E(2,l) contains not only pair interactions but also an additional term 
accounting for the influence of the triangle Interactions. 
When only pair interactions are used the t... can be written as a 
summation over pair energies i.e. 
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AAA AA AAB AB AA 

e = e + 2 e , e « 3 e 
ABB BB AB ' BBB BB 

(3.25) 

The energies E ( r , t ) then reduce to 

E ( 3 , l ) = E( l ) = 0 , 

E (2 , t ) - l/Чг^ - 2e£B + e ^ ) , ( t - 1,2 or 3) ( 3 .26 ) 

3 N(2 , t ) 

E = - E E ( 2 , t ) . 
t=l N 

The expression for the energy of mixing using only pair interactions is 

given by 

NT(2,t) 

E /N - E E(2,t) (£(2,t)-l) 
(2,t) N 

(3.27) 

N(2,t) 
- E E E(2,t)a (2,t)x (2,t) 
(2,t) A N x. x. 

3..2 i31_Minimization_of_the_conf igurational_Helmholtz_f ree_energj; 

For the canonical ensemble the conf igurat ional p a r t i t i o n function Z can 

be written as 

Z - s e - * ( c o n f . ) / k B T 

conf. 
(3.28) 

- E W f ^ t ^ ^ ^ V , 
U<r,t)} 

where the first sumrnat' >n is over all possible configurations of the 

system and the second summation is over all possible sets of the corre

lation functions. W{c(r,t)} is the number of sets of correlation func

tions, which have the same energy E{£(r,t)}. 
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Equation (3.28) can be rewritten as 

Z » Z -F{S(r,t)}/k T , (3.29) 

U(r,t)}e B 

where the non-equilibrium Helmholtz free energy is defined by 

FU(r,t)} «EU(r,t)} -TS{&(r,t)} . (3.30) 

The relation between the entrcpy and W{£(r,t)} is given by the 

Boltzmann formula 

S{5(r,t)} - kBlnW{^(r,t)} . (3.31) 

When we approximate the partition function in (3.29) by the maximum 

term in the summation, the equilibrium free energy is obtained by mini

mizing the non-equilibrium free energy with respect to the correlation 

functions. Combining equations (3.9) and (3.22) we can write the 

Helmholtz free energy as 

N(r,t) 
F/H - E 0 + Z — E(r,t£(r,t) 

(r,t) N 
(3.32) 

_ tB T . z » У*1»1) z <x,(r,t)x,(r,t)ln(x,(r,t)) , (r,t) I * л л 

where T is the absolute temperature. The equilibrium Helmholtz free 
energy at a certain temperature and composition is obtained by minimi
zing F/N in equation (3.32) with respect to the £(r',t'). 

ÖF/N N(r\t*) 
E(r',f) 

d£(r',t') N 

v(r,t) 
- k-T Z — Z <x9(r,t)v9(r,t;r\t')ln(x.(r,t)) (3.33) 

B (r,t) 2r A l l l 

The number of equations to be solved is equal to the number of the 

correlation functions, which for the ОТ-, DT- and DTO-approximation is, 
respectively, 10, 16 and 19. These non-linear simultaneous equations 
were solved by an iteration technique based on the method of s eepest 
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descent. We start the iteration process with the set of correlation 

functions calculated for a random alloy, which are given by 

£(r,t) - (xx(l) - х2(1))Г • (3.34) 

The iterated value of the correlation function £(r,t) can be calculated 
if one uses 

2 
OF O F 

C(r,t) «S(r.t) - / - ^ , (3.35) 
öC(r,t) ö£ (r,t) 

where the second der ivat ive of F i s given by 

Ö2F/N 

ÖS(r . t ) Ö S ( r ' . t ' ) 
(3.36) 

Y ( P . S ) v J t ( p , s ; r ' , t * ) 
E —j[r—Т. a 1 ( p , s ) v A ( p , s ; r , t ) 

( p , s ) 2 v l x1(p,s) 

3.3. Calculation of coherent phase diagrams 

The phase diagram of a system can be obtained from the points of tan-
gen cy of the common tangent to the Helmholtz free energy curve for a 
number of temperatures. In CVN like in most theories it is assumed that 
the different states of the system can be obtained by rearranging the 
atoms on a basic lattice framework. So in the CVM-approximation only 
the coherent phase diagram can be calculated. During decomposition 
processes however often the coherency of the lattice is lost and the 
lattices of the coexisting phases will be incoherent. Nevertheless the 
coherent phase diagrams are important because observed microstructures 
are primarily governed by the first stages of the decomposition when 
the lattice is still coherent. 
The Helmholtz free energy curve for three different temperatures 
(T T T ) is shown in figure 3.3. 
At T3 the curve is convex everywhere and all solid solutions are 
stable. When the temperature decreases to T or T the solid solutions 
having an average concentration of с are not stable (metastable or 
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1 
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Fig. 3.3. The Helmholtz free energy for a decomposing binary alloy as 
a function of composition for a few temperatures 
(т3>т2>т1). 

unstable) for с < с < с , where с and с are determined by the о p о p 
common tangent to the Helmholtz free energy curve 

F(c ) -F(c.) 
2 ÉL 
с - c„ 
а p 

OF OF 
Эс о dc p 

(3.37) 

The spinodal (locus along which the solution becomes inherently unsta
ble to decomposition) is determined by 

o2F 
dc 

0 . (3.38) 

Alternatively one may calculate the spinodal curve by determining the 
temperature where the smallest eigenvalue ̂ m(T) of the matrix of 
second derivatives of F is zero. 

Kikuchi et al. [8-ll] give an alternative approach to the calculation 
of phase diagrams. In their calculations the temperature and chemical 
potential (rather than composition) are kept fixed. To solve the non-
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linear equations Kikuchl introduced the so-called natural iteration 

technique [12]. The natural iteration technique has so far been used 

for the calculation of binary [*>] and ternary [13,14] phase diagrams in 

the tetrahedron approximation. We however used for our calculations the 

common tangent method in combination with the correlation function 

approach of CVM, because this method is faster and a number of the data 

needed were already calculated when we investigated the temperature 

dependence of the s.r.o. parameters. 

3.4. Crystal-growth approximation 

3.4.1. Introduction 

The direct comparison of CVM-results with diffraction experiments over 

the whole range of scattering vectors is not possible except for the 

point (Bragg-Wllliams) approximation. The pair correlations in the 

point approximation are written as the square of the point correlations 

and the resulting diffraction pattern is independent of the scattering 

vector (Laue scattering). CVM gives only correlation coefficients for a 

few nearest neighbours (1 - 3 nearest neighbour for DT and DTO), 

while for the calculation of the diffraction pattern (proportional to 

the Fourier transform of the pair correlations) for scattering vectors 

smaller than about lOnm values for more distant pair correlations are 

needed. There are two possible approximations to calculate pair corre

lations which are not included in the basic cluster. The first possi

bility is to calculate these pair probabilities directly from pair and 

many-body correlations that are Included in the basic cluster (e.g. 

using the superposition approximation). The other one is to calculate 

the pair correlations for more distant neighbours from a simulation of 

a distribution of the atoms over the lattice. The probability function 

for choosing the atomic species at the growth lattice point has to be 

formulated in such a way that the probability is consistent with the 

specific CVM-approxlmation. The last method was recently proposed by 

Kikuchl [15]. In the next section we will briefly explain his approach 

of simulating a distribution of atoms over the lattice. 
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3.4.2. Simulation of atomic distributions on a crystal lattice 

The crystal-growth (CG) approximation, which was devised by Welberry 

and Galbralth [16-18], is < method to construct simulations of atomic 

distributions on a crystal lattice by adding one atom at a time (atom i 

in figure 3.4). 

T1 
: : : 

> — < > — ( 

» — i 

j :• 
i 

ïr4 

i — i 

i 
> — < 

m 

Fig. 3.4. An Intermediate stage of constructing a two-dimensional 

square lattice. 

First the probability function for choosing the species at the growth 

lattice point has to be constructed. Kikuchi [15] used CVM cluster 

concentrations to derive this probability function. As in section 

3.2.1 we will discuss the principle of the CG-approach for the two-

dimensioiu.1 lattice with the nearest neighbour pair as the basic clus

ter. In contrast to the notation in section 3.2.1 i,j,k,l and m will 

now represent atomic species instead of lattice sites (see figure 3.4). 

The probability of finding an atom i at a certain lattice point is 

given by Pi(i). For a binary system PjU) is equal either to 

X}(1) or X2<1) (see section 3.2.1). 

The probability of finding an i-j pair as nearest neighbours is defined 

by P,(i,j) and for a binary system P-(i,j) is equal to one of the 

хд(2,1) concentrations (table 3.1). 
When we place the atom i in such a way that the probability of the 
configuration j.i.l is given by 
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P (j,i)P2(i,l) 
P,(j,i,l)« — ~ , (3.39) 

Рх(1) 

the probability of the j-i pair configuration will be P2(jti) »nd of 
the i-1 configuration will be P2(i,l), which is consistent with the 
pair approximation of CVM. This can be seen by summing P3(j,i,l) over 
the j or the 1-atom: 

Z P3(j,l,l) - P2(j,i), Z P3(j,i,l) - P2(i,D • (3.40) 

To obtain the right diagonal probability j-1 a larger cluster, for 
example the square, has to be used. 

To construct the lattice in the CG approach, the conditional probabil
ity P(i;j,k...) of finding an i atom at a given site when the 
occupation of the neighbouring lattice sites is j,k,l,m..., has to be 
calculated. The CG probability for the nearest neighbour approximation 
of the two-dimensional square lattice is given by 

P(i;j,l) - P (j.1,1) / Z P3(j,i,l) , (3.41) 
1 

where P3(j,i,l) is defined In equation (3.39). 
A series of random numbers is used to choose i so that the probability 
distribution given in (3.41) is satisfied. 

3.4.3. Crystal-growth approximation for the face-centered cubic lattice 
For the simulation of an atomic distribution on a face-centered cubic 
(fee) lattice first a basic figure for building the lattice must be 
chosen. We decided to take 1 - 4 nearest neighbour pair 
probabilities (experimental or CVM-results) or tetrahedron 
probabilities (CVM-results) to simulate atomic distributions on an fee 
lattice. Figure 3.5 shows an intermediate stage of constructing an fee 
lattice viewed from a '' 111- direction. 
First we will discuss the CG-approach using pair probabilities. 
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Fig. 3.5. An Interaedlate stage of constructing a face-centered cubic 
lattice. 

th , th 
The occupation of the r lattice point among the t nearest neigh
bours of atom 1 Is designated by сЛ . The number of 1 - 4 nearest 
neighbours of atom 1 already present In the lattice is equal to half 
of the total number of 1 - 4 nearest neighbours of an atom In an 
fee lattice. So we have to take into account the occupation of 27 
neighbouring sites of atom 1 when we calculate the CG probability 

P /f-r(1> r<X> r<2> r<2> r<3> r<3) r<4> r<4>^ 28 1 '*' 6 1 '*' 3 ' 1 '"' 12 1 **' 6 ' 

.CG which we wi l l designate in short by P-o 

In analogy to the probability Рз(.1,1,1) for a two-dimensional l a t 

t ice (section 3.4.2) we can write the probability, P2g of finding 

the configuration i , C * J \ . , C ( 4 ) as [ 19] 

, ( 1 >^( 1 > ( 2 ) „ ( 2 ) ,<3>,л<3) 

P28 - ^ ( D ^ 
6 p y ( c y , i ) 3 p y ( c y , i ) 12 p y « r r ' , i ) 

*!<!> 
П 

r-1 P ^ D 
П 

r-1 Рг(1) 

,(A) (C(4, б P 4 ' ( c v ' ' t i ) 

r-l P^i) 
(3.42) 

To obtain the CG-probabllity the quantity P2g has to be normal

ized 
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i r28 

When we use the regular tetrahedron for constructing an fee lattice 
(see figure 3.5) the probability to be calculated is P (i;j,k,l,m,n,o), 
which is the probability that the atom i appears at the growth point 
when the atoms j,..,o were already placed at the nearest neighbour 
lattice sites* 
We will now discuss the expression for the CG-probability for the te
trahedron approximation. 
The probability of finding an i-k-l-n tetrahedron configuration is 
written as P4(i,k,l,n) and the probability of finding an i-j-k near
est neighbour triangle configuration is denoted by P3(i,j,k). The CG-
probability using a regular tetrahedron for building the lattice can be 
obtained from the CVM expression for the entropy for a tetrahedron [15] 
and is given by [ 19] 

P7(i»j,k,l,m,n,o) » 
(3.44) 

P^i) 
P4(i,m,n,o)P4(i,k,l,n)P3(i,j,k)P3(i,j,m) 

P2(i,j)P2(i,k)P2(i,m)P2(i,n) 

Again P7(i,j,k,l,m,n,o) has to be normalized to obtain the CG-
CG probability Py 

rr P (i,j,k,l,m,n,o) pW» =. _ / я ( 3 > 4 5 ) 

Z P7(i,j,k,l,m,n,o) 

3.5. Discussion 

Early applications of CVM for the calculation of coherent phase dia
grams were hampered by computational difficulties. However, since 
Golosov et al. [ 20] and Van Baal [2l] independently succeeded to obtain 
a phase diagram which has the same topology as the experimental solid-
state CuAu-phase diagram (ordering system), the application of CVH for 
calculating coherent phase diagrams has progressed greatly. 



- 5 * -

CVM has also been succesfully used to calcnlate the cr i t i ca l teaper-

ature for the fee Ising ferro— | M t , which i s equivalent to a decompos

ing alloy (SO/SO composition) with only nearest neighbour pair 

interactions. The highest level of approximation treated so far [S] 

yields a cr i t i ca l teaperature which i s only l.SZ above the one obtained 

froa the high-temperature expansion of the zero-field sascept ibi l l ty . 

The interaction energies for the systems stndled have to be obtained 

fron a coaparisoa of CVM-calcolatioos and experimental rese l l s (e .g . 

the phase diagraa, theraodynaaic quantities or s . r . o . paraaeters)> 

The CG-approxiaation was developed to get an iapresslon of the d i s 

tribution of atoas over a l a t t i c e , corresponding to a given set of 

cluster probabilities, without consuming too auch computer time. Up to 

now the CG-approach, with fa* use of CVH-probabilltles, has only been 

tested for the Ising model in the two-dlaensional square la t t i ce [ 1 5 ] . 
The pair probabilities which can be obtained froa a Fourier transform 

of experimental data for the scattering cross-section and from CC-cal-

culations, are especially suited to be used In a test of the CG-CVH 

approach. A second application of the CG-approach, besides the calcu

lation of the diffraction pattern, i s to study correlations beyond the 

s ize of the cluster [ 1 5 ] . 
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CHAPTER IV 

EXPERIMENTAL TECHNIQUES 

4.1. Introduction 

The diffuse, small-angle and side-band intensities for alloys are pro

portional to the differences of the scattering factors of the elements 

in the alloy. Cu and Ni are neighbours in the periodic table. Conse

quently the difference of the scattering lengths for X-rays is very 

small (|f„ -f„ |/f„ s 0.03). The difference of the scattering 
I Cu Nil Cu 

lengths of the natural isotopes of Cu and Ni for thermal neutrons 

(see table 4.1) is much larger ( lb -b. |/b„ = 0.36) than for X-rays 
I Cu Nil Cu 

and can even be increased tremendously (lb -b /b„ = 1.78) by the 
£2 I Cu N11 Cu 

use of the isotopes Ni, which has a large negative scattering length 

for thermal neutrons (b( Ni) » -0.87 10 m) and Cu, which has a 

large positive scattering length for thermal neutrons 
(b( Cu) « 1.11 10 m). Besides Ni and Cu we used natural 

-14 
Fe(b_, " 0.95 10 m), which has about the same scattering length for 

65 
thermal neutrons as Cu, for the specimen preparation. 

4.2. Specimen 

Cu enriched in 65Cu (99.7 atomic percent), Ni enriched in 62Ni (98.0 

atomic percent) and Fe (99.99%) of natural composition were used for 

the specimen preparation. The isotopes have been purchased from Oak 

Ridge National Laboratories. Most of the Cu and Ni were obtained by 

remelting of existing CuNi-alloys, which were prepared by Vrijen [ 3]. 

Before melting the mixture was reduced in a hydrogen flow at 1173 K. 

The material was melted in an Ar-atmosphere containing 5% H in order 

to prevent evaporation of Cu and to increase the heat transfer (cool

ing rate) after melting. The ingots have been cold rolled and homoge

nized by annealing the poly-crystalline specimens for one week at 

1373 К in a quartz tube filled with Ar(5.10APa). 

The specimens were annealed in a vertical furnace and subsequently 
quenched into water. The procedure has always been that first all 
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element 

Fe 

Ni 

Cu 

isotope 

54 

56 

57 

58 

natural 

58 

60 

61 

62 

64 

natural 

63 

65 

natural 

natural abundance 

(atomic percent) 

5.82 

91.66 

2.19 

0.33 

68.27 

26.10 

1.13 

3.59 

0.91 

69.09 

30.91 

scattering length 

(10~14m) 

0.42 

1.01 

0.23 

-

0.95 

1.44 

0.28 

0.76 

-0.87 

-0.04 

1.03 

0.67 

1.11 

0.76 

Table 4.1. Scattering length for thermal neutrons [l] of the stable 

isotopes of Cu, Ni and Fe and their natural abundancies 

[2]. 
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specimens were annealed at 973 К, quenched to room temperature and 
then the diffraction pattern of the quenched state was determined. 
Subsequently the specimens were annealed at the desired temperature for 
increasing periods of time. The experiments were performed at room 
temperature. A more detailed discussion of the sample preparation and 
heat treatments has been given by Vrijen [З]. The alloys showed a pro
nounced texture, which turned out to influence the intensity of the 
Bragg-peaks but had no effect on the intensity for small scattering 
angles. 

4.3. Neutron spectrometers 

4.3.1. Triple-axis spectrometer 

The neutron scattering experiments have been performed with a triple-
axis diffractometer and a diffractometer with a one-dimensional posi
tion-sensitive detector at the reactor HFR at Petten. The neutron 
scattering experiments on the Ni,_Cu_2 and the Ni^CUg-Fe,-specimen, 
described in chapter V, have been performed with a triple-axis 
spectrometer, of which the analyser crystal was set to accept elasti-
cally scattered neutrons only. A schematic diagram of this spectrometer 
is shown in figure 4.1.a. Bent focusing pyrolytic graphite monochroma-
tor and analyser crystals were used to select the neutrons with a 
wavelength of 0.258 nm. In order to reduce (to less than 1 percent) the 
higher order wavelength contamination, which is always present in the 
diffracted beam, a pyrolytic graphite filter [4] was placed in front of 
the monochromator crystal. 

Usually between the monochromator crystal and the specimen a Soller 
slit collimator with a horizontal divergence of 15' or 20' was install
ed and a 20' collimator was placed between the specimen and the ana
lyser crystal. The detector is a BF -counter of 5.08 cm diameter with 
ceramic endwindows. Flux variations were accounted for by a monitor 
counter placed in front of the specimen. The smallest value of the 
scattering vector that could be measured with this set-up was O.b nra 
Full decails of the spectrometer have been given by Bergsma [ 5] and Van 
Dijk [6]. 
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r-w-^y-y^-^J 

Fig. 4.1. Schematic diagram of the triple-axis diffTactometer (a) and 
the diffTactometer with a one-dimensional position-sensitive 
detector (b). 
An. - analyser crystal, Coll. • Soller silt collimator, 
Det. - detector, Fi. - pyrolytic graphite filter, L.Det. • 
position-sensitive detector, Mon. ж monochromator crystal, 
Spec. • specimen. 
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The experiments were carried out in the symmetric scattering mode so 
that the scattering vector к is always parallel to the surface of the 
flat sample (see figure 4.1.a). 
The background correction for this configuration is given by [3] 

W - ^~SbP - W - Тг^н " xiHCd] ' <4-l> 

where s = cos 0(0 is half of the scattering angle) and Tr is the 
transmission of the specimen for the monochromatic beam. The subscript 
p,p+Cd, H and H+Cd refer to specimen, specimen covered with cadmium, 
empty sample holder and empty sample holder covered with cadmium res
pectively. The measurements were put on an absolute scale by comparison 
with the incoherent scattering from vanadium. 

detector 

In order to increase the counting efficiency the triple-axis diffracto-
meter was modified in the course of this investigation and equipped 
with a one-dimensional position-sensitive detector (see figures 4.1.b 
and 4.2). The analysing and detecting unit were removed and replaced by 

3 two He proportional counters, each 50 cm long and 2.54 cm in diameter, 
coupled to the necessary electronics (pulse shaping and amplification, 
discrimination against noise, analogue to digital conversion and a 
check on coincidence of the signals) and adequate shielding. Position 
encoding takes place by using a NiCr-resistor wire (resistance 500cm ) 
as anode of which coincident signals are taken from both ends and cocn-

3 pared with each other. The He-counters were placed just above and 
below the horizontal plane through the incident beam (indicated by the 
dashed line in figure 4.1.b) so that no gap occurs in the data-acquisi
tion as a function of the scattering angle in the whole detector range. 
The electronically properly handled signals of the two detectors were 
stored in 256 channels of a multi-channel analyser. In this way each 
channel represents approximately 4 mm of detection length, which is 
about twice the diameter of the used specimens. The good linear 
relation between channel numbers and the corresponding positions; on tlie 
detectors is demonstrated in figure 4.3. 
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WO 200 300 ДХЗ 
posit ion on detector ! mm) 

Fig. *»3. The relation between the 

500 

channel nuaber of the aulti-channel 
analyser (detector 1: channel 1-128; 
detector 2: channel (129-256) and 
the position (relatively to one of 
the ends of the detector) on the 
one-diaensional posit ion-sensit ive 
detectors. 

Since with this set-up data are collected for a whole region of r-val
ues at the sane t ine , the scattering vector i s only for the central 
detector position parallel to the saaple surface. This has also conse
quences for the background correction which now Is given by 

corr 

(s-r)Tr In Tr 

(TrS- ТгГ) < ( I p - Wd> -Ъ'Ъ 'hm» -<*-2> H H+CdJ 

-1 where r » cos у (see figure 4 .1 .b) . 
The experisents, described in chapter V, on a 
Cu55N4oPe5~» * Cu52M13eFe10" a n d * C u50 I , i37F e13~ a l l oy ** г е P*rforw«d 
with the spectroaeter equipped with the posit ion-sensit ive detector, 
ühe aeasureaents were put on an absolute scale by coaparlson with the 
Incoherent scattering froa vanadlua. 
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CHAPTER V 

NEUTRON SCATTERING STUDIES OF SHORT-RANGE CLUSTERING AND DECOMPOSITION 
IN CuNi- AND CuNiFe-ALLOTS 

5 . 1 . Introduction 

As already has been pointed out in chapter I I , i t was foraer ly bel ieved 

that the theraodynamically unstable and ae tas tab le region of the a i s c i -

b i l i t y gap of a decomposing a l l o y were separated by a we l l defined 

spinodal l i n e and the theories which were used t o descr ibe the aecha-

n i sas of decoaposlt ion in both regiaes were qu i te d i f f e r e n t . However 

exper iaenta l r e s u l t s [ l , 2 ] , aore e laborate theor ie s [ 3 , 4 ] and coaputer 

s imulat ions [ 5 , б ] ind ica te that there i s a saooth change froa the aech-

anisa of nucleat ion and growth (theraodynaaical ly a e t a s t a b l e reg iae ) to 

the aechanisa of spinodal decomposition (theraodynaaical ly unstable 

reg i s* ) . 

Cook [ 7 , 8 ] showed that the theory which was developed for the ear ly 

s tages of spinodal decomposition could a l s o be used for the re laxat ion 

of short-range c lus ter ing t o a theraodynaaically equi l ibrium s t a t e in 

the disordered region of the phase diagraa. As Cook's theory i s val id 

only for s a a l l deviat ions froa the average coapos i t ion i t can be used 

only for the very early s tages of spinodal decomposition. According to 

the theory the long-range coaposi t ion f luc tuat ions for short-range 

c l u s t e r i n g reaain s a a l l even for longer annealing t i a e s and therefore 

Cook's theory should be appl icable for a l l s tages of the re laxat ion 

process . 

In order to t e s t a nuaber of theor ies on the re laxat ion of short-range 

c l u s t e r i n g and decoaposlt ion ( see chapter I I ) we aeasured the e l a s t i c 

neutron s c a t t e r i n g c r o s s - s e c t i o n , which i s proportional t o the 

s tructure function S ( r , t ) , for a nuaber of CuNi(Fe)-al loys above as 

we l l as below the c r i t i c a l teaperature for decoapos l t ion . The s h o r t -

range c lus ter ing in the CuNi-systea has already been Inves t igated thor

oughly [ 9 - 1 2 ] . However, under noraal c ircuastances the mobi l i ty of the 

atoms for temperatures c l o s e t o the m i s c i b l l i t y gap i s s o low, that the 

decomposition of CuNi-alloys cannot be inves t iga ted . 
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The mobility of the atoms in CmMi however can be increased by e.g. 
electron irradiation, which introduces extra defects, that raise the 
nobility [ll,l2]. Instead, it was decided to raise the critical temper
ature of the alloys by adding a third consonant, which has a strongly 
different interaction with Co- and Ml-atoas. Fe was added as third 
coapooent to the Cu*4 -alloys. The CuFe-systea has a wide aisclbility 
gap (the solubility of Cu in Fe is only a few atomic percent) while 
MiFe is an ordering system. The compositions of the alloys used for oar 
investigation are given in table S.l and are also shown in figure 5.1 
together with the aiscibillty gap calculated by Bascbe and Klshizawa 
[13], who used parameters which were calculated fro* an analysis of 
experimental data obtained at higher temperatures. 

notation 

"4«C e32 

"WV* 
C e 5 5 M 4 o P e 5 

^"ЧЛ. 
С «50 И 1 37 Г «13 

Cu 

0.32 

0.30 

0.55 

0.52 

0.50 

• i 

0.66 

0.65 

0.40 

0.36 

0.37 

Fe 

-

0.05 

0.05 

0.10 

0.13 

Table 5.1. Composition of the alloys (atoaic fractions) used for the 
investigations. 

5.2. Equilibrium state of «hort-range clustering 

5.2.1. Short-range clustering 

According to the CulfiFe-phase diagraa calculated by Hasebe and 

Nishizawa [ 13] the CuNi-alloy with 68 atoaic percent NHNl^Cu^ ) 

should decompose when annealed below approximately 650 K. However, froa 

an evaluation (see section 5.2.2) of the e las t ic diffuse neutron scat 

tering data for this alloy we conclude that the incoherent cr i t i ca l 

temperature i s at least 100 К lower. 
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Fig. 5 .1 . Tbc incoherent miscibi l i ty gap of the CaHlFe-system for 
T - 1075 K, 875 К aad 675 K, calculated by Barebe aad 
Rishixava [ 1 3 ] . The coapoaltloa of tb* CaMIFe-allors used 
for the Investigations described l a this chapter aad а ваш 
ber of calculated t i e - l i n e s for T - 1075 К are also 
indicated. 

teaperature (K) 

650 
675 
725 
800 
875 
975 

«1 

0.158(9) 
0.144(7) 
0.137(6) 
0.114(3) 
0.106(2) 
0.095(1) 

«2 

0.010(20) 
0.017(15) 
-0.023(10) 
-0.033( I) 
-0.050( 8) 
-0.034( 6) 

«3 

0.028(12) 
0.018(10) 
0.026( 8) 
0.024( 4) 
0.025( 3) 
0.016( 2) 

"4 

0.110(20) 
0.100(17) 
0.070(14) 
0.027( 9) 
0.011( 6) 
0.005( 4) 

Table 5 .2 . The f i r s t four Warren-Cowley short-range order paraaeters 
a for a number of teaperatures for a HLgCuj.-alloy. The 
equilibrium state for T • 650 К has aost probably not been 
reached ent ire ly . Standard deviations are given in 
parenthesis, in units of the last decimal place. 
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The lowest annealing temperature used in the investigation of the 
Ni,oCu_„-alloy was 650 K, because for lower temperatures the diffusion 
of the atoms is so slow that it takes too much time to reach the 
equilibrium state. Thus all experiments on the NiggCu^-alloy were 
performed in the thermodynamically stable region of the phase diagram. 
The first four Warren-Cowley short-range order parameters a , for the 
NiggCu,J-alloy for a number of temperatures (see table 5.2) were 
calculated from the elastic diffuse neutron scattering cross-section in 
the range 1.5nm < к < 34nm using equation (2.37): 

do _ sinicr 
- (к) - c(l-c)(bCu-bNi) I Z i e i — - • (5.1) 
do I i 

The measurements were corrected for background, multiple scattering and 
incoherent scattering (see Vrijen [l4]). The temperature-dependence of 
oc for the NiggCu,--alloy is compared with the temperature dependence 
of a. for three CuNi-alloys with 60, 65 and 70 atomic percent N1 
respectively (figure 5.2) which were determined by Vrijen and 
Radelaar [ 9]. In the scattering experiments by Vrijen and Radelaar 
there was no energy analysis of the scattered neutrons and a correction 
had to be made (Placzek correction) to obtain the elastic part of the 
neutron scattering cross-section. For our experiments we had to correct 
for inelastic losses (Debye-Waller factor). As can be seen from figure 
5.2 the a -values for the NiggCu,,-alloy increase more sharply with 
decreasing temperature, than the a,-values for the alloys investigated 
by Vrijen and Radelaar. For T - 670 К the a -value for the Nig.Cu-j-
alloy is approximately 15% higher than the a.-values calculated for the 
CuNi-alloys with 60, 65 and 70 atomic percent N1. 

li2^2^_Long-range_concentratlon fluctuations 
The elastic neutron scattering cross-section was measured as a function 
of temperature for temperatures above the critical temperature for 
decomposition, for a NiggCujj- and a Nig5Cu30Feb-alloy (see figure 5.3) 
in a thermodynamic equilibrium state. For the NlggCu-2-alloy annealed 
at 650 К equilibrium probably has not been reached. As the critical 
temperature for decomposition fo«: the Ni65Cu30Fe5-alloy is higher than 
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0.15 

0.10 -

0.05 
Fig. 5.2. The first Warren-Cowley 
short-range order parameter о for 
CuNi-alloys containing 68 (present 
work), 60, 65 and 70 atomic percent 
Ni [9] respectively versus the 
inverse temperature. 

Elastic neutron scattering cross-section as a function of 
the scattering vector for different annealing temperatures 
for a NiggCu,,- (a) and a Ni,,Cu3(.Fe,.-alloy (b). The dashed 
line gives the scattering cross-section for the case that 
the atoms are randomly distributed (Laue scattering). 
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for the Ni 6 8 Cu 3 2 -a l loy ( see f igure 5 .1 ) the scatcer ing c r o s s - s e c t i o n 
for small values of the scat ter ing vector for the Nig 5Cu3 0Fe 5-al loy i s 
higher than for the N i ^ C ^ j - a l l o y annealed at the same temperature. In 
contrast to the previous s e c t i o n , where we considered the e l a s t i c 
di f fuse neutron sca t ter ing cros s - s ec t i on for 1.5nm_1 < к < ЗАпт"1, we 
consider in th i s sec t ion only the c r o s s - s e c t i o n for ic < lOnm"1. For a 
binary a l l o y the structure function i s given by the Ornstein-Zernike 
formula 

SOc.t) -
к Т 

В 

2ВД ( К 2 + С " 2 ) (5 .2 ) 

Th* inverse squared correlation length (f* can be obtained from a plot 
of S(K,t)" versus Л By linearly extrapolating C~* as a function of 
temperature to c" - 0 (infinite correlation length) we were able to 
determine the coherent spinodal temperature (T ) for the Ni Cu and 
. . . r.e 68 39 Ni6 5Cu30Fe5"all°ys (fig«re 5.4). For the Ni^C^-alloy we found 

Tc,s = 500 К + 25 К and for the Ni65Cu30Fe5-alloy Tc g - 675 К + 25 К. 
The mobility of the atoms of the Nig^Fe,. -alloy for" temperatures 
close to T C ( 8 is still too low to investigate the decomposition of this 
alloy. In order to obtain a higher T ^ , still more Fe has to be added 
to the alloy. Another possibility is to start from a more Cu-rich 
CuNi-alloy, since adding a given amount of Fe Increases the tendency 
for decomposition in the Cu-rich corner more than in the Ni-rich corner 
of the CuNIFe phase diagram. 

I 50" 

Flg. 5.4. The square of the Inverse 
correlation length С as a function 
of temperature for Ni68Cu32 and 
Nl65Cu30Fe5' 
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5.3. Relaxation of short-range clustering 

For the study of the relaxation of short-range clustering we started 
with an alloy annealed at 975 К until thermodynamic equilibrium had 
been reached. Subsequently the alloy was annealed for increasing peri
ods of time at the desired temperature. The relaxation of the short-
range clustering was studied as close to the miscibility gap as possi
ble, but at a temperature still high enough to reach thermodynamic 
equilibrium in an experimentally accessible period of time. 
As the mobility of the atoms decreases by the addition of Fe to a CuNi-
alloy the annealing temperature for the Ni 5Cu_0Fe5^alloy (725 K) was 
chosen higher than for the NiggCu^-alloy (650 K). The cross-over 
point (intersection of the curve of the structure function at a 
specific time with the curve for the as-quenched material) for the 
NlggCu32-alloy moves from approximately 10.5nm to 9.5nm (see figure 
5.5), while for the 

Cu0 , ,Ni, 
annealing temperature 55C к 

annealing time 
1 0 h 
2 8h 
3 38 h 
4 170 h 
5 415h 
6 1495 h 

Fig. 5.5. Elastic neutron scattering 
cross-section as a function of the 
scattering vector for different 
annealing times for a NiggCuj,-alloy 
annealed at 650 К (after quenching 
from 975 K). The dashed line gives 
the neutron scattering cross-section 
for the case that the atoms are 
randomly distributed (Laue 
scattering). 

N165Cu30Fe5~al-°y t n e cross-over point moves approximately from 9 nm 
to 7.5 nm (see figure 5.6). Also the scattering vector, for which the 
scattering function reaches its maximum, moves to lower values for both 
alloys with increasing annealing times. Despite the shift of the cross-
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Fig. 5.6. Elastic neutron scattering 
cross-section as a function of the 
scattering vector for different 
annealing times for a Ni65Cu3()Fe5-
alloy annealed at 725 К (after 
quenching from 975 K). The dashed 
line gives the neutron scattering 
cross-section for the case that the 
atoms are randomly distributed (Laue 
scattering). 

over point the measured data for the Ni68
Cu32~а11оУ c ° u l d be evaluated 

using the equation (2.43) 

SQc.t) - LQc) 

S(K,O) - L(K~) 
exp[2R(K).t] (5.3) 

The calculated amplification factors R(K) for the N i 6 8
c « 3 2 - a l l o y 

annealed at 650 К are shown in figure 5.7 as a function of к for 
к < к . The solid l ine i s a f i t to the R(K) data of equation (2.17) с 

R(tc) e -ИЭк [ M - + 2n Y + 2ЮС ] (5.4) 
Эе 

Fig. 5.7. The amplification factor 
R(K) as a function of the scattering 
vector for a Ni68Cu32-alloy annealed 
at 650 K. 
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2 2 2 The best f i t to the experimental data was found for МЭ(0 f/oc + 2TJ Y) = 
2.25 l<f25m2e~ l and 2MRQ - 2.42 10~ 5m s~ . For the NigjCi^Fej-alloy 
the strong shift of the cross-over point makes an evaluation of the 
data with Cook's theory impossible. 

Lebowitz et a l . [б] proponed a scaling procedure for the structure 
function for a binary alloy inside the miscibil ity gap.The scaled 
function F(x, t ) i s defined by (2.30) 

F(x,t) E i c ^ G c . t ) / / B K ^ O c t ) * • (5.5) 
о 

The integration is performed over the "peak" (ic„ ~ 8nm ). In the light 
of the predictions of Cook's theory, that the kinetics of the relax
ation processes in the stable part of the phase diagram is similar to 
the kinetics of the early stages of decomposition, we investigated the 
time-dependence of the scaled function for the relaxation of short-
range clustering for the Si CiL.Fe, -alloy annealed at 725 K. The func
tion F(x,t) did not approach a time-independent function F(x) for 
longer annealing times. 

5.4. Decomposition 

5.4.1. Coarsening 

The e las t ic neutron scattering cross-section was measured for different 
annealing times for the three Cu-rich CuNiFe-alloys (see figures 5.8-
10). The alloys Cu^Ni^Fe^ and Cu5QNi37Fe13 were annealed at 735 К 
and 775 K. The alloy Cu52Ni38Fe10 w a s a n n e a l e d a t ?35 K (only long 
annealing times), 760 К and 775 K. As was shown by X-ray diffraction 
the alloys mentioned above did decompose at these annealing 
temperatures and the Cu52N*38Fe10~ ana" CiijgNijjFe,,-alloy <*1<' a l r e a d v 

decompose at the quench temperature (975 K). 

For the description of the coarsening process a number of parameters 
can be used e.g. the radius of gyration (section 2 .5 .2) , the f i r s t and 
second moment of the structure function (section 2.4.3) or the mean 
wavelength of the composition modulations calculated from the position 
of the side-bands (section 2 .5 .3) . 
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Fig. 5.8. Elastic neutron scattering cross-section as a function of 
the scattering vector for different annealing times for a 
Cu55NiliQFe5-alloy annealed (after quenching from 975 K) at 
735 К (a) and 775 К (b). The solid line gives the neutron 
scattering cross-section for the case that the atoms are 
randomly distributed. 
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Fig. 5.9. The same as fig. 5.8 for a Cu^Ni^Fe^-alloy annealed at 

735 К (a) and 775 К (b). 
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Fig. 5.10. The same as fig. 5.8 for 
a CugjNi-gFe,.-alloy annealed at 
735 К (a), 760 К (b) and 775 К (с). 

First we will discuss the time-evolution of the radius of gyration, 
which can be calculated from the scattering function with equation 
(2.46) 

2 2. S(K,t) » S(0)exp(-r RG/3) (5.6) 

The radius of gyration can be obtained from a plot of In S(K,t) versus 
2 

ic • 
When the cube of the radius of gyration R , is plotted versus time t 

G 
and the resulting curves are extrapolated to t » 0, the mean radius R 
for the quenched state (see equation (2.32)) can be determined. The 
deduced values of R are very small and therefore it is justified tc 

° 3 
plot log Rg versus log t instead of R-, versus t (see figure 5.11). 
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Flg. 5.11. Radius of gyration as a 
—. . . , function of time for three CuNiFe 
1С 'C "C W 

;•"••* alloys. 

As can be seen from this figure the time-dependence of the radius of 
gyration (except for longer annealing times for which R > 2 nm) can 
be described by the Lifshitz-Slyozov theory (solid lines), vhlch 
means that the exponent n in equation (2.36) 

RG - t" (5.7) 

is equal to 1/3. 
For the later stages of decomposition the coarsening rate decreases. 
In addition to the determination of the structure function for smaller 
values of the scattering vector we measured the neutron scattering 
cross-section around the (111) and (200) reflections. The alloys 
CugcNi^gFec, Cu52Nl38Fe.n and Cuj-Ni^Fe,, were annealed at 735 К and 
775 К and at both temperatures side-bands appeared near the 
reflections. 
Since we wanted to measure the scattering cross-section for small 
scattering angles on both sides of the direct beam, the centre of the 
position sensitive detector was covered with cadmium and therefore a 
gap occurs in the data-acquisition as a function of the scattering 
angle. Consequently we could measure only the side-band intensity on 
one side of the Bragg-peak. 
In figure 5.12 the time dependence of the (low-angle) side-band inten
sity near the (111) reflection is shown for all three alloys annealed 
at 775 K. With increasing annealing time the side-bands move towards 
the main peak. Because of the poor counting statistics for the scatter
ing cross-section near the Bragg-reflections no maximum in the side
bands could be detected. Consequently the mean wavelength of the compo
sition modulation could not reliably be determined. 
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(0) (a! 

(cl 

Fig. 5.12. Side-band Intensity 
relatively to the peak Intensity 
near the (111) reflection for a 
C u 5 5 N 4 o P e 5 <*>' * C u52N 138F e10 
(b) and a Cu 5 0 Hl 3 7 Fe 1 3 -a l l oy ( c ) 

annealed at 775 K. 

The definition of the first (к.) and second (к.) moment of the scat
tering function is given In equation (2.29) 

ƒ K ^ O c t ) * 

ƒ Sjfr.t)* 

(5.8) 

The first moment Is used In the dynamical scaling procedure described 

and tested for computer simulations by Lebowltz et al. [б]. The second 
moment was also calculated for the computer simulations by Lebowltz et 

2 
al. and It appeared that <- divided by к. was Independent of the an
nealing time. When the scattering curve Is sharply peaked к, is almost 
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equal to x , which is often used to study the coarsening rate. 
For the neutron scattering experiments described in this chapter we 
could only determine к for the Cu_5Hi Fe_-alloy for the longer an
nealing tiaes at 735 К and 775 K, while for the other alloys the 
position of the aaxlaua of the scattered intensity could not be deter
mined at all. This was caused by the fact that the scattering curves of 
the as-quenched alloys already showed a pronounced small-angle scatter
ing, for which ic < 0.5nm , which was the smallest value of the scat
tering vector that could be measured with the used experimental set
up. For that reason we used x and x_, which could be calculated for 
all cases, to investigate the coarsening. The mean size of the par
ticles or alternatively the wavelength of the composition fluctuations 
is proportional to к. . 
So, analogous to equation (2.36) we may write 

-1 (5.9) 

From a plot of log x versus t the value for n can be determined. A 
plot of log x. (see figure 5.13) or log x_ (see figure 5.14) versus 
log t gave a straight line for all three alloys annealed at 775 К and 
for the Cujjtti^Fe^-alloy annealed at 735 K, while for the 
CujjNijjFejg-alloy annealed at 760 It and the Cu5(JNi37Fe13-alloy anneal
ed at 735 К log PC. (or log ic-) and log t were not linearly related. The 
calculated values for n are given in table 5.3. In figure 5.15 

2 the time dependence of <2^Ki i s Plotted t o r t h e aUoys investigated. 

Fig. 5.13. The first moment (x ) of 
the scattering function versus 
time for three CuNiFe-alloys. 
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a l l o y 

C«55M4oF«5 
Ca52Mi3eFe1o 
C u50M i37F e13 

735 К 

n l "2 

0.20 0 .34 

775 К 

n l °2 

0 .22 0.37 

0.17 0.34 

0 .08 0 .23 

Table 5 . 3 . The exponential fac с п. used i n equation ( 5 . 9 ) to describe 
the t i n e dependence of coarsening. 

P ig . 5 . 1 4 . The second moment (» _) of 
the s c a t t e r i n g function versus 
t i n e for three CuNiFe-allojrs. 

4 
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Fig. 5.15. The time-dependence of 
2 к./к, for three CuNiFe-alloys. 

The drawn lines are a guide for 
the eye. 
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5 .4 .2 . Dynamical scaling 

Lebowitz et a l . [б] showed that the stmcture functions obtained froe 
coaputer siaulations of the decomposition of a binary alloy show a 
scaling behaviour, after a certain transient period. He found that the 
structure function of a Cu55Mi%eFe5-alloy (see figure 5.8) could also 
be scaled (figure 5.16) using the relation (equation (5 .5) ) given by 
Lebowitz et a l - [ б ] . 
The structure function for the Cu52Mi3|Fe10, and Ca5eHi37Fe13-alloys 
however could not be scaled using this equation» 

L. 
:" Ï . 2 -

:.:• 

\1 • n 

:_• 

z e-«-

3 

A 

4 
S-ie—ra'sil ,-s S» ? £ • : .C. С 

( • I 

3.s :.: 

lb'. 

Fig. 5 . -6 . The scaled function F(x, t ) for a CujjNi^Fej-alloy annealed 
at 735 К (a) and 775 К (b) . 

5.5. Discussion and conclusions 

In the CuNiFe-phase dlagraa calculated by Hasebe and Nishlzawa [13] the 
critical teaperature for decomposition of alloys with only a few atoaic 
percent Fe is probably overestimated. This we deduced froa the fact 
that when Che paraaecers calculaced by Hasebe and Nishizawa are used Co 
compute the incoherent miscibility gap for the CuNi-system, a critical 
temperature of about 650 К is found, which is much higher than the 
coherent critical teaperature (500 K) calculated froa the neutron scat
tering experiments described in section 5.2.2 (The critical concentre-
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tion Is about 65 atomic percent 11) . Th* difference (AT) of the coher
ent and Incoherent cr i t i ca l temperature can he eatlaated from the value 
for the e las t ic energy 2n I for the CuVi-system [ 15] with a relation 
given by Caha [ lb] i . e . 

AT - |5JL , (5.10) 

where M i s the amber of atone per anit velum*. 
For the CuMi-systea AT - 40 K. Ilagaer e t a l . [ 17] foaad for a 
Co%1MiS9-alloy a vain* for AT off 41 К. 
Because of the low nobility of the atone near the coherent, c r i t i ca l 
temperature for decomposition (T ) for the n l^Cu^ (T - 500 K) and 
the >ifS

C»jOF<* -alloy (T - 675 K) we coal* only stndy the equilibrium 
state and the relaxation behaviour of the short-range clustering and 
not the kinetica of the decomposition for these a l loys . First we wil l 
discuss the results for the W_gCuj--alloy-

The equilibrium state of short-rang* clustering for a number of tenper-
atures could be adequately described with four Warren-Cowley short-
range order parameters- The increase off a. with decreasing temperatures 
for the Rl^gCuj,-alloy ( th is work) i s steeper than for the MI^CUL , 

the ИЦ^Соде and the m7 aCu,0-al loy Investigated by Vrijen an< Radelaar 
[ 9 ] . The possible explanation for this effect i s that we could ueasure 
the diffuse neutron scattering cross-section for saal ler values of the 
scattering vector (jc ш 0.5na ) than Vrijen and Radelaar 

_i * in 
(к , * lna ) . The snail-angle scattering has a great influence on 
the calculated short-range order parameters. With decreasing tempera
ture (Increasing small-angle scattering) the small-angle scattering 
wi l l become more important and consequently the difference of the f irs t 
Warren-Cowley s . r . o . parameter a calculated by Vrijen and Radelaar 
[9] and given fn section 5.2.1 increases. With decreasing temperature 
in general aore short-range order paraaeters are needed to describe the 
scattering cross-section especially for small values of the scattering 
vector, because the correlation lengths In the systea becoae apprecia
bly larger than the nearest neighbours Intcratoaic distance. For this 
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case the correlations in the system can be better described in terms of 
fluctuation theory. For temperatures close enough to T the Inverse of 

-2 c 

the square of the correlation length (C ) depends linearly on tempera
ture (see figu-e 5.4). 
The relaxation behaviour of short-range clustering from one equilibrium 
stvte to another could reasonably well be described by Cook's theory 
[7,8] for values of the scattering vector which are smaller than the 
scattering vector at the cross-over point although the cross-over point 
shifts to smaller values of the scattering vector with increasing an
nealing times, which is not in accordance with Cook's theory. 

2 2 2 The factor M2(ö f /bc + 2т) Y ) , which was obtained from the evaluation 
of the time-dependence of the scattering cross-section is closely 
related to the chemical diffusion coefficient D, which is proportional 

9 2 
to the mobility M and to ö f lb с i.e. 

"z M Э f 
D « J • v5.11) 

N oc 
V О -25 2 -1 We can compare the calculated value (2.25 10 m s ) for 

2 2 2 MQ(ö f/öc + 2г) Y) with an extrapolation of high-temperature data for 
the tracer diffusion coefficients, which are related to the chemical 
diffusion coefficient by the Darken relation 

Ъ ' CCuDNi + CNi DCu » < 5 Л 2 > 
* * where D_ and D„. are the tracer diffusion coefficient for Cu and N1 Cu N1 

respectively. 
? 2 To get an impression of the magnitude of 5 f/5/c we used the so-called 

subregular approximation with a critical temperature of 500 К at 68 
atomic percent Ni. For T " 650 К we found (for the Ni,qCu,--alloy): 
2 2 9 -3 a 2 6 8 - 3 2 

d f/9c = 0.7 10 Jm . The elastic energy 2rj у for this case is approx
imately 0.35 109Jm"3[l5]. 
The tracer diffusion coefficient (above 1175 K) of Cu and N1 in CuNi 
for a Ni-fraction of 0.5 and 0.8 were determined by Monma et al. [ 18]. 
The chemical diffusion coefficients at 650 K, calculated from the trac-
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-25 2 -1 er diffusion coefficients, are 6.2(+ 1.6)10 m s and 
-23 2 -1 6.2(+ 4.8)10 m s for a Ni^Cu^- and a NiggCujQ-alloy respectively. 

When we take into account the large uncertainty introduced by the 
extrapolation of the high temperature data there is a good agreement 
between the chemical diffusion coefficients obtained using Cook's theo
ry and obtained from the high temperature data for the tracer diffusion 
coefficients. Similar results were obtained by Vrijen et al. [10] for 
a number of CuNi-alloys, with the fraction of Si-atoms ranging from 0.3 
to 0.8, annealed at 675 K. 

As has been shown by Vrijen [14], when the scattering cross-section Is 
determined for values of the scattering vector ranging from lnm to 
34nm only the first four short-range order parameters can be calcu
lated with sufficient precision. The equilibrium states of the short-
range clustering for the Nig5Cu3(,F<?5 -alloy could not be described with 
the Warren-Cowley short-range order parameters, because the scattering 
cross-section for small values of the scattering vector increases more 
steeply with decreasing temperature for the Nigj-CuggFe,- than for the 
Nig«Cu-.-aHoy and consequently more than four parameters are needed to 
describe the short-range clustering. 
From an evaluation of the scattering cross-section in terms of fluctua
tion theory we calculated the correlation length for the NiggCu^Feg-
alloy for different temperatures. From a linear extrapolation of 
-2 -2 
С versus temperature to Z n 0 we determined the coherent critical 
temperature for decomposition (T » 675 К + 25 К). 

с — 
The NiggCujj-alloy was annealed at 725 К (after quenching from 975 K) 
for increasing periods of time. The difference of the scattering cross-
section of the annealed and quenched state for the N1,cCu.nFec-alloy is 

6b 3D b 
much larger than for the NiggCu32-alloy (T • 650 K) and consequently 
the shift of the cross-over point to smaller к-values (with increas

ing annealing time) is larger for the NiggCu-gFeg-alloy than for the 

Ni68Cu32-alloy. Because of this large shi f t of the cross-over point 

the relaxation of the short-range clustering for the Nig gCujpFeg-alloy 

annealed at 725 К could not be evaluated using Cook's theory. 

In conclusion if the i n i t i a l and f inal states of the short-range c lus-

cerlng differ only s l ightly Cook's theory can be used to describe the 
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relaxation behaviour, but if the initial and final states differ more 
strongly Cook's theory can no longer be used. 

The time-dependence of the scaled function F(x,t) was calculated for 
the relaxation of the short-range clustering for the Ni^Cu^Feg-alloy 
annealed at 725 K. The function F(x,t) did not approach a time-indepen
dent function F(x) with increasing annealing time. For the cut-off 
value к (see equation (5.5)) we used the "end of the peak" of the В 
small-angle scattering cross-section. We also calculated the scaled 
function F(x,t) by integrating over the first Brillouin zone, but also 
in this case no scaling was observed. The same time-dependence of 
F(x,t) was found for the initial stages of decomposition [6,19]. 
So for short-range clustering or the early stages of decomposition, 
where the effect extends only over a few shells, the present scaling 
procedure cannot be applied. 

Next we will discuss the results for the Cu-rich CuNiFe-alloys 
CuggNi^Fej, Cu52Ni38Fe10 a n d Cu50N137Fe13 * I n s e c t l o n 5 « 4 Л we men
tioned already that the alloys ^u52N*38Fe10 an(* ('u50Ni37Fe13 cons*st °* 
two phases after quenching from 975 K, while the C I L J I Fe,-alloy is 
still one-phase. Annealing of the CugjNijgFejQ and c"5oN*37Fe13"а11°У 
at a lower temperature than 975 К caused a change of the composition of 
the two phases, while the alloy Cu^Ni. _Fe5 started to decompose at the 
annealing temperatures (< 775 K). In the discussion of the results for 
the three Cu-rich CuNiFe-alloys we have to keep this difference in 
mind. 

First we will treat the coarsening rate in terms of the radius of gyra
tion. As can be seen from figure 5.11 the time evolution of the radius 
of gyration can, except for the longer annealing times, be described by 

1/3 the Lifshitz-Slyozov theory (R_ ~ t ). For the longer annealing times 
the exponent of the time and thus the coarsening rate decreases 
(n < 1/3). The coarsening rate of an alloy Ciu-Nl,,Fe,5 [20] and an 
alloy CujgNijjFe^ [2l] was investigated with electron diffraction. 
The mean wavelength for these alloys as a function of time, which was 
calculated from the position of the side-bands near the Bragg-peaks, 
could also be described with the Lifshitz-Slyozov theory (n - 1/3). 
Hillert et al. [ l] found however a different time dependence of the 
coarsening rate namely an exponent n. which was between 1/4 and 1/5. 
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For the investigation described in this chapter we could not determine 
the maximum of the observed side-bands, although these side-bands were 
present at all annealing temperatures for the three Cu-rich CuNiFe-
alloys. 

Another measure for the size of the nuclei in the alloys during the 
decomposition is given by the first (к..) and second (*_) moment of the 
scattering function. The time-dependence of к-, and к~ c°ula* not be 
described by the Lifshitz-Slyozov theory (n * 1/3), since the expo
nents n (from к ) and n- (from к ) were time- and composition-
dependent. When we move deeper into the miscibility gap (more Fe 
added or a lower annealing temperature) the values for n decrease, 
which is in accordance with computer simulations [б]. 
Thus close to the coexistence line the coarsening can be described by 
the Lifshitz-Slyozov theory, whereas when we move deeper into the mis
cibility gap the coarsening rate decreases. The scattering curves for 
the CiL-Ni-gFe..- and Cu-.Ni.-Fe.j-alloys (decomposed) show a steep 

increase of the intensity for small ic-values. Because it was not 
possible to measure the neutron scattering cross-section for к < 0.5nm 
with our neutron spectrometer (see chapter IV) we could not determine 
the peak position of the scattering curve. Consequently also the 
calculated values for к and к are too high. This might explain the 

2 fact that the calculated value for K~IK-. is time-dependent contrary to 
results of computer simulations [6] and experiments on AlZn-alloys 
[19]. 
The radius of gyration and the first moment of the scattering function 
are both a measure for the scale of the decomposition. Consequently a 
plot of R« versus кг, should give a straight line (see figure 5.17). 
The activation energy for the coarsening process (diffusion controll
ed) can be calculated from the rate constant k (see equation (2.34)) 
using the relation 

. ! /n,«. » . -E /RT , _ k (T ) - k e с а . (5.13) a o 

The rate constant was calculated from the time-dependence of the radius 
of gyration (see figure 5.11). We found for the activation energy 
E - 230 kJ.Mol , which shows a good agreement with the values calcu-
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Flg. 5.17. The radius of gyration 
(R ) versus the inverse of the first G 
moment of the scattering function 
Ос"1)-

lated by Butler and Thomas [20] (E » 200 kJ.Mol ). Hillert et al. [l] 
who Included the effect of the temperature dependence of the inter-
facial energy and ' ilel [22] found E * 275 kJ.Mol"1. 

с 
The scat ter ing function for the Ni Cu^Fe, - a l l o y shows, a f t er a t ran

s ient time, a s c a l i n g behaviour. For the C u s 2 N i 3 8 F e 1 0 ~ a n d 

C u 5 0 N i 3 7 F e 1 3 ~ a l l ° y t h e scaled function F ( x , t ) did not approach the 

time-indepent function F(x) for the l a t e r s tages of the decomposition. 

That the s ca t t er ing function for the C u ^ N i ^ F e ^ - and Cu^Ni ? F e 1 3 -

a l loy does not show sca l ing behaviour i s probably caused by the fact 

that these a l l o y s were already decomposed a f t e r quenching. 

In the NiFe-binary sec t ion of the CuNiFe-phaee diagram an ordered phase 

Ni3Fe w i l l form below T » 780 К for compositions c l o s e t o Ni Fe and 

t h i s ordering a l s o occurs (although at lower temperatures) when small 

amounts of Cu are added t o the Ni Fe-a l loy [ 2.3]. 

A:i.-;r each annealing s tep we measured, besides the s c a t t e r i n g c r o s s -

sec t ion for small values of к and the i n t e n s i t y of the s ide-bands , the 

scat ter ing c r o s s - s e c t i o n for к-values near the (100) s u p e r - l a t t i c e 

r e f l e c t i o n . The d i f f rac t ion pattern for the Cu-rlch CuNiFe-alloys an

nealed at 775 X for about 250 hours did not show any extra intens '*y at 

the (100) p o s i t i o n . When these a l l o y s were annealed ( for 600-665 hours) 

at 735 К the d i f f rac t ion pattern for bhe Cu^Nt F e - a l l o y did show a 

broad peak at the (100) p o s i t i o n . As a check we measured the 

d i f fract ion pattern for the c " 5 2
N 1 3 8 F e 1 0 " a l l o v a f t er annealing for 860 
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hours. The diffraction pattern showed a broad peak near the (100) and 
(110) positions. We think that this 1' *« to the formation of an 
ordered N1 Fe-type structure. For the composition of the phases In 
which the Ci^Ni^QFeg- and Cu50Nl37Fe13-alloy decompose the annealing 
temperature Is either above the ordering temperature or no ordering 
occurs at all for these compositions. 

In conclusion we will summarize the results of the Investigation de
scribed in this chapter. It was shown that even for the relaxation of 
short-range clustering the assumption made in deriving the theory for 
spinodal decomposition namely, that the deviations from the mean con
centration are small, is not always valid. Furthermore it was shown 
that the scaling procedure described by Lebowitz et al. does not lead 
to a time-independent scaled function F(x) for the case of the relax
ation of short-range clustering and for the early stages of decomposi
tion. The structure function for a ternary (CuNiFe) alloy turned out to 
show the same scaling behaviour as the structure function for binary 
alloys [б,19]. This scaling behaviour of the structure function for a 
ternary alloy has, to our knowledge, not been published before. Because 
the radius *f gyration and the first moment of the structure function 
are linearly related, these parameters appear to be a measure of the 
same effect. 
For the early stages of decomposition the coarsening could be described 
with the Lifshitz-Slyozov theory, while for longer annealing times the 
coarsening rate decreased. 
All theories that are used in this chapter are only valid for a rather 
limited region of the phase diagram and although the kinetics above as 
well as within the mlsclbllity gap (based on diffusion-controlled 
growth and/or solution of particles) is rather similar, there is so far 
no theory, which gives a universal description for both regimes. 
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CHAPTER VI 

CLUSTER VARIATION METHOD CALCULATIONS ON THE CuNi-SYSTEM 

6.1. Introduceion 

In connection with the evaluation of d i f fuse neutron s c a t t e r i n g e x p e r i 

ments on CuNi- and CuNiFe-alloys we are in teres t ed i n the l o c a t i e , of 

the n i s c i b i l i t y gap of the CuNi decomposing system. The experimental 

determination of the s o l i d - s t a t e CuNi-phase diagram i s very d i f f i c u l t 

because of the low mobil i ty of the atoms at temperatures c l o s e t o the 

m i s c i b l l i t y gap. Therefore we decided t o c a l c u l a t e the m l s c i b i l i t y gap 

using experimental r e su l t s obtained in the disordered region of the 

phase diagram. 

To c a l c u l a t e phase diagrams the free energy of the system i s often 

approximated using parameters which are estimated from a comparison of 

calculated data t o the known portions of the diagram or t o experimen

t a l l y determined thermodynamic data. For these c a l c u l a t i o n s no informa

t ion i s needed about the in terac t ions on an atomic s c a l e . Another 

method to determine phase diagrams i s the Monte Carlo s imulat ion a p 

proach. In t h i s method the in teract ions between an atom and i t s 

immediate surroundings are considered. However Monte Carlo s imulat ions 

are very (computer) time consuming and therefore expens ive . Recently 
the c l u s t e r var iat ion method 'CVM; see chapter I I I ) has turned out to 

be a powerful method for the ca lcu la t ion of phase diagrams [ l , 2 ] . For 
ordering a l l o y s t'.-.«* CuAu-system [ 3-5] was used as a t e s t - c a s e . Except 
for the CuAg decomposing system [ l ] , the CVM-studies published s o far 
deal only with ordering systems. 

A number of authors [ 6 - 9 ] have calculated the m i s c i b i l i t y gap of the 

CuNl-systes from bulk thermodynamic data, which were determined at 

tempeiatures between 750 К and 1000 K. The es t imates for the c r i t i c a l 

point range from 60-80 atomic percent Ni at temperatures between 550 К 

and 750 K. This s c a t t e r i s at l e a s t part ly due t o the uncer ta in t i e s in 

..he thermodynamic data which range from 15 percent for the free energy 

to 50 percent for the excess entropy. 



- 9 8 -

Recently Vrijen and Radelaar [10] have determined the Warren-Cowley 

short-range order ( s . r . o . ) parameters Oj for a number of CuNi-alloys 

for temperatures between 673 R and 973 K. These parameters are a mea

sure for the tendency of the atoms to surround themselves ( i n the 

disordered region of the phase diagram) by atoms of the same kind 

(short-range c l u s t e r i n g ) or of the other kind ( s . r . o . ) and therefore 

y i e l d information about ti.e -ttomic i n t e r a c t i o n s . From a comparison of 

the f r-o- e"rv«?te»\ 9^d " -v . ' . ' cu la t i or . t the in terac t ion energ ies in 

CuSi-systea co»ld Ы «>timated. Once these energies are known th* 
coherent i r a s c i b i l i t y gap and the concentration and temperature depen
dence of the s . r . o . parameters can be determined. Furthermore CVM 
gives an approximation for thermodynamic q / jant l t l e s , which w i l 1 be 
compared with an evaluat ion of experimental thermodynamic c"a»a 
[11]. 

The ca lcu la t ions described i n t h i s chapter provide the p o s s i b i l i t y t o 

evaluate the p o t e n t i a l i t i e s of CVM for a l l o y systems which have a t e n 

dency t o decompose. To our knowledge such an evaluat ion has not been 

carried out before . Besides the c l u s t e r var iat ion method a number of 

other theories are used in t h i s chapter for comparison. A survey of the 

applied approximations i s given i n the next s e c t i o n . 

6.2» Survey of the theor ie s used for comparison with CVH 

We w i l l f i r s t g ive the d e f i n i t i o n for the Warren-Cowley s . r . o . param

e t e r s , which are used i n t h i s chapter to est imate the in terac t ion 

energies for the CuNi-system and t o Judge the accuracy of the applied 
theore t i ca l approximations. The Warren-Cowley s . r . o . parameter a for 

th o i 

the l s h e l l of neighbours ( i so t rop ic system) around s i t e о i s defined 
by 

CB " P o l 
' e i ' • < 6 Л > 

CB 

AB 
where с i s the f rac t ion of B-atoms and P i s the condi t ional proba
b i l i t y , given an A-atom at s i t e o, that s i t e 1 i s occupied by a B-
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atoa. For short-range clustering u\ > 0 while for short-range order-
ing « x < 0 ( « ^ « o i ) . 

The relation between the e . r . o . paraaeters and the pair correlations 
(chapter III ) i s given by 

« e i — - ± S - • (6-2) 
A c A C l 

Clapp and Moss [12,13] have derived a relation between the Warren-
Cowley s . r . o . paraaeters and the effective pair interaction energies 
E(2,r) in a binary systea 1-е. 

« * , ( ! - * , ) 
a o i k T E Z rE(2,r)e r l , (6.3) 

В г 

where к i s Boltzaan's constant, T i s the absolute teaperature and Z 
th r 

i s the coordination nuaber of the r she l l of neighbours. The suaaa-
tlon i s over a l l she l l s . 

Moss and Clapp [ 13] also gave an expression for the coherent spinodal 
teaperature T for an alloy that has a tendency to decoapose; 

Tc - -*c B ( l -c B ) E Zr Е(2,г)/кз . (6.4) 
' г 

Tahir-Kheli [14] derived an approxiaation for the s.r.o.-paraaeters 
which is evaluated to the 3 power in T /T, where T is the critical 

с с 
teaperature for decoaposltion or ordering. The Clapp and Hoss approx
iaation i s evaluated only to the linear power of T£/T. Vrijen [ 15] 

extended the Tahir-Kheli approxiaation to the 4 power in T /T and 

calculated the teaperature dependence of a.and a_ for а Cu . . . N i . , -
1 2 0.435 0.365 

a l loy . 
The Monte Carlo vacancy diffusion aodel was used for the coaputer simu
lations (calculations of E.W. van Royen described in [16 ,17 ] ) . The 
systea consisted of a face-centered cubic la t t i ce with 4000 la t t ice 
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sites. Below T - 600 К the system did not reach the equilibrium state. 
This is caused by the fact that for temperatures close to the 
miscibility gap long-range fluctuations appear which cannot be taken 
into account in a small crystal. 

The basic figures that were used for the CVM-calculations are (see 
figure 3.2); the octahedron + tetrahedron (ОТ), the double-tetrahedron 
(DT) and the double-tetrahedron -l- octahedron (DTO). The CVM-approxima-
tions for the entropy of the ОТ (equation 3.14), the DT (equation 3.15) 
and the DTO (equation 3.16) clusters were given in chapter III. The 
energy of mixing for these cluster-approximations is given in equation 
(3.22). Depending on the number of interactions used in the calcula
tions a certain number of terms of the summation in equation (3.22) is 
neglected. The OT-cluster contains 1 and 2 nearest neighbour (n.n.) 

st nd pairs and therefore can give us information about the 1 and 2 
s.r.o. parameter of the system. So in the expression for the energy of 
mixing for the ОТ cluster only the first and second n.n. pair interac
tion energies, besides some multi-atom interaction energies, are 
included. 

st rd st 
Since the DT- and DTO-clucters contain 1 - 3 n.n. pairs the 1 
3 s.r.o. parameters can be calculated from these CVH-approximations. 

6.3. Sets of interaction energies 

For the calculations described in this chapter we used several sets of 
interaction energies. Two of these sets consist of concentration inde
pendent interaction energies while the energies of the other sets are 
concentration dependent. Vrijen et al. [1б] gave an estimate for the 
first (E(2,l)) and second (E(2,2)) n.n. pair interaction energies for a 
Cu^j .5Ni56 .j-alloy i.e. 

N .E(2,l) » -490 J.Mol"1 ; N .E(2,2) - 195 J.Mol"1 , set (a) a a 

where N is Avogadro's number. 
We will call this set of energies set (a). When, like in set (a), 
concentration independent pair interaction energies are used, the dia
grams for the s.r.o. parameters, the thermodynamic quantities and 
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the mlscibility gap are symmetric around the 50/50 composition. 

One way to account for the asymmetry of the diagrams observed experi
mentally in the CuNi-system is to introduce many-body interactions. We 
used a set which includes the 1 - 3 n.n. pair interactions and the 
simplest many-body interaction namely the n.r. triangle interaction 
energy. 
The values of the energies of this set (see section 6.4.1) are: 

N -E(2,l) = -580 J.Mol"1 ; N .E(2,2) =» 465 J.Mol"1 a set (b) 

Na.E(2,3) - - L5 J.Mol" ; Na.E(3,l) = 20 J.Mol" 

E(3,l) is defined in equation (3.24) where Cu is taken as the A-compo-
nent of the alloy. 

Another method to account for the asymmetry of the experimental dia
grams is to use concentration dependent pair interactions. In the Clapp 
and Moss approximation (CMA) these pair interactions can be directly 
obtained from experimental s.r.o. parameters by using equation 6.3. The 
1 - 3 n.n. pair interaction energies for CMA calculated from the 
experimental s.r.o. parameters [lO] at 973 К and 723 К are shown in 
figure 6.1. 
The concentration dependent pair interactions used for the CVM-calcula-
tions (see section 6.4.1) are also shown in this figure. 

6.4. Results and discussion 

6.4.1. Concentration dependence of the short-range order parameters 

The 1 and 2 n.n. pair interactions of set (a) (see section 6.3) 
were calculated by Vrijen et al. [ 16] from the experimental s.r.o. 
parameters for а Сиц3.5Ni56.5-alloy at 973 К using CMA. For the CVM 
(0T, DT and DT0) and CMA-calculations on the concentration dependence 
of a,, for the CuNi-system at 973 К (see figure 6.2) we used the 
same set of energies. The ОТ- and DT-results are not shown in the 
figure because they are almost identical to the DTO-results. Since the 
temperature for which the calculations were performed is much higher 
thpn the maximum of the miscibllity gap, the CVM-results are close to 
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the CMA-results. The difference between the calculated and experimental 
s.r.o. parameters is much larger than the uncertainty in the 
experimental data. 

We tried to improve the fit for the s.r.o. parameters by using set (b), 
which contains a n.n. triangle and 1 - 3 n.n. pair interaction 
energies (see section 6.3). This set was obtained by an iterative 
procedure. First the s.r.o. parameters were calculated for a given set 
of energies (e.g. set (a) of section 6.3). Then one or more of the 
energies were changed to improve the fit. For example when the calcula-

st ted a. data were lower than the experimental data the 1 n.n. pair 
interaction energy was increased. Since the uncertainty in the 

-0.5 

973 к : o DT 
• CMA 

723 K: » DT 
• CMA 

50 

at. perc- Ni 

( a ) 

100 

:ы 
0-05 

• U . 0 5 

- 0 . Ю 

-0.15 

( С ) 

Fig. 6.1. Interaction energies for 
_. ,et „rd 
the 1 - 3 n.n. pairs 
(N .E(2,i)) in the CuNi-systera, 
a 

calculated from experimental 
short-range orde», parameters [ 10], 
using CMA and CVM (DT-approxima-
tiun). The solid lines are drata* 
through the (DT) data points to 
guide the eye. 
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experiaental a data Is less than the uncertainty in the a - and оц-
data we first tried to get a good fit to the «t.-di ta. The use of only 
one parameter (E(3,l)) which Influences the asymmetry of the diagrams 
together with the fact that the asymmetry of the a -data is less 
pronounced than of the a,- and a~-data, prevented to arrive at a good 
overall fit to the experimental data. The final set (set (b): see 
section 6.3) of energies gave a good agreement between the experimental 
and theoretical a.-data, while for a. and o_ agreement is less 
satisfactory. The calculations were performed for the DT0-
approximation for T • 973 К (see figure 6.2). As the n.n. triangle 

st contains only 1 n.n. pairs and the fit for a. is excellent when this 
energy is used, we tried to improve the fit for a» and ou by taking 

0.10 

005 

/ T * / 

J/ 
I/ 
7 set lo) 

\ \ 

V 
- -ОТО \ \ 
---CMA \ \ 

setlbl: DTO \ \ 
• : experimental (Ю) V 

50 
ot. per*. Ni 

100 

(a) 

0.02 

0.01 

A 
/I \ 

' t •''' "*- \ 

/r V» 

0^1 . b J / 
SO 100 

ai. perc. Ni 

(c) 

-0.05 

-0.10 

( b ) 

Fig» 6 .2 . The concentration depen

dence of the 1 - 3 Warren-Cowley 

s . r . o . parameter (a ) for the 

CuNi-system at 973 К calculated 
for CMA end CVM (DTO-approximatlon) 

s t nd 
with the 1 and 2 n.n. pair inter
action energies of set (a) (see 

section 6.3) and the 1 - 3 n.n. 

pair end the n.n. triangle interac

tion energies of set (b) (see 

section 6 . 3 ) . The experimental a , -

at 973 К [Ю] are shown for comparison. 
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Into account the e-tergy of triangles which also contain 2 and 3 
n-n. pairs* Howevev the f i t for a and a could not be improved 
significantly with these extra parameters» 

Instead of the combination of concentration independent pair- and 
multi-atom Interactions, concentration dependent pair interactions were 
used to f i t the asymmetrical curves of the experimental s . r . o . parame
ters» For the Clapp and Moss approximation the se t s of concentration 
dependent pair interactions can be directly obtained by inserting the 
experimental s . r . o . parameters in equation (6 .3) . Tre set of concentra
tion dependent pair Interactions for the CVM-approximations was obtain
ed in a similar way as the energies of set (b) . In this case the 
calculated s . r . o . parameters <x . were f i t ted to the experimental data 
by varying the 1 - 3 n.n. pair interactions. The f irs t three s . r . o . 
parameters can be f itted exactly when, l ike in this case, three f i t t ing 
parameters are used. However we terminated the f i t t ing procedure when 
the difference between the calculated and experimental a1 was smaller 
than the uncertainty in the experimental data. As basic cluster for 
these CVM-calculatlons the double-tetrahedron was used. The calculated 
pair interactions for T * 723 К and 973 К are shown in figure 6 .1 . As 
can be seen from this figure the DT- and CMA-data for the pair interac
tions show the same concentration and temperature dependence and they 
differ at most 50 J.Mol . 

§,'^'?lJremBerature •feBf^ggce gf_the^h^rt-ra^g^ o^de^ Bg^amê ê g 

E.W. van Royen (results described In [ 15,16]) used the first and second 
n.n. pair interactions of set (a) (see section 6.3) to calculate the 
temperature dependerce of the first and second s.r.o. parameter for a 
CuNi-alloy containing 56.5 atomic percent N1 (see figure 6.3). The 
methods these authors used are: the Clapp and Moss approximation, the 
4 order Tahir-Kheli approximation and Monte Carlo simulations. For 
high temperatures the results for these different approximations did 
not deviate significantly from each other, while for T < 1000 К the 
CMA-curve increases more rapidly than the Monte Carlo and Tahir-Kheli 
data. This means that the critical temperature predicted by CMA, which 
is a mean field theory, is higher than the critical temperature predic
ted by the other two methods. 
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Fig. 6 .3 . The teaperature dependence of the 1 and 2 Warren-Cowley 
s -r .o . paraaeter (a ) for a Cu^.jNl.g . 5 -a l loy calculated 
for CMA, the 4 t h 

of» n J 
Kheli and computer simulations. The 1 and 2 n.n. 

order approximation of the aodel of Tahir-
pair 

interactions of set (a) (see section 6.3) were used for the 
calculations. The experimental a , , at 973 К [10] are shown 
for comparison (from [ 1 5 ] ) . 

The taean f ie ld approximation i s equivalent to the CVM-approxination 
with a point as basic cluster. When larger clusters are used rVM gives 
a bruter approximation for the free energy of a system than the mean 
field theory. Using the same n.n. pair interactions (set (a)) as Vrijen 
et a l . [ l5,16] we calculated the temperature dependence of o1 for a 
C u 4 3 , 5 N i 5 6 ' 5 " a l l o v f o r t h e 0 T "» DT~ a n d DTO-approximations (see f i g 
ure 6 .4) . As can be seen from the figure the CVM-results are very 
similar to the 4 order Tahir-Kheli data for temperatures greater than 
about 600 K, which i s close to the predicted miscibil i ty gap for these 
energies. Por lower temperatures CVM predicts higher values for the 
e .r .o . parameters than the Tahir-Kheli approximation. 

Also another set of energies (set (b); section 6.3) was used to calcu
late the temperature dependence of e , for the C u . Ni . -a l loy . 
This set of energies contains I е - 3 r n.n. pair interaction energies 
and a n.n. triangle interaction energy. The results of the calculations 
for the DT- and DTO-approximation are shown In figure 6.4. 
When the concentration dependent 1 - 3 n.n. pair interaction 
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energies at 973 К (see figure 6.1) are used to calculate the s . r . o . 
parameters for lower temperatures these s . r . o . parameters show the м н 
temperature dependence as the results of the DTO-calculations with the 
energies of set (b) . Vrijen and Rade laar [ 10] have shown that the ex
perimental curves of o . as a function of the Inverse temperature show 
negative curvature, while the calculated curves in figures 6.3 and 
6.4 show positive curvature. 

6 .4 .3 . Concentration dependence of some thermodynamic quantities 

An independent check of the CVM-results i s given by the comparison of 
XS 

the calculated energy of mixing (Ец). the excess entropy (S ) and the 

0.2 

U. I 

n 
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0 ;° ƒ 
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Fig. 6.4. The temperature dependence 
of the 1 - 3 Warren-Cowley 
s . r . o . parameter ( a . - ) for а 
Cu. 3 ' 5 Ni 5 6 .ц-alloy calculated for 
the CVM (ОТ, DT, DTO)-approximation. 
The l 8 t and 2 n n.n. pair interac
tions of set (a) (see section 6.3) 
and the 1 - 3 n.n. pair and the 
n.n. triangle interaction energies 
of set (b) (see section 6.3) were 
used for the calculations. The 
Tahir-Kheli and experimental results 
[10] are shown for comparison. 
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Heluholtz free energy of nixing (ДР) with the experimental data con-
piled by Rultgren et a l . [ l l ] . For a condensed system the energy i s 
practically equal to the enthalpy, while the Helmholtz free energy is 
practically equal to the Glbbs free energy. 

The energy of mixing, the excess entropy and the Helmholtz free energy 
of mixing for the Cu-WL-system at 973 К were calculated for the DTO-
approximatlon (see figure 6.5) with the concentration independent l S t 

nd and 2 n.n. pair interactions of set (a) (see section 6.3) and the 

Kultorm ! ! I ! I rrrar 
— — ОТО ! l t l t ! 

сто !*«t ь ; 
cone d*p*n4»nt POir 

interaction* : о CM A 
• ОТ 

_ -0.5 

Ï -t.0. 

i d 

Fig. 6.5. Concentration dependence 

of the energy of mixing (E ), the 
XS 

excess entropy (S ) and the 

Helmholtz free energy of nixing (AF) 

for the CuNI-syetem at 973 K. The 

1 and 2 n.n. pair Interaction 

energies of set (a) and the l3t -

3 n.n. pair and the n.n. triangle 

interaction energies of set (b) were 

used for the DTO-calculations, while 
et 

the concentration dependent 1 
„rd 

3 n.n. pair interactions at 97> К 
(see figure 6.1) were used for the 
DT- and CMA-calculatione. For 
comparison the experimental data for 
EM, S and &t L-1] 8re also shown. 
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concentration independent 1 - 3 n.n. pair interactions and the n.n. 
triangle interaction of set (Ъ) (see section 6.3). He also calculated 

XS E , S and AF for CVH (DT) and CMA using the concentration dependent 
pair interactions at 973 К from figure 6.1. 

Except for the energy of mixing for Ni-rich Cu-Ni-alloys calculated for 
the DTO-approximation with the energies of set (a) the data for the 
energy of mixing obtained from oodel calculations are larger than the 
experimental data even when the uncertainties in the experimental data 
are taken into account. Uhen we leave out the data for the 
Cu. 3. 5НЦ 6 .j-alloy (the fact that the s.r.o. parameters of this alloy 
were obtained from a larger part of the reciprocal space than for the 
other alloys, may introduce a systematic difference between these para
meters and those for the other compositions) the shape of the experi
mental curve is best approximated by the results of the calculations 
with the concentration dependent pair interactions. 

The absolute values of the excess entropy of the CuNi-system at 973 К 
calculated with the DT- and DTO-approximations are much smaller than 
the experimental data. However CVH gives only an approximation for the 

XS confIguratlonal part of S , whereas e.g. the magnetic and vibrational 
XS contributions to S are not taken into account. Moraitis and Cautier 

[l8] and Gachon et al. [ 19] calculated the contributions of spin fluc-
XS 

tuations and la t t ice vibrations to r-— for dilute Cu-rich CuNi-al-
dCNi 

XS loys. These authors estimate that the largest contribution to S stems 
from spin fluctuations and they showed that the vibrational entropy is 

XS also an important part of the observed S . The contribution of the 
XS phonons and spin fluctuations to S can be roughly estimated to be 70-

xs 80% of the value of S . 

The calculated data for the Helmholtz free energy of mixing agree, 
within the uncertainties in the experimental values, with the exper
imental data. The best agreement between theory and experiment for the 
Helmholtz fee energy of mixing is obtained for the calculations with 
the concentration dependent pair interaction energies. The deviations 

XS between the calculated values and the experimental results for S and 
E compensate each other pertly in the calculations of AF. и 
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6.4.4. HlsciMlity ga? 

The coherent spinodal, which marks the change from the met«stable to 
the unstable part of the phase diagram, of the CuNi-system was calcula
ted for the Clapp and Moss approximation from the experimental s.r.o. 
parameters at 973 К using equation (6.4) (see figure 6.6). The CMA-
splnodal is a mean field approximation [13]. The coexistence curve and 
the coherent spinodal vere calculated for the DTO-approxlmation vith 
the 1 - 3 n.n. pair and the n.n. triangle Interaction energies of 
set (b) (see figure 6.6). The DT-calculatlons give almost identical 
results as the DTD-calculations do. Except for the 20 and 56.5 atomic 
percent Nl-allo/s the CMA and DTO coherent spinodal temperatures 
(T ) differ less than 50 R. c,s 
The difference between the CVH and CMA value for T for the 20 atomic 

c,s 
percent Ni-alloy can be explained by the fact that it was difficult 
to calculate the s.r.o. paraneters from the diffuse neutron scattering 
cross-section because the diffuse intensity spectrum was strongly dis
turbed by multiple Bragg scattering [10,15]. The deviating behaviour of 
the experimental data for the C u ^ . ^ N i . -alloy has already been 
discussed previously (section 6.4.3). A systematic deviation of the 
s.r.o. parameters may very well explain the dip for the T -data, 

c,s 
calculated using CMA, that occurs for the C u . N i . -alloy. Some 
recent estimates for T [20,21] resulting from diffraction experi-

c,s 
ments for temperatures below the critical temperature for decomposi
tion are also shown in fig. 6.6. 

6.5. Conclusions 

The various CVM-approximations (0T, DT, DTO) which are used in this 
chapter give, except for temperatures close to the miscibility gap, 
almost identical results. The miscibllity gaps calculated using the DT-
and the DTO-approximations are also nearly the same. Sanchez and De 
Fontaine [22] who used the 0T-, DT- and DTO-clusters to calculate the 
critical temperature for the fee Ieing ferromagnet(T ) came to the 

с 
same conclusion. Furthermore the critical temperatures for the fee 
Ising ferromagnet calculated for these clusters [22] are only 1.5% 
(DTO-cluster) to 3% (DT-cluster) above the one deduced from the high 
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Fig. 6.6. The coherent binodal and coherent spinodal of the CuNi-systea 
calculated for the DTO-approxiaation with the 1 - 3 n.n. 
pair and the n.n. triangle interactions of set (b) (see sec
tion 6.3). The coherent spinodal temperatures (T ) 

c,s 
calculated froa the experimental s.r.o. parameters at 973 К 
[Ю] using CMA and some recent estimates of T from 

c ,s 
literature [20,21] are a lso shown. 

temperature expansion of the zero-field suscept ibi l i ty . 

As described before we tried to take into account the concentration 
dependence of the pair interactions by using the simplest multi-atom 
interaction, i . e . the n.n. triangle interaction energy E ( 3 , l ) . However 
the concentration dependence of the experimental s . r . o . parameters of 
the CuNi-system at 973 К could not be f i t ted (for the CVM-approxima-
tion) using only one multi-atom interaction. The reason for this i s 

st 
that the 1 n.n. pair interaction energy shows only a small concentra
tion dependence, while the 2 n.n. pair interaction energy varies 

3 -1 
from 0.2 to 0.7 x 10 J.Mol . Both effects cannot be accounted for 
simultaneously by using only one multi-atom interaction. The conclusion 
of the above i s that for the CuNl-system the concentration dependence 
of the pair interactions cannot be described by tr iplet interaction 
energies. 
The Warren-Cowley s . r . o . parameters are fully determined by the 
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Helaboltz free energy of mixing of a solid solution. For the CuMi-
systea the Helaholtz free energy of nixing calculated using the 
experiaental s.r.o. paraeeters is in reasonable agreement with the 
experiaental data. However because CVM does not take into account spin 
fluctuations and lattice vibrations the absolute value of the calcu
lated excess entropy is too small. As a consequence the energy of 
mixing is overestimated and therefore also the estiaates of the 
interaction energies are too high. Likewise are the calculated s.r.o. 
paraaeters for lower teaperatures and the critical temperature fot the 
CuNl-system over-estiaated. Probably the aiscibility gap is situated 
about 100 К lower than the calculated data. This is in good agreement 
with the results of Tsakalakos [2l]. The temperature dependence of the 
apparent pair interaction energies can also be explained by the neglect 
of lattice vibrations and spin fluctuations. 

In conclusion the cluster variation method is a powerful approximation 
to obtain an estimate of the phase dlagraa and thermodynamic quantities 
of an alloy. However for a more exact calculation of these properties 
phonons, spin fluctuations etc. have to be taken into account even for 
the siaple CuNi-system, since CVM only gives an approximation for the 
configurations! part of the Helmholtz free energy. 
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CHAPTER VII 

CRYSTAL-GROWTH APPROACH FOR SIMULATING ATOMIC DISTRIBUTIONS FOR BINARY 
ALLOYS 

7.1. Introduction 

A diffraction pattern from a system of atoms (proportional to the 
Fourier transform of the pair correlations) for values of the scatter
ing vector larger than about 10 nm is predominantly determined by the 
pair correlation functions for the first few shells. For smaller values 
of the scattering vector the pair correlations for more distant neigh
bours play also an important role. So for a comparison of cluster 
variation method (CVM) calculations with diffraction experiments a 
method is needed which gives us information about correlations of pairs 
beyond the size of the basic cluster used in the CVM-calculations. 

Clapp [l,2] developed the so-called probability variation method to 
calculate multi-site cluster probabilities in Ising lattices from pair 
correlations. From these multi-site probabilities pair correlations for 
more distant neighbours than used as input parameters for the calcula
tions can be deduced. However, the pair correlations that can be 
studied with this method is limited to the first few shells. The clus
ters considered by Clapp consist of a central atom plus all its nearest 
neighbours. Gragg et al. [ 3] used a computer simulation technique to 
generate atomic distributions. The energy of the system was not consid
ered in these calculations, but pairs of A- and B-atoms were selected 
at random and the atoms were Interchanged until the pair correlations 
for the simulated atomic ditributions were equal to the experimental 
pair correlations. In principle pair correlations for more distant 
neighbours can be calculated from the simulated atomic distributions. 
Gragg et al. however were only interested in the configurations of 
small clusters. Clapp [l,2] as well as Gragg et al. [3] used experi
mentally determined pair correlations of a Cugj'gNi^y»5-alloy annealed 
at 823 К for their calculations and they concluded that the Cu- and N1-
clusters occur as {ill} platelets. Van Royen (results described in 
[4,5]) carried out computer simulations for CuNl-alloys using the 
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first and second n.n. pair interactions of set (a) (see section 6.3). 
Van Royen only studied the behaviour of the first and second Warren-
Cowley s.r.o. parameter (see section 6.2) and did not calculate pair 
correlations for more distant neighbours. 

Recently Kikuchi [б] reformulated the Crystal-growth (CG) method (see 
section 3.4) of Welberry and Galbraith [7,8] in such a way that the 
probability function for choosing the species at the growth lattice 
point is consistent with the CVM-approach. From the simulated lattices 
the diffraction pattern can be calculated and also correlations beyond 
the size of the cluster used for the simulations can be obtained. To 
our knowledge the only examples of CVM-CG-calculations, were those 
reported by Kikuchi [ б], on the Ising model in the two-dimensional 
square lattice. 

In this chapter we present the results of an investigation on the con
sistency of composition and s.r.o. parameters of the simulated atomic 
distributions with the input parameters for the CG-approach. This 
condition of consistency has to be fulfilled before the simulated lat
tices can be used to calculate diffraction patterns. 

7.2. Construction of the lattice 

Except for the study of the influence of the size of the lattice on the 
Warren-Cowley s.r.o. parameters a and the composition for the simu
lated atomic distributions, the computational system consisted of an 
fee lattice (with periodic boundaries) containing 8000 lattice sites. 
The lattice was built along a <110> direction in a (001) plane as is 
shown in figure 7.1. This way of building the lattice was chosen be

st 
cause the occupation of the 1 n.n. sites should have the greatest 
influence on the occupation of the growth lattice point, but also the 
second and higher nearest neighbours are taken into account. When we 
build the lattice by filling e.g. successive (111) planes, the filling 
of the first plane is determined by a and a, only (pair correlations 
for more distant neighbours are neglected) and a~ and a* are not taken 
into account. For the simulation of atomic distributions we used 
three series of pseudo random numbers. The first atom that is added to 
the lattice is chosen with a probability equal to the composition of 
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the alloy (see table 7.1). The pair correlations used for the CG-
simulations were obtained from CVM-calculations and from diffuse scat
tering experiments on the CuNi-system. The tetrahedron probabilities 
could only be obtained from CVM-calculations, as scattering experiments 
give only information on pair correlations. 

7.3. Random distribution of atoms 

For a random distribution of the atoms of an alloy on a lattice the CG-
probability for placing an atom ?t the growth point of the lattice is 
independent of the occupation of the other lattice points. Therefore 

• о • о • 
• о • о • о • 
о • о • о • о 

о • о • о 
<010 , О • О / filling 

L<,oo> о °' ,he l0,tlce 

О 1 . 3 plane 
- ,nd , th 
• 2 , L plane 

Fig. 7.1. Diagram showing the 
filling of an fee lattice. 
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fraction of B-atoms 
0.4 0.475 0.565 0.6 

A A A A 
A A A A 
В В B B 

0.65 
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В 

В 

0.7 

А 
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В 

0 .8 

А 

В 

В 

Table 7.1. The first atom added to the lattice for a number of AB(CuNi) 
alloys for three different series of pseudo random numbers. 
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the kinds of probabilities (pair, tetrahedron, etc.) used to construct 
the lattice have no influence on the simulation. The CG-probability for 
placing an A-atom at the growth point is simply equal to the fraction 
of A-atoms. 

Because of the finite size of the constructed lattices, deviations of a 
random distribution are possible, resulting in Warren-C-j-rley s.r.o. 
parameters which differ from the values for a random alloy (a • 0 for 
1 > 1). For the same reason the fractions of the A-and B-atoms of the 
simulated lattices (c (output); с (output)) can deviate from the frac-

A В 
tions used for the simulations (c (input); с (input)). This effect is 

А В 
demonstrated in figure 7.2, where the s.r.o. parameters a, . and 
c„(output) c„(input) are plotted as a function of the (input)fractions 
В В 
of B-atoms for three different series of pseudo random numbers. The 
values for с (output) - с (input) for the simulated lattices are in the В В 
same range as the mean deviations calculated for a binomial distribu
tion, which applies to the present situation. In figure 7.3 a simula
tion (random number series 1) of a distribution of A- and B-atoms on a 
(001) plane is shown for a random binary alloy containing 56.5 atomic 
percent B-atoms. 
When the size of the lattice (N*N*N lattice points) is increased 
the absolute values of the Warren-Cowley s.r.o. parameters and с (out-
put) -Cg(input) will decrease (for a random alloy). This is shown in 
figure 7.4 for N ranging from 20 to 50 for a binary (AB) alloy 
containing 56.5 atomic percent B-atoms. As can be seen from this figure 
the absolute values of a and с (output) - с (input) decrease very 
slowly as a function of N. In figure 7.4.e the mean deviation calcu
lated for a binomial distribution is shown for comparison. 

7.4. Atomic distributions for binary alloys showing short-range 
clustering 

7^4^1.Atomic distributions obtained using cluster variation method 
EI2è?bllities 

When the atoms of an alloy are not randomly distributed over the lat

tice the atomic distributions obtained using the crystzal-growt.i 
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Flg. 7.2» The s.r.o. parameters 
a, ,(а-d) and the difference between 1-4 
output and *nput concentration of 
B-atoms(e) for simulated (crystal 
growth approximation) atomic dis
tributions of a number of "random" 
binary alloys for three different 
series (1-3) of pseudo random num
bers. In (e) the mean deviation 
calculated for a binomial distrib
ution is shown for comparison (solid 
line). 
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<Ï10> 

<1Ю> 
a 
в 

А - atom 
В - atom 

Fig. 7.3. Simulation (random number 
series 1) of a distribution of A-
and B-atoms on a (001) plane for a 
random binary alloy containing 56.5 
atomic percent B-atoms. 

approximation are dependent on the kinds of probabilities (pair, trian
gle, e t c ) used to construct the lattice. In this section pair and 
tetrahedron probabilities are used, which were calculated with CVH, to 
simulate atomic distributions for alloys showing short-range cluster
ing. The CG-probabilities for the pair approximation are given in eqs. 
(3.A2) and (3.43) and for the tetrahedron approximation in eqs. (3.44) 
and (3.45). For the simulations of atomic distributions for alloys 
showing short-range clustering the nature (A or B) of the starting 
atom, which depends on the concentration of the alloy and the first 
pseudo random number of the series (see table 7.1), may be of impor
tance. For most CG-calculations two series of random numbers were used 
(No. 1 and 3; see table 7.1). For series No. 1 the first atom that is 
added to the lattice is an A-atom for all compositions Investigated, 
while for the series No. 3 the first atom is a B-atom. 

The doulle-tetrahedron (DT), which contains 1 - 3 n.n. pairs, was 
faken as the basic cluster for the CVM-ca leu lat ions. The 1 - 3 n.n. 

st pair probabilities for the DT-approximation calculated for the 1 and 
2 n.n. pair interactions of set (a) (see section 6.3) for T - 973 К 
were used for the CG-simulations (see figure 7.5). As can be seen from 
this figure the output s.r.o. parameters are larger than the input 
values. The same calculations were performed for T - 673 K. For this 
temperature the effect is even more pronounced. For example the first 
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Fig. 7.4. The s.r.o. parameters 
a ,(a-d) and the difference between 
output and input concentration of 
B-atoms (e) for simulated (crystal 
growth approximation; pseudo random 
numbers of series 1) atomic distrib
utions of a "random" binary alloy 
containing 56.5 atomic percent B-
atoms as a function of the size 
(N*N*N) of the lattice. In (e) 
the mean deviation calculated for a 
binomial distribution is shown for 
comparison (solid line). 
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Fig. 7.5. CVM(input) and CG(output) 

(for 2 series of pseudo random num

bers) values for Che s.r.o. 

parameters o. ,(a-d) and composition 

(e) for a number of binary alloys. 

For Che filling of Che lattice pair 

probabiliCies were used Chat were 

obtained from DT-calculations with 

Che 1 and 2 n.n. pair interac

tion energies of set (a) (see 

section 3.4) for T - 973 K. 
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s.r.o. parameter a of the simulated lattice for an A^QBJQ-alloy is 
about twice the input value for a.. Also the difference between the 
input and output concentrations increases with decreasing temperature 
(increasing amount of short-range clustering). 

In order to improve the results of the CG-simulatlons many-body corre
lations (triangle, tetrahedron, etc.) had to be taken into account. Be
cause the expression for the CG-probability for the tetrahedron approx
imation is simpler than for the n.n. triangle approximation [9] we used 
tetrahedron probabilities for the simulations. The first set of tetra
hedron probabilities was obtained from DT-calculatlons for T * 500 К 
using an effective n.n. pair interaction energy of 

-1 st 
N E(2,l) = -290 J.Mol . Besides the 1 n.n. s.r.o. parameter a,, 
which can be calculated from the tetrahedron probabilities, also a. and 
a, are consistent with the tetrahedron probabilities, but they are not 
taken into account for the simulations. The 2 and 3 s.r.o. 
paremeter were also calculated for the simulated lattices. So the 
tetrahedron CG-approximation presents an excellent test for an applica
tion of the crystal-growth approach suggested by Kikuchi [б] i.e. that 
correlations beyond the size of the cluster can be studied using this 
approximation. When the differences between the parameters (a ; 
concentration) of the constructed lattice and the CVM-calculations 
are less than the deviations calculated for the random alloys (see 
figure 7.2) we consider these simulations satisfactory. Keeping this in 
mind we conclude that the values for Che first s.r.o. parameters for 
the constructed lattices show good agreement with the input data, while 
the input and output data for a. . deviate significantly (see figure 
7.6). The second set of tetrahedron probabilities was obtained from 
DT-calculations using the 1 - 3 n.n. pair and the n.n. triangle 
interactions of set (b) (see section 6.3). The results of these 
calculations are similar to the results for the first set of tetra
hedron probabilities. 

E£2£22iii£*?.!L^2r tnS CuNi-s^stem 

The s.r.o. parameters a , , for a number of CuNl-alloys annealed at 

973 К were determined by Vrijen and Radelaar [ ю ] . These data were 
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Flg. 7 .8 . Sianlation (random number 
series i ) of a distribution of the 
«tons on a (001) plane for a CmVi-
alloy containing 56.5 atomic percent 
Hi. As input paraaeters the experi
mental s . r . o . paraaeters at 973 К 
[10] vere used. 

used as input paraaeters for the OC-calculatioas (see figure 7 .7 ) . As 
can be seen frca th is figure the paraaeters for the simulated la t t i ces 
deviate strongly froe the input paraaeters. The difference between 
output and input paraaeters increases with increasing short-range c lus 
tering. In figure 7.8 a siaulation (randoa nuaber ser ies 1) of a d i s 
tribution of the atoas со а (001) plane i s shown for a CuMi-alloy 
containing 56.5 atomic percent Mi- As input paraaeters the experimental 
s . r . o . paraaeters at 973 К [10] were used. As in the randoa case we 
studied the effect of the s ize of the la t t ice (R*R-rf) for 20СЖ5О 
on the paraaeters for the simulated l a t t i c e s for an alloy containing 
56.5 atomic percent Mi (see figure 7 .9) . The differences between the 
output and input values for the s . r . o . paraaeters and Si-concentration 
for the simulated la t t i ces decrease very slowly with increasing M, but 
s t i l l remain large even for the largest l a t t i ce studied. 

7.5. Discussion and Conclusions 

The diff iculty of constructing an fee la t t i ce with n.n. pairs is that 
the nearest neighbours of an atom can also be nearest neighbours of 
each other. The same i s true for more distant neighbours. However for 
the pair approximations of the CVM- and CC-approach these neighbours 
are assumed to be Independent. This inconsistency causes the s . r . o . 
paraaeters of the simulated lat t ices to be different from the input 
parameters. The s . r . o . parameter a. calculated for the la t t i ces which 
were built using tetrahedron probabilities are in good agreement with 

aLP *— PC! 

СИ 
f r -И 

a Cu - atom 
В № -atom 
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the input parameters» So apparently the pair probabilities that are 

enclosed in the cluster, that is used to construct the lattice, are 

reproduced correctly during the simulation, while pair probabilities 

not included in the cluster are different from the Input values. The 

suggestion that the CVM-CG-approach can be used to obtain information 

on correlations beyond the size of the cluster [6] Is therefore not 

justified. 

By adjusting the CG-probability after each step (filling of one lattice 

site) we constructed lattices for which the composition was equal to 

the input composition. The s.r.o. parameters and compositions for these 

lattices do not differ significantly from the parameters for the lat

tices where the concentration was not kept fixed. We also calculated 

the parameters for the inner part of some lattices leaving out the 2 or 

3 outer layers and compared them with the parameters for the total 

lattice. Again these parameters did not differ significantly from each 

other. 

We conclude that the CVM-CG-approach does not give satisfactory results 

for the fee lattice. Therefore it is better to use the s.r.o. parame

ters calculated with CVM instead of the pair correlations calculated 

from the simulated lattices to determine the scattering function, 

although for this case the calculations have to be limited to scatter

ing vectors that are larger than 10 nm . 
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SUMMARY 

The thermal equilibrium state and the relaxation of the short-range 
clustering as well as the decomposition behaviour for a number of 
CuNi(Fe)-alloys have been studied by means of neutron scattering. 

The description of the thermal equilibrium state of the short-range 
clustering in terms of Warren-Cowley short-range order parameters (real 
space) and of correlation-lengths (reciprocal space) is discussed. For 
temperatures close to the critical temperature for decomposition (large 
clusters) the short-range clustering of a system can best be described 
with correlation lengths (fluctuation theory) while for higher tempera
tures (small clusters) the short-range clustering can best be described 
with Warren-Cowley short-range order parameters» The coherent spinodal 
temperature of a Ni68Cu32-(T - 500 К + 25 К) and a NiggCu^Feg-
alloy(T - 675 К + 25 К) was determined from an evaluation of the 

C,8 
small-angle neutron scattering cross-section for a number of tempera
tures for these alloys in terms of the fluctuation theory. 
The applicability of the theory of spinodal decomposition (Cook) for 
the description of the relaxation of short-range clustering was inves
tigated and it is shown that this theory can be used only when the 
initial and final states of short-range clustering differ slightly. The 
relaxation of the short-range clustering of a NiggCu32-alloy (quenched 
from 975 K) annealed at 650 К could be satisfactorily described by 
Cook's theory and the value for the chemical diffusion coefficient 

•9 4 9 —'1 
D(2.25 10 m e ) obtained from this evaluation shows good agreement 
with chemical diffusion coefficients calculated from an extrapolation 
of high temperature data for the tracer diffusion coefficients. 
The relaxation of the short-range clustering for a NiggCujQFeg-alloy 
(quenched from 975 K) annealed at 725 К could not be described with 
Cook's theory. 
The decomposition was Investigated for a " Чк^цп^,"» а <'u52Ni38Fe10~ 
and a Cu5QNi37Fe13-alloy. The radius of gyration was taken as a measure 
for the size of the particles in the system and the coarsening rate is, 
except for the later stages of decomposition, described with the theory 
of Lifehitz and Slyozov. It is shown that the radius of gyration and 
the first moment of the scattering function are linearly related. The 
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activation energy for coarsening was calculated to be 230 kJ.Mol , 
which is in good agreement with other experimental data for the activa
tion energy. 

The scaling behaviour of the structure function was investigated for a 
number of alloys and for different heat creatments. For the decomposi
tion of an initially disordered alloy the scattering function did 
scale, except for the early stages of the decomposition* The structure 
function did not scale for the case of the relaxation of short-range 
clustering and for the case that an alloy, which was already decomposed 
at a temperature T , was annealed at a temperature T ( Tj). The inves
tigated CuNiFe-alloys decompose in a Cu-rich and a NiFe-rich phase (see 
the phase diagram: figure 5.1). For a Cu^NijgFe, „-alloy annealed at 
735 К the diffraction pattern shows super-lattice reflections, which 
are interpreted as an evidence of the formation of an ordered Ni,Fe-
type structure. 

The cluster variation method was used to calculate the misclbility gap 
for the CuNi-system. The calculated critical temperature for the CuNi-
system is 720 K, which is higher than experimentally determined values 
for T , and the critical composition is approximately Ni-5Cu.s* The 
pair interaction energies for the 1 - 3 nearest neighbours were 
calculated with CVM and these energies show a marked temperature- and 
concentration dependence. 

The calculated values for the energy of mixing are higher than the 
values obtained from an evaluation of experimental data, while the 
absolute values of the excess entropy calculated with the cluster 
variation method (CVM) are smaller than the experimental values. The 
calculated Helmholtz free energy of mixing is in reasonable agreement 
with the experimental data. 

The 1 - 3 Warren-Cowley short-range ordaг parameters calculated 
with CVM for a Ni^Cu^-alloy increase more steeply with decreasing 
temperature than the experimental data. 

The crystal-growth approach, which is a method to simulate atomic 
distributions, was tested for a binary face-centered cubic alloy with 
short-range clustering. It is shown that when pair probabilities are 



used t o  f i l l  the l a t t i ce  the input and output values for the pair 

probabilities, which should be the same, are not consistent. 

When a regular tetrahedron is used t o  f i l l  the l a t t i ce  only pair 

correlations enclosed i n  the tetrahedron are reproduced correctly. 
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LIST OF ABBREVIATIONS AND SYMBOLS 

Symbol Meaning Page 

CG crystal-growth 55 
CMA Clapp and Moss approximation 101 
CVM cluster variation method 41 
DT double-tetrahedron 47 
DTO double-tetrahedron + octahedron 47 
ОТ octahedron + tetrahedron 47 
fee face-centered cubic 23 
s.r.c short-range clustering 41 
s.r.o. short-range ordering 21 
n.n. nearest neighours 100 

A(ic,t) (c(r,t)) Fourier amplitude in reciprocal space (its 
Fourier traaaform in real space) 25 

2 -
В (к) lattice sum 27 
С occupation of the r lattice point among the 
г -« 

t nearest neighours of atom i 57 
D diffusion coefficient 29 
D chemical diffusion coefficient 88 
Д c-c 29 
AT Helmholtz free energy of mixing 107 
E Young's modulus 23 
E activation energy for coarsening 31 
с 

Ej. configurational part of the energy of mixing 48 
E energy coefficient 49 
EJ£(r,t)} configuratlonal part of the energy of mixing 51 

E(r,t) energy coefficient 49 

С thermal correlation length 22 
F Helmholtz free energy 22 
F{c} total Helmholtz free energy 23 
FU(r>t)} non-equilibrium Helmholtz free energy 51 
F(x) time-Independent function 31 
F(x,t) scaled structure function 30 
Г (р) occupation operator 47 
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J 
к 
LOO 
м 
M(r,t ;q , 

N 

N 
а 

N ( r , t ) 
N 

0 (r G ) 

s ) 

interdlffusional flux 24 
gradient energy coefficient 22 
structure function 34 
mobility 24 
number of (r,t) clusters contained in a (q,s] 
cluster 46 
number of lattice points 42 
Avogadro's number 100 
total number of (r,t) clusters in the system 46 
total number of atoms in the system 24 
geometrical cross-section 34 

P(i;j»l) probability of finding an atom 1 at a lattice 
site when the occupation of the neighbouring 
sites is j,l. 56 
probability of finding an atom 1 at a certain 
lattice point 55 
probability of finding an 1-j pair as nearest 
neighbours 55 
probability of finding the j,i,l configuration 55 

crystal-growth probability 57 (58) 

conditional probability, given an A-atom at 
site o, that site 1 is occupied by a B-atom 20 

Q wavelength of modulation in units of the 
lattice parameter 36 

R Gas constant 32 
R radius of gyration 34 G 
R(K) (R'OÖ) amplification factor 25 (27) 
Ц 
m mean radius of spherical grains 31 
R mean radius of spherical grains at t«0 31 
R„ radius of a spherical grain 28 
S configurational entropy of mixing 45 
S((C,t) structure function 27 
S„(K,t) structure function for the decomposed system 30 
S (ic,t) difference of structure functions 30 
S{£(r,t)} configurational entropy of mixing 51 

Р х (1) 

P 2 ( i . j ) 

P 3 ( j , i , D 

PCG (PCG) 
7 l 28 ' 

pAB 
o l 
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xs 

S excess entropy of mixing 106 

T absolute temperature 18 

T annealing temperature 18 
a 

T critical temperature for decomposition or 

ordering 18 

T coherent spinodal temperature 99 
c,s 

Tr transmission of the sample 67 
V volume of the system 22 
V particle volume 29 
P 

W number of configurations of the lattice 

having definite distribution of clusters 42 

w{£(r,t)} number of sets of correlation functions 

which have the same energy E{£(r,t)} 50 

V effective elastic modulus 23 

Z configurational partition function 50 

Z number of atoms in the i shell 33 

Z coordination number of the r shell of 
r 

neighbours 99 

Q atomic volume 24 

a lat t ice parameter 27 

a constant 28 

a Warren-Cowley short-range order parameter 99 

<x.(r ft) degeneracy of the ( r , t ) cluster in the I 

configuration 42 

a Warren-Cowley short-range order parameter 
o i t L 

for the 1 shel l of neighbours around s i t e о 21 
Ь ,b_ scattering length for A- and B-atoms 
А В 

repectively 33 
с (с ) fraction of B-atoms 18 (98) 

D 
с ,Cg composition of equilibrium phases 18 
с ,с deflection points of the Gibbs free energy 

density curve 18 
с average composition 22 
c_ composition at the boundary of a spherical 

grain 28 
c ( r , t ) fraction of B-atoms at position r at time t 24 
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c composition of the equilibrium phase 28 
d interatomic distance 33 
a 

-г*- (к) diffuse scattering cross-section per atom 33 
t . , pair interaction energy of the i-j pair for 

XJ t h 
t nearest-neighbours 49 

e nearest-neighbour triangle interaction energy 49 
Ti linear strain per unit composition difference 23 
9 half of the diffraction angle 33 
{r (fH<) scattering length for X-rays for Cu(Ni) 63 
f(c) Helmholtz free energy density of a 

homogeneous alloy 23 
g»gA»gB»g probabilities 44 
g(c) Gibbs free energy density 18 
y(r,t) coefficients 45 
j diffusion current 29 
к Boltzmann's constant 18 

о к constant 32 о 
k(T ) rate constant 31 

a 
к wave vector 22 
ic cut-off value 30 
D 

ic critical wave vector 25 
с 

к wave vector for which the amplification 
factor R ( K ) has its maximum 25 

к n moment of the structure function 30 n 
ic position of Bragg reflection 37 
<.,<_ position of satellite peaks 36,37 
\ wavelength of radiation 33 
X (T) smallest eigenvalue of the matrix of second 

derivatives of the Helmholtz free energy 53 
ц4,M-0 chemical potential for the A- and B-

component respectively 24 
n number of lattices 42 
v Poisson's ratio 23 
v (r,t;r,t') coefficient 48 



£ ( r , t ) r-body correlation coefficient 47 

£ ( r , t ) iterated value of the correlation function 

£ ( r , t ) 52 

r distance from the origin 34 

о inter-phase surface tension 29 
o(p) spin operator 48 
t time 24 

u(r»t) (u(r)) deviation from the average composition 25 (22) 
x scaled scattering vector 31 
x ( r , t ) fraction of an ( r , t ) cluster in the 1 

configuration 42 



ABSTtACT 

The thermodynamic equilibrium state of short-range clustering and the 

kinetics of short-range clustering aad decomposition has heca studied 

for a nuaber of CuMi(Fe)-alloys by aeaas of neutron scatterlag. 

The validity of the theories, which are usually applied to «escribe 

spinodal decomposition, aucleatlon as4 growth, coarsening etc., was 

investigated. It was shown that for the Investigated swbstaaces the 

conventional theory of splnodal ilixonwtuition is valid for the 

relaxation of short-range clnstering only for the case that the initial 

and final states do not differ too noch. The dynamical scaling 

procedure described by Lebowitx et al. did not lead to a tine-

independent scaled fwnctlon F(x) for the relaxation of short-range 

clustering, for the early stages of decomposition and for the case that 

an alloy, which was already decomposed at the «wench temperature Tj, 

was annealed at a temperature T2( T 1 ) . Por the later stages of 

decomposition, however, the scaling procedure was ladeed svccesfal. The 

coarsening of the alloys could, except for the later stages, be 

described by the Lifshits-Slyoxov theory. 

Besides the scattering experiments computer model calculations were 

undertaken for comparison. 

The cluster variation method was used to calculate the miscibillty gap 

for the thermodynamic quantities and short-range order parameters were 

used to test the results of the calculations. The calculated 

niscibillty gap is higher than the experimentally determined critical 

temperatures. 

The crystal-growth approach, which was tested for the case of a binary 

alloy (fee lattice) showing short-range clustering, exhibited a nuaber 

of internal inconsistencies. 




