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INTRODUCTION

Spi nodal decomposition is a strictly diffusion-controlled homogeneous

phase separation which takes place in a solution of which the average

composition and the temperature is kept sufficiently deep inside the

spinodal region of the phase diagram. Characteristic for this type of

decomposition is the development of periodic concentration fluctuations.

The theoretical aspects of the change of the amplitude of the concentration

fluctuations with decomposition time have been extensively studied. The

main points of the theory are summarized in chapter I.

In general a periodic concentration fluctuation causes a periodic

modulation of the lattice spacing and of the electron density in the

crystal. In adiffraction pattern this leads to easily observable satellites

(side-bands in a powder pattern) near the main reflections. These main

reflections are at the same position as the reflections from the

homogeneous specimen and have approximately the same intensity. From the

positions of the satellites the wavelength of the modulation can be

determined. From the intensities of the satellites it is in principle

possible to deduce the geometry, i.e. the wave form and the amplitude

of the fluctuations. The wavelength typically is in the order of 100 8,

as confirmed by electron microscopy. Because the concentration fluctuations

are not strictly periodic, problems arise in the interpretation of the

satellites. In chapter II a literature review on periodic and non-

periodic models for the satellites is given.

IG



After a certain aging time satellites in the diffraction pattern are

replaced by diffuse reflections. With further aging these diffuse

reflections can be interpreted as due to intermediate tetragonal phases.

The change from satellites to diffuse reflections is often considered as

an indication for the loss of coherency. The interpretations of the

reflections from the tetragonal phases,as published in the literature,

are also summarized in chapter II.

Because of the very short diffusion distances in the concentration

fluctuations the equilibrium compositions are reached very fast. Therefore,

after a short decomposition time at a sufficiently high temperature the

chemical energy of the system will be close to its lowest value. However,

because of the very fine structure the surface energy and the elastic

energy are still relatively high. As a consequence the wavelength of the

concentration fluctuation will increase with aging time. This change is

possibly accompanied by a change in geometry of the fluctuation. The

kinetics of this coarsening process are interesting from a theoretical

point of view but also from metallurgical considerations. Spinodally

decomposed alloys have an extremely fine and homogeneous structure. This

is promising for the production of alloys with special properties. A

thorough knowledge of the coarsening process is necessary to control

the preparation of alloys with desired properties and with optimum

stability of the structure during use.

Up till now no adequate theory exists for the coarsening of structures

developed by spinodal decomposition. Some quantitative experimental

work on this type of coarsening has been done (see chapter I).

The goal of the present investigation is to obtain a better

understanding of the diffraction phenomena observed on spinodally

decomposed alloys and to gain more insight in the coarsening process.

Because diffusion appears to be the rate-controlling step in the

coarsening especially the role of quenched-in excess vacancies is

studied.

The experiments were performed with a AuPt (20-80) alloy aged at

555 C. All measurements were done by X-ray diffraction. The experimental

methods are discussed in chapter 111.



In chapter IV it is shown that the wavelength is a function of position

in the specimen. This is caused by the disappearance of quenched-in

excess vacancies during aging. Due to this fact the interpretation of

the intensities of the side-bands and the measurement of the coarsening

rate are complicated. However it is still possible to measure the

coarsening rate correctly. Results obtained are given.

In chapter V a quantitative analysis is made of the intensities and

the positions of the side-bands obtained with the AuPt alloy. The

intensities measured are compared with intensities calculated with

parameters based on the phase diagram and the lattice constant as a

function of composition. Further, the lattice constants of the

intermediate tetragonal phases are calculated from the lattice constants

of the equilibrium phases.

Chapter. VI deals with the behaviour of the excess vacancies in the

two-phase alloy, as deduced from the X-ray diffraction measurements. It

appears possible to obtain a reasonable value of the diffusion

coefficient of the excess vacancies.



I SPINODALLY DECOMPOSED ALLOYS

1.1 Introduction

Since the investigations of Daniel and Lipson (19*»3, 19M) much

experimental and theoretical work has been done on the decomposition of

alloys inside the spinodal region of the phase diagram.

In diffraction patterns from spinodally decomposed alloys the presence

of side-bands is very characteristic. As confirmed by electron microscopy

the side-bands can be interpreted as due to a periodic modulation of the

composition in the alloy. The wavelength of the modulation is typically

in the order of 100 A. Most of the experimental work reported use these

side-bands to obtain information on the decomposition process.

The present investigation is entirely based on the measurement of the

positions and of the intensities of the side-bands. Therefore the

diffraction phenomena observed with spinodally decomposed alloys will be

considered separately (see chapter II).

From a theoretical point of view spinodal decomposition is relatively

well understood. This applies especially to the early stages of the

decomposition. Both the theory and the implications of the theory for

the experiments were reviewed by Cahn (1968), Hiiliard (1970) and

de Fontaine (1970). Therefore in this chapter only the main points of

the theory will be summarized.

Up till now no adequate theory exists for the coarsening of structures



developed by spinodal decomposition. The experimental information on

coarsening available in the literature will be discussed.

Theory of spinodal decomposition

Hillert (1956, 1961) was the first to show on the basis of a one-

dimensional model, that modulated structures can be formed when an alloy

is inside the spinodal region of the phase diagram (see below). Cahn

(1961, 1962a) developed a more general model that is applicable in three

dimensions and that contains a term for the effect of coherency stresses.

The main points of the treatment given by Cahn are outlined in this

paragraph.

In fig. 1.1a the free energy F is given as a function of the composition

C of a homogeneous binary alloys at a temperature T , which is below the

critical temperature T of the miscibility gap. The two points sj and S2

are defined by 32F/3C2 = 0 and give the locus of the so called spinodal

curve (see fig. 1.1b). Inside the region bounded by the spinodal curve

32F/3C2 is negative and outside it is positive. The compositions of the

equilibrium phases at T are given by Cj and C2.
a

The free energy of an alloy of average composition Cg which is between
Cx and C (or between C and C2) with a small composition fluctuation

sl S2

AC1 will be higher than that of the homogeneous alloy (see fig. I«, la).

Such fluctuations will tend to disappear. Only fluctuations with large

differences in composition (of the order C2 - C^) may lower the free

energy of the system and give rise to the decomposition of the alloy

into the equilibrium phases. Classical nucieation theory can then be

applied.

Small composition fluctuations AC in an alloy of average composition

Co between Cg and Cg will tend to lower the free energy of the system

(see fig. 1.1a). However, this is only a first approximation because in

fig. 1.1a only the chemical free energy is given. In an alloy with

composition fluctuations two additional terms in the free energy have

to be considered. For example in an AB alloy with composition fluctuations



there are regions enriched in A and regions enriched in 6. Between these

regions there are diffuse interfaces. In the same way as a sharp interface

is associated with an interfacial free energy, a diffuse interface is

associated with an excess free energy, which is called the gradient free

energy. The second additional term arises from the fact that composition

fluctuations in the solid state are in general accompanied by coherency

stresses, which also cause a rise in the free energy of the system.

Taking into account the above mentioned extra terms, Cahn (1961,

1962a) gave an expression for the free energy F of an inhomogeneous

alloy (assuming imperfections to be absent)

F - f [f(C) + n2Y (C-Co)
2 + K (VC)2]dV

V
(1.1)

where f(C) is the free energy per unit volume of homogeneous material

of composition C, V is the volume of the alloy, n2Y (C-C ) 2 is the

coherent strain energy contribution and K(VC)2 represents the increase

in free energy due to the presence of a gradient in the composition tfC.

K is a positive quantity and n is the linear expansion per unit

composition change. Y is an orientation dependent function of the

elastic constants of the material.

In order to describe the change in composition with time the

diffusion flux of a component is taken proportional to the gradient in

the chemical potential of that component. From eq. 1.1 and the condition

that the average composition remains constant it can be shown that the

net flux is given by

(1.2)J = -M [pil + 2n2YJ VC - 2KV3c]

where M is a mobility and K and n2Y are assumed to be independent of

composition.

During the early stages of spinodal decomposition the differences in

composition are small and therefore M and 32f/3C2 can be taken independent

of composition. This leads to a linear diffusion equation, which can be

solved



a)

b) T
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Fig. I.I - a) The free energy F as a function of composition C of a

binary alloy at a temperature T . The spinodal

compositions are C and C 3 the compositions of the

equilibrium phases are C\ and C2'

b) The miscibility gap of a binary alloy. The spinodal

curve is indicated by — — .
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where Ny is the number of atoms per unit volume.

From Fick's second law in its usual form

81

92C

8x2

and eq. 1.3» for the case that there is no strain energy and no gradient

energy, it follows that the interdiffusion coefficient is given by

(1.5)

"v 3C2

Inside the spinodal region of the phase diagram D is negative, which

means that there is "uphill" diffusion.

The solution of eq. 1.3 can be given as a Fourier transform

C - A(e,t) exp (iB. (1.6)

where B is a wave vector of length 3 = ZTT/A. The wave amplitudes are

given by

A(3,t) = A(B,o) exp R(3)t (1.7)

where the "amplification factor" is defined by

R(B) - - — e2 f — + 2n2Y + 2KB2 1
1 3 C2 J

(1.8)
NV

The initial amplitudes A(£,o) are associated with the thermal fluctuations.

In case of a perfect quench the A(3,o) are determined by the quenching

temperature 1^. On the basis of eqs. 1.6, 1.7 and 1.8 a number of

characteristic phenomena observed during spinodal decomposition can be

explained.



The coherent spinodal

An increase of A(3,t) with time occurs in case R(fj) is positive. Becai.

M is a positive parameter the amplitude increases when

¥± + 2T,2Y

ac2
2K32 (1.9)

in which the last two terms are positive. On the spinodal curve

32f/3C2 = 0 and inside the spinodal region 32f/3C2 < 0. Consequently, the

condition (see eq. 1.9) can be fulfilled for an alloy well inside the

spinodal region.

Inside the region of the phase diagram for which 32f/3C2 + 2n2Y s 0

R(B) may be positive depending on the value of 6, outside that region

R(£) is always negative. The curve defined by

a2f

3C2
+ 2n2Y = 0 (1.10}

is called the coherent spinodal.

An estimate of the difference between the temperature T of the

chemical spinodal and the temperature T of the coherent spinodal is
c ,s

obtained from

s c,s (i.ii)

ac2

where s is the entropy per unit volume (Golding and Moss, 1967). If

s is assumed to be the ideal entropy of mixing, then

T T 2n2YC(1-C)
s c,s " kN.. (S.12)

where k is Bol tzmann's constant.

According to de Fontaine (1970): "Any strietly diffusion-controlled

homogeneous phase separation which takes place in a solution whose
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average composition and temperature is maintained inside the coherent

spinodal is by definition called spinodäl decomposition".

The coherent phase diagram

Cahn (1962b) introduced the concept of the coherent phase diagram.

When reaching equilibrium the gradient free energy will become negligible.

The compositions r>f the metastable equilibrium coherent phases are

obtained by applying the common tangent rule to the coherent free energy

function (c.f. eq. 1.1)

- f(C) n2Y (C-Co)2

Since these compositions are not changed by adding a constant and a term

lineair in C to the coherent free energy the following expression is

more suitable (because terms with C are not involved) for finding the

coherent micibility gap

= f(C) + n
2YC (1.1*)

Assuming the regular solution model and taking n2Y independent of

composition the difference between the temperature T . of the

incoherent (chemical) phase boundary and the temperature T . of the

coherent phase boundary is given by

chem coh
chem

(1.15)

The lower T . is, the more the coherent miscibiiity gap approaches

the incoherent miscibility gap.

The wavelength of the composition modulations

For a particular alloy at a temperature inside the coherent spinodal



11

region the value of R(3) for a given direction is only dependent on 3.

R(jj) is negative for large values of 3 and positive for small values of

3, while R(fS) = 0 for 3 = 0. Consequently there is a critical wavelength

A for which R(3) = 0 and a wavelength A for which R(3) is maximal. The

physical explanation for this is that there are two opposing effects.

With decreasing wavelength the growth rate of amplitude A increases

because the diffusion distances decrease.On the other hand theeffect of the

composition gradients increase with decreasing wavelength. This leads

to an increase of the gradient energy and therefore to a reduction in

the driving force for the diffusion. From eq. 1.8 one obtains for the

critical wavelength

i
8TT2K

32f

3C2
+ 2n2Y

(1.16)

Fourier components with a wavelength A < A will grow and Fourier

components for which A < A will disappear. The Fourier component with

a maximum growth rate has a wavelength

m
A c / 2 (1.17)

With decreasing temperature or with a shift of the average composition

towa-ds the center of the coherent spinodal 32f/3C2 becomes increasingly

negative, which means that A and A decrease (c.f. eqs. 1.16 and 1.17).

It also follows that A and A decrease with decreasing n2Y. So it is

expected that in alloys where the difference in lattice constants

between the two components is small relative small values of A and A
me

occur.

Growth of amplitude

The rate of decomposition is zero on the coherent spinodal. With

decreasing temperature R(§) i n i t i a l l y increases because 32f/3C2 becomes
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increasingly negative. However the mobility M decreases with decreasing

temperature. Consequently there is a temperature for which the

decomposition rate is maximum.

The rate of growth of amplitude is relatively high because of the

very short diffusion distance. An estimate [Cahn (1?68), Biedermarm

(1956)3 of the decomposition rate can be made from

|D|t (1.18)

where x is of the order of A and D is the diffusion coefficient. With
m

A = 1Oo8 and 0 = 10"9cm2sec"1, for a solid at the melting temperature,

one obtains t = 10~3sec. Only when the spi nodal is well below the

melting temperature it may be possible tosuppress the decomposition

during the quench and to study the growth of amplitude isothermally.

Spinodal decomposition during continuous cooling was theoretically

studied by Huston, Cahn and Hil Hard (1966). They concluded that with

decreasing quench rate the decomposition goes from undetectable to

complete within an order of magnitude in quench rates and that the

decomposition structure formed during cooling is similar to that

resulting from isothermal decomposition, but there is a larger spread

around the wavelength A which underwent maximum amplification. For

quench rates which are sufficiently high to prevent complete

decomposition A is independent of the quench rate. If complete

decomposition occurs during the quench, A is inversely proportional

to the one-sixth power of the quench rate. So, in order to obtain

specimens with reproducible wavelengths, no high demands are made on

the reproduction of the quenching treatment.

The later stages of the decomposition

Eqs. 1.6 and 1.7 only hold for the initial stages of spinodal

decomposition. For the study of the latter stages 32f/3C2 should be

taken as a function of composition and non-linear terms should be

included in eq. 1.3. Cahn (1966) solved this non-linear differential
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equation by successive approximations. By using the solution (see eq.

!.6) of the linear equation as a first approximation and by assuming

that only the (fundamental) Fourier components with wave vectors of

magnitude 3 in the <100> directions are present he found that after

the initial stages harmonic components become important. The odd

harmonics flatten the extremes in composition and sharpen the interfaces.

This leads to the "square wave" composition distribution expected for

a two-phase alloy. The odd harmonics also slow down the growth of the

fundamental components (c.f. eq. 1.7). In asymmetric alloys the even

harmonics alter the composition distribution in such a way that |C-C |

of one phase (the minor phase) is increased and its extent is narrowed,

which is consistent with the lever rule for an asymmetric alloy. These

distortions tend to break the connectivity of this minor phase and this

would lead to separated particles in very asymmetric alloys.

The harmonic components give insight in the beginning of particle

coarsening when some irregularity in the structure is permitted, which

means some spread around the fundamental wavelength A . Cahn (1966)

suggested that asymmetric alloys should coarsen much more rapidly than

the symmetric ones. The coarsening of structures developed by spinodal

decomposition will be dealt with in the next paragraph.

Morphology

Because Y is an orientation dependent function of the elastic

constants of the material, R(S) will be a maximum for those directions

that minimize Y(c.f. eq. 1.8). In cubic alloys with a positive

anisotropy {Zc^^ - C n + c12 > 0) Y is a minimum for the <100>

directions (Cahn, 19&2a) and is given by

2

Y[100] = c n + c12 - 2-ii- (1.19)

where and cj2 a r e elastic constants. As shown above (page 11)

has also a maximum value for the wave number 3 . Because R(B) appears

in the exponential of eq. !.7 the decomposition structure, after some



aging time, will be very much dominated by the Fourier components in

the <100> directions with a wavelength A . If for simplicity only the

<100> Fourier components with wavelength A are considered the

composition as a function of position (x,y,z) is given by (see eq. 1.6)

C(x,y,z) - C - A(t)
2irx 2iry .cos -r— + cos -T—*- +A Am m

COS Am
(1.20)

where it is assumed that the amplitudes of the components in all the

cube directions are the same*. This corresponds to a giant CsCl-type

structure where at the positions of the Cs and the Cl the maxima and

minima in con-position occur. Such a regular structure is typical for

spi nodal decomposition in an i sotropi c solid solutions. However, the

occurrence of a regular structure, and the corresponding satellites in

diffraction patterns, is no proof that an alloy decomposes by a

spinodal mechanism. Ardell and Micholson (1966) pointed out that a

regular structure may be the result of the elastic interaction between

particles. During the coarsening process favourably located particles

may be selected for growth rather than dissolution, leading to an

aligment of particles.

Khachaturyan (1969) calculated the elastic energy associated with

different distributions of coherent decomposition products, which only

differ in composition and specific volume. For alloys with a positive

an i sotropy dc^n - e n + C12 > 0) the elastic energy is a minimum when

the inclusions are distributed periodically. Three types of metastable

periodic distributions are possible. The type with the largest elastic

energy is a three-dimensional distribution, that can be described as

the superposition of identical square waves in the three cube directions

* Schultz and Stubican (1968) found uni-directional composition variations

along the [001] direction of tetragonal solid solutions in the system

TiÖ2-SnOz. They showed that the elastic energy resulting from

coherency is minimal for this direction.
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(see fig. 11.4). This structure is analogous to the CsCl-type structure

mentioned above (cf. eq. 1.20). The type with the smallest elastic

energy is the one-dimensional structure that consists of alternating

layers of the two decomposition products. This structure can be

described by a square wave in one cube direction, while there is no

modulation in the other two cube directions (see fig. V.1). The

structure with intermediate elastic energy is a two-dimensional one

that can be described by two identical square waves in two cube

directions, while there is no modulation in the third direction (see

fig. V.2). The structure consists of parallel laths of different

compos i t i on.

Which type of modulation occurs depends on the kinetics of the

decomposition process. As argued by Khachaturyan (1969), in the early

stages of the decomposition there is no physical reason why there

should be diffusion in one direction only. So, it can be expected

that initially a three-dimensional modulation is formed. Then, probably,

a transformation to the energetically more favourable two-dimensional

modulation occurs and, finally, a one-dimensional modulation is

established. An extra reason for tiiis is that the chemical free

energy of a multi-dimensional modulation is larger than that of a

one-dimensional one. This is due to the fact that in the multi-

dimensional modulations there are regions which are less far decomposed

than other regions, whereas this is not the case with the one-

dimensional modulation (see figs. 11.4 and V.2).

Effects of structural defeats

Cahn (1968) stated that structural defects have little effect on

the spinodal reaction, because their mutual distances are usually

much larger than the wavelength of the modulations. The only influence

of particles, which are all ready heterogeneously precipitated before

the spinodal is crossed during the quench, is to alter the Fourier

spectrum of the composition in such a way, that these particles may

appear as a disturbance center from which the composition waves
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appear to originate.

Concerning the role of imperfections in spi nodal decomposition very

little detailed experimental information is available. Butler and

Thomas (1970), investigating CuNiFe alloys, reported explicitly that

even in well coarsened structures (i.e. after relatively long aging

times) the two phases appeared continuous right up to the grain

boundary with no change in their spacing. They did not observe

precipitate-free zones and grain boundary precipitates. However, they

found that after long aging treatments close to the spinodal grain

boundary precipitates could be produced.

From experiments with a CuTi alloy Datta and Soffa (1976) confirmed

the absence of precipitate-free zones adjacent to grain boundaries. The

optical micrographs obtained by Manene (1956, 1957) with Ni-base alloys

after very long aging times also sugge' that grain boundaries have

little or no effect on spinodal decomposition. The sizes of the

noticeable grain boundary precipitates are hardly larger th.n the

particles of the modulated structure inside the grains. These

precipitates and the occasionally occurring small precipitate-free

zones along grain boundaries are possibly formed after the spinodal

reaction has completed.

Of course, quenced-in excess vacancies enhance the mobility of the

atoms and consequently the growth rate of the amplitude of a composition

wave. Apart from this effect quenched-in excess vacancies see.n to

influence the development of a modulated structure in quite a different

way. Woodilla and Averbach (1968) showed that a large concentration

of quenched-in excess vacancies is required in order that a modulated

structure in AuNi-alloys develops. Cohen et al. (1966) found that in

AuNi alloys with a regular array of G.P.-zones, vacancies are trapped

near or at the zones and do not disappear to any significant degree

during aging. They suggested that the strain energy may be altered by

the presence of vacancies.
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I.3 The coarsening of structures developed by spinodal decomposition

Coarsening of structures only occurs when the chemical potential is

a function of position in the specimen. In alloys which are completely

(with respect to composition) decomposed there are still differences

in the local chemical potential due to differences in the contribution

of the interfacial (gradient) energy and of the elastic energy. These

differences are caused by differences in geometry, namely different

particle sizes or irregularities in an otherwise regular structure. In

the case of different particle sizes the larger particles grow at the

expense of the smaller ones. In the case of irregularities in a regular

structure the atoms belonging to the irregular particles will solve

and precipitate on neighbouring more regular particles. The disappearance

of the irregular particles results in an increase of the spacing

between the adjacent regular particles. During heat treatment the mean

size of the mean spacing increases.

Up till now no adequate theory exists for the coarsening of structures

developed by spinodal decomposition. However the coarsening in systems

with particles of different sizes has been treated theoretically quite

extensively. In the literature experimental growth rates of wavelengths

in modulated alloys are related to the results of this theory. Therefore

it will be summarized below.

The Lifshitz-Slyozov-Wagner theory of Ostwald ripening

Lifshitz and Slyozov (1961) analyzed the process in which diffusion

is the rate-controlling step in the grain growth of a second phase in

a supersaturated solid solution. Wagner (1961) obtained the same

expressions for the case of diffusion-controlled precipitation of a

solid phase from a liquid solution. Wagner also studied the case where

the coarsening rate is interface (reaction)-controlled.

Both treatments are based on a relation analogous to the Gibbs-

Thomson relation. In equilibrium the concentration CR of the solution

at the surface of a spherical particle with radius R and the concentration
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C of the solution at a flat surface of infinite dimensions are
00

related by

2oV
(1.21)

where a is the surface energy and V is the atomic volume of the

precipitated phase. In the case of non-spherical particles eq. 1.21

also holds when a properly defined effective radius is employed.

According to Wagner two processes have to be distinguished: firstly

the transfer of matter across the interface between the particle and

the solution and secondly the diffusion in the continuous phase. If

the concentration Ci at the surface of a particle is not the equilibrium

concentration C R the rate of mass transfer across the interface can be

given by

(1-22)

where a is a rate constant. Also, assuming that the particle dimensions

are small compared with the mean distances between them, the mass

transport due to the diffusion may be approximated by

= -4.RD (C- - C) (I 23)

where D is the diffusion coefficient in the solution and C the

average concentration in the solution. Combining the eqs. 1.22 and

1.23 with dn/dt =(l»irR2/V ) dR/dt one finds
a

aDV
dt (CR "c) (I.2A)

For a given particle size distribution C can be determined. Then the

change in the particle size distribution and in the mean particle size

<R> are calculated from the eqs. 1.21 and 1.2*». It is found that
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during the coarsening the distribution function giving the number of

particles of size R as a function of R/<R> becomes independent of time

and of the initial distribution function.

The mean particle size <R> can be given as a simple function of the

aging time t for the extreme cases of diffusion-controlled and interface-

controlled coarsening. The coarsening rate is diffusion-controlled

when a<R> >> D (see eq. 1.24). Then

8aDC V2

<R>3 -<R o>3 = - ^ t (1.25)

where <R > is the mean particle size at t = 0.

The coarsening rate is interface-controlled when a<R> « D (see

eq. I.24). Then

<R>2 - <R >2

o

V2

81 kT
(1.26)

In applying the Lifshitz-Slyozov-Wagner theory to the coarsening of

modulated alloys <R> is replaced by Q, the mean wavelength of the

modulation expressed in numbers of unit cells of the original

homogeneous alloy. Eqs. 1.25 and 1.26 then take the form

Qm - Qj = kt (1-27)

where k is a rate constant and the exponent m is an experimental

parameter indicating which process is rate-controlling.

One may wonder whether the Lifshitz-Slyozov-Wagner theory is

applicable in the case of modulated structures. In the modulated

structures considered the "particle" dimensions are not small compared

with the distances between them. For such a case the description of

the transport by diffusion (see eq. 1.23) becomes more complicated.

Moreover the modulated structures developed by spinodal decomposition

in cubic alloys are characterized by a high degree of connectivity and

cannot simply be described as isolated particles in a matrix. Only for
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very asymmetric alloys these objections do not hold. Nevertheless it

appears that in many experiments the growth of the wavelength of the

modulations is given by eq. 1.27.

Experimentally determined growth rates

Wavelengths up to about 2008 are best measured by X-ray or electron

diffraction methods. The wavelength is obtained from the position of

side-bands by use of the Daniel-Lipson relation (see eq. 11.6). The

wavelengths larger than about 200Ä can be measured directly from

electron micrographs. Up till now all measurements on coarsening have

been made with polycrystalline specimens. Using X-ray powder diffraction

the wavelength obtained is a mean value over a large number of grains.

By means of the electron microscope a single grain or a limited number

of grains may be studied. There is agreement between wavelengths

obtained from diffraction and from electron micrographs [e.g. Butler

and Thomas (1970)].

The errors in the measured wavelengths are of the order of a few

percent. These errors cause a considerable uncertainty in the

experimental values of m (see eq. I.27) because there is always only a

small number of data available in a small span of aging time. It is

therefore not necessary to specify m more accurately as to a whole

number. The values for m reported in the literature are obtained from

the observed Q_ values by applying simple graphical methods.

Livak and Thomas (1971) reported that in asymmetric CuNiFe alloys

the wavelength of the modulations initially remains constant. They

also deduced from their experiments that the coarsening started after

the equilibrium tie-line compositions were reached. Also Laughlin and

Cahn (1975) found that in a CuTi (5.17 wt%) alloy the wavelength

initially remained constant. Butler and Thomas (1970) however observed

that in a symmetric CuNiFe alloy the wavelength started to grow

immediately upon aging, before the equilibrium compositions were reached.

So it seems that, instead of using eq. 1.27, the experimental

results on the coarsening of modulated structures are better described
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by

*m - «C -k <fto> (1.28)

where t is the aging time at which the coarsening sets in. The integer

value for m which gives the best fitting of the experimental points to

a straight line in plots of Q, versus t can be easily established.

However, Hiliert, Cohen and Averbach (1961) and Carpenter (1967)

stated that -Q,m + kt is negligible compared to Q.m and determined m

from a plot of log Q. versus log t. Hiilert, Cohen and Averbach found

m values lieing between k and 5 for CuNiFe alloys of various compositions.

Carpenter determined m = k.S for a AuPt (60-^0) alloy, m = 9-3 for a

AuPt (40-60) alloy and m = 3-2 for a AuPt (20-80) alloy. The differences

between these values are so large that it is doubtful that the

statement -Q. + kt « 0." is valid. In more recent literature plots

of log Q, versus log t are no longer given.

In the literature (see table I.I) also a linear dependence of Q_ on

t is given, leading to

0. - = kt 1 / m (1.29)

Not worrying about t (see table 1.1), it should be remarked that the

eqs. 1.28 and 1.29 lead to similar conclusions for the longer aging

times where Q, » Q. . However for the shorter aging times a more

careful analysis is necessary.

In table 1.1 data published up till now are summarized. The values

of m given are obtained with the implicit assumption that only one

coarsening mechanism is active in the time span investigated. From

this table no direct conclusions are possible. In most cases m = 3

seems to fit the experimental data. However it is not clear whether

the growth law is of the form Q."1 - Q m = kt or of the form Q - Q = kt 1 / m.
o

According to the Lifshitz-Slyozov-Wagner theory (see above) m = 3

corresponds to diffusion controlled coarsening and m = 2 to interface-

controlled coarsening. Higgins, Nicholson and Wilkes (197*0 suggest
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that m = 2 found for the FeBe alloy can bo explained by the ordering

reaction which occurs within the modulations. The stoichiometry

requirement at the ordering interface may be the reason why this

interface controls the coarsening rate. However in the CuTi-alloys

mentioned in table 1.1 there is also an ordering reaction and

nevertheless in = 3 is found.

Higgins, Nicholson and Wilkes (197M stated that in modulated

structures with a high degree of connectivity a two-dimensional model

would seem more appropriate. According to these authors this would give
1/2a t growth rate of wavelengths for both volume and interface control.

But, as they noticed, it is then difficult to understand why the

highly connected CuNiFe alloys coarsen according to a t law.

The difficulties in the determination of m from the e^oerimental

data are clearly demonstrated by comparing (see table 1.1) the results

for the CuTi alloys with 5-2 at% and 5 at% Ti. Although these alloys

have almost the same composition and were aged at the same temperature

C»00OC) two different values for m, namely 3 and k, are found.

The values of m obtained by Carpenter (1967) (see page 21) with

AuPt alloys from log Q, versus log t plots are large compared to the

values published more recently for FeBe, CuTi and CuNiFe alloys (see

table 1.1). Therefore the data given by Carpenter (1967) for the three

AuPt alloys, that were decomposed at three different temperatures, were

re-examined (see appendix A) using plots of Q. versus t and plots of

d versus t with m = 1 , m = 2 , m = 3 and m = k. In addition to these

plots a plot of In Q. versus t was tested. A straight line in such a

plot corresponds to the growth law of a first order rate process*:

In the differential equation

values of m ? O leads to eq. 1.28 while m = O leads to eq. 1.30.



Table I.I - Experimentally determined coarsening rates of modulated structures

Reference

Higglns, Nicholson

and WUkes (1974)

Laughlin and

Cahn (1975)

Oatta and Soffa (1976)

Cornle, Datta and

Soffa (1973)

Cornle, Datta and

Soffa (1973)

Hlyazaki, Yajlma

and Suga (1971)

Butler and Thomas

(1970)

Li vak and Thomas

(1971)

alloy

FeBe(i8at%i

CuTi(5.l7wtS)

CuT!(4wt*)

CuTi(3wt3) '

CuTi(4wt%)»(5.2at%)

CuTi(5atS)

CuNi(33-5at%)Fe(15aa)

(symmetric alloy)

CuMl(45.5at%)Fe(22.5at*)

CuNi(27at%)Fe(9at%)

(asymmetric alloys)

aging

temp

[°C]

400

425

450

400

400

450

500

375

400

450

400

350

400

450

625

700

775

625

625

experimental data

fitted to straight

1 Ine in plot of

Q2 vs t

Q 2 vs t

Q 2 vs t

--

0.3 vs t

Q3 vs t

Q3 vs t

Q vs t'/3

Q vs t 1 / 3

Q vs t" 3

Q.vst 1 / 3

0. vs t1'*

Q vs t1'"

Q vs t1'*

Q v* t 1 / 3

Q. vs t 1 / 3

Q. vs t1'3

—

1
25

-55

30

55

110

<0

<0

=50

=50

=50

60

Q

0

0

40

40

40

75

70

4o
[min]

1)

1)

1)

<10

5)

1)

1)

1)

1)

1)

1)

1)

1)

1)

1)

1)

1)

405

370

Q values

lowest[R

65
75
8o

55

170

235

285

50

65

70

60

75
90

75

65

95

150

75
70

measured

highest [R]

i40

260

230

—

310

850

850

240

310

780

320

180

260

240

670

1355

1095

835

895

growth law

stated

t"2 law

t1/2 law

t'/2 law

Q3-Q3-kt

Q3-Q.3«kt

a3-tt|-kt
Q3-Q3.kt

t1/3,aw

t1/3 law

t1/3 law

t1/3 law

—

d - k t 1 / 3

Q - kt1/3

Q - kt1/3

Q - kt 1 / 3

(I - kt l / 3

1) Ho data are available which show that the wavelength remains initially constant. 0. is obtained by extrapolation to t-0.



kt (1.30)

From the appendix no explicit conclusions are possible. The best fitting

value of m is different for the different alloys and for the different

aging temperatures. But it is clear that also for AuPt alloys the value

of m is small (c.f. table 1.1). It also follows that a growth law as

given by eq. 1.30 cannot be excluded outright.

The aotivation energy for the eocæsening

In case the (exact) form of the growth law is not known the activation

energy for the coarsening can be evaluated as follows. For an alloy

with a given average composition aged at a temperature T it is assumed

that the growth law (c.f. eqs. 1.28, 1.29 and 1.30) may be written as

f(Q) = k(T )t
a

(1.32)

where f (Q.) is only a function of Q. and the rate constant k(T ) is only
3

a function of T . I t is then assumed that

k(T
RT

k o e (1.33)

where k is a constant and E is the phenomenolog i cal activation energy

for the coarsening.

The time t(Q) to obtain a given wavelength can be measured as a

function of the aging temperature T . It follows from eqs. 1.32 and
a

1.33 that E is obtained from the slope of the straight line through

the points in a plot of log t(Q.) versus T ~x. In this way Higgins,

Nicholson and Wilkes (197*0 -Jetermined for an FeBe (18 at%) alloy an

activation energy close to that for the self diffusion in iron.

Miyazaki, Yajima and Suga (1971) obtained for a CuTi (5 at%) alloy an

activation energy equal to that calculated from the growth rate of the

amplitude of the modulated structure. Carpenter (1967) found for three
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different AuPt alloys an activation energy equal to that for interdiffusior

Otherwise, if in eq. 1.32 f(0_) is known, for example from a graphical

analysis of the experimental data, the rate constant k(Tg) can be

determined as a function of aging temperature. On the basis of eq. 1.33

E is then obtained from a plot of the logarithm of the rate constant

versus T "1. In growth laws given by eqs. 1.28 and 1.30 the relevant

rate constant is k while for a growth law like eq. 1.29 the relevant

rate constant is k .

In this way Cornie, Datta and Soffa (1976) determined for a CuTi

(3 wt%) alloy an activation energy of *»8 kcal/mol and stated "this is a

reasonable value for the activation energy for diffusion of titanium

in copper but no reliable diffusion data are available in this system

for comparison". Miyazaki, Yajima and Suga (1971) (see above) found

with a CuTi (5 at%) alloy from a plot of log t(0j versus T -1 an

activation energy of 39,2 kcal/mol. When from the plot of Q_ versus t

given in their paper k(T ) is calculated and used in a plot of log
a

k̂ CT ) versus T - 1 an activation energy of about k5 kcal/mol is found.
3 3

This.value is close to that obtained by Cornie, Datta and Soffa (1976).

From a plot of log k3 versus T -1 Butler and Thomas (1970) obtained an
3

activation energy of 50 kcal/mol for the coarsening in a symmetrical

CuNiFe alloy. This value is in agreement with results published by

Hillert, Cohen and Averbach (1961) (see below).

It should be emphasized that as long as eqs. I.32 and 1.33 are valid

a plot of log t(0_) versus T - 1 and a piot of log k(T ) versus T -1

a a a

give the same value of E . However in the eqs. 1.28, 1.29 and 1.30 Q

depend on the aging temperature (see appendix A, table A.2) because

Q. is assumed to be related to A , which is a function of the aging

temperature (see eqs. 1.16 and 1.17). Then the use of eq. 1.32 will

not give exact results. Therefore in the determination of the activation

energy for the coarsening the method using k(T ) should be preferred

over the method using t(Q_) .

Hillert, Cohen and Averbach (1961) pointed out that if one chooses

to identify the activation energy of the reaction with the activation

energy E for the rate-controlling mechanism, it may be useful to take
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into account the temperature dependence of the driving force AF(T ) for

the reaction. Eq. 1.33 is then rewritten as
rO

k(T ) = k'AF(T )e
a o a

W
(1.3*0

where k1 is a constant. The driving force is taken to be the decrease

in interfacial energy accompanying the growth of the wavelength. AF(T )

was taken proportional to (Ax)2, where Ax is the width of • se

miscibi 1 ity gap. Using eq. 1.32 and experimental t(Q.) values an

activation energy E = 66 kcal/mol was found for the coarsening in

CuNiFe alloys. Without the correction for the driving force the value would

have come out 10 kcal/mol lower. Butler and Thomas (1970) (see above)

found E = 50 kcal/mol for a symmetrical CuNi Fe-a 11oy, which agrees

very well. Daniel (1948) obtained an activation energy of 66 kcal/mol

for diffusion in the CuNiFe system. Hillert, Cohen and Averbach (1961)

concluded that it is reasonable to assume that the growth of the

wavelength is controlled by diffusion.

Eq. 1.25 gives the growth law for diffusion-controlled coarsening

according to the Ufshitz-S1yozov-Wagner theory. The rate constant is

k(T
a

80DC V 2°° a
9kT (1.35)

With a = AF(T ) and D =0 exp (-E../RT ), where Eft is the activation energy

for diffusion, eq. 1.35 becomes similar to eq. 1.34.

Datta and Soffa (1976) used eq. 1.35 with the assumption that a is

independent of T . The rate constant k for coarsening in a CuTi (k wt%)

alloy was measured. A plot of log T k/Cæ versus T
 -1 yielded an

activation energy of 51-2 kcal/mol. This value is almost equal to that

obtained by Cornie, Datta and Soffa (1973) with a CuTt (3 vit%) alloy

(see page 25).

•Jansen (1970) and Boekestein (1972), using small (about 100 ym) fast

quenched spherical single crystals of a AuPt (20-80) alloy found that

the experimental points could be fitted to a straight line in a plot of
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log 0. versus t (see eq. 1.30). For a fixed aging temperature they

observed that k increased with inceasing homogenizing temperature T. .

From a plot of log k(T. ) versus T ~1 an activation energy approximately

equal to the formation energy of vacancies was obtained. This also

seems to indicate that the coarsening process is diffusion-controlled.

For a full understanding of the coarsening process much more and detailed

information is needed, as is clearly demonstrated by the results of

appendix A.

The loss of coherency

After a certain aging time the side-bands in the diffraction pattern

are replaced by diffuse reflections. In most cases these diffuse

reflections can be interpreted as due to intermediate tetragonal phases

(see section 11.2). In the literature this change in diffraction

pattern is often considered as an indication for loss of coherency in

the modulated structure.

Butler and Thomas (1970) actually found from electron microscope

observations on a symmetrical CuNiFe alloy that during the loss of

coherency the symmetry becomes tetragonal. They also found that with

the loss of coherency the coarsening rate became larger, in agreement

with the observations of Phillips (1969) on a CuNiCo alloy.

De Fontaine (1969) suggested an approximate criterion for the loss

of coherency in modulated structures, based on the balance of the

coherent strain energy (c.f. eq. 1.1) and the energy of non-coherent

interfaces. It was assumed that the non-coherent interfaces are formed

by an array of parallel edge dislocations and that the compositions

Ca and C determined by the coherent miscibility gap were reached.

De Fontaine arrived at the following expression for the wavelength A

at which coherency is lost:

WO-COMCB-CO)
(I.36)
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where y is a dimensionless parameter, which can only be determined

empirically. It is assumed that in a given system Y will not vary

appreciably with composition and that y will not vary considerably

for different systems studied under similar conditions. From eq. I.36

it follows that the value of A is smaller for a symmetrical alloy

(C -C = C -C ) than for an asymmetrical alloy and that A decreases

with increasing width of the miscibility gap.

From the data obtained by Carpenter (1967) on a AuPt C*0-60) alloy

decomposed at 600°C de Fontaine determined y = 0.175. With this value

of y the calculated values of A are in agreement with the experimental

values for the other aging temperatures and the other alloy compositions

used in the investigation of Carpenter (see appendix A)*. With the same

value of Y de Fontaine found that the calculated values of A for the

CuNiFe system are in rather good agreement with the experimental

values reported by Killert, Cohen and Averbach (I96I)-

In systems where the coherency strains are large (|n| large) the

value of A may be lower that the value of A , the wavelength of theo m
Fourier component with fastest growing amplitude (see page 11). This

would mean that loss of coherency could occur before the spinodal

morphology is fully developed.
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II. DIFFRACTION PHENOMENA FROM SPINODALLY DECOMPOSED F.C.C. ALLOYS

In this chapter the diffraction phenomena associated with spinodally

decomposed alloys will be discussed. The emphasis is placed on periodic

and non-periodic models for side-bands and on the interpretation of the

reflections from tetragonal phases.

II.1 Side-bands

In diffraction patterns from spinodally decomposed alloys sharp

reflections flanked by diffuse satellite peaks (side-bands) are

observed. The sharp reflections are at the same position as the

reflections from the originally homogeneous phase.

Periodic models

Daniel and Lipson (19^3) brought forward an explanation for the

observed diffraction phenomena. They assumed a periodic variation in

the composition of the solid solution. In general a periodic variation

in the composition leads to a periodic variation (modulation) of the

atomic scattering factor and to a periodic variation (modulation) of

the spacing of the lattice planes. It was found that the wave vector

of the periodic variation points in the cube direction. The period of
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the modulation was taken as Q_a , where Q is a whole number and a is

the lattice constant of the original homogeneous alloy.
_*

For a one-dimensional modulation the reciprocal lattice vectors R
for which the intensity may be different from zero are given by

-* n - *R - -o aQ o

where n is a whole number and a

(11.1)

[100]/a is the unit vector in

reciprocal space for the original homogeneous f.c.c. alloy. Daniel and

Lipson calculated the structure factors assuming that the variation

was sinusoidal and that the amplitude of the variation was small. The

intensities calculated were appreciable for n = HQ, (the main

reflections) and for n = HQ + 1 (the satellites), :n which the whole

number H is the index of the reflection from the non-modulated crystal.

They found that for a modulation of the atomic scattering factor the

intensities of the satellites are independent of H, while for a

modulation of the lattice spacing the intensities of the satellites

are proportional to H2. Thus for H = 0 there are no satellites. The

satellites on either side of the main reflection have equal intensities.

In a f.c.c. crystal there are three equivalent cube directions. So

it must be expected that different regions of the decomposed crystal

are modulated along different cube directions. If these regions

diffract independently the reciprocal lattice that corresponds to the

observed diffraction pattern is a superposition of three reciprocal

lattices, each representing a modulation in one of the cube directions.

For a decomposed crystal with only spacing modulation (H00) reflections

are flanked by satellites at (H + 1/0., 0, 0), (HKO) reflections are

flanked by satellites at (H + 1/Q, K, 0) and (H, K + 1/Q, 0), while

(HKL) reflections are flanked by satellites at (H r 1/Q), K, L),

(H, K + 1/Q, L) and (H, K, L + 1/0.) (see fig. 11.1).

For this geometry of the satellites the relation between the

period Q and the position of the side-bands in the diffraction pattern

was given by Daniel and Lipson (19^3). With the main reflection at B

and the side-bands at 9 + A8(+) it follows from Bragg's law that
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[001]

[010]
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g. IJ. 2 - The positions in reciprocal space of the satellites (•)
near (WO) t (HKO) and (HKL) for a one-dimensional spacing
modulated crystal. The modulations are in the cube
directions.

sin2 Tø + A9(+)| = -£ [(H + I ) 2 + K2 + L2]
o

where X is the wavelength of the X-rays used. When A8(+) is

suff ic ient ly small eq. M.Z reduces to

(II.2)

+ 2sin9cos9 A8(+) = sin26

H2+K2+L2
(II.3)

or



H2+K2+L2

Taking A8 as half the distance between the side-bands on either side of

the main ref lect ion:

A6 _ (11.5)

Eq. 11.k gives

Htg6

(H2+K2+L2)Q
(H.6)

It should be remarked that when in eq. 11.6 the distance between a

side-band and the main reflection is used in order to calculate (J,

errors of a few percent in Q, may arise (see eq. 11.4).

Oehlinger (1927) and Kochendörfer (1939) calculated the structure

factor for a crystal with a sinusoidally distorted lattice without

the assumption that the amplitude is small. From their calculations

it follows that second order (n = HQ. + 2) and even higher order

satellites should be detectable when the amplitude of the variations

is sufficiently large.

In practice it is unlikely that the wave form will be sinusoidal,

especially in asymmetric alloys. Representing the variation by a

Fourier series is not very useful because it leads to complicated

equations for the structure factor and it will be very difficult to

obtain enough accurate experimental data to determine a sufficient

number of reliable Fourier coefficients. Instead of a sine wave

Hargreaves (1951) assumed a square wave for the calculation of the

structure factor. For the case of spacing modulation he found that the

satellite intensities for a square wave with amplitude b are equal to

the satellite intensities for a sine wave with amplitude 4b/iT (under

the restriction that 0 < HQb/a < 2). Physically, a square wave means

that there are plates of different composition. Especially for

decomposed asymmetric alloys the square wave is very suitable, because
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It gives a simple description of the different thicknesses of the plates

and of the different "amplitudes" in the plates (see fig. 11.2). Tiedema,

Bouwman and Burgers (1957) used the square wave model to explain the

difference in intensity of the satellites on either side of the main

reflection recorded from an asymmetric AuPt alloy. The ratio of the

thicknesses of the Au-rich and the Pt-rich plates was taken according

to the lever rule.

E
2
co
O
(1)

(0

-ao I
2c

Q=2b + 2c

-•- distance in number of unit cells

Fig. II. 2 - The square wave model used by Hillert for an asymmetric

alloy.

Assuming a square wave is very advantageous in the calculation of

the structure factor, because it leads to exact and simple equations,

even in the case where a modulation of the scattering factor is

coupled with a modulation of the spacing [c.f. Gerold (1961) and

Fukano (1961)].
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Hillert (1956, 1961) and Biedermann (1956, I960) for the first time

derived the exact expression for the structure factor of an asymmetric

square wave in the case of spacing modulation. Here the results

obtained by Hillert will be summarized. In fig. II.2 the model for an

asymmetric alloy is given together with the symbols used. Choosing the

origin at the center of the square wave of fig. 11.2 and taking the

scattering power of the f.c.c. cell as unity, Hillert arrived at the

following expression for the structure factor G(R)

G(R)
sin2irRa (l+ej)c sinirRa

° • 2cosnRa <(i-e2)b-Q> °
sinirRa (1+ei) sinirRa (i-e2)

(11.7)

So far only one-dimensional modulations have been considered. From

a physical point of view there is no need for such a limitation. It is

very well possible that at a given position in the crystal the

concentrations (see chapter 1) and thus the lattice spacing and the

scattering factor, are determined by a number of modulation waves in

different directions simultaneously. Thus, in case of identical

modulation waves in two different cube directions a two-dimensional

super cell will be the result. With pure spacing modulation, for

example near the (HKO) reciprocal lattice points satellites of the

type (H + 1/Q, K. + 1/Q, 0) will then appear in addition to the

satellites (H + 1/Q, K, 0) and (H, K + 1/Q,, 0) that are present in

case of a one-dimensional modulation (see fig. 11.3 and compare with

fig. II.1).

Tyapkin and Jibuti (1968, 1969, 1971) put forward a three-dimensional

modulation. They assumed an identical square wave in each of the cube

directions. The spacing and the atomic scattering factor at a certain

position are the sum of the amplitudes of the three waves at that

position (see fig. 11.4). It was found that for not too large

wavelengths and values of (c. - c«) (see fig. M.2) the intensity of

the satellites of the type (H + 1/Q, K + 1/(1, L) may be ignored
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[010] (0K0)

(HKO)

Fig. II. 3 - The positions in reciprocal space of the satellites (•)

near (HOO) and (HKO) for a two-dimensional spacing

modulated crystal. The modulations are in the cube

directions.

relative to the intensity of the satellites of the type (H + 1/Q, K, L).

In fact the intensity of the satellites of the type (H + 1/Q, K + 1/Q, L)

relative to that of the main reflection (HKL) is found from the

intensity of the satellites of the type (H + 1/Q, K, L) by

I(H+1 K + l L) I(H+1 K, L) I ( H , K 4 , L)

I(HKL) I(HKL) I(HKL)
(11.8)

On the basis of the amplitudes found in their experiments. Daniel

and Lipson (19M) did not succeed in deciding between a one- and a

three-dimensional modulation.

In a number of cases second order side-bands are reported in the

literature [Daniel and Lipson (19M»), Hargreaves (1951), Dzhibuti and

Tyapkin (1968) and Butler and Thomas (1970)]. However, in most cases
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no second order side-bands are observed. So in general it is not

allowed to use a model that assumes periodic concentration fluctuations.

This conclusion is supported by the fact that, although the main

reflection is always sharp, the side-bands are always considerably

broadened.

Fig. II. 4 - Three-dimensional modulation [Tyapkin and Jibuti (1968,

1969, 1971)].

Non-periodic one-dimensional models

Guinier (1955) showed that for the explanation of side-bands there

is no need for a periodic model. He considered zones consisting of a

central plate enriched in one component flanked by plates depleted of

that component (see fig. 11.2). The zones were assumed to be irregularly

distributed in the homogeneous solid solution. This model gives

broadened side-bands and from their separation the zone thickness Q. is
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found. In accordance with the experiments this model does not give

second order side-bands of appreciable intensity. However it is

unlikely that there is untransformed matrix left after a certain (short)

decomposition time (see chapter I). As already suggested by Daniel and

Lipson (19^3, 19M) a variation in 0. can also account for the broadening

of the side-bands. From electron microscope observations it is known

that the distances between identical regions are not constant. The

variation is reported to be of the order of 15% [Biedermann (1956)].

The calculation of the intensity diffracted by a crystal with a

variation in Q, is complicated because the distribution of Q values is

unknown and because zones with different Q, that are not too far apart,

do not diffract independently.

Sebo and Synecek (1969) calculated the intensity for a non-periodic

distribution of (square wave) zones by assuming a variation in the

number 2c of unit cells in the inner part of the individual zones (see

fig. 11.2). The probability for a zone with a certain number of inner

cells is given by a distribution function u. The zones are coherently

embedded in the undecomposed matrix, which means that when the entire

solid solution is decomposed the zones are coherent with one another.

The probability of finding the coherent zones at a certain distance

from each other can then be calculated from the distribution function

u. The diffracted amplitude A(R) of the whole assembly of zones is

given by

A(R) = I Gm(R)e"
2iTiRaoZm

m
(11.9)

•/here z a ^ is the position of the center of the mth zone in the crystal

and Gm(R) is the diffracted amplitude of the mth zone. The intensity

becomes

II Gm(R)G*(R)e
mn

- 2 i r ! R ao (V zn )
(11.10)

where (zm~z )a is the distance between the centers of two zones. Sebo

and Synecek then calculated the contributions to l(R) of zeroth,



nearest, second, etc. neighbouring zones. Each contribution consists of

a sum over all possible distances between the considered zones and over

all possible configurations having the same z_~zn- After the introduction

of the average zone they arrive at an expression for l(R), in which

there is a term exactly equal to that obtained for a crystal consisting

of a number of coherent zones with the same Q., and a term which accounts

for the non-periodic distribution of the zones. This second term gives

rise to a broadening of the side-bands even in the case where the

number of coherent zones becomes very large.

The final expression given is exact and may be applied to all cases,

from a strictly periodic arrangement up to a random arrangement in an

undecoinposed matrix. For practical applications the model of Sebo and

Senecek has the disadvantages that the function u should be known and

that the number 2b of unit cells in the outer layers of the zone

(see fig. 11.2) is taken constant.

De Fontaine (1966) gave an other treatment of the problem. With

some simplifying assumptions he arrived at an expression for the

diffracted intensity that is easily applicable in practice.

Here de Fontaine's treatment will be followed for the case of a

square wave (see fig. 11.2). In a crystal a region with N f.c.c. unit

cells is considered. N is so large that the region in the homogeneous

crystal would produce sharp reflections. This region of the modulated

crystal is regarded as a juxtaposition of small "domains", each domain

consisting of a very limited number of periods of a square wave. The

width of a domain is Qva , where v is the number of periods in the

domain. The domains are contiguous or else separated by regions of

untransformed matrix. Firstly a region containing only one domain is

considered. The origin is chosen in the center of the region and the

distance of the center of the domain to that origin is taken as za .
o

The diffracted amplitude A(R) from this region is then given by

simiRa N „ . „
A(R) = 2 _ + e - ^ ' R a o z

s i mrRa

si mrRa Qv si mrRa Qv
°_ + 9_ G(R)

simiRa si mrRa Q.o

(11.11)
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where in the case of pure spacing modulation G(R) is given by eq. 11.7-

Expression 11.11 was already derived by H i l l e r t (1956, 1961). In case

there are M d i f f e ren t domains inside the region eq. 11.11 has t o be

rewr i t ten as

sinirRa N M , . „ „ „«/p.\ o v -ZiriRa z .A(R) = + I e o m | -
sinirRa m=1

o

siniTRa 0 v sinirRa Q_v
o ni m o ni n

simrRa siniTRa Q m

The intensity l(R) is found from

(11.12)

A(R)A*(R) (M.13)

Introducing

sinirRa 0 v sinirRa Q vo in m o in m

sinirRa sinirRa Q m

one obtains

sin2irRa N sinirRa N M
I(R) = — + — I G. (R) 2cos2nRa z +

sin2irRa sinirRa m=1 d ' m ° m

I l (11.15)

where G. m(R) is a real quantity for the case considered (see eq, II.1h

and eq. 11.7). The first two terms of eq. 11.15 do not contribute to

the satellite intensity when N is sufficiently large. The satellite

intensity I (R) is given by the double summation, which may be

written as

IS(R)
M

m=1 d.ir
(R) + 2 1 j 1

f i d f B i ( R > B d.n ( R ) c o « 2 l f R f l o ( V z n 1

m>n (11.16)



This is the general expression for the satellite intensity from a

crystal region with domains which are purely spacing modulated by a

square wave. De Fontaine now assumes that the spatial distribution of

the domains is independent of the parameters defining their nature.

This makes it possible to average separately over G, and Ra (z -z ).

Expression 11.16 then becomes

IS(R) == H Gj(R) - Gd(R) (M-1)

(11.17)

The first term of eq. 11.17 gives, according to de Fontaine, a diffuse

background which slowly varies with R. If the distribution of domains

in the considered region is known, it is possible to calculate the

average value of cos2nRa (z -z ) for every value of R. As in the case

of Sebo and Synecek (see above) no distribution function is known. If

it is assumed that all values of Ra (z -z ) are equally possible, then

the average value of cos2irRa (z -z ) is zero. Thus, to a first

approximation the average domains diffract independently and all

essential properties of the satellites can be found from G^(R).

Leaving out the first term of eq. 11.17 and using eqs. 11.7 and 11.14

the satellite intensity I (R) for pure spacing modulation by a square

wave finally becomes

IS(R)
sinuRa Q, sinirRa Q.v

o v
sinirRa sinirRa Q.

o o

sin2irRa

sinirRa (1+ej)
2cosuRa

sinirRa (1-e2)b

sinirRa (i-e2)

(11.18)

where a l l the parameters of the average domain should be used.

Actually, H i l l e r t (1956, 1961) and Manene (1959) already used relations



like eq. 11.18 for the calculation of side-band profiles, but without

sufficient argumentation. As shown by Hillert (1956, 1961) there is

little difference in the ratio of the maximum intensities of the side-

bands on either side of the main reflection between the case with v = 1

and the case with v = °° (perfect periodicity). For v = °° all

calculations become simple because the positions of the side-bands are

at Ra = H + 1/Q,. Then, the ratio of the maximum intensities of the
o

side-bands on either side of a mean reflection, whether calculated

from eq. 11.7 or eq. 11.18, is exactly the same.

The model of de Fontaine is able to account for the observations

that the main line is sharp and that the side-bands are considerably

broadened (v small). Moreover eq. 11.18 can account for the observation

made by Manene (1959) that the maxima of the side-band profiles are

not at equal (reciprocal) distances from the main reflection. For v = °°

the side-bands are symmetric in position with respect to the main

reflection. For small v the distance between the high angle side-band

and the main reflection is different from the distance between the

low angle side-band and the main reflection. The dilference in

distance is largest for v = 1.

11.2 Reflections from tetragonal phases

After longer annealing times the diffraction pattern with side-

bands gradually changes into a pattern which can be interpreted as due

to tetragonal phases. After still longer annealing times the

reflections of these tetragonal phases disappear and the reflections

from the cubic equilibrium phases appear.

According to Bradley (i9*tO), who first noticed these intermediate

tetragonal phases in a decomposed Cu.Ni-Fe alloy, there are two

tetragonal phases. One of these has an axial ratio just larger, and

the other just smaller than unity. The a spacings of the two tetragonal

phases are equal to the lattice spacing a of the original homogeneous

f.c.c. phase. From the observed X-ray diffraction pattern he also



concluded that lamellae enriched in one component alternate with

lamellae depleted of that component. The lamellae were formed on cube

planes with their c axes parallel. The lateral dimensions of the

lamellae may be more than 10 times larger than their thicknesses.

Bradley's observations and conclusions were confirmed by Geisler and

Newkirk (1949), Biedermann and Kneller (1956a, 1956b) Manene (1956,

1957)• Hargreaves (1951) and Butler and Thomas (1970). However,

Hargreaves (1951) and Bagaryatskii and Tyapkin (1961b) showed that,

depending on the composition of the alloy.one of the two intermediate

phases might be cubic instead of tetragonal. Phillips (1969) reported

that no diffraction lines corresponding to tetragonal phases were

observed during the decomposition of a CuNiCo alloy, whereas for a

CuNiCo alloy of a different composition Geisler and Newkirk (19^9) and

Biedermann and Kneller (1956a, 1956b) clearly observed the intermediate

tetragonal phases.

Butler and Thomas (1970) observed in the electron microscope that

during the loss of coherency of the structures which cause the side-

bands there is a change to tetragonal, symmetry.

On the basis of calculated intensities of higher order side-bands

Daniel and Lipson (19M) showed that a periodic modulation with a

range of different values of Q. may lead to reflections close to the

reflections given by two tetragonal phases as postulated by Bradley.

Such reflections will be observed when the product of the amplitude

of the modulation and the period Q. is large.

In most cases spinodally decomposed alloys were studied using

comperatively soft X-rays. Bagaryatski i and Tyapkin (1961a, 1961b)

using MoKa radiation found that for reflections corresponding to

reciprocal lattice points relatively close to the origin of the

reciprocal lattice side-bands were observed and that for reflections

corresponding to reciprocal lattice points far from the origin the

satellites were not observed, but instead reflections from tetragonal

phases could be detected. This means that for large H the separate

regions of a modulation, which have a different lattice constant

(see fig. 11.2), scatter (almost) independently. Investigating a



decomposed FeBe alloy Dzhibuti and Tyapkin (1968) even observed

reflections from the separate regions of a three dimensional modulation,

i.e. from two cubic and two tetragonal regions (see fig. 11.4). That

the modulation was a three-dimensional one could be established from

the number of sattellites near a main reflection and from their

positions relative to that main reflection. The observed independent

scattering is consistent with the conclusions drawn by Daniel and

Lipson from their considerations of the higher order side-bands in

case there is a variation in Q. (see above).

As a consequence it is not allowed to deduce from the appearance

of tetragonal reflections alone that the phases are (partly) incoherent

with one another*. One has to be careful in deducing the amplitude of

the modulation from the lattice constants of the tetragonal phases.

If the phases are incoherent the amplitude will be obtained exactly,

but in case the phases are coherent and scatter almost independently

the amplitude can only be approximated.
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III EXPERIMENTAL

111.1 Introduction

The goal of the present investigation is to obtain a better

understanding of the diffraction phenomena observed on spinodally

decomposed alloys and to gain more insight in the coarsening process.

Especially the role of quenched-in excess vacancies is studied.

A AuPt alloy was chosen for the experiments for a number of reasons.

The phase diagram is simple and is known very well. Many data on the

components and on the alloys are available. Detailed investigations

have already been made on the mechanism and the geometry of the

decomposition of AuPt alloys [Tiedema, Bouman and Burgers (1957)»

van der Toorn (1960)], on the change of wavelength as a function of

aging temperature and composition [Carpenter (1967a)], on the

Kirkendall effect and the diffusion [Bolk (1959), (1961)] and on the

deformation and fracture of AuPt polycrystals strengthened by spinodai

decomposition [Carpenter (1967)]. The alloys are chemically almost

inert and therefore the apparatus needed for the heat treatments

could be simple. A disadvantage of using AuPt alloys is that it

appeared impossible to prepare specimens suitable for transmission

electron microscopy. However for the shorter wavelengths and for

intensity measurements X-ray diffraction is more accurate. Because of

the broadening and the relative low intensities of the side-bands



careful measurements and elimination of interfering intensities are

necessary.

In order to obtain a well defined concentration of excess vacancies

the quench rate from the homogenizing temperature should be high and

reproducible.

The coarsening rate is very sensitive to the aging temperature. For

a AuPt (20-80) alloy at about 550°C the coarsening rate is doubled per

25 C change in temperature [c.f. Carpenter (1967a), see appendix A ) .

Consequently, a careful control of the aging temperature is needed.

If the coarsening rate is diffusion-controlled the coarsening is

dependent on the vacancy concentration. During aging the quenched-in

excess vacancies disappear at lattice defects such as dislocations,

grain boundaries and free surfaces. This implies that the coarsening

rate, and therefore the wavelength Q_, is a function of position in

specimens which contain excess vacancies at the start of the aging

treatment. Q as a function of the distance x to the free surface of

a specimen can be measured when diffraction patterns are taken after

the successive removal of layers of known thickness. From the Q. versus

x curves a defined coarsening rate can be determined and information

on the behaviour of the excess vacancies can be deduced.

With a view to the X-ray diffraction measurements deformation of

the specimens had f;o be avoided. The only way for the removal of

layers is r.hen an etching process. Because the same specimen is to be

etched and examined many times without introducing deformation, special

specimen holders for etching and X-ray diffraction were constructed,

in order to obtain Q. versus x data that could be interpreted

quantitatively, the etching rate must be known and a correction for

the penetration depth of the X-rays must be applied.

III.2 The AuPt system

The phase diagram is based on the data obtained by Darling, Mintern

and Chaston (1952) (see fig. III.1). Their data for the miscibility



gap were confirmed and expanded to lower temperatures by Tiedema,

Bouman and Burgers (1957) and by van der Toorn (I960). The chemical

spinodai is estimated by a procedure according to Cook and Hilliard

(1965). The spinodal composition C .(i = 1 or 2, denoting the Au-rich

or Pt-rich phase respectively) in the vicinity of the critical

temperature T of the miscibility gap is related to the equilibrium

composition C. by

C . - C
51 c

C. - C
1 c

1

73

where C is the critical composition. If the miscibility gap approaches
C

the composition of the pure components near 0 K, a good fit to the

spinodal over the whole temperature range is given by

C . - C

1 c

T_ . _ 0 .-2 T_ (III.2)

When the miscibility gap is asymmetric or when C is not 0.5 the left

and right part should be dealt with separately. According to Cook and

Hilliard (1965) the composition C of the spinodal on the Au-rich

side of the phase diagram is calculated from eq. I I 1.1, while the

composition C of the spinodal on the Pt-rich side is calculated
S2

from eq. 111.2 (see fig. 111.1).

The locus of the coherent miscibility gap and of the coherent

spinodal were calculated from eqs. 1.15 and 1.12 respectively. The

values of n and N were derived from fig. 111.2, the values of Y were

linearly interpolated between the values for pure Au and Pt. It is

remarked that eqs. 1.12 and 1.15 are rather poor approximations in

the case of the AuPt-system, but some notion of the relative positions

may still be obtained.

Weise and Gerold (1968) and Kralik (1970) deduced the coherent

spinodal and the coherent miscibility gap from electrical resistivity

measurements on AuPt alloys. The temperature of the coherent spinodal
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555 [°C]

0,4 0,6 0,8
C [atomic fraction Pt]

1

Fig. III. 1 - The phase diagram of the AuPt system.

liquidus, solidus after Darling, Mintern and Chaston (1952)

equilibrium miseibility gap after Darling, Mintern and
Chaston(1952), Tiedema, Bowman and Burgers (1957) and
van der Toorn (1960)

coherent mCsoibility gap according to eq. I.IS

chemical spinodal according to eqs. III. 1 and III. 2 for

C i at 60 at% Pt and C >. 60 at% Pt respectively

coherent spinodal according to eq. 1.12

at 555°C: equilibrium phases C\ = 20,0 at% Pt; C2 = 97,6 at% Pt.
coherent phases C =21,3 at% Pt;. Co = 97,3 at% Pt.a ts
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for a 35 at% Pt alloy was found to be considerably higher than the

temperature of the chemical spinodal as calculated from eq. (lll.l).

No such disagreement was found in the investigation of alloys with

kO at% Pt, 80 at% Pt and 85 at% Pt. The metastable coherent miscibility

gap was determined to be 100 to 200°C below the stable incoherent gap,

which is in agreement with fig. I I I.I.

Properties of Au and Pt and their alloys

A critical review of the constitution and the properties of AuPt

alloys was given by Darling (1962).

The lattice constants of homogeneous AuPt alloys were determined

by Darling, Mintern and Chaston (1952). Their results are given in

fig. 111.2.

The diffusion in AuPt-alloys was studied by Bolk (1961). For the

interdiffusion in alloys with a composition between 80 at% Au and

98 at& Au he found a frequency factor D between 0,^3 and 1,00 cm2/sec

and an activation energy u = 55 kcal/mol at temperatures of about

1000°C. The $ values of 60,9 kcal/mol obtained by Mortlock, Rowe and

Le Claire (I960) at about the same temperature of Au with tracer

concentrations of Pt is not inconsistent with the value found by

Bolk for Au-rich alloys. For concentrations between 0,02 at% Au and

0,08 at% Au Bolk (1961) found ft = 0,37 cm2/sec and ft = 62,6 kcal/mol.

Extrapolation of these data to 555°C, the decomposition temperature

applied in the present investigation, gives an interdiffusion

coefficientDof about 10~l7cm2/sec in a Pt-rich alloy and a ft of

about 200.10"17cm2/sec in a Au-rich alloy.

For a 65 wt% Au alloy Weise and Gerold (1968) found Q = 56,9 kcal/mol,

in agreement with the determinations of Bolk (1961).

From electrical resistivity measurements Kralik (1970) deduced

migration energies for the vacancies, in the 25 Bt% Au alloy he

obtained a value of 1,29 eV.

In table 111.1 some relevant properties of Au and Pt are given.
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4,08

4,06

4,04

4.02

4,00

3,98

3,96

3,94

3,92

0.2 0.4 0.6 0.8
— C [atomic fraction Pt]

1

Fig. III.2 - The lattice constant of homogeneous AuPt-alloys at room

temperature according to Darling, Mintern and Chasten

(19S2).

III.3 Specimen preparation

The gold-platinum alloy investigated contained about 80. at% Pt. It

was prepared by the firm Drijfhout, Amsterdam, from the 99,99% pure

metals and delivered in wire form (diameter 0,5 mm). X-ray diffraction

showed that the alloy was decomposed into a Au-rich and a Pt-rich

phase. The average composition of the wire varied from about 78,5 at$

Pt in the outer layer to about 81,5 atfc in the centre*.

* The X-ray micro analysis was carried out under the supervision of

ir. D. Schalkoord.



53

Table III. 1 - Some properties of gold and platinum

property

atomic number

atomic weight

density at 20°C

lattice constant

melting point

Debije parameter

B at 293 K

mass absorption

coefficient for CuKo.

for CrKa

elastic constants cXi

at 300 K c12

formation energy

of vacancies

activation energy

of migration

unit

g.cnf 3

8
°C

P

cm2.g~i

cm2.g"!

dyne.cm"2

dyne.cm"2

dyne.cm"2

eV

eV

Au

79

196,97

19.26

M783 (25°O

1063

0,56

208

532

18,9.10u

15.9.10U

^,26.10u

0,95

0,83

ref.

1.

1.

1.

1.

1.

1.

2.

2.

2.

k.

It.

Pt

78

195,09

21,^5

3,9239(20°C)

1769

0,28 to 0.31»

200

517
3^,67.10H

25,07.1011

7,65.1011

1,51

1,1»2

ref.

1.

1.

1.

1.

1.

1.

3.

3.

3.

k.

k.

References:

1. International Tables for X-ray Crystallography, vol . I l l , 1962,

The Kynoch Press, Birmingham.

2. Landoit-Börnstein, 1966, New Series 111/1, p 6, Springer Verlag.

3. MacFarlane, R.E., Rayne, J.A. and Jones, C.K., Phys. Letters

18(1965)91.

k. Beukel, A. v .d . , Vacancies and interst ials in Metals, Proc.Int.Conf.

Jiil i ch, (1968), North-Hoi land Publishing Company, Amsterdam, 1970.



In an X-ray diffractometer flat specimens are needed and to achieve

high quenching rates thin specimens are desirable. The specimens were

prepared by pressing about 11 mm long parts of the two-phase wire between

two flat pieces of toolbit to a thickness of about 0,15 mm. The pressed

wires were rolled until a width of about 4,1 mm was obtained, the

rolling direction being perpendicular to the axis of the original wire.

The thickness of the plates so prepared was about k5 pm. Prior to their

use the toolbit and rolls were cleaned by pol ishing-with diamond

compound (8 ym). To obtain specimens which could be etched in a

reproducible manner (see section 111.5) the plates were glued* between

two pieces of perspex and machined to rectangles of 10,0 x 4,0 mm2 in

such a way that the edges were free of burrs.

Two such plates were combined to a specimen pair during all the

experiments and this combination is referred to as a specimen. From

each plate one corner was cut off. In this way each plate, and the

front and back, could be identified by the size of the corner cut off

(see fig. 111.3).

Before heat treatment the specimens were cleaned in trichloroethylene,

nitric acid and water.

III.4 Heat treatment

The heat treatments were carried out in vertical tubular furnaces

which were resistance heated. Separate furnaces were used for

homogenizing and aging. The temperature was electronically controlled

and varied less than 1 C during the heating times used. Reproduction

of temperatures could be achieved within a few degrees centigrade. The

temperatures were measured using Pt/PtRh 13% thermocouples with the

hot junction always placed within a few mi 11 imeters from the specimen

* With I.C.I. Tensol Cement no. 6.
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holder. All heat treatments were performed in air.

In order to reduce the warming up time as much as possible, the

specimen holder for the aging treatments was a simple frame bent from

Pt wire with a diameter of 0,5 mm.

For the homogenizing treatment a different specimen holder was

required, because at the homogenizing temperatures applied Au

evaporates from the alloy. This can be prevented by heating the specimen

in a container made from the same alloy. However, a low quenching rate

would then be the result. A satisfactory compromise was found by

using a semi-closed construction, consisting of a cylinder made from

50 \im thick alloy plates. In the open bottom two wires tø = 0,5 mm)

were present to support the specimen. On the top a loose cover was mounted

so, that on touching the quench medium it was immediately detached.

Between the two plates forming one specimen a thin quartz spacer was

placed to prevent sintering.

Quenching after the homogenizing and the aging treatment was done

by dropping the specimen holder with the specimen into water of about

1 C. With the specimen replaced by a thermocouple the heating up

to the aging temperature and the quenching from the homogenizing

temperature were measured, using a storage oscilloscope for

registration. The Pt/PtRh couple was made from wires with a diameter

of 0,1 mm. The almost spherical hot junction with a diameter of

0,4 mm was larger than the thickness of the specimens. Consequently the

true rate of quenching and heating up will be higher than the rate

measured.

On quenching from about 1200 °C the temperature dropped about 30 °C

during falling in air over a distance of 47,5 cm; in the water a

linearized quench rate of 7-101* °C sec"1 was found.

The heating up time to the aging temperature was in the order of

one minute. Therefore aging times less than 3 minutes have not been

used.

The homogeneity of the specimens was examined by comparing the

sharpness of diffraction lines of the specimens and of strain-free

pure platinum. From this it was concluded that homogenizing for at
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least 3 minutes at 1200 C or higher was sufficient to produce a

homogeneous a11oy.

The grain size of the specimens could be controlled by the

homogenizing time. From the number of crystallites N in an area 0 the

mean crystallite size defined by R = /O/irN was obtained. R was always

smaller than the thickness of the specimens. Cross-sections showed

that near the surface the grain boundaries were approximately

perpendicular to the surface and that the size of a grain was roughly

the same in all directions.

III.5 Etching of the specimens

In order to measure the modulation wavelength as'a function of the

distance to the free surface of the specimens, layers were removed

from the specimens by electrolytic etching. The etching was done in

a bath containing 400 ml H20; 8g Na2S203.5H20; 8 g KCNS and 8 g NH4C1

using alternating current. A similar electrolyte was used by Reinacher

(1965). The temperature of the stirred solution was maintained at

(30 + 1) C. Since gases are generated during etching the specimen

had to be kept in a horizontal position in order to get a uniform

attack of the specimen. To avoid deformation of the specimens, with a

view to the X-ray diffraction experiments, a specimen-holder of special

construction* was made (see fig. 111.4). The essential part of it is

a small box of perspex covered with a graphite plate of 13 x 11 mm2

containing 2 x 10 holes fa = 0,5 mm). Underneath the graphite plate

there was a platinum plate (with the same hole pattern) for support

and electrical contact. The specimen remained fixed on top of the

graphite plate by maintaining a low pressure inside the box by means

of a water jet pump.

The etching device was constructed by Mr. H. Weerheym.
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Etching a decomposed alloy with a too low current density causes a

dark brown deposit onto the specimen; a total current of 3,5 A was

high enough to prevent this in all cases investigated. At the start of

the etching the two plates forming one specimen were mounted on the

holder as shown in fig. 111.3a. Half-way the etching time the plates

were interchanged of position in the way as shown in fig. III.3b. In

this way the geometrical surroundings of the two plates during etching

were made as equal as possible.

Fig. III. 3 - Positions of specimen plates on the holder during etching.

During etching considerable amounts of electrolyte were sucked out

of the bath, underneath the specimen, through the holes of the

specimen holder. In order to keep the bath level at approximately the

same height and to disturb the bath temperature as little as possible

the electrolyte was carried back with a device as shown in fig. III.'».

Normally the three-way value is in position I, the hole at A is closed

by the ball and the hole at B is open. The electrolyte sucked out of

the bath is collected in vessel Vi- By switching the three-way valve

to position II B will be closed and A will be opened and the collected

electrolyte returns to the bath. The cycle is started again by putting

the three-way valve in position I. The volume of vessel \1\ must be

large enough to contain the electrolyte and to maintain a sufficiently

low vacuum while the hole at B is closed.

The distance from the newly etched surface to the original unetched



surface can be found from the thickness of the plates before and

after etching. As deformation of the specimens was not permissible

(see above) a mechanical thickness measurement was not allowed. The

mean thickness of the specimens was obtained from their weight (about

AO mg), the projected area (about kO mm2)and the density of the alloy

(21,0 mg mm""3 as obtained by linear interpolation between the densities

of the pure metals). The etching rate e was determined from the decrease

in thickness and the applied etching time t . For the short etching

times the etching rate was relatively high and different for different

specimens. Even for the two plates forming one specimen different

initial etching rates were found, although they were etched together.

However after longer etching times the etching rate decreased to a constant

value for all specimens, namely ca. 0,15 U<n min"1. The edges of the

plates were strongly rounded off and this causes the differences in

etching rate found for short and long etching times. Once the sharp

edges are completely removed the etching rate becomes constant and the

same for all specimens. Therefore it may be assumed that the etching

rate of the flat surface is independent of etching time and equal to

the lowest etching rate found after long etching times. Specimens for

which the same value for Q as a function of distance to the free

surface is expected gave indeed, within the experimental error, the

same graph of Q versus etching time. No indication was found that the

etching rate was dependent on the aging treatment. This is supported by

the fact that the etching rate of pure Pt (0,13 ym min"1) is only

slightly smaller than that of the AuPt (20-80) alloy (0,15 ym min"1).

Even after long etching times no trace of attack was found on the

sides of the plates whichwere in contact with the graphite.

III.6 X-ray diffraction

After homogenization the plate-like specimens showed a rather strong

cube texture, which made them very suitable for recording the (200)

and (*»00) reflections in an X-ray diffractometer.
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v2

s s

1

positions three way valve

three way valve

water jet pump

specimen holder in etching

bath with specimen plates S

on top of the graphite plate

Fig. III.4 - Device for recycling the electrolyte. It is made from

perspex and rubber gaskets.
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The same specimen had to be etched and examined many times in

succession. To prevent deformation it was mounted on a perspex specimen

holder of the diffractometer with double-sided adhesive tape*. With the

AuPt on top of the specimen holder hardly any tape or perspex was

exposed to the X-rays. The specimen was detached from the holder by

immersion in acetone. The surface of the holder was grooved so that the

acetone had easy access to the underside of the tape. In that way the

specimen was quickly loosened and the risk of its deformation was

diminished because the tape swelled uniformly.

The diffraction experiments were done on a Philips PW 1050

diffractometer provided with a vacuum attachment. A divergence slit

of 1 , a receiving slit of 0,1 mm and a scatter slit of 1 were used.

Because of the relatively large grain size the specimen had to be

rotated in its own plane. Filtered Cu and Cr radiation was used (with

CrKa only the (200) reflection can be recorded). The X-ray tubes were

operated at 40 KV and kS mA. The size of the focus was 2 x 1 2 mm2 and

the take-off angle for the line focus was k . The diffracted intensity

was measured with a xenon filled proportional counter. After pulse

height discrimination the output voltage of a rate meter was recorded.

A scanning speed of 1/k 28 per minute and a time constant of 3 seconds

proved to be a good combination for the recording of the satellites: no

difference was found between forward and backward scans of the

diffractometer.

The modulation wavelength Q was calculated from the Daniel-Lipson

relation

Q(HKL) = Htge

(H2 + K2 + L2)A6
(see eq. 11.6)

in which A0 is found from the positions of maximum intensity of the

side-bands on either side of the main reflection.

Nesehen, gudya Art. no.: 5492.
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Corrections

The measurement of the positions and the maximum intensities of the

side-bands presents some difficulties.

(a) Especially when the distance of a side-band to its parent reflection

is measured attention has to be given to the presence of the Ka

doublet (wave lengths X and X , corresponding Bragg angles 8

and 6 ) . Each wavelength gives a main reflection and side-bands.
a2

For this problem the measured profi les may be considered as the

sum of two profi les which are identical in shape, have an intensity

ratio of one half and which are shifted over a constant angle with

respect to each other. Since the side-band prof i les are not very

asymmetric the position of maximum intensity of a recorded side-

band corresponds to 6 = (26 + 6 )/3. The position of the main
r a a j c(2

doublet has to be determined correspondingly. The 9 in the Daniel-

Lipson relation must be calculated from the la t t i ce constant of

the homogeneous alloy using X = (2X + X )/3-
Ct Ot j Ct2

(b) To find the true position and intensity of a side-band the background

under the side-band has to be known. The part of this background

due to the tails of the main relfection is difficult to obtain.

Therefore it is assumed that the shape of the profiles of the main

reflections from a homogeneous and from a decomposed alloy are

equal. The experiments did not contradict this assumption.

(c) With Ni-filtered Cu radiation special care is necessary in the

determination of the position and the intensity of the low angle

side-band near the (200) reflection. The absorption edge of Ni

lies under this side-band (see fig. 111.5.a). The presence of this

absorption edge might be overlooked in scans as shown in fig.

lll.5.b. With the above procedure and with the fixed ratio of the

absorption edge and the peak intensity of the a\ main reflection a

determination of the position and the intensity of this low angle

side-band is possible. There is no such problem with the CuKa (A00)

and the CrKa (200) reflection. Due to random errors the inaccuracy

in the Q(200) values is about \% and in the Q(400) about 1,5£. The
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absorption edge

Fig. III.5 - The effect of the Hi-absorption edge on the profile of the

low angle side-band near the CuKa (200)-reflection.

errors in the experimental intensities of the side-bands are in
the order of 5%.

Corveotion for the penetration depth of the X-rays

With X-rays information is gained from a limited volume: the measured
Q-values are some average over the penetration depth of the X-rays. The
purpose of the experimental work was to measure Q as a function of the
distance x to the free surface of a specimen. This x cannot simply be



63

calculated from the etching rate e and the etching time t , but it

should be corrected for the penetration depth of the X-rays. A first

order approximation of this correction was obtained in the following

way. After etching during a period t the free surface will be at

x = et . It is assumed that for the relatively thin layer under the

etched surface about which the X-rays give essential information the

following relation* holds (see fig. 111.6)

1
Q Q(x + az (III.3)

where a is a constant and z = x - x . Assuming that a layer of thickness

dz at distance z diffracts independently from the other layers and that

the intensity profile of a side-band from a layer with the wavelength

Q, is given by the parabola

K-OH -Az.e dz (III.'»)

where y is a constant, s is the component of the reciprocal lattice

vector that gives the deviation from a reciprocal lattice point of the
-Azmain f.c.c. lattice, and e is the absorption factor applicable for

diffractometer experiments with A = 2u/sin6 where u is the linear

absorption coefficient. The peak intensity of a side-band per unit

volume is taken independent of Q. The intensity from the whole specimen

is then given by

[-,(.-*)'•.] -Az.e dz (III.5)

The value s m = 1/Q^ for which the observed intensity is maximum is

The calculations are easier if 1/Q is considered instead of Q.
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1
Q

Q(x0

xo=ete

z=0

'n=QO£)+az

— x

Fig. III. 6 - The åependance of l/Q on x and z.

found from

dl(s)
ds -.-f (111.6)

m
e'AzdZ

(III.7)

with eq. 111.3 this becomes
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1 I e"Azdz + a f z e~Azdz

o o (III.8)

e"Azdz

or

(III.9)

Consequently, the 0. measured with the free surface at x = et lies

on the Q_ - x curve at a position:

x = et
sine
2M

(111.10)

The value of 0. at x = 0 can only be found by extrapolation. With CuKct

sin6/2y = 0,45 um for the (200) reflection and 0,90 pm for the (^00)

reflection; with CrKa sin6/2u = 0,26 \im for the (200) relfection. The

above calculation is very crude but it is felt that it will give fairly

good results as long as the change of Q over the penetration depth is

not very large. In any case from the experiments no contradiction was

found.
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IV EXPERIMENTAL RESULTS ON THE RATE OF COARSENING

IV.1 Influence of the experimental conditions

Quenching

After quenching from the homogenizing temperature the presence of

side-bands could not be detected.

The extent in which excess vacancies disappeared during the quench

from the homogenizing temperature was checked in the following way.

After homogenizing and before aging the front of a specimen was etched

in order to remove the region from which vacancies might have disappeared.

Then only the back of the specimen retains the complete memory of the

homogenizing and quenching treatment whereas the front side does not.

After aging the Q, was measured as a function of x on both sides of

the specimen (see fig. IV.1). It appears from fig. IV.1 that a

disappearance of vacancies during the quench cannot be detected by

measuring Q.. So this effect has not to be considered in a quantitative

description of the measurements. This conclusion is supported by the

observation that the same Q. as a function of x was obtained for

specimens which were quenched into water and into brine after

homogenizing, all other conditions being equal.
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Q ( 2 0 0 )

20å
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Fig. IV. 1 - 0,(200) as a function of x after 90* 5 min homogenizing at

2V = 2203 °C, quenching3
A\ : the front etahed for 30 min (= 4,5 vm),

• .* the baek unetched,

followed by 25 min aging at T = SS5°C. R = 14t7 \im.

Difference in composition

From fig. IV.1 it follows also that the concentration gradient due

to the evaporation of Au during the homogenizing treatment (see section

i 11.4) has no influence on the Q values measured.

The effect of the difference in composition of about 3 at% Pt between

the outer layer and the centre of the specimens (see section 111.3)
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Fig. TV. 2 - Q(200) as a function of x after 15 min aging at 556 C for

specimens vrith different grain size R and with different

homogenizing temperature 2V.

curve a: R = 14,1 \nn3 T, = 1272 °C.

curve b: R = 14,7 ym, T, = 1203 °C.

curve c: R = 3-5,5 ym, 2V - 1205 °C

was studied in a similar way. Prior to the aging treatment the front

side of a specimen was etched until about half the original thickness

was removed. The Q, values measured from the front and back of the aged

specimen were the same, indicating that the change in composition over

the thickness of the specimens has no influence.

Grain boundaries

In addition to the free surface grain boundaries also act as sinks

for the excess vacancies. During aging the vacancy concentration near
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the grain boundaries is lower than that in the centre of a crystallite.

If the growth of Q, is controlled by the number of vacancies present, the

value of Q. near the grain boundaries should be lower than in the centre

of a crystallite. With the X-ray method applied some average value for

Q will be obtained. Consequently, Q measured at a certain x must be

higher for a specimen with large crystallites than for one with small

crystallites. Indeed, the curves b and c in fig. IV.2 clearly demonstrate

this effect.

Homogenizing temperature

In the same fig. IV.2 the effect of the homogenizing temperature is

shown for specimens with nearly the same grain size: as expected curve

a (Th = 1272 °C) is above curve b (T"h = 1203 °C). Fig. IV.2 gives the

impression that a single Q(x = 0) independent of grain size and

homogenizing temperature exists and that it can be obtained by

extrapolation.

Dislocations

In recrystallized specimens there are always dislocations present.

To investigate the effect of the dislocation density the Q.(x)-curve of

a normal specimen was compared with the Q,(x)-curve of a specimen that

was cold-rolled after the homogen i za t i on prior to the aging treatment.

In fig. IV.3 a considerable difference can be seen between the results

from a rolled specimen and from a specimen of almost the same grain

size and heat treatment, but without the deformation. Actually the

difference is even larger than shown in fig. IV.3. The Q. values

measured from the rolled specimen are too high because the correction

for the tails of the considerably broadened main reflection could not

be carried out (see section III.6). The growth rate of Q is markedly

decreased by the presence of dislocations. An explanation for this is

that excess vacancies are trapped by the dislocations.which causes a

decrease in the diffusion constant. Whether the dislocations have still
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Q ( 2 0 0 )
20

t
A — a

O t 2 3 4 5 6 7 8 9 10 11 12

Fig. JM.3 - The effect of the dislocation density on Q as a function
of x.

curve a (A) : 15,3 min at 2V = 1203 °C,
15,0 min at Ta = 555 °C,
R = 9,2 \m.

curve b (•) : 15,0 at 2*ft = 1201 °C,

cold rolled thickness reduction of ca. 10%

15,0 min at T = 558 °C

R = 10,4 ym.
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an other influence on the growth of Q. cannot be decided from the

experiment described. Moreover it follows from curve b in fig. IV.3 that

despite a large dislocation density the effect of the free surface is

still detected over a large distance. Compared to the effect of the

grain boundaries and a free surface the effect of dislocations in

recrystal 1ized specimens of relative small grain size may be ignored as

faras the disappearance of vacancies during aging is concerned.

It is concluded that the following parameters have to be taken into

account for the reproducibility of the experiments and for the

quantitative interpretation of the results:

homogenizing temperature T. ,

aging temperature T ,

aging time t,

grain size R =\/0/vH.

IV.2 The meaning of the measured values

Meaning of Q

Periodic concentration fluctuations in a infinite crystal give rise

to satellites that are sharp and equidistant to the main reciprocal

lattice point. In such a case the Daniel-Lipson relation gives exact

results. In a specimen where the vacancy concentration is a function

of position and time and the coarsening is diffusion-controlled, the

concentration fluctuation are aperiodic. The precise meaning of the

Q, calculated from the Daniel-Lipson relation is then unknown.

Correction penetration depth

With CuKcc and CrKa radiation the same dependance of 0.(200) on the

distance x to the free surface was found; this is a justification for

the application of the correction for the penetration depth of the

X-rays (see section II 1.6).
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Comparison Q(2Q0) with Q(400)

It was found that the Daniel-Lipson relation gave values of Q(400)

which were higher than those of Q(200). The difference increased with

x, whereas at x = 0 both Q values appeared to be equal (see fig. IV.'»).

This observation suggests that the value of Q. at x = 0, which is found

by extrapolation, has a better defined physical meaning than the 0_

values at x > 0.

Q 22

21

20

19

18

17

16

(400)

(200)

2 3
— x [>m]

Fig. IV. 4 - Q,(2 00) (m) and Q(400) (w) as a function of x.

15 3 0 win at

S030 min at

= 1203 °C R = 930 m

= 557 °C



IV.3 The increase of Q, with aging time

In Section IV.1 it was shown that after a certain aging treatment

the measured values of Q, depend on the initial excess vacancy

concentration and the grain size of the specimens. Therefore these

values cannot be used to study the growth of Q. with aging time. Because

the Q, values found after extrapolation to x = 0 are independent of the

homogenizing temperature and the grain size (see fig. IV.2), it follows

that at x = 0 the growth rate of Q. is solely determined by the aging

temperature. From this and from the fact that at x = 0 0.(200) and 0.(400)

appeared to be equal (see fig. IV.k) it is concluded that the

determination of an experimental growth relation can only be based on

the Q_(x = 0) values. Unfortunately these values cannot be determined

with a high accuracy because of the extrapolation, despite the large

number of data used (see e.g. fig. IV.2). In table IV.1 Q_(x = 0) values

are given up to aging times of 60 minutes at T = 555 ° C

Table IV.1 - Q(x = 0) after various aging times at T = 555 °C

aging time t [min]

k

5
10

15

25

30

50

60

Q(x =

12,0

12,0

13,5

13,5

15,0

16,0

18,5

19,5

The phenomenological growth law for Q may be obtained by a graphical

analysis of the experimental data. In recent literature plots of 0_m

versus t and of Q. versus t , m being an integer, are generally

accepted (see table 1.1). In this investigation plots used in earlier
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literature will also be checked, namely Q. versus In t [Daniel and Lipson

(191»1»), Schwartz and Plewes (IS?'*) and Davies and Richman (1966)] and

In 0_ versus In t [Hillert, Cohen and Averbach (1961) and Carpenter (1967)]

Moreover a plot of In Q. versus t is tested (see eq. 1.30). For each

type of plot the best fit of the data of table IV.1 to a straight line

was obtained by the method of least squares (see figs. IV.5 to 12). The

most probable growth law was selected by means of a correlation

coefficient r, indicating the quality of the fit to a straight line

(see table IV.2), and by visual inspection of the plots (assuming an

uncertainty of 0,5 in the Q.(x = 0) values).

Table IV. 2 - Types of plots used to establish the phenomenologioal

growth law for Q. The closer the correlation coefficient

to 1 the better the fit of the data to a straight line

type of plot

0_ versus t

0_ versus t

In 0_ versus t

Q_ versus In t

In Q, versus In t

value of m

1

2

3

2

3

0

-

-

correlation

coefficient r

0 ,9948

0,9970

0,9951

0,9900

0,9814

0,9878

0,9527
0,9692

f i g .

IV.5
IV.6

IV.7

IV.8

IV.9

IV.10

IV.11

IV.12

It turns out that the most probable growth law for the AuPt (20-80)

alloy at 555 °C is

0_2 - Q2 = kt
o (IV.1)

with 0 = 11,1 and k = 4,3 [min"1]
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Q(X=0)
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14
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i-
r=0,9948

10 20 30 40 50 60
t [min.]

Fig. IV. 5 - Plot of Q(x - 0) versus t.

400

Q(X=0)380
360
340
320
300
280
260
240
220
200
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# ;

K

/
/

r=0,9970

10 20 30 40 50 60
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Mg. IV. 6 - Plot of Qz(x = 0) versus t.
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Q3(X=O)
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1500

AX r=0,9951
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Vig. IV.7 - Plot of Q3(x = 0) versus t.
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Fig. IV. 8 - Plot of Q(x = 0) versus
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Q(X=O)

20
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Fig. IV. 9 - Plot of Q(x = 0) versus t1'*.
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Fig. IV. 10 - Plot of In Q(x = 0) versus t.
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Q(X=O)
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Fig. IV. 11 - Plot of Q(x = 0) versus In t.
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Fig. IV. 12 - Plot of In Q(x = 0) versus In t.
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\\J.k Discussion

The effect of the quenched-in excess vacancies on the coarsening of

structures developed by spinodal decomposition is clearly demonstrated.

The modulation wavelength in the specimen depends on the distance to

sinks for the excess vacancies. The average wavelength, as obtained by

X-ray diffraction, increases with increasing homogenizing temperature

and with decreasing density of the sinks (grain boundaries, dislocations)

It was found that the Daniel-Lipson relation gave values of Q,C*00)

which were larger than those of Q_(20n). The difference increased with

increasing distance x to the free surface, while at x = 0 both

Q_-values appeared cu be equal. This is presumably due to the presence of

different Q, val'je^ in the specimen. The Q. value calculated from the

Daniel-Lipson relation is some average value, for which the weight

factors are not known. This implies that these wavelengths are not an

adequate basis for developing a coarsening theory for modulated

structures. In this investigation it is expected that the extrapolated

Q.(x = 0) values are more reliable. From the figs. IV.5 to 12 it is

clear that a growth law of the type Q,m - Q1" = kt fits best with the

experimental data. The inaccuracy of the data does not allow to

discrimate sharply between rn = 1, 2 or 3- From the positions of the

experimental points relative to the best fitting straight line it may

be concluded that in = 2 is the most probable exponent (see eq. IV.1).

The same conclusion is reached in a re-examination of the data of

Carpenter (1967) for the AuPt (20-80) alloy decomposed at 552 °C,

although the data of Carpenter were not corrected for the disappearance

of the excess vacancies (see appendix A ) .

Side-bands in X-ray diffraction patterns from specimens, in which

the modulation wavelength is a function of distance to sinks for excess

vacancies, are not very suitable for a check of models for the structure

of the modulation. The profiles of the side-bands may be more broadened

than corresponds to such a model. The intensity ratios may also be

affected. These problems are considered in chapter V.

In chapter VI it is shown that 0. can be calculated as a function of
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aging time and position in a polycrystal1ine specimen, if the growth

law, the diffusion coefficient for the vacancies and the equilibrium

vacancy concentration are known as a function of temperature.

Relations between mechanical properties and measured Q, values are

questionable in view of the difference between Q. values in the centre

of crystallites and near the grain boundaries.
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V THE QUANTITATIVE ANALYSIS OF THE INTENSITIES AND THE POSITIONS OF THE

SIDE-BANDS

V.I Introduction

In this chapter the values for the structure factors obtained from

the measured maximum intensities of the side-bands near (200) and CtOO)

will be compared with the calculated structure factors of one-, two-

and three-dimensional modulations, As mentioned in chapter II (see

page 1*3) the structure factors obtained from measured intensities are

best compared with the structure factors calculated for the case of

strictly periodic modulations, i.e. for the side-bands at the

positions Ra = H + 1/0,. The spacings to be used in the models are

derived from the lattice constants of the homogeneous phase and the

equilibrium phases. It is made plausible that for a specimen in which

Q is a function of position (see chapter III) the ratio of the

intensities of the side-bands on either side of the main reflection as

a function of 0 , is almost the same as for a specimen in which 0. is

constant. Consequently, reliable conclusions can be drawn from a

comparison of calculated and experimental structure factors.

Secondly the measured distances from the side-bands to the main

reflection are compared with the distances calculated for the case

that single zones scatter independently (see chapter II, page l»2)- •"

this comparison the influence of the fact that Q is a function oF

position in the specimen is taken into account.
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Thirdly the disturbance of the intensities and the positions of the

side-bands by reflections due to intermediate tetragonal phases or

equilibrium phases is investigated. A model for the calculation of the

lattice constants of the tetragonal phases is presented. The consequences

of diffuse interfaces present in the two phase structures for the

diffraction patterns are also considered.

V.2 Calculation of the structure factor from the "square-wave" model

During spinodal decomposition the "phase separation" is achieved

very fast because the diffuston distances are very short (see page 12).

In the models used for the calculation of the diffracted intensities

it is therefore assumed that the (coherent) equilibrium concentrations

are reached. Neglecting the difference in scattering factor between

Au (atomic number 79) and Pt (atomic number 78) only the modulation of

lattice spacing has to be taken into account.

Description of the models

In chapter II models were summarized based on a "square wave"

modulation of the lattice constant. The model of Hillert is essentially

one-dimensional{see fig. V.1). In a certain volume of the crystal the

spacing in one of the three cube directions is modulated while in the

other two cube directions the spacing remains constant. Since all cube

directions are equivalent three types of domains exist, each with a

different orientation of the modulation direction.

After relatively long aging times two types of tetragonal phases were

observed in spinodally decomposed alloys (see section 11.2). One

tetragonal phase has a c/a ratio larger than one and the other a c/a

ratio smaller than one, whereas for both phases a was equal to a of

the original homogeneous cubic alloy. In the following the square wave

in the Hillert model is associated with two tetragonal'phases. The

lattice constant in planes perpendicular to the modulation direction is



assumed to be a . The lattice constant parallel to the modulation

direction is c\ for the Au-rich phase and c2 for the Pt-rich phase. The

compositions of the tetragonal Au-rich and Pt-rich parts of the modulation

wave are taken equal to the(coherent) equilibrium concentrations. To a

first approximation the volume of a tetragonal unit cell is equal to

the volume of the unit cell of the corresponding f.c.c. (coherent)

equilibrium phase, thus

ca 2 = a?
1 o 1

(i = 1 or 2) (V.I)

[100]

Ci

Pig. V.I - One-dimensional model of Rullert.

The model of Jibuti and Tyapkin is a three-dimensional one. The



modulation of the lattice constant is determined by square waves along

each of the cube directions (see fig. 11.*»). The wavelength and the

shape of the three modulation waves are assumed to be identical in the

three cube directions. Distances between (100) planes are solely

determined by the square wave along the [100] direction. As long as

(H0O) reflections are considered only one of the three modulation

waves is detected. This means that the results of calculations based

en the one-dimensional Hillert model can be applied to (H00) reflections

from a crystal with a three-dimensional modulation. In the model of

Jibuti and Tyapkin two cubic "phases" and two tetragonal "phases" are

present. The two cubic phases can be associated with the two (coherent)

equilibrium phases. This leads tc the assumption that

(V.Z)c. = a .

The two-dimensional model proposed by Khachaturyan (see page

has also to be considered. Now the modulation of the lattice constant

in a certain volume of crystal is determined by two identical square

waves along two cube directions (see fig. V.2). The lattice constant

parallel to the third cube direction is assumed to be a . Here too

the results of the calculations based on the one-dimensional Hillert

model are valid in case (H00) reflections are considered. From fig. V.2

it is clear that two tetragonal "phases" and one orthorhombic "phase"

are present. Again the tetragonal phases are associated with the

two (coherent) equilibrium phases. This leads to the assumption that

c?a = a?
i o i

(V.3)

As in the case of the one-dimensional modulation three types of domains

can be distinguished, each domain being modulated in a different set

of directions.

In order to discuss the models clearly, a first order approximation

of the calculation of the lattice constants was used. A better

approximation is given in section V.7» the outcome of which is used
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Fig. V.2- Two~dimensi.onat modulation.

for the calculation of the structure factor.

Structure fastor G acccvding to Hillert

For all cases mentioned there is only one modulation wave that

contributes to the structure factor of (H00) reflections. Hillert

calculated the structure factor for a position modulation of unit

cells. In anf.cc. alloy with a known square wave spacing modulation

in a cube direction, the position of all {100} planes, containing

atoms, is known and can be inserted in the calculation of the

structure factor. The relation of Hillert (see eq. 11.7) is then

modified in such a way that for the spacing between the "scattering

centers" aQ/2 has to be taken instead of aQ and for the numbers of
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"scattering centers" 2b,2c and 2Q, have to be taken instead of b, c and

Q. Taking the scattering factor per unit area of the scattering planes

as unity, the structure factor becomes

sin2TfRa e x)c

s i nirRa. _+_
2

2cosirRa - e2)b-Q>
si nirRa (1 - E2)b

simiRa

where R is the length of the reciprocal lattice vector R* = ha*. Note

that the unit vectors in reciprocal space are based on the unit

vectors of the f.c.c. cell of the homogeneous alloy. Per f.c.c. cell

there are two planes acting as "scattering centers". Since only a

whole number (n) of planes is possible 0. can adopt the values n/2.

Because the main reflection does not change in position the mean

lattice constant remains a , thus

Q_a = 2c Ci + 2b C2 (V.5)

or

Q = 2c(i 2b(1 - e2) (V.6)

With 0. = 2b + 2c, this leads to the condition

c e2

(V.7)

As EI and e2 are determined by thermodynamic conditions, independent

of the wavelength Q., there is in general no value of Q = 2b + 2c for

which b/c equals ei/e2. This diff iculty can be overcome by assuming

that in a certain volume of the crystal the following condition is

fu l f i l led
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I Q,•- I [2c.(1 + El) + 2b. (1 - e2)] (V.8)

or

(V.9)

This implies that the concept of a strictly periodic spacing modulation

is abandoned. Instead of that there is a number of zones with different

thickness Q.. The range of Q.. values may be restricted by imposing

boundary values on the ratio b./c. It may be shown that relatively

large variations in b./c. hardly affect the value of the structure

factor. In the following b/c is taken close to the ratio: (atomic

fraction Pt-rich phase)/(atomic faction Au-rich phase), as found from

the phase diagram by the lever rule (2,9 < b/c < 3,9).

Estimation of z\ and e 2 at T = 555 C

Since the differences between the concentrations of the corresponding

coherent metastable phases and the equilibrium phases are small (see

fig. 111.1), the following calculations are based on the concentrations

Ci = 20,0 atfc Pt and C2 = 97,6 atfc Pt of the equilibrium phases. The

lattice constants of the equilibrium f.c.c. phases are ai = A,0^3 8

and a 2 = 3,927 8, as follows from fig. 111.2. With the lattice constant

aQ = 3,953 8 of the homogeneous alloy the values of ex and e2 for the

different types of modulation are calculated from the values for Cx

and c 2 found in section V.7. The results are given in table V.I.

Calculated structure factors

In practice only the ratios of the maximum intensities of the high

and low angle side-bands I./I_ can be reliably measured. Consequently

the ratios of the squares of the corresponding calculated structure
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Table V.I -o. and E. aaloulated from the lattice constant a. of the

equilibrium phases at 555 C for an alloy of 7930 at% Pt

type of

modulation

one-dimensional

two-diment iona1

three-dimens iona1

Cl

[8]

4,191

4,084

4,043

0

0

0

ei :

,0602

,0331

,0228

3

3

3

c2

[8]

,889

,916

,927

0

0

0

E2

,0162

,0094

,0067

factors (G2/G2) i are of interest. These are given as a function of Q

for the three types of modulation considered, in fig. V.3 for the

side-bands near (200) and in fig. V.4 for the side-bands near (400).

V.3 The measured structure factors

Correction for d-dependant factors

The measured intensities of the side-bands I and I_ have to be

corrected for the 6-dependant factors in order to obtain (G2/G2)

These factors are the atomic scattering factor f, the temperature

factor and the Lorentz-polarization factor. The scattering facor fy

for the atoms in a crystal at a temperature T is given by

fT = f exp (-B sin2e/X2). Because the differences between the f- values

of the Au and Pt atoms are small, the mean scattering factor F_ of the

decomposed (two phase) AuPt alloy was calculated from

sin2e. sin2e,

As mentioned in section !!!.6 the specimens had a pronounced cube

texture. In appendix B it is shown that the Lorentz-polarization
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modulation in a 79 a/o Pt alloy at 555 °C.

curve (a) : one-dimensional modulation;

curve (b) : two-dimensional modulation;

curve (a) : three-dimensional modulation.
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curve (a) : one-dimensional modulation;

curve (b) : two-dimensional modulation;

curve (a) : three-dimensional modulation.



factor (L.P.) for the peak intensities of the side-bands near the (200)

and (A00) reflections measured with CuKa-radiation from such specimens

may be very we11 approximated by

L.P. =
cos226

sin26
(V.11)

With the eqs. V.10 and V.11 the ratio of the experimental G| and G2

is

G2 /exp (F2. x L.P.)+

(V.12)

The errors in (G2/G2) are of the order of 10%.

Fig. V. 5 - G\/G}_ as a function of Q for (200) and (400). Calculated
(full line) for two- and three-dimensional modulations;
measured from specimens treated in different ways:

symbol

X

o ^
a
0

9

•

Th [°<7]

2203

1203

1278

1203

1202

1200

1200

R [pm]

9,3

14,7
14,3

13,9
9,4

4,0

4,5

TafC]

555

555

559

500

555

556

556

t [min. ]

15

25

15

30

15 - 165

25

4
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V.4 Comparison of
- exp

G^) as a function of the measured period Q_ for the side-

bands near the (200) and the (400) reflection are given in fig. V.5.

In this figure (G^/G^) , for the two-dimensional and for the three-

dimensional modulation are also given. The curve calculated for the

one-dimensional modulation is not included because it is too far

apart from the measured values (see also figs. V.3 and V.4). It should

be remarked that for the same specimen Q (200) ?* 0 (400) (see section

IV.2). For 0 (200) > 40 and Q (400) > 30 no reliable measurements were

possible because the side-bands were too close to the main reflection.

No systematic differences between results obtained from specimens

treated in different ways can be observed. This indicates that it is

allowed to compare the calculated intensities with those measured

from specimens in which Q_ is a function of the distance to the grain

boundary or the free surface (see chapter IV). This result is made

plausible in the next section.

V.5 The side-band intensities from specimens where ^ is a function

of position

In order to make calculations possible the following assumptions

are made.

a. The specimen contains zones of size Q which scatter independently

from each other.

b. The shape of the intensity profile from one zone with size Q_ is

represented by a parabola

- Y"2(S - 1) (V.13)

where s is the distance in reciprocal space to the main reflection

and Y is a measure for the width of the profile. It is assumed that
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{\l.\k)

c. Because of the close agreement between (G2/G2) and (G2/G2) .
- _ _'. . + „ ~ CXp * - * >~ Col

for the three-dimensional modulation (see fig. V.5) the peak

intensity diffracted per zone is taken proportional to the G2

calculated for the tfcreø-dimensional modulation. The peak intensity

per unit volume from a zone with size 0_ is then proportional to

G2/0_. It will be shown (see fig. V.7) that the calculated G2 as a

function of Q, may be given by

G2 = a QD
(V.15)

where a and b are constants. Now the intensity per unit volume, in

which there are zones of size Q_, as a function of s is proportional

to

i -Q.2 (s - i ) (V.16)

d. The crystals have a cylindrical shape with radius R and the axis

of the cylinder is perpendicular to the free surface cf the specimen.

Over the penetration depth of the X-rays the value of 0. does not

depend on the distance x to the free surface. Q as a function of

the distance y to the grain boundary (see fig. V.6) is approximated

by

0_(y) = Q.(o) + ay for y < z (V.I 7)

and

Q(y) = a(R)

Obviously

for y % z

a -
- 0-(o)

(V.I 8)

(V.19)
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Q ( y )

OCR) -

Q (o)

z R

Fig. V. 6 - The variation of Q with the distance y to the grain

boundary*

The total intensity I (s) diffracted by the specimen is now found from

R

I(s) = | ad0"1 [ i - Q2(s - 1)2] 2ir(R - y)dy (V.20)

o

in which the constant factor associated with the "penetration depth"

of the X-rays has been omitted. The maximum intensity l(+) of the

profile l(s) is at

(V.21)

So

I(±) 2

2 Tia

2 R t R

= — f Qb (R - y)dy f Q b + 1 (R - y)dy
0 J 02 J

+ O

(V.22)
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With the eqs. V.17 and V.18 the integration can be carried out

R
J db+n (R - y)dy = J (a(o) + ay ) b + n (R - y)dy + j Q(R) b + n (R - y)dy
0 0 z (V.23)

This gives (for b + n + -1)

a
b+n (R - y)dy = d(R) b + n + 1 - Q(o) b + n + i )

b+n+1

d(R)b+n+2

b+n+2

With the eqs. V.19 and \l.2k the expression V.22 for the maximum

intensity becomes

(V.24)

K+) 2
d(o) + (Q(R) -

Q(R) b + 1 - Q(o) b + 1

(a(R) -

Q(R) b + 2 - Q(o) b + 2

(Q(R) -

b+2R\ d ( R ) W

zj (b+2) (<l(R)

+3 - d(o) b + 3

(b+3)(Q(R)-<l(o))
2(f)2+ (V.25)
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The position s = 1/Q for which l(s) is maximal, is found from

(V.26)

Table

side

This gives (see eq. V.20)

| db+" (s - ̂ ) (R - y)dy = 0 (V.27)

(R - y)dy

(R - y)dy

With the eqs. V.I9 and V.2*» this becomes

(aw + Uw - aw)
b+2

2 Q(R)b+1Q(R)

(d(o) + (d(R) - <IW) f
b+l

- aw ) 2 ( | -
2 a(R)[

2

- 1

(V.28)

a(R)b+3 - a w " *
b+3

b+2

(V.29)

In order to study the influence of the y-dependence of Q on

measured side-band positions and intensities, l(+)/2iraR2 and Q were

calculated for a range of realistic values of Q(R), (Ho) and R?z. The

value of b was obtained from a least squares fit of values of G2,

calculated from eqo V.4 for a three-dimensional modulation, to

G?

Fig. 1
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Table V. 2 - The constants a and b for the fit of G2 to a<f. r is the

correlation coefficient

side-band at Rao

2 * va
2 - i/a
4 + va
k - va

b

3,9979
3,6716

3,7404

2,8057

7
1

5

3

a
+

,285.

, 1 1 * ;

,748.

,488.

10-*

10"3

lo"3

10-2

r

0i999992
0,999706

0,999501

0,99^138

1600

G?

t
1400

1200

1000

800h

600

400

200-

12 14 16 18 20 22 24 26 28

Fig. V. 7 - The fit of the calculated G2 (denoted by +) to a$ (full

line) for the side-bands near the (400)^-reflection.
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G2 = aQD (V.30)

The representation by this relation is very good as can be judged from

table V.2 and fig. V.7.

The results of the calculations are given in fig. V.8 and fig. V.9

for a number of combinations of Q(R), d(o) and R/z*. Note that

l(+)/irR2 and G2/Q are intensities per unit volume. The influence of

the y-dependance of Q. on the measured intensities will appear from a

comparison of l(+)/2uaR2 with G2/2aQ, = Q. ~ /2. From the figures it is

clear that there may be large differences between structure factors

calculated from the Hillert relation',eq. (V.4),for a specimen where

Q, is constant throughout the specimen and for a specimen in which Q.

is a function of position. Systematically the difference

G2/2a0_ - l(+)/2iraR2 increases when 0_(R) - Q(o) increases. This means

that for an experimental test of calculated structure factors specimens

have to be used in which the difference Q,(R) - Q(o) is as small as

possible. This can be achieved by using a low homogenizing temperature

T. and a small grain size R.

For a specimen where Q is a function of y, the ratio

(V.3D

can now be calculated.

* All combinations, with Q(R) > Q(o)3 of the following values are used:

Q(R) = 30; 25; 20; IS.

Q(o) = 20; 15; 10.

R/z = 10; 5; 3; 2,5; 2; 1,7; 1,4; 1,25; 1,1.

(see fig. V.6).
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Fig. V. 8 - I(+)/2-naRz (o) as a function of Q+ and G\/2aQ (full line)

as a function of Q for the side-bands near (200).
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as a function of Q for the side-bands near (400).
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In f i g . V.10 the results are given as function of Q , where 0 is the

wavelength determined from the distance between the two side-bands.

Fig. V.10 - G\/G}_ for the Hillert model (solid line, eq. V.34) as a

function of Q and (G^/GU^, for a specimen in which Q

depends on y [denoted by (<*), eq. V.31] as a function of

Qrf for the side-bands near (200) and (400).
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From

m ~

s
+
+ s - (V.32)

is obtained

(V.33)

For comparison the ratio

a+Q
b+

G2 Jj-

as calculated from the Hillert equation (see eq. V.4) for a three-

dimensional modulation is also given in fig. V.10. It is concluded

that for an experimental test of the G^/G^ calculated from the

Hillert model specimens may be used in which Q. is a function of

position. The experimental values of G2/G2 might be somewhat lower

than the calculated ones, especially for the side-bands near (400).

V.6 The position of the side-bands with respect to the main reflection

The experimental results obtained following the procedure given in

section 111.6 are presented in two ways.

Fig. V.ll - The relation between s_ and s for the side-bands near

the (200) and (400) reflections. The meaning of the

symbols representing the experimental data is the same

as in fig. V.5. The broken lines give the relation

between s_ and s for v = •*>, the solid lines give the

same relation for v = 1.
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In f i g . V.I I the distance s_ from the low angle side-band to the main

reflect ion is compared with the distance s + of the high angle side-band

for the (200) and (AOO) reflection respectively. In f i g . V.12 the

s_ for the side-bands near the (200) and (400) reflections are

compared with each other; the same is done for the s+ . From f i g . V. 11

i t fs clear that the side-bands are asymmetric in position with

respect to the main ref lect ion.

As remarked in chapte.- I I (see page *»3) the position of maximum

intensity of the side-bands obtained from relation 11.18 using v = 1

deviates the most from perfect symmetry (v = °°). In f igs . V.11 and

V.12 the relations between the s_ and s values for v = 1 in case of a

three-dimensional modulation (EX = 0,0228 and e2 = 0,0067) are given

by the sol id l ines, the relations for v = °° are given by the broken

l ines. In eq. 11.18 the expression between square brackets is the

structure factor according to H i l le r t (see eq. 11.7). ' n the calculation

of s_ and s+ the structure factor as given by eq. V.4 was inserted in

eq. 11.18.

No systematic differences can be observed between measurements

from specimens subjected to different heat treatments. The graphs of

s_ versus s+ appear to be quali tat ively the same for (200) and (1*00).

At large s values s_ is larger than s + by a constant term, while at

small s values s_ becomes progressively smaller than s . s_ equals

s+ at a smaller s value for the (200) than for the (400). In the

range of s values measured the s_ CtOO) deviates the most from the s

values that would be measured in case of periodically arranged zones.

In the calculation of (^ and I + in the preceeding paragraph i t was

assumed that for one single zone

Fig. V.12 - The relation between the s_a respectively s+J of the side-
bands near the (200) and the (400) reflection. The
meaning of the symbols representing the experimental data
is the same as in fig. V.5. The broken line gives the
relation for v = », the solid line gives the relation
for v = 1.
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s_(200) = s+(200) = s_(400) = s+(400) - ^ (V.34)

The positions of the side-bands from specimens in which Q, is a function

of position were calculated for the same values of 0_(R), Q.(o) and R/z

as given on page lOO.The following results were obtained:

1. s_(400) > s+(400) [by 5,13 or less];

2. s_(200) > s+(200) [by 1,6* or less];

3. s_(400) > s_(200) [by k,S% or less];

1». s+(400) > s+(200) [by 1,4* or less].

The results given under 1. and 2. are in agreement with the

experimental results for the larger s values (see fig. V.11). Also

the result» obtained with eq. 11.18 do not conflict, with the experimental

results when v is chosen larger than 1. For the results given in fig.

V.12 the situation is less clear. The result given under 4.,

s (400) > s (200), together with the results obtained from eq. 11.18,

s (400) < s (200), do not contradict the experimental results, but

they do not provide conclusive evidence either. The results given

under 3. and the results from eq. 11.18 are not in agreement with the

experiments. The 0. values obtained (see eqs. V.32 and V.33) from the

s_ and s values calculated from eq. 11.18 with v = 1 are slightly

larger for (400) than for (200); the difference is always less than

0,35% for 10 s 0. S 30. This fact together with the results given under

3. and 4. does not provide an explanation for the observation that

0^(400) is significantly larger than 0^(200) (see section IV.2).

V.7 The disturbance of side-band intensities and positions by

reflections caused by intermediate tetragonal phases or

equilibrium phases

After short aging times Q. is a function of position in the crystal,

After longer aging times some regions of the crystal give reflections

due to intermediate tetragonal phases (see section 11.2) while the

other regions of the crystal still give rise to side-bands. Also
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equilibrium phases may develop at grain boundaries and dislocations. In

the experimental profiles the side-band intensities cannot be separated

from the intensities of the tetragonal phases or tiie equilibrium

phases. If one does not take into account the tetragonal or equilibrium

phases the interpretation of measurements from side-bands will be

incorrect. Consequently it is of great importance to recognize their

existence as early as possible. This makes it necessary to know their

lattice constants and dimensions, because these determine the

positions and broadening of the disturbing reflections under the

side-bands. For the Au-Pt alloy an attempt was made by Delhez (1969)

to measure the lattice constants of the tetragonal phases. For the

Au-rich phase he found cj = ̂ ,172 A and a = a . The reflections of

the Pt-rich phase were so close to the main reflection that no reliable

measurements were possible. For this reason it was tried to calculate

the lattice constants of the tetragonal phases from the lattice

constants of the equilibrium phases and of the homogeneous phase.

Calculation lattice constants tetragonal phases*

The homogeneous f.c.c. phase has a composition C and a lattice

constant a . In equilibrium, at an aging temperature T , there are

two f.c.c. phases with the following properties:

compos i t i on

lattice constant

atomic fraction

elastic constants

phase 1

Ci

ai

C2 ~ CQ
1 C2 " Ci

r(l). r(l)
e n ; C12

phase 2

C2

a2

Cg — Ci
f — . ...
11 " r - r

L2 L1
c(2). (2)
cll » C12

In cooperation with iv. CM. van Baal.
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It is assumed that all stages of the decomposition can be attained

from the homogeneous state merely by interchanging atoms. This means that

the lattice of the alloy remains almost the same during the decomposition.

To explain the tetragonal phases that are found experimentally it is

suggested that they are only elastically deformed cubic equilibrium

phases. In order to calculate the stresses and strains in a suitable

model, the following sequence of thought-experiments is carried out

(see fig. V.13).

a.
homogeneous crystal

[001] z

L, L
[100] X

b.
r v

I

a 2

decomposed into the

equilibrium phases

c.
tetragonal phases

Fig. V.13 - The way in which the tetragonal phases are thought to

originate from the homogeneous phase.
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a. A slab of homogeneous single crystal is thought to be embedded in a

large decomposed single crystal. The thickness is N unit cells in

the [001] direction (z direction). The slab has a constant cross-

section, with linear dimensions >> N perpendicular to the 7 direction.

b. This crystal is decomposed into a part containing the equilibrium

phase 1 and into an other part containing the equilibrium phase 2.

c. The two equilibrium phases are deformed in such a way that two

tetragonal phases are created with lattice constants c\ and ao, and

C2 and ag. The number of cells in any direction perpendicular to

the z direction has to be constant so the dimensions of the cross-

section become the same as that of the homogeneous crystal.

The strains in phase 1 are given by

a0 -

xx yy
al

and in phase 2 by

e(2) = E(2)
xx yy

a0 - a2

a2

and £ (1)
zz

cl "
(V.35)

and e
(2)

ZZ

The stress in the z direction is

c2 - a2

a2

(V.36)

a = ciTo e
ZZ iz XX

eyy zz
E
x x

r(U
2) + ru

C12 tyy + c u

With the eqs. V.35 and V.36

(V.37)

(l)
19zz

= 2c{2
, (l)

al

(2) aO - a2 (2) C2 ~

2ciy _.—+ Cly —a2 a2
(V.38)

For the calculation of cx and c2 a further assumption has to be made.
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of the stress
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' in the x direction in phase 1 has the opposite sign

:r ' in the x direction in phase 2 (see fig. V.13).
XXHowever, the mean stress o in the x direction may be approximately

given by

XX xx
+ f 7 XX (V.39)

The same holds for the y direction. The tetragonal phases in the slab

of crystal considered are surrounded by similar tetragonal phases, the

c directions of which are either parallel or perpendicular to the z

direction. Mechanical equilibrium requires that

zz xx yy

This means that the state of stress in the mean in the slab is a

hydrostatic one. As this slab is typical for the whole crystal it is

clear that

a = a = a = 0
zz xx yy

Eqs. V.38 and V.kQ give

(V.ifO)

i = a i - (V.41)

where i = 1 or 2.

The elastic constants of alloys are in general not known and have

to be estimated by interpolating between the values for the pure

metsls. Fortunately the ratios c I 2/c 1 1 for various f.c.c. materials

do not differ very much: they are in the range 0,6 - 0,85. It may be

assumed that a linear interpolation of C12/C11 between the values for

the pure metals will give acceptable results.

In table V.3 a survey is given of calculated and measured values for



Table V.3 - Measured and calculated values of a.

alloy

Cui0Ni7Fe3

Cu6Mi3Fe

Cu3Ni3Fe

CuNiCo

50-21-29

AuPt 20-80

aginc

temp.

[°C]

800

650

650

600

600

565

ao

[8]

3,586

3,584

3,577

3,557

3,551

3,9533

ai

[8]

3,594

3,592

3,590

3,585

3,585

4,0433

a2

[8]

3,579

3,568

3,567

3,527

3,527

3,9270

measured

[8]

3,604

cubic

3,598

3,640

3,631

4,172

calculated

[8]

3,605+0,002

3,608+0,003

3,624+0,006

3,633+0,007

4,191

with

cii>
d!>"

0,7+0,1

0,7+0,1

0,7+0,1

0,7+0,1

0,82

a?
ag
[8]

3,610

3.616

3,642

3,654

4,229

measured

[8]

3,568

3,548

cubic

3,480

3,496

?

c2

calculated

[8]

3,569+0,001

3,546+0,003

3,485+0,006

3,493+0,005

3,889

with

ef!>

d?"

0,7+0,1

0,7+0,1

0,7+0,1

0,7+0,1

0,72

a|

ai
[8]

3,565

3,536

3,468

3,479

3,875

refe-

rence

1)

1)

1)

2)

2)

3)

r e f e r e n c e s 1) Hargreaves ( 1 9 5 1 ) .

2) Geisler, Newkirk (1949).

3) Delhez (1969).



ci and c2 for a number of alloys. For the ternary alloys no attempt

was made to calculate c12/
cn« Putting c12/cn = 0,7 + 0,1 does hardly

affect the values calculated for c. The agreement between the

experimental and calculated values for c. is good. It is clear that

the va'ues from

-

a« •

(V.42)

are a far better approximation than the values from

af

o

(V.43)

(see section V.2).

The same reasoning as above can be used in the case of a two- or

a three-dimensional modulation. In a two-dimensional modulation the

tetragonal phases (see fig. V.2) are also considered as deformed

equilibrium phases. The lattice constant in the z direction must be

ao and in the x and y direction c The strains in phase i are given

by

e

xx
e

yy

c. - a.

a.
.(I) _
zz

a0 - a.

a.

The stresses in the x and y direction are

i)
xx

a = 0 =
yy

[cii'
From the eqs. VOM» and V.^5 one obtains

c. = a. -
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Using the data given in table V.3 this gives for the AuPt alloy

cj = k,08k 8 and c2 = 3,916 8. For a three-dimensional modulation it

follows immediately that

c. = a. (V.i.7)

Reflections from tetragonal and equilibrium phases

It is expected (see chapter I) that the sequence of phases that

appear during the coarsening of spinodal structures is

1. (nodulated f . c .c . l a t t i ce ;

2. intermediate tetragonal phases;

3. equilibrium phases.

The sizes of newly formed phases will be of the same order of

magnitude as the phases from which they originate.So the reflections

from the tetragonal phases will be broadened considerably by small

particle size. Moreover, reflections from tetragonal and equilibrium

phases may be broadened by non-uniform strain. Equilibrium phas^ •

may also be formed directly at dislocations and grain boundaries.

However, it is not likely that this happens during the early stages

of the coarsening process (see chapter I). The si de-band intensities

may be disturbed by strongly broadened reflections from intermediate

tetragonal and equilibrium phases.

In the model used for the calculation of the lattice constants

of the tetragonal phases an abrupt change in composition and lattice

constant was assumed. Actually the composition and the lattice

constant change gradually across the interface. As shown by Mei jer ing

(1966) the width of the diffuse interface may be of the order of a

few atomic planes. Normally the diffuse interfaces are of no

importance for the calculation of diffracted intensities, but in the

case of diffraction from plates with a thickness of the order of ten

atomic planes the contribution of the intensity scattered by the
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diffuse interface will be appreciable*. Fig. V.Tt gives a schematic

picture of the lattice constant in the tetragonal phases as a function

of the distance z perpendicular to the tetragonal plates (see fig. V.13)

It is assumed that the thickness of the Au-rich plate is 8 unit cells,

that the thickness of the Pt-rich plate is 27 unit cells and that the

width of the diffuse interface is k unit cells. The ratio of the

thicknesses of the Au-rich and the Pt-rich plates agrees approximately

with that obtained with the lever rule for a AuPt-alloy with 80 atomic

percent Pt at a decomposition temperature of 556 C. The total thickness

of the plates corresponds to a 0. value at which the intensities and

the positions of the side-bands deviate from those at lower Q, values

(possibly indicating the presence of reflections from intermediate

tetragonal phases) (see fig. V.5, V.11 and V.12).

For the arrangment of fig. V.H the intensity distributions in

reciprocal space near the (200) and (400) main reflections were

calculated. The distance s to the main reflection (H00) is given by

s = h - H (V.48)

the length of the unit vector being I/a . The following assumptions

were made:

a. The intensity distribution from a diffuse interface is zero outside

the range in reciprocal space between H/ci and H/c2 and constant

The Hillert model used for the calculation of the intensities of

the side-bands is not very realistic because an abrupt change in

the lattice constant across the interface is assumed. This

shortcoming may perhaps be compensated by using effective values

c i and e2. The effective ej or e2 may be thought to correspond to

an average lattice constant over the thickness of the Au-rich or

Pt-rich region of the modulation. Correspondingly 3 with a constant

thickness of the diffuse interfaces, the effective e should be the

lower the smaller the Q value.
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4200

c[Å]
4,100-

4,000-

3,900

/Au-rich
plate

8 a 0

35a,

Pt-rich plate 7

Fig. V. 14 - Schematic diagram of the lattice constant in tAe tetragonal

plates as a function of distance z. The calculated values

for c\ and cz are used (see table V.Z).

inside that range. The distance Sj/a between the position H/cj

and the position H/a of the main reflection is

H H
a ao o

so

(V.50)

Analogously

a
H(-2-

C2

b. The total intensity inside the range is taken equal to the

total thickness of the diffuse interfaces.

(V.51)
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(200)
«quilibrium Pt-rich phsst

itvuntity

iquilibrium »u-rich phiM

(400)

15 2510 15 10

tquilibrium Pt-rieh phaia

intensity

equilibrium Au-rich ph i»

-030 -0.20 -0.10
Q

0.10
10 15 2025 35 35 »20 15 10

Fig. V. 15 - T^ijnsity distribution in reciprocal space for the

arrangment of fig. V.14.

Intensity from the Au-rich plate where the

lattice parameter is constant.

. Intensity from the Pt-rich plate where the

lattice parameter is constant.

Intensity from the diffuse interfaces.

Total intensity (smoothed)

The positions of the reflections from the equilibrium phases

and of side-bands corresponding to a number of Q values are

indicated.
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c. The width at half height of the reflections from the regions with

constant lattice parameter is taken equal to their reciprocal

thicknesses.

d. The peak intensity of the reflections from these regions is taken

equal to the square of their thicknesses.

For comparison a number of Q. values is given in the s-axis of fig.

V.15. Without diffuse interfaces the width at half height of the

reflections from the tetragonal plates is smaller than with diffuse

interfaces. Especially for the reflection of the Au-rich plates the

effect is substantial. The photographic recordings of reflections

from the tetragonal phases obtained by Delhez (19&9) as shown in fig.

V.16 are in remarkably good agreement with the intensity distributions

given in fig. V.15. As the thicknesses of the plates increase the

reflections from the Au-rich plates become more pronounced and the

diffuse interfaces become relatively less important. This effect was

also observed by Delhez.

Van der Toorn (i960) showed that the diffuse intensity appearing as

streaks in fig. V.16 corresponds to rods in the <100> directions in

reciprocal space. The streaks were interpreted as due to the finite

thickness of plate-like precipitates. From the above it may be

concluded that, apart from a size effect, the intensity from diffuse

interfaces is an important contribution to the streaks. From the fact

(200) (400)

2 0

Fig. V.16 - Photograph of the (200) and (400) reflections from an

oscillating polycrystalline AuPt (20-80) specimen decomposed

at 550 C during 775 minutes, obtained by Delhez (1969).
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that the rods run in the <100> directions it is concluded that the

diffuse interfaces are parallel to the {100} planes.

At the position of the reflection from the Au-rich tetragonal phase

near the (200) reflection an "extra" intensity is possibly observed

(see fig. V.17). The reflection from the accompanying Pt-rich phase

must be under the high angle side-band. From Fig. V.15 it is expected

that the peak intensity of this phase will be about 10 times the

intensity occurring at the position of the reflection from the Au-rich

tetragonal phase. Taking the intensity of the reflections from the

tetragonal phases proportional to the intensity of the observed main

reflections, the intensity of the reflection from the Pt-rich

tetragonal phase near (400) will be approximately the same as the

intensity at the position of the reflection from the Au-rich tetragonal

phase near (200). Fig. V.I7 shows that this extra intensity might be

present. The extra intensity at the position of the reflection from

the Au-rich phase near (400) is too low to be observed. These extra

intensities under the side-bands and the main reflection (see fig.

V.15) cannot account for the too low ratio of the intensities of the

oq and cx2 main reflections. Fig. V.18 shows the intensity distribution

near (200) and (400) from a specimen that is aged for such a time that

reflections from the equilibrium phases are observable. An intensity

under the main reflection as indicated by ( ) can fully explain

the low ratio of the ax and a2 intensities. By ( ) the intensities

are indicated which were recorded with the same setting of the rate

meter as used for the recording of the side-band intensities of fig.

V.17. The long tail on the low angle side of the reflection from the

Au-rich equilibrium phase may cause the extra intensity observed in

fig., V.17 at the position of the reflection from the Au-rich

tetragonal phase near (200). The long tail on the high angle side of

the reflection from the Pt-rich equilibrium phase may cause the extra

intensity observed in fig. V.17 at the position of the reflection from

the Pt-rich tetragonal phase near (400).

From the above it may be concluded that broadened reflections from

equilibrium phases are present under the side-bands. There is no
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direct evidence for the presence of tetragonal phases in the specimens

investigated.

Disturbance of side-bands

To what extent the intensity measurements of the side-bands were

disturbed by the reflections from the equilibrium phases can be judged

from the ratio I /I of the intensities of the ax and a2 main

reflections before correcting for background intensities. Unreliable

side-band intensities may be expected when the ratio I /I .s
al a2

decreasing. This was the case for 0 values larger than about 20. This

happens to be approximately the 0 value for which the measured ratio

G2/G* starts to deviate from the ratio G^/G2 calculated from the

Hillert model for a three dimensional modulation (see fig. V.5).

No satisfactory explanation is available for the fact tha^s&he

measured values of G^/G2 for (400) become approximately constant at

Q^ > 20, while the measured values of G^/G2. for (200) still increase

until they become approximately constant at Q > 30. The measured

values of G?/G2 for (200) given in fig. V.5 suggest that a three-

dimensional modulation transforms into a two-dimensional modulation

as Q. increases. Because of the difficulties involved with the

interpretation of the extra intensities under the side-bands it is

very doubtful that such a conclusion may be drawn.

The extra intensities under the side-bands do not only disturb the

measurement of the intensities of the side-bands but also the

measurement of their positions. In fig. V.12 it is seen that for all

s values measured s_(200) > s_(400) and s+(200) > s (400). For

s > 0,05 (0. < 20) no serious disturbance from the extra intensities

is expected, so the extra intensities under the side-bands do not

offer an explanation for the observation that QCtOO) > 0.(200).
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-800

-600

side-band
intensity
[eps] position reflection

Pt-rieh equilibrium
phase

calculated position
reflection tetragonal
Au-rich phase

calculated position
reflection tetrago
Pt-rieh phase

position reflection
Au-rich equilibr

| phase

42 43 4 4 4 5 4 6 47 48°
26

-200

4 side-band
intensity

| 0]
calculated position
reflection tetragonal
Pl-rish phase

position reflection
?t-rich equilibrium v

x
phase

101 102 103 104 105 106 107°

26

Fig. V.17 - Intensity recordings from a specimen (B = 9>4 \im)aged at

during 105 min. The period calculated from the

distance between the side-bands near (200) is Q(200) = 25,6.
Ta = 556
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(200)
-1*5.10 [eps]

1

Au-rich equilibrium

phase

42 43

/ Jf position reflection
y ' Pt-rieh equilibrium

phase

101 102 103 104 105 106 107°
26

Fig. V.18 - Intensity recordings from the same specimen as used for the

recordings of fig. V. 17, but now aged for 345 min at 556 °C.

_ _ _ "Extrapolated" reflection from equilibrium phases.

Intensity with the same rate meter setting as used

for the recording of the side'-bands of fig. V.17.



12*4

The broadening of the main reflection and of the reflections from the

equilibrium phases

The main reflections (200) and C*00) remain unbroadened as long as

they can be observed. This even is the case when the side-bands are no

longer detectable and already very much broadened reflections from the

equilibrium phases appear (see fig. V.18). The intensity of the main

reflection relative to the total of the diffuse intensity near the

main reflection is smaller for (400) than for (200) during the whole

course of the decomposition process. The (400) main reflection

disappears at a much smaller aging time (smaller Oj than the (200) main

reflection (compare the intensities of the main reflections of fig.

V.17 with those of fig. V.18).

After about 1000 minutes at 556 °C the main reflections are no

longer observable and only broadened reflections are present at

positions close to the positions of the equilibrium phases (see fig.

V.19)*. With increasing aging time they shift to the exact positions

of the reflections from the equilibrium phases. With increasing aging

time the widths of these reflections also decrease. For the Au-rich

phase as well as for the Pt-rich phase it is found that the ratio of

the widths at half height of the (200) and (A00) reflections is equal

to the ratio of the corresponding tgö values. This means that the

broadening must be caused entirely by non-uniform lattice spacings.

With the specimen used for fig. V.19 no decomposition structure could

be resolved in the optical microscope, so its particle size must be

of the order of 1000 to 2000 8. The width of the reflection from the

Au-rich phase is about three times the width of the reflection from the

Pt-rich phase.

No satisfactory explanation can be given for the fact that the main

reflection remains sharp as long as it is observed. Also it is not

* After these long aging times some surface precipitation has to be

removed by etching in order to obtain reliable diffraction patterns.
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Pt-rich phase

(200)

homogeneous phase

Au-rich phase

44 4 5 46 47°
26

Pt-rich phase

(400)

homogeneous phase

Au-rich phase

98 99 100 101 102 103 104°
-29

Fig. V. 19 - The (200) and (400) reflections of the Au-rich and Pt-rich
"equilibrium" phases from a specimen that is aged at 556 C
during 2955 minutes.
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clear why the reflections of the Au-rich and Pt-rich phases are not at

the positions of the reflections from the equilibrium phases and why

they are broadened by non-uniform lattice spacings.

A sharp main reflection without side-bands might arise from

tetragonal phases with large dimensions perpendicular to the c-axis.

In this investigation there is no direct evidence for the existence of

tetragonal phases. Besides, in a three-dimensional modulation there

are already "cubic" phases, so there is no need for the formation of

tetragonal plates. On the other hand Delhez (see fig. V.16) observed

reflections from tetragonal phases on the same alloy (with a different

technique). When the low angle side-band has disappeared the position

of the high angle "side-band" lies between the positions of the

reflection from the Pt-rich tetragonal phase and the reflection of the

Pt-rich equilibrium phase (see fig. V.15). As the aging time increases

the high angle "side-band" moves towards the main reflection. One may

suggest that the high angle "side-band" is composed of reflections

from tetragonal and equilibrium phases. Another possibility is the

independent scattering of the components of the two-dimensional

modulation (see fig. V.2). As the aging time increases the amount of

intermediate phase decreases in favour of the amount of equilibrium

phase, causing the high angle "side-band" to move towards the main

reflection.

The invisibility of the Au-rich tetragonal or equilibrium phase in

that stage of the decomposition may be explained by the small size

and by the large "thicknesses" of diffuse interfaces (see fig. V.15).

The three-dimensional modulation contains regions (the "tetragonal"

ones) that are not fully decomposed. As the transformation from a

three-dimensional, via perhaps a two-dimensional modulation, to a

plate-like structure is proceeding there will be a reduction in the

amount of not fully decomposed alloy. This is achieved by a diffusion

process that enlarges the diffuse interfaces present in the Au-rich

and Pt-rich cubic phases. The average compositions of these phases

will be in between the respective equilibrium composition and the

composition of the homogeneous alloy. The Au-rich plates are thinner



127

than the Pt-rich plates, so the difference between the average

composition and the equilibrium composition will be larger for the Au-rich

phase than for the Pt-rich phase. With increasing aging time the

average compositions approach the equilibrium compositions. In this way

the position and the shift in position of the observed reflections of

the "equilibrium" phase can be explained. The difference in width of

the reflections of the Au-rich and Pt-rich phases is explained by a

larger variation in composition (and so in lattice spacing) inside the

Au-rich phase than in the Pt-rich phase.

V.8 Discussion and conclusions

As is shown in fig. V.5 the measured values of G^/G^ for (200) and

(400) at the lower Q are in reasonable agreement with the values

calculated for a three-dimensional modulation. This indicates that the

assumptions made in the calculations are valid, and that the measuring

procedure and the processing of the data are correct.

This satisfying result was obtained on the basis of the square wave

model of Hillert and the assumptions that b/c may be chosen according

to the lever rule and that for a three-dimensional modulation the

lattice constants Ci and c2, from which ej and e2 are calculated,

are equal to the lattice constants of the cubic equilibrium phases. So,

in a AuPt 20-80 alloy the cubic regions of the three-dimensional

'modulation have reached the equi 1 ibrium concent-rations after 5 minutes- ?.

(or less) of aging at 555 °C.

It is indeed very likely that spinodal decomposition in a AuPt

20-80 alloy at 555 C initially causes a three-dimensional modulation

of the lattice constant. For such a modulation only satellites with

indices (H + 1/Q, 0, 0) are possible near the (H00) main reflections

(see chapter II). For (HKO) reflections however satellites of the type

(H + 1/Q), K + 1/Q, 0) should exist. Their intensities can be

calculated from eq. 11.8. Because in this investigation the intensities

of the (H + 1/d, 0, 0) side-bands relative to the main reflection were
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always less than 0,1 the intensities of the (H + 1/Q, K + 1/Q, 0) side-

bands will not be detectable. Also in the oscillation photographs made

by Delhez (1969) only satellites of the type (H + 1/Q, 0, 0) were

observed. So, in this way the existence of the three-dimensional

modulation could not be confirmed. However some independent evidence

was obtained from replicas of similar specimens studied in the electron

microscope.

The replica experiments* will not be described here, except for the

fact that the replicas show a more or less irregular pattern of lines

and of points that are lined-up. Such a pattern is expected from a

two- or three-dimensional modulation. A plate-like structure causes

a line pattern in a replica.

From figs. V.11 and V.12 it follows that side-band positions

calculated from eq. 11.18 with v larger than 1 will give a better fit

with the measured positions. As already shown by Hillert (1956, 1961)

the positions and intensities of the side-bands for v equals 2 or 3

are close to the positions and intensities for v = <*>. So the

intensities calculated with v = °° are indeed the correct ones for

the comparison with the experimentally determined intensities (see

page kl).

The positions of the side-bands are asymmetric with respect to the

main reflection. This can be explained by the fact that Q is a function

of position in the crystal (see section V.5). The asymmetry may also

be due to a small value of v. It must be noticed that the side-band

positions calculated according to the method presented in section

V.5 are independent of v. The width of the intensity profile caused

* The experiments wers carried out by Mr. CD. de Haan. Uyttenbroek

(1972) described the method used and showed that dominant directions

in the replica correspond to intersections of cube planes with the

specimen surface and that from the replica a period Q can be

determined.
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by v coherent zones is y = 1/Qv [see eq. (v.Ti)]. Using this in

expression V.20 for the total intensity, v vanishes in the expression

V.28 which gives the side-band position.

From the calculations no explanation was found for the observation

that d(AOO) > 0.(200). The measured s_(M)0) deviates the most from the s

values that would be measured in case of diffraction from a strictly

periodic modulation (see fig. V.12). The low angle side-band near

(400) has a rather low intensity and a small systematic error in the

determination of the background may cause a systematic error in

s_(M)0) and so In £(400).

As shown in section V.5 the dependence of Q. on position due to the

disappearance of vacancies during the aging treatment does not affect

the comparison of the ratios of the experimental and calculated side-

band intensities. This is only true when every part of the specimen

gives rise to side-bands. With increasing aging times the difference

between Q. ir, the center of the crystal and Q. near the grain boundaries

increases. It may well be possible that the regions of the crystal with

the smaller Q. values still give side-bands, while the regions with the

higher Q values already give reflections that can be interpreted as due

to tetragonal phases. If this is the case then the positions and the

intensities of the side-bands measured are not correct because the

two types of reflections cannot be separated. The comparison with

theoretical values will then lead to wrong conclusions.

For an accurate analysis of the diffraction phenomena observed

during the coarsening of structures developed by spinodal decomposition

it is necessary to investigate specimens in which there is no variation

in Q. due to the disappearance of vacancies during aging. Rather perfect

single crystals should be used for that purpose. After the aging

treatment and before the diffraction experiment these single crystals

should be etched so far that the zone under the free surface from

which vacancies have disappeared during aging is completely removed.

The model used for the calculation of the lattice constants of the

tetragonal Au-rich and Pt-rich plates gives results which agree very

well with experimentally determined lattice constants in different
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alloys. A reasonable estimate of the lattice constants in a two- and

a three-dimensional modulation can be made using the same assumptions

as for the case of the tetragonal plates.

Van der Toorn (I960) and Delhez (1969) showed that plate-like

structures are formed in AuPt alloys after a sufficiently long aging

time. In this investigation it is shown that after shorter aging times

(lower Q values) a three-dimensional modulation exists. From the

intensities of the side-bands at the higher 0 values no evidence was

found that the three-dimensional modulation had been transformed into

a two- or a one-dimensional modulation. This information might be

missed because of an incorrect measurement of the side-band intensities,

which are possibly disturbed by underlying reflections (see section

V.7). However the most likely explanation is that after such a

transformation no side-bands can be observed because the Q values are

too high (see section 11.2) or because the structure has become(partly)

incoherent.

The reflections due to the independent scattering of the separate

regions of a three-dimensional modulation (see section 11.2) which

are near the (200) and C*00) main reflections coincide with the

reflections from the equilibrium phases. At the positions of the

reflections from the equilibrium phases an intensity that increased

with aging time was observed. When this intensity would be due to the

independent scattering of the separate regions of the three-dimensional

modulation a decrease in that intensity should be observed when a

transformation into a two- or one-dimensional modulation occurred.

It is concluded that the above mentioned intensity is caused by

equilibrium phases at all aging times.

It is shown in section V.7 that apart from particle size and strain

effects, the presence of diffuse interfaces has to be taken into

account for the interpretation of the diffraction phenomena that are

observed after the disappearance of the side-bands.
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VI THE BEHAVIOUR OF THE EXCESS VACANCIES

VI.1 Introduction

in this chapter it will be shown that information on the behaviour

of the excess vacancies can be deduced from the dependence of the

measured values of the wavelength Q on the distance x to the free

surface of the specimen.

During aging excess vacancies disappear at the free surface and at

the grain boundaries. Consequently the wavelength Q is a function of

the distance x to the free surface and of the distance y to the grain

boundary (see chapter IV). The Q value at a certain x obtained with

X-ray diffraction is some average of the Q values present in the part

of the specimen from which information is obtained with the X-rays.

Because the weighing factors for the averaging are not well known it is

impossible to analyse the Q-.00 curves exactly. However, with some

simplifying assumptions a Q.(x) curve, that would have been measured if

no grain boundaries were present, can be derived from the actually

measured Q^x) curve. The Q_(x) curve obtained corresponds to the (one-

dimensional) diffus ion of the excess vacancies towards the free

surface.
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It is possible to make a reasonable estimate of the effective*

diffusion coefficient D of the vacancies. The value of D may be

compared with the diffusion coefficients of the equilibrium phases to

obtain some information about the structure of the two-phase alloy.

When D is known the aging conditions may be chosen in such a

way that no excess vacancies disappear from the centre of the grains.

In such aged specimens, from the Q. value at the free surface and that

in the cer.tr&of the grains, the ratio of the rate constants for

coarsening w:thcut and with excess vacancies can be found. From this

ratio some insight may be gained on the coarsening mechanism and on

the behaviour of the excess vacancies in a two-phase alloy.

VI.2 Correction for the presence of the grain boundaries: Q(x) from

In section V.5 a procedure was developed to calculate the wavelength

Q as would be found from the diffraction pattern when Q is a given

function of y (see fig. V.6) (see eqs. V.29 and V.33). The objective of

this section is to calculate from the observed Q (x), the Q(x) that

would have been measured if no grain boundaries were present. For that

purpose the same assumptions are made as in section V.5 (see page 3k).

At a given distance x to the free surface the wavelength Q(y) as a

function of the distance y to the grain boundary is approximated by

the eqs. V.17, V.18 and V.19 (see also fig. V.6). If at y = R no excess

vacancies have disappeared to the grain boundaries Q.(R) is equal to

Q(x)i the value of the wavelength in the absence of grain boundaries.

In a deaomposed alloy the vacancy concentration and the diffusion

coefficient are different -in the coexisting phases. For diffusion

of vacancies over distances large compared to the wavelength Q one

may introduce an effective vacancy concentration and an effective

diffusion coefficient.



With Q(R) = Q(x) and the eqs. V.29 and V.33, Q(x) may be calculated from

0 (x) when Q(o), R, z and b are known. The values of these parameters

were determined as follows.

The value of Q(o)

It may be assumed that during aging the vacancy concentrations at

the free surface and at the grain boundaries are equal. Therefore Q_(o),

the value of the wavelength at the grain boundary»may be put equal to

the value of the wavelength at the free surface. This value is found

from the Q^x) values by extrapolation to x = 0 (see section IV.3).

The value of R

R is taken equal to the mean crystallite size as determined by

optical microscopy (see section 111.4).

The value of z

It can be shown that the shape of the Q(x) and Q_(y) curves do not

differ very much when the excess vacancies from the centre (y = R) of the

average cylindrical grain have not disappeared towards the grain

boundary. Consequently, when the Q(x) and Q(y) curves are approximated

by two straight lines of the type defined by eqs. V.17, V.18 and V.19

the values of z are not very much different. The Q.(x) curve finally

obtained (see eq. VI.1) is related to the Cl(x) curve in such a way

that the value of z is the same for both curves. From the above it is

clear that the value of z for the Q(y) curve can be obtained directly

from the Q - M curve. Actually z should be taken as a function of x

because Q.(y) is not independent of x and because the averaging of the

Q, values over the penetration depth of the X-rays is ignored. The error

caused by the last fact increases with increasing slope of the

curve. Therefore the error in the Q(x) values is largest when x is

small. As shown later the information obtained from the calculated
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Q.(x) is not very sensitive to the value of z and a visual estimate from

the Q ^ x ) curve is sufficient.

The value of b

In the calculation the values of b given in table V.2 are not used,

with a view to the assumptions made in the derivation of eq. V.29 and

the uncertainties about the values to be taken for R and z. In the

averaging of the 0,-values by the X-rays the weighing factors for a

given Q. are the volume in which that Q, is present and the intensity

diffracted by that Q.. The intensity diffracted by a zone of size 0.

increases with increasing Q,. Therefore, in case the intensity factor

is very much dominant a Q will be found which is very close to the

largest Q, present, which is at y = R (see fig. V.6). In that case Q(x)

has to be taken equal to Q_(x), which means that the Q.(x) values

obtained are too low. In case the intensity is not considered as a

weighing factor the Q.(x) values obtained will be too high. All zones

give the same intensity when b is taken equal to zero (see eq. V.3Q).

Fortunately, for b = 0 eq. V.29 becomes much simpler.

With the proper symbols and with eq. V.33 one obtains for b = 0

Q_(x) - Q_(o) = [H(x) - ]
3R2

(vi.

The real Q.(x) curve will lie between the Q_(x) curve and the Q.(x) curve

calculated from eq. VI.1.

VI.3 The quantitative analysis of the Q.(x) curves

All growth laws considered in the sections 1.3 and IV.3 may be

written as
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f [Q] = kt (VI.2)

where k is a rate constant (see eq. 1.32). In case the coarsening

is diffusion-controlled k is proportional to the effective diffusion

coefficient (c.f. eq. 1.25) and thus to the effective vacancy concentration.

With non-equilibrium vacancy concentrations eq. VI.2 can still be applied

if k at any moment is taken proportional to the local effective vacancy

concentration. When the free surface is the only sink for the excess

vacancies then after an aging time t

= K | Cv(x,x)dT (VI.3)

where C (X,T) is the effective vacancy concentration at a distance x to

the free surface after an aging time T. With an initial effective

excess vacancy concentration C . throughout and a constant effective
v,n

concentration C at x = 0 eq. VI.3 transforms to

f[Q(x)] = J
; C (x,x) - C

J C . - c
v,h v,a

v,a
(VI. It)

In the following C . i s associated with the equilibrium vacancy

concentration at the homogenizing temperature and C with the
v,a

equilibrium vacancy concentration at the aging temperature. Because

f[Q(o)] =

and

f [ Q H ] =

(VI.5)

(VI.6)

* From this equation it can be shown that the exponent m in the growth

law will be found too high when the wavelength as a funtion of

aging time is determined by X-ray diffraction with unetched

specimens [de Keijser (1975)].
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- f[Q(o)]

-, C (x,x) - C

o v,h v,a

dx = F(x) (VI.7)

where for convenience the symbol F is introduced. According to Crank

(1956) eq. VI.7 is equivalent to

= ̂  I erf , dt
ZVD To v,e

(VI.8)

where D is the effective diffusion coefficient of the vacancies.v,e
Eq. VI.8 may be integrated by parts

F(x) = erf
i/D t V»v,e v

exp - - ^ —
t 4D tv,e v,e

1 * £ X

2 erfc
v,e

(VI.9)
v,e

F(x) is given as a function of x/zJÖt in fig. VI.1. In the same
vev,efigure the reduced vacancy concentration [C (x,t) - C ]/[C . - C ]

is also shown.

The determination of D and Q(o)
"0 J &

For any growth law F(x) may be calculated from Q,^00)» %.(*) aRd 1(°) •

Note that Q^O") is equal to the constant value of <1 at large x (see

fig. VI.2). The values of Q, (») and Q(x) are calculated by application

of eq. VI. 1. The values of Q.(o) can be found from the Q by extrapolation

to x = 0 (see section IV.3). For each calculated value of F(x) the

corresponding value of x/&jDt is obtained with the use of fig. VI.1.

The plot of the x values versus the x/^/Ö T values should give a

straight line going through the origin with a slope of 2VI) t.
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Fig. VI. 1 - F(x) and the reduced vacancy concentration as a function of

- \ '•''•

'-"~T.

The above given procedure can be executed for a number of chosen

Q.(o) values. It turns out that, irrespective of the value of Q(o)

chosen, within the experimental error, a straight line is obtained

(see fig. VI.3). The slope of the straight lines is not strongly

dependent on the value of Q_(o). However, there is a unique value of

(J(o) that gives a straight line through the origin. Consequently,

aside from extrapolation of Q values to x = 0, a different method for

the determination of (J(o) is obtained. From the slope of the straight

line through the origin the proper value of 2VD t is obtained.
v ,e

The influence of growth law adopted and of the value of s chosen on

the values of Q(o) and D ob^ -ined

From the "—(x) values shown in fig. VI.2 Q(o) and 0 are deduced
ill V j6

according to the procedure described in the preceeding paragraph, using
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Fig. VI. 2 - Q (x) as obtained from the satellites near the (200)

reflection for a specimen with R = 14 3 7 ]im after 15 min.

aging at 555 °C (the same data are used in fig. IV.2 -

curve b). In the approximation of the Q (x) curve by two

straight lines the extrapolated Q(o) value of table IV.1

and 3 = 4\xm are used.

a l l combinations of z = 3;

(Q " QQ) 2 • -* In f i g . V I .3 the plots of x versus x/

; 5 vm and f [ Q ] = Q - Q ; <l2 '- Q.2; O.3 - Q 3 ;

a number of chosen Q(o) values for the combination of z

Q2

h pm and

shows th

corresponding plots of the slope A and the intercept B versus Q(o).

= Q 2 - Q.2 (the most probable growth law). Fig. VI.^ shows the

These forms of f[Q] produced the largest correlation coefficients

when establishing the phenomenological growth law (see table IV. 2).
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In table VI.1 the resulting values of Q(o) and Dw for all

mentioned combinations of z and f[0_] are collected. It should be

remarked that when f[0J is of the form Q.m - Q,Q (see eq. VI.7) the

value of 0. is irrelevant. When f[0_] = 0.-0. the value of z has no

influence (see eqs. VI.1 and VI.7). From table VI.1 it appears that

the value of z and the form of f[0_] hardly influence the values of

0.(0) and D obtained.

Table VI. 1 - The values of Q(o) and D obtained from the Q (x) data

of fig. VI. 2 for a number of combinations of z and f[Q].

Por f[Q] = (Q ~ Q )2 a value of QQ = 9 was used (see

fig. IV. 8)

f[Q]

< i -a o

Q 2 - Q 2

Q.3-04

0.3 - 0 4

Q3_ Q 3

(a - eg2

(Q - Qo)2

(Q - ( g *

z

[ym]

-

3

4

5

3

4

5

3

4

5

Q(o)

16,2

16,1

16,0

16,0

15,7

15,7

15,7

15,7

15,7

15,6

Dv,e
[cm2sec"l]

2.27.10"10

2,42.10-1°

2,42.10"10

2,42.10-1°

2,49.10-10

2.51.10-10

2,51.10-1°

2,48.10-1°

2,50.10"l°

2,49.10-1°
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Fig. VT. 3 - P£ot o/ a? versus x/3^D t /ør t?ze experimental data given
v3e

in fig. VI. 2 for the combination of z = 4 vm and f[Q] = Q2 -

The straight lines aorrespond to different values of Q(o).
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Fig. VI. 4 - Plot of Q(o) versus the slope A and the intercept B of the

straight lines in fig. VI. S.
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D and Qio) at 555 Cv3e

The values of D and Q(o) obtained from specimens aged at 555 Cv,e
during different aging times, are given in table VI.2. For an aging time

of 900 seconds also data are included obtained from specimens with a

different homogenizing temperature T. and with a different grain size R.

The percentage excess vacancies that have disappeared from the centre

of an infinite cylinder with radius R: 100 [C . - C (R)]/[C . - C 1,
V f li v Vf" V|ä

[see fig. 5.3 in Crank (1956)] can now be calculated from the average
values of D and R. This percentage is also given in table VI.2.v,e

Table VI. 2 Results obtained from specimens aged at G55 °C (Based on

data obtained from the satellites near the (200) reflection

and the most probable growth law, Q2 - Q* = kt)

t

[sec]

300

600

900

900

900

[°C]

1278

1205

1272

1203

1203

R

[ym]

13,4
9,6

14,3
14,7
8,9

Q(o)

13,3
14,3
16,6
16,0
14,4

Dv,e
[cm2sec-!]

1,5.10-1°
2,2.10-1°
1,6.10-1°
2,4.10-1°
0,8.10-1°

C . C (R)
100 v ' h " v

C - C
v,h v,a

0%

19?

7%

6%

48%

The Q_(o) values of the specimens aged during 900 seconds differ

considerably. Moreover the 0.(6) values given in table VI.2 are larger

than the 0_(o) found by direct extrapolation (see table I V.I). It is

very likely that this discrepancy is due to the rather crude

approximations made in the calculation of the Q(x) from the (Lfx)

(see eq. VI.1). As already mentioned (see page 134), especially the

assumption that z is independent of x introduces errors in the 0_(x)

values for small x and therefore in the Q(o) found. The Q(o) values

of table IV.1, on which the establishment of the phenomenological



growth law was based, should be considered as the most reliable ones.

The diffusion coefficients found from different specimens agree

remarkably well. It seems possible to determine a sensible value

of D , even for specimens where a large fraction of excess vacancies

has disappeared towards the grain boundaries (see table VI.2). In

fig. VI.5 the plot of x versus x/2V5 t is given for the specimen
v,e

where *»8% of the excess vacancies have disappeared from the centre of

the grains (see table VI.2). The fit of the points to a straight line

is of the same quality as that for a specimen in which only 6% of the

excess vacancies have disappeared from the centre of the grains (see

fig. VI.3). Therefore no value of D is rejected from table VI.2.
v,e

The average value of the effective diffusion coefficient of the

vacancies at 555 C is

D (555) -- 1,7.l0-l0cm2sec-1

V 6
(VI.10)

Although the random error is of the order of 1.10"l0cm2sec"1 (see

table VI.2) i t is d i f f i cu l t to see how reliable the value of D is .

xrym]

3

2

i

0

Q (o): 16 14 10

A."

02 04

Fig. VI. 5 - Plot of x versus x/&jb t f or a specimen with R = 8S9
o

that was aged at 555 C for 900 sea. 48% of the excess

vacancies have disappeared from the centre of the grains.
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In the calculation of the Q(x) from the Q^M z should be taken as a

function of x in eq. (VI.1). By neglecting this a Q(x) is obtained with

an incorrect "shape", which causes a systematic error in D . With a
v,e

fixed value of Q.(o) and QO») different forms of f[ft] lead to different

"shapes" of the Q.(x) curves (see eq. VI.7). Because the differences in

D obtained from different forms of f[(J] using the same O^tx) curve

are not large (see table VI.1) it is expected that the systematic
error in D is small when a constant z is used. Also the fact thatv,e
the precise meaning of the Q values calculated from the Daniel-Lipson

relation is not known (see section IV.2) introduces a systematic error
in D .No estimate of this error can be made. From the results ofv,e
chapter V it is expected that this error is minimal when Q(200) is

used.

The ratio of the effective vacancy concentrations in the centre of the

grains and at the free surface

In case no excess vacancies have disappeared from the centre of the

grains during the aging treatment eq. VI.6 may be applied. For the most

probable growth law (see eq. IV.1), this equation becomes

d(<»)2 _ Q2 _ KC t (VI.11)
o v ,n

At the free surface eqs. VI.5 and IV.1 are valid. Combination of these

equations yields

a(o)2 - KC tv,a (VI.12)

Hence, from the ratio of the slopes of the lines in plots of Q(°°)2 and

O.(o)2 versus t it is possible to determine the ratio of the effective

vacancy concentrations C . and C
v,h v,a

In table VI.3 experimental values of Q(<=°) are given for different

homogenizing temperatures and different aging times at 555 °C.
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Table VI. 3 - The experimental data used in eq. VI. 1 for the calculation

of the Q(<*) after different aging times t at 555 °C for

specimens homogenized at different temperatures T-,. The

percentage excess vacancies that have disappeared from

the centre of the grains was determined in the same way as

for table VI. 2

1202

1205

1203

1278

1272

t

[min]

5
10

15

5

15

R

[pm]

10,1

9.6

14,7

13.4

14.3

inn v * i v

c . - c
v,h v,a

2%

G%

n

z

[pm]

2

3
4

2

4

Q(o)

table IV.1

12,0

13,5

13,5

12,0

13.5

(200)

ref lect ion

15,5

17.5
20,2

15,7

20,7

0 »

16,3

19,1
22,4

16,3

23,1

The d(<=°) values of table VI.3 are used to plot Q(°°)2 and Q(o)2 versus

the aging time t (see f i g . VI .6) . As the effective vacancy concentration

C . is expected to be associated with the equilibrium vacancy

concentration at the homogenizing temperature, the slope of the lines

should increase with increasing homogenizing temperature, which is

indeed observed. The rat io of the effective vacancy concentrations

appears to be

C ,
at T. 1275 °C:

at T. = 1203 °C:

v.a

v,a

6,4

5,9

(VI.13)



/Q(OO)2

500

400|-

300h

200I-

100

Fig. VI.6 - Plot of Q(o)z (see section IV.3) and Q(<*>)2 (see table

VI. 3) versus the aging time at 555 °C.

Q(o)2 plotted according to eq. VI. 12); KC = 4,3 [min'1]

• : Q(co)2 after homogenizing at about 1275 C; KC , = 27,4 [min'1]
1/j ft

/\ : Q(*>)z after homogenizing at about 1203 C; KC ,=25,2 [min"1]
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VI.k Discussion and conclusions

The meaning of the effective vacancy concentrations C , and
"v3a

In the Lifshitz-Slyozov-Wagner theory for Ostwald-ripening (see

section 1.3) the coarsening of a disperse minor phase in a continuous

major phase is considered. It is assumed that there is no mass transport

through the disperse phase. As a consequence, only the diffusion

coefficient of the continuous major phase appears in the rate constant

for diffusion-controlled coarsening (see eq. 1.25). The mass transport

for the case of coarsening of structures developed by spinodal

decomposition may be much more complicated. If in spinodally decomposed

alloys the regions with a composition higher, respectively lower, than

the average composition C are denoted as "phases", there will in

general be a major and a minor phase. If the alloy is not very

asymmetric one may speak of two continuous phases. However, in any case

the term "continuous" is most appropriate for the major phase.

Depending on the alloy the diffusion coefficients in the minor and

in the major phase may be either very much different or approximately

equal. In case of AuPt-alloys decomposed at 555 C (see fig. I I 1.1) the

interdiffusion coefficient in the Au-rich phase is about 200 times

;larger than the one in the Pt-rich phase (see page 51). This means that

the contribution to the coarsening process of the mass transport in the

Pt-rich phase may be ignored as compared to the mass transport in the

Au-rich phase. With an average composition C < 0,6 (see fig. 111.1)

the situation (apart from geometrical factors) is alike the one

considered in the Lifshitz-Slyozov-Wagner theory, whereas for C > 0,6

it is reasonable to assume that the coarsening is governed by the mass

transport in the minor phase. So, for the AuPt (20-80) alloy investigated

the rate constant for the coarsening has to be taken proportional to the

vacancy concentration in the Au-rich phase. Therefore the formally

introduced effective vacancy concentrations C . and C (see section
v f n v f 3

VI.1 and eqs. VI.5 and VI.6) can be identified with vacancy

concentrations in the Au-rich phase.



Estimation of

At the homogenizing temperature T. the equilibrium vacancy
t \ n

concentration C / is given by

B(o)

'v,h
A exp (

kTh

(VI.

where Ep is the formation energy for the vacancies in the homogeneous

alloy and A is a constant. It is assumed that no vacancies disappear

during quenching (see sections 111.4 and IV.1) and in the very short

aging time that is required to obtain Au-rich and Pt-rich phases of

the equilibrium compositions (see page 127). The concentration of the

excess vacancies in each of the two phases at the aging temperature is

calculated using the following symbols:

= number of atoms in phase i (the Au-rich phase is denoted by

i = 1, the Pt-rich phase by i = 2)

N.

n. = number of vacancies in phase i

c formation energy of vacancies in phase i

(i)
v,h

excess vacancies present in the quenched homogeneous alloy

vacancy concentration in phase i due to a redistribution of the

f. = atomic fraction of phase i.

The requirement that the total number of vacancies in the two-phase

alloy is equal to the number of vacancies in the homogeneous alloy at

the homogenizing temperature gives

v,h v,h
(VI.15)

The free energy F of the system at the aging temperature is approximated

by

•anac



-i
F = - niln

^ - kTaJ(N2 + n2)ln(N2 + n2) - N2ln N2 - n2ln n2 1 (VI.16)

The minimum free energy is found from

d F "

with

+ dn? = 0

(VI.17)

This gives

•M)
exP(" PT ,(2)

v,a

(VI.18)
v,h =

v,h , F »
exp(- -j^—)

a

where C is the equilibrium vacancy concentration at the aging
v,a

temperature in phase i. Combination of the eqs. VI.14, VI.15 and VI.18

results in

c(o)

(2) r

v,h Cv,h
exp( - J

kTL

cxp(- rf-) + f2 exp(-

(VI.19)

Comparison of C li /C} with the experimentally determined C .JC
"3 " v j a v j ti v s a

Cv,h ^ v a "IS c a 1 c u ^ a t e c l from eq. VI.19 for the average composition

C = 0,8 of the alloy investigated. The compos i t ions of the equilibrium

phases at an aging temperature of 555 °C are Ci = 0,20 and C2 = 0,976

(see fig. 111.1). The fractions fi = 0,227 and f2 = 0,773 are obtained
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from Ci, C and Co by the lever rule. The E,. values obtained by linear

interpolation between the values for the elements are Ep = 1.06 [eV],

E£°* = 1,40 [eV] and E ^ = 1,50 [eV] (see table 111.1). With these

data one obtains for T. = 1275

*v,h

*v,a

= 3*2 (VI.20)

This va lue is cons ide rab ly l a r g e r * than the va lue of C , / C found
V j n v f 3

experimentally (see eq. VI.13). To the cause of this large discrepancy

the following may be remarked. As already argued on page 135 the value

of 0,(°°) calculated from eq. VI.1 is an overestimate and therefore the
rate constant KC , (see eq. VI.11 and fig. VI.6) is too high. Hencev,n
the experimental ratio C ./C will be determined too high. Therefore

v j n v 9 3

the large difference between theory and experiment cannot be due to an

erroneous elaboration of the experimental data. The most likely

explanation is that the model used in the derivation of eq. VI.19 is

too simple. It may be that, apart from the free surface and the grain

boundaries, there are additional sinks for the excess vacancies inside

the grains. Also, the supersaturation may be large enough for the

vacancies to cluster in such a way that they do not longer contribute

to the diffusion and therefore to the coarsening process. An other

possibility is that the vacancies interact with stress fields present

in the decomposed alloy (see page 16). The experimental data available

do not indicate which effect is responsible.

* Note that, using eq. V1.143 the ratio of the equilibrium vacancy

concentrations of the homogeneous alloy at 1275 °C and at 555 °C is

C
Cv3a
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The meaning of the effective diffusion coefficient D of the

vacancies

The description of the diffusion of vacancies through a spinodally

decomposed crystal is complicated. There are at least (see fig. 11.*»)

two "phases", each having its own vacancy diffusion coefficient. At

the interfaces there will be a gap in the concentration of the

vacancies (see eq. VI.18) and there may be a barrier to the transport

through the interface. In the case of a AuPt (20-80) alloy it is

reasonable to assume that the Pt-rich phase is continuous and that the

Au-rich phase is disperse. This implies that the vacancy concentration

in the Au-rich phase, which controls the coarsening, is determined by

the diffusion of the vacancies through the continuous Pt-rich phase

towards the free surface and the grain boundaries. This may be checked

by comparing the experimentally determined value of D =1.7.10-10

-1, v,e
[cnr^sec ] (see eq. VI.10) with the diffusion coefficients for the

vacancies in the Au-rich and Pt-rich phases. The diffusion coefficient

of the vacancies D in a pure metal may be approximated by

Dv = 10-
2exP(- ^ )

E.

kt' (VI.21)

where E., is the migration energy of the vacancies [c.f. Seeger and

Mehrer (1968)]. This relation is now applied for the Au-rich and Pt-rich

phases where the E(i)M are interpolated between the values for the
(1)elements (see table I 11.1) which gives E^ = 0,95 [eV] and

E^ = 1,k1 [eV]. At the aging temperature of 555 °C the vacancy

diffusion coefficient in the Au-rich phase is D ' = 170.10~ [cm2sec~ ]

and that in the Pt-rich phase is D^ ' = 0,3.10~10 [cm2sec"1]. Indeed,

^ '. This indicates that the interpretation of theD is close to

experimental data and the method by which D is obtained are reliable.
v,e
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Appendix A. A RE-EXAMINATION OF CARPENTER'S DATA ON THE COARSENING

OF SPINODALLY DECOMPOSED AuPt ALLOYS

Carpenter (1967) measured the wavelength as a function of aging time

and aging temperature on three different AuPt alloys: the asymmetric

alloys AuPt (60-^0) and AuPt (20-80) and the symmetric alloy AuPt

(lfO-60). A plot of log Q. versus log t was used for the determination

of m (see chapter I) and a plot of log t(Q_) versus T -1 for the

determination of the activation energy E for coarsening (see

chapter I).

The data are re-examined because the values for m obtained by

Carpenter are quite different from the values found on other alloys

(see table 1.1). The differences might be due to the different ways of

graphical analysis. Table A.I gives the data taken from the plots of

log Q vårsus log t presented by Carpenter.

The following growth laws were considered: Q_m - Q_™ = kt with

1 s m é k; Q, - Q, = kt 'm with 1 s m s 3 and Q_ = Q, exp(kt). The last

growth law corresponds to in = 0 (see page 22). Using least squares the

best fitting of the experimental data to a straight line was established

in plots of Q. versus t, of Q, versus t and of log Q versus t. In

table A.2 the values of Q, , k and the activation energy E are
o c

collected for a l l growth laws considered. E was obtained from a plot

of the logarithm of the rate constant (k or km, see page 25) versus

T " x . The most probable growth law for each alloy and for each

temperature was chosen by means of a correlation coeff icient, indicating
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the quality of the fit to the straight line, and by visual inspection

of all plots of a particular alloy decomposed at a certain temperature.

In table A.2 the most probable growth laws are indicated by *.

Fig. A.t, fig. A.2 and fig. A.3 show plots of the experimental data

of Carpenter for the AuPt (20-80) alloy*. For each aging temperature

plots are presented withm*, m -1 and m +1, where m gives the best

fit of the data to a straight line.

The most probable growth law

The best fitting value of m is different for different alloys and

different aging temperatures. It is clear that also for AuPt alloys

the value of m is small (see table 1.1). A growth law as given by

eq. 1.30 cannot be excluded outright.

The aotivati.cn energy fov the coarsening

The values for the activation energy for coarsening obtained by

using different growth laws do not differ very much (see table A.2).

This means that the determination of the activation energy from the

rate constant k is not very sensitive to the value of m used in the

analysis.

For the asymmetric alloys the activation energies determined from

the rate constant of the most probable growth law [m = 3 for AuPt

(60-40) and m = 2 for AuPt (20 - 80)] are lower than the values

obtained by the log t(Q_) method (see table A.2). Assuming that the

same value of m appears in the growth law for the Au-rich and the

Pt-rich alloys it turns out that the activation energy for the Pt-rich

alloy is significantly higher than for the Au-rich alloy (see table

A.2). This is expected in case of diffusion-controlled growth.

An alloy with this composition is also used in this investigation.
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The activation energy for the symmetric alloy obtained from the

rate constant k is significantly higher than that obtained by the log

t(Q) method. It is also significantly higher than the activation

energy for the asymmetric alloys. No obvious explanation for this

is available.

Reference

Carpenter, R.W., Acta Met. 15(1967)1567.
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Table A.I - The data obtained from the plots of log Q versus log t

presented by Carpenter

AuPt (60-40) 502°C

t[min]

T
3

t[min]

552°C 602°C

t[min]

116.2

303.8

491.3

600.2

904.7

1197.5

18.1

21.5

23.9

25.0

27.8

31.4

9.9
29.5

182.3
303.8

16.2

22.5

28.6

32.0

3.0

9.0

11.6

14.8

18.1

20.6

24.1

26.9

60.6

90.5

20.3

22.4

23.9

24.0

25.5

25.7

27.2

27.3

33.6

38.0

AuPt (40-60)

AuPt (20-80)

Tg = 5

t [min]

30.2

134.1

304.3

606.6

913.9

1209.2

Ta = 5

t[min]

122.9

301.8

625.5

923.2

1221.0

00°C

o_
19.2

18.5

19.1

20.3

21.2

21.8

02°C

Q

17.5

19.1

23.2

27.5

33.4

Ta = 5 5 :

t[<nin]

10.1

30.2

60.3

121.3

181.0

298.3

419.1

Ta = 5 5

t[min]

10.2

30.7

61.7

185.1

292.9

O_

18.7

18.7

20.1

22.0

23.0

24.9

29.2

2°C

Q

14.6

16.2

20.6

27.9

35.6

Ta = 6

t [min]

1.0

3.0

8.1

15.0

22.2

27.4

Ta =
t[min]

2.9

9.0

12.0

15.1

18.1

21.6

24.4

27.5

61.7

91.1

oo°c
a

18.2

18.0

19.1

21.1

22.5

25.9

>02°C

Q

16.7

19.1

21.3

23.4

24.5

24.9

26.4

26.8

36.5

45.4
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Table A.2 - Values of Q 3k and E . The most probable growth law is

indicated by * near the corresponding Q and k values

AuPt (60-40)

growth law

a=0.Qexp(kt)

a-ao=kt

Q.3-H3=kt

QStf^kt
° 1/2

d-Q°=kt1/3

from plot of

a

%

18.2

17.6

«16.5«

14.1

13.3

12.0

6.6

log Q. vs

= 502°C

klmin"1]

0.000478

0.01171

0.5855 *

22.37

in.3
0.5424

2.246

log t:m=4.

%

18.6

18.6

18.6

18.3

*17.7*

14.9

10.8

8; from

= 552°C

k[min"1]

0.001964

0.04723

2.345

89.88

3140 *

1.008

3.184

T

%

22.1

21.4

20.5

«18.8s

13.2

15.7

10.2

plot of log t(Q)

= 602°C

ktmin-1]

0.005642

0.1936

11.54

527.4 «

21845

2.309

5.954

E

kcal/mol

33.3

37.4

39.6

42.2

44.8

38.8

39.3

vs T -^E =49.2 kcal /mol
9 C

AuPt (40-60)

growth law

Q=0.oexp(kt)

d-Qo=kt

<12-Qo=kt

Q.3-Qo=kt

tf-tfHit
a-ao=kt

l/2

a-ao=kt
1/3

from plot of

Ta

%

18.3

18.2

18.1

18.1

• 1 8'° ,16.7

15.2

log Q. vs

= 500°C

k[min-1]

0.000156

0.00314

0.1266

3.839

*103-7 *
0.1472

0.6155

log t:m=9.

a

ô

18.7

18.4

«18.0 J

17.0

15.3

14.9

11.3

_3_; from

= 552°C

ktmin"1]

0.001048

0.02479

'1.176 *

43.36

1424

0.6454

2.198

<iO

= 600°C

kimin-1]

«17.1 «0.01409*

16.7

16.2

15.4

13.6

13.7

10.6

plot of log t(Q)

0.3033

13.18

433.8

12810

2.075

4.561

vs T "^E =
9 C

E

kcal /mol

60.4

61.2

61.9

63.1

65.2

70.8

80.5

=51.9 kcal/mol

AuPt (20-80)

growth law

Q.=tloexp(kt)

Q-Qo=kt

0.2-Qo=kt

Q3-Q|=kt

Q^-Q^kt

Q.-Qo=kt
1/2

<i-Qo=kt
1/3

from plot of

a

ô
«16.1 i

15.0

12.5

-10.8

-20.1

8.8
2.5

log Q. vs

= 502°C

k[min-i]

«D. 000590*

0.01436

0.7205

27-91

987.7

0.6479

2.668

log t;m=3.

%

15.3

14.6

*12.9

-5.7

-18.4

8.8

2.8

_2; from

= 552°C

ktmin"1]

0.003037

0.07248

*3.647 *

144.5

5310

1.503

4.681

%

19.0

17.7

= 602°C

k[min"i]

0.01033

0.3097

«14.5* 19.65 *

-15.1

-25.9

8.7
0.1

plot of log t ((i)

983.4

45695

3.663

9.400

vs T -^E =
a c

kca1/mo1

38.4

41.2

44.2

47.7

51.7

46.8

50.4

=49.1 kcal/mol
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In Q 3.5

I -
3.3

32

3.1

3.0

2.9

O 33

I31

I 29
27
25
23
21
19
17

200 400 600 800 1000 1200

200 400 600 800 1000 1200
*- t [min]

Fig. A.I - The data of Carpenter for the AuPt (20-80) alloy aged at

502 °C (see table A. 1) in plots of log Q versus t (m = 0)

and Q versus t (m = 1). The graph with the best fit of the

data to a straight line is indicated by * (see table A.2).
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(Ä2000
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10000

2000
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Fig. A. 2 - The data of Carpenter for the AuPt (20-80) alloy aged at

552 °C (see table A.I) in plots of Q versus t (m = 1), Q2

versus t (m = 2) and Q3 versus t (m = 3). The graph with the

best fitting of the data to a straight line is indicated

by * (see table A.2).
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Q 42

38

34

30

26

22

18

Q22OOO

1 1500

1000

500

0
3 (

cnoo.000

80.000

60.000

40.000

20.000

20 40 60 80 100

20 40 60

20 40 60 80 100
-— t [min]

Fig. A. 3 - The data of Carpenter for the AuPt (20-80) alloy aged at

602 °C (see table A.I) in plots of Q versus t (m = 1), Q2

versus t (m = 2) and Q3 versus t (m = 3). The graph with the

best fitting of the data to a straight line is indicated

by * (see table A.2).
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Appendix B. THE LORENTZ-POLARIZATION FACTOR FOR PEAK INTENSITIES FROM

TEXTURED SPECIMENS

The intensity diffracted by one crystal in a fixed position can be

obtained from the intersection of the Ewald sphere with the intensity

distribution l(hj, h2, 113) in reciprocal space. l(hlf h2, h3) is

calculated from the amplitude scattered by all the atoms in the crystal

and is given in units I , the intensity scattered by a free electron:

I

R2

1+cos226
(B.1)

where I is the intensity of the unpolarized incident beam, R is the

distance to the detector surface, e is the charge of the electron,

m is the mass of the electron and c is the velocity of light. The

total power P at the detector surface recorded from a polycrystal1ine

specimen is obtained by integrating the intensity from one crystal

over the area (A) of the surface of the detector and by integrating

over the number of crystals (M) that is in position to diffract into

the receiving slit of the diffractometer

P = I I(hlt h2, h3)dMdA (B.2)

In the calculation of dM the plane through the center of the focus with

height f, through the center of the specimen with height p and
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through the center of the receiving slit with height h is called the

"diffractometer plane" and is taken horizontal.

In order to keep the algebra manageable the following assumptions

are made about the diffractometer:

a. The intensity is the same for all directions in the incident beam.

b. There are no Soller-sl its present. The actual vertical divergence

is then determined by f, p and h. With Soller-slits the vertical

divergence is much smaller; this can be taken into account by

using effective heights f « < f, p „ < P and h ,, < h. The

diffractometer used had Soller-slits, the consequences of this will

be discussed later.

c. The horizontal divergence is zero. The effect of the horizontal

divergence does not strongly depend on 6. For the ratio of the

intensities of the side-bands on the high and the low angle side

of a main reflection, which are only a few degrees

apart, this assumption does not introduce serious errors.

Firstly a very narrow parallel incident beam in the "diffractometer

plane" is considered (f = p = 0 ) . When the angle between the incident

beam and a reciprocal lattice vector H [for which l(h1, h2, h3) is

a maximum] is ir/2-9-a, the crystal still diffracts the incident beam

if a is sufficiently small. The number of crystals that is in

position to diffract the incident beam can be determined by considering

the number of reciprocal lattice vectors H between ir/2-6-a and

Tr/2-6-(a+da). For textured specimens that are rotated around an axis

perpendicular to the specimen surface, an orientation function M(<fi)

can be defined so that M(4>)d<J> is the number of reciprocal lattice

vectors H making an angle between $ and <f> + d(J> with the normal (in the

diffractometer plane) to the specimen surface. The diffracted beam

that passes just below the upper edge of the receiving slit, at h/2

above the diffractometer plane, arises from crystals with a reciprocal

lattice vector H making an angle <j>, with the diffractometer plane

(see fig. B.I). The "projection" of the receiving slit in «(»-space

runs from -cj)̂  to +<f>h and is centered around <f> = 0. The number of

crystals that is in position to diffract into the receiving slit is
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then given by

dM1 = da M(cj>)d<f> (8.3)

As the incident beam, the vector H and the corresponding diffracted

beam are in one plane, it follows that

Rcose Rsin2e

%. is related to h by

- = h

R 4Rs7n9 (B.5)

diffractometer plane

_ .AJi_t — "" receivi ng

/
t

0

/ orientation function M(*) is

drawn into the plane of the paper

»<t>

- • L

Fig. B.I - Relation between §-, and the height of the receiving slit of
the diffvaatometer.
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For an incident beam that makes an angle with the diffractometer plane

thecenterof the "projection"of the receiving slit in «f-space is no

longer at $ = 0, but at, say, <j> = <j> (see fig. B.2). Assuming that the

length of the "projection" is still given by 2$. it follows that for

such a situation

m n

dM" = da j M(<(.)d(». (B.6)

For the calculation of dM the integration of dM" over a l l possible

has to be carried out. From simple geometry (see f i g . B.2) i t follows
Tm

m

2 xp ' x f

2Rsin9
(B.7)

focus specimen

receiving
slit

Fig. B.2 - Relation between & and the angle between an incident beam

and the diffractometev plane, as determined by x and x~



165

Now dM is calculated from

1 £
2 2

dM = daKI
2 2

dx

2RsinB l p

M(<j>)d(<j)) (B.8)

For convenience this is writ ten as

dM = M(6)da

The total diffracted power is given by

P = IeM(0) I I I(hlf h2, h3)dadA (B.9)

The relation between dadA and dhidh2dh3 is given by [see for example

Warren (1969)]

A3R2

dadA
sin28

(B.10)

where v is the volume of the unit cell.

For the peak intensities of the side-bands the distribution P(2e)

of power over the diffraction angle has to be known. P(26) is obtained

from the procedure given by Warren (1969). For the side-bands near

(200) and (400) the length of the diffraction vector can be approximated

by

hl 2sin6
(B.11)

From this one obtains

a
dhi = — cos9d26

\
(B.12)
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With the eqs. B.9, B.10 and B.12 and P -f P(26)d20 it is found that

P(2G) =
I M(6)X2R2a

2sin6
f f I(hlf h2, h3)dh2dh3 (B.13)

The Lorentz-polarization factor (L.P.) for the peak intensities of the

side-bands contains all the 6-dependent terms of eq. B.13- With eq. B.1

one obtains

(B.1M

The shape of M($) is the same for (200) and (400) and can be measered

easily with a texture goniometer. The orientation function M((|>) for

(100) of the AuPt specimens was very much alike a Gaussian distribution

(see fig. B.3). For the calculation of M(e) (see eq. B.8) M(<j>) was

approximated by the parabola M($) = 1 - k<j>2. By this the sharpness of

the texture is exaggerated. By carrying out the integration of eq. B.8

one obtains

L.P. =
1+cos229

sin26
1 -

k i»p2+f2+h2

s iin
2e

1+cos229

sin2e
(B.15)

from which all constant factors are dropped; the factor t represents

the texture. For the AuPt specimens used k was found to be 46,45rad~2

(see fig. B.3). With R = 175 mm and without Soller-slits p = f = h = 10 mm

for the diffractometer used, t becomes:

t = 1 -
0,0190

sin2e
(B.16)

In the present investigation the ratio of t for the top of the high

angle side-band and for the top of the low angle side-band is of

interest. When Q_ = 10 and using CuKa this ratio is 1,029 for the

side-bands near (200) and 1,003 for the side-bands near (400).
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Fig. B. S - The normalized orientation funation M(§) for [100] of the

AuPt specimens, k = 46345 rad~
2

When a diffractometer with Soil er-slits is used this ratio is

even closer to 1. Consequently, the inaccuracy in the ratio of the

side-band intensities measured with CuKa is negligible when t is

taken equa1 to 1.
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SUMMARY

Structures developed by spi nodal decomposition in a AuPt (20-80)

alloy were studied by X-ray diffraction. The structures consist of a

quasi-periodic concentration modulation, which causes a modulation of

the lattice spacing in the cube directions. The modulation of the

lattice spacing gives rise to the occurrence of side-bands in an X-ray

diffraction pattern. Information on the nature of the modulation was

deduced from the intensities of the side-bands. From the positions

of the side-bands the wavelength of the modulation was determined. The

increase of the wavelength with aging time was investigated. Special

attention was paid to the role of quenched-in excess vacancies in the

coarsening process.

The main points of Cahn's theory of spinodal decomposition are

outlined in chapter I. In this chapter also the experimental information

available in the literature on the coarsening of structures developed

by spinodal decomposition is discussed. In relation to this the

Lifshitz-Slyozov-Wagner theory of Ostwald-ripening is summarized.

In chapter II a review is given on periodic and non-periodic models

for the interpretation of the positions and the intensities of the

side-bands. De Fontaine's treatment of non-periodic modulations

was applied for the case of a square wave modulation of the lattice

constant. In addition to this interpretations are reviewed of the

diffuse reflections which replace the side-bands after longer
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aging times and which can be indexed tetragonally.

It was found experimentally that the wavelength of the modulation

was a function of position in the specimen and that after a certain

aging time at a fixed temperature the wavelength measured was dependent

on the homogenizing temperature, the grain size and the dislocation

density (chapter IV). This was ascribed to the presence of quenched-in

excess vacancies.Assuming that the coarsening is diffusion-controlled

the coarsening rate depends on the number of vacancies available.

During aging excess vacancies disappear at lattice defects such as

dislocations, grain boundaries and free surfaces. Hence, the coarsening

rate, and therefore the wavelength, are a function of position in

specimens which contain excess vacancies at the start of the aging

treatment. In such specimens the wavelength obtained from the X-ray

diffraction pattern is some average of the wavelength values actually

present in the part of the specimen from which information is obtained

with X-rays. This was a complicating factor in the interpretation of

the measurements.

In order to gain insight in the dependence of the coarsening rate on

the vacancy concentration the wavelength of the modulation was measured

as a function of the distance to the free surface of the specimens after

different heat treatments. To achieve this the specimens had to be

etched many times in succession. Moreover, a correction for the

penetration depth of the X-rays had to be applied. This correction and

the experimental details are given in chapter III.

In chapter IV it is shown that the wavelength at the original surface,

which :s determined by extrapolation, only depends on the aging

temperature. From these wavelengths a phenomenological growth law was

established: Q.2 - Q.£ = kt, where Q is the wavelength of the modulation,

Q.Q is the initial wavelength, k is a rate constant and t is the aging

time.

It is stressed that without taking into account the presence and

subsequent disappearance of the excess vacancies the experiments

easily give false information, particularly about the

coarsening process and about the relation between measured wavelengths

and physical properties of spinodally decomposed alloys.
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Chapter V deals with the quantitative analysis of the intensities and

positions of the side-bands. Intensity ratios of the side-bands on the

high- and low-angle sides of the main reflection were determined as a

function of the measured modulation wavelength. No systematic differences

were found between results from specimens treated in different ways.

Therefore reliable information on the structure of the spinodally

decomposed alloy can be obtained from a comparison of the ratio of the

side-band intensities measured from a specimen in which the wavelength

was a function of position with the ratio calculated from a model that

assumes a single wavelength value. This was also made plausible by a

theoretical calculation.

The structure factors for the side-bands were calculated for an

asymmetrical square wave modulation of the lattice constant in one, two

and three directions, respectively. The extents of the parts of the

modulation wave that correspond to Äu-rich and Pt-rich phases were taken

according to the ratio obtained from the phase diagram by the lever

rule. The "amplitudes" of the square waves are different for the one-,

two- and three-dimensional modulations and were calculated from the

values of the lattice constants of the cubic equilibrium phases. The

amplitudes calculated for the one-dimensional modulation correspond to

the lattice constants of the intermediate tetragonal phases and are in

very good agreement with experimental values published for a number

of alloys.

The calculated ratio of the structure factors of the side-bands on

the high- and low-angle sides of the main reflection were compared

with the ratio of the corresponding measured intensities after

correction for the angle-dependent factors (in connection with this

the Lorentz-polarization factor for texturized specimens was derived in

appendix B). It appeared that the lattice constant of the alloy was

modulated by square waves in the three cube directions simultaneously.

For wavelength values larger than approximately 80 A no conclusions

were possible because there was a discrepancy between results obtained

from the side-bands near the (200) and the (400) reflections. This was

mainly due to the occurrence of disturbing reflections from equilibrium

phases.
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At the end of chapter V it is shown that, apart from size and strain

effects, the presence of diffuse interfaces has to be taken into

account for the interpretation of the diffraction phenomena that are

observed after the disappearance of the side-bands.

In chapter V/l the dependence of the modulation wavelength on the

distance to the free surface is analyzed. By taking the rate constant

for the coarsening proportional to an effective vacancy concentration,

the wavelength present at a particular position after a certain aging

time can be related to the wavelength at the free surface and to the

wavelength in the centre of the grains. From this relation it is

possible to deduce an effective diffusion coefficient for the

vacancies. This effective diffusion coefficient found was close to the

diffusion coefficient for the vacancies in the equilibrium Pt-rich

phase. This indicates that the Pt-rich phase is continuous and that the

Au-rich phase may be considered as disperse.

Because the mass transport by diffusion is much larger in the

Au-rich phase than in the Pt-rich phase it is suggested that the

effective vacancy concentration should be taken equal to the vacancy

concentration in the Au-rich phase. The experiments seem to indicate

that, apart from the grain boundaries and the free surface, there are

additional sinks for the excess vacancies inside the grains. It cannot

be excluded that stress fields present in the decomposed alloy also

determine the number of vacancies available for a contribution to the

diffusion.

In contrast to the case considered in the Lifshitz-Slyozov-Wagner

theory the coarsening in the AuPt (20-80) spinodally decomposed alloy

is controlled by the diffusion in the minor Au-rich phase. In case

excess vacancies are present the mass transport in the minor phase is

dependent on the diffusion rate of the vacancies through the major,

continuous Pt-rich phase towards the sinks for the vacancies.
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SAMENVATTING

Met behulp van röntgendiffractie zijn structuren, ontstaan door

spinodale ontmeng ing in een AuPt (20-80) legering bestudeerd. De struc-

turen kunnen worden beschreven als quasi-perïodieke fluctuaties in de

concentratie van de legering. Deze veroorzaken een modulatie van de

netvlaksafstanden in de kubusrichtingen. In röntgendiffractiepatronen

ontstaan daardoor "geesten" (side-bands). Informatie over de aard van

de modulatie werd verkregen uit de intensiteit van de geesten; uit de

posities ervan werd de golflengte van de modulatie bepaald. De toename

van deze golflengte met de tijd is onderzocht. In het bijzonder is de

invloed van een ingevroren overmaat vacatures op de vergrovingssnelheid

bestudeerd.

De belangrijkste punten uit de theorie van Cahn betreffende spino-

dale ontmenging zijn uiteengezet in hoofdstuk I. In dat hoofdstuk worden

ook de tot nu toe gepubliceerde experimentele gegevens betreffende de

vergroving van structuren ontstaan door spinodale ontmenging besproken.

In verband daarmee is de Lifshitz-Slyozov-Wagner theorie voor Ostwald-

rijping kort samengevat.

In hoofdstuk II wordt een overzicht gegeven van periodieke en niet-

perïodieke modellen die gebezigd zijn voor de verklaring van de waar-

genomen posities en intensiteiten van de geesten. De behandelingswijze

van de Fontaine voor niet-perïodieke modulaties is toegepast op het

geval van modulatie van de netvlaksafstand door een "biokgolf". Tevens
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zijn in hoofdstuk II samengebracht de interpretaties van de diffuse

reflecties die in plaats van de geesten verschijnen na langere ontlaat-

tijden en die tetragonaai geïndiceerd kunnen worden.

Experimenteel werd vastgesteld dat de golflengte van dë modulatie

afhankelijk was van de plaats in het preparaat en dat deze na bepaalde

tijd op bepaalde temperatuur voorts nog afhankelijk was van de homoge-

nisatietemperatuur, de korrelgrootte en de dislocatiedichtheid (hoofd-

stuk IV). Dit werd toegeschreven aan de aanwezigheid van een ingevroren

overmaat vacatures. Aangenomen werd dat de vergrovingsnelheid bepaald

wordt door de diffusie en dus door het aantal beschikbare vacatures.

Gedurende een warmtebehandeling verdwijnen overtollige vacatures aan

roosterfouten zoals dislocaties, korrelgrenzen en vrije oppervlakken.

Daardoor wordt de vergrovingsnelheid en dus ook de golflengte van de

modulatie afhankelijk van de plaats in een preparaat, dat een overmaat

vacatures bevatte bij het begin van de warmtebehandeling. De golflengte

bepaald uit het röntgendiffractiepatroon van dergelijke preparaten is

een soort gemiddelde van de golflengten die aanwezig zijn in dat deel

van het preparaat, waaruit met röntgenstralen informatie wordt ver-

kregen. Hierdoor werd de interpretatie van de metingen bemoeilijkt.

Teneinde meer inzicht te verkrijgen in het effect van de vacature-

concentratie op de vergrovingssnelheid, werd de golflengte van de

modulatie gemeten als functie van de afstand tot het vrije oppervlak

na verschillende warmtebehandelingen. Daartoe werden van de preparaten

telkenmale lagen afgeëtst. Bovendien moest gecorrigeerd worden voor de

indringdiepte van de röntgenstralen. Deze correctie en details be-

treffende de experimenten zijn beschreven in hoofdstuk III.

In hoofdstuk IV wordt aangetoond dat de door extrapolatie verkregen

golflengte ter plaatse van het oorspronkelijke vrije oppervlak alleen

afhangt van de ontlaattemperatuur. Op basis van deze golflengten is een

fenomenologische groeiwet afgeleid: Q2 - Q2 = kt; hierin is 0. de golf-

lengte van de modulatie, 0. de golflengte op het tijdstip t = o, k een

snelheidsconstante en t de ontlaattijd.

Met nadruk wordt vermeld dat, indien de aanwezigheid en daaropvolgen-

de verdwijning van de overmaat vacatures niet in rekening worden
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gebracht, uit de experimenten geen betrouwbare informatie kan worden

verkregen. Dit geldt in het bijzonder voor het onderzoek naar de ver-

groving en het onderzoek naar de relatie tussen gemeten golflengten

en physische eigenschappen van spinodaal ontmengde legeringen.

In hoofdstuk V wordt een quantitatieve analyse gegeven van de posi-

ties en de intensiteiten van de geesten. De verhouding van de inten-

siteiten van de geesten aan weerszijden van de matrixreflectïe werd

bepaald als functie van de gemeten golflengte. De resultaten verkregen

met preparaten, die verschillende warmtebehandelingen hadden ondergaan,

vertoonden geen systematische verschillen. Om die reden is het geoor-

loofd informatie omtrent de structuur van spinodaal ontmengde lege-

ringen af te leiden uit een vergelijking van intensiteitsverhoudingen

van geesten van preparaten, waarin de golflengte plaatsafhankelijk is,,

met intensiteitsverhoudingen van geesten gevonden uit een model, waarin

slechts één golflengte is verondersteld. Dit is ook aannemelijk ge-

maakt door een theoretische beschouwing.

De structuurfactor voor de geesten werd berekend voor een modulatie

van de netvlaksafstand door een asymmetrische blokgolf. De afmetingen

van de delen van de blokgolf, die overeenkomen met de Au-rijke en Pt-

rijke fasen, zijn genomen overeenkomstig de verhouding bepaald uit het

fasendiagram met de hefboomregel. De "amplituden" van de blokgolf zijn

verschillend voor een één-, twee- of driedimensionale modulatie. Zij

werden berekend uit de roosterconstanten van de kubische evenwichts-

fasen. De amplituden voor de ééndimensionale modulatie corresponderen

met de roosterconstanten van de tetragonale tussenfasen en bleken bij-

zonder goed overeen te stemmen met experimenteel bepaalde waarden voor

een aantal legeringen.

De berekende verhouding van de structuurfactoren voor de geesten

aan weerszijden van de matrïxreflectie werd vergeleken met de overeen-

komstige gemeten verhouding van de geestintensiteiten na correctie

voor hoekafhankelijke factoren (In verband hiermee is de Lorentz-

polarisatiefactor voor getextureerde preparaten afgeleid in appendix B)

Daaruit bleek dat de roosterconstante op iedere plaats gemoduleerd was

door blokgolven in de drie kubus richtingen. Geen conclusies konden
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worden getrokken voor golflengten groter dan 80 8, omdat er een discre-

pantie was tussen de resultaten verkregen voor de geesten nabij de

(200) en de C»00) reflecties. Dit werd voornamelijk veroorzaakt door

storende reflecties van de evenwichtsfasen.

In het laatste gedeelte van hoofdstuk V wordt aangetoond dat diffuse

grensvlakken in aanmerking moeten worden genomen voor de verklaring

van de di f fractieverschijnselen, die optreden na het verdwijnen van de

geesten.

In hoofdstuk VI wordt het verloop van de modulatiegolflengte met de

afstand tot het vrije oppervlak geanalyseerd. Oe golflengte op een

bepaalde plaats na een zekere ontlaattijd kon worden gerelateerd aan

de golflengte ter plaatse van het oorspronkelijke vrije oppervlak en

aan de golflengte in het centrum van de korrels door de snelheidscon-

stante voor de vergroving evenredig te stellen met een effectieve

vacatureconcentratïe. Uit deze relatie werd een effectieve diffusie-

coëfficiënt voor de vacatures bepaald.

Oe waarde van deze effectieve diffusiecoëfficiënt bleek vrijwel

gelijk te zijn aan de dïffusiecoëfficiënt voor de vacatures in de Pt-

rijke fase. Dit suggereert dat de Pt-rijke fase continu is en dat de

Au-rijke fase als dispers kan worden beschouwd.

Omdat het massatransport in de Au-rijke fase vele malen groter is

dan in de Pt-rijke fase, kon worden aangenomen dat de effectieve vaca-

tureconcentratie gelijk moet zijn aan de vacatureconcentratie in de

Au-rijke fase. Uit experimentele gegevens werd afgeleid dat naast

korrelgrenzen en vrije oppervlakken ook verdwijnplaatsen voor vacatures

in het inwendige van de korrels aanwezig moeten zijn. Het is niet uit-

gesloten dat het aantal vacatures dat beschikbaar is voor de diffusie

mede bepaald wordt door spanningsvelden in de ontmengde legering.

In tegenstelling tot het geval dat beschouwd werd in de Lifshitz-

Slyozov-Wagner theorie wordt de vergroving in de AuPt (20-80) legering

beheerst door de diffusie in de Au-rijke minderheidsfase. Voor het

geval er overmaat vacatures aanwezig is, is het massatransport in de

minderheidsfase afhankelijk van de snelheid waarmee de vacatures door

de continue Pt-rïjke meerderheidsfase bewegen naar de verdwijnplaatsen

voor de vacatures.
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a, a+f a.

b, b+, b.

B

a superscript (i) or a subscript i denotes the phase

concerned: i = 0 the homogeneous phase, i = 1 the

Au-rich phase and i = 2 the Pt-rich phase

lattice parameter

reciprocal lattice vector

constants used in the fit of G2 to a Q.

absorption coefficient

amplitude

area

slope

a constant

amplitude of modulation

number of unit cells

constants used in the fit of G2 to aQ

Debije parameter

intercept with ordinate-axis

lattice parameter intermediate phase
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C12

CR

v,a

'v,h

D

Dv

Dv,e

ft
D

number of unit cells

velocity of 1fght

elastic constants

composition (atomic fraction of Pt)

critical composition micibility gap

equilibrium-concentration of the solution at the

surface of a particle of size R

non-equilibrium concentration of the solution at the

surface of a particle of size R

composition on the spinodal

vacancy concentration

effective vacancy concentration associated with the

equilibrium vacancy concentration at the aging

temperature

effective vacancy concentration associated with the

equilibrium vacancy concentration at the homogenizing

temperature

compositions on the coherent phase boundary

concentration of the solution at the flat surface of

a particle of infinite dimensions

diffusion coefficient

diffusion coefficient of vacancies

effective diffusion coefficient of vacancies

interdiffusion coefficient

frequency factor

charge of electron

etching rate
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f tø]

F

H, K, L
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activation energy for the coarsening process

activation energy for the rate controlling mechanism

activation energy for the diffusion

formation energy of vacancies

migration energy

atomic fraction

atomic scattering factor

free energy per unit volume

height of focus of X-ray tube

temperature corrected f

coarsening law f[Q] = kt

free energy

f[Q1 - f[Q(o)1

f [ Q » ] - f[Q(o)]

mean fT for a AuPt-alloy

free enthalpy

structure factor

diffracted amplitude of domain

structure factor for peak position of high angle

side-band

structure factor for peak position of low angle

side-band

component of vector in reciprocal space

height of receiving slit of di ffractometer

index of diffraction

reciprocal lattice vector
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J

k

'• k o ' k o

L.P.

m

intensity

intensity scattered by free electron

satellite intensity

intensity incident beam

measured peak intensity of the high angle side-band

measured peak intensity of the low angle side-band

diffusion flux

rate constant

a constant

Boltzmann's constant

constants

gradient energy coefficient

rate constant

Lorentz-polarization factor

exponent

mass electron

whole number

mob i 1 i ty

number of crystals

number of domains

orientation function representing texture

number of moIs

serial number

number of vacancies in phase i

number of crystals
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N

Nv

N.

0

P

P

a

Q(HKL)

r

r

R

<Ro
R*

s

number of unit cells

number of atoms per unit volume

number of atoms in phase i

area

height of specimen in diffractometer

diffracted power

wavelength expressed in number of unit cells

measured wavelength

wavelength obtained from the side-bands near the

(HKL) reflection

initial (t = 0) wavelength

wavelength determined from distance between high-

angle side-band and main reflection

wavelength determined from distance between low-

angle side-band and main reflection

correlation coefficient

vector defining a position

amplification factor

grain size: R =yQ/irN

particle size

radius diffractometer circle

mean particle size

mean particle size at t - 0

vector in reciprocal space R* = ha*; |R*| = R

entropy per unit volume

component of vector that gives deviation from a

reciprocal lattice point, s = h - H
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e

t (a)

T

Ta

T

chem

coh

Tc,s

V

V

distance in reciprocal space between peak position

of high angle side-band and main reflection

distance in reciprocal space between peak position

of low angle side-band and main reflection

factor representing the effect of texture

aging time

etching time

aging time to obtain a given Q

aging time at which coarsening sets in

temperature

aging temperature

critical temperature miscibility gap

temperature chemical phase boundary

temperature coherent phase boundary

temperature coherent spinodal

homogenizing temperature

temperature spinodal

volume f.c.c. unit cell

number of (Guinier) zones

volume

atomic volume

distance

distance to original free surface of specimen

coordinate in vertical direction along focus X-ray

tube

coordinate in vertical direction along specimen



182

Y

Y

m

e.

n

8

Ax

A6

X

A

A

distance to grain boundary

cll + cl2 ~ 2cf2/cn (for cubic materials with

positive an i sotropy)

distance

thickness of zone along a grain boundary

rate constant

a constant

angle between incident beam and reciprocal lattice

vector H

wave vector with length p = 2ir/A

wave vector with maximum growth rate of amplitude

a constant

measure for width of profile

strain

l<c,-ao)/-ol

linear expansion per unit composition change

Bragg angle

width of miscibility gap

half the distance between the side-bands on either

side of the main reflection

wavelength of X-rays

Q ao

wavelength with zero growth rate of amplitude

wavelength with maximum growth rate of amplitude

wavelength at which coherency is lost

linear absorption coefficient
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time

stress

surface energy

angle between normal on specimen surface and
reciprocal vector H
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STELLINGEN

1. Fysisch significante diffusiecoëfficiënten zijn te bepalen uit

concentratieprofielen van preparaten waaraan tijdens de diffusie

één diffunderende component is toegevoerd uit een andere fase,

bij constante grensvlakconcentratie, zonder dat de plaats van het

oorspronkelijke grensvlak bekend is.

E.J. Mittemeijer and Th.H. de Keijsert
Soripta Met. 11(1977)113.

2. Grote fouten in de analyse van röntgendiffractielijnprofielen,

veroorzaakt door het toepassen van een instrumenteel lijnprofiel

dat is opgenomen in een ander hoekgebied dan het te onderzoeken

lijnprofiel, kunnen op eenvoudige wijze worden geëlimineerd.

Th.H. de Keijser and E.J. Mittemeijer3
Phit.Mag.j in druk.

3. Ten onrechte bestempelde Carpanter het maximale verschil tussen de

roosterconstanten van de Au-rijke en Pt-rijke gebieden in een bij

ca. 500°C ontmengde AuPt (60-40) legering, ter waarde van 0,35 Ä,

dat nodig is om berekende en gemeten waarden voor de vloei grens

met elkaar in overeenstemming te brengen,als niet realistisch.

Carpenter, R.W., kota.Uet. 15(1967)1297.

k. De bewering van Tsujimoto, Hashimoto en Saito dat de modulatie-

golflengte bepaald uit de Daniel-Lipson relatie afneemt met de

index van'de reflectie indien de verschillen in roosterconstante

binnen de gemoduleerde legering voldoende groot zijn, is zelfs niet

geldig wanneer de verschillen in roosterconstante het dubbele

bedragen van wat genoemde auteurs in hun rekenvoorbeeld aannemen.

Tsujimoto3 T., Hashimoto^ K. and Saito, X.,

Aata Met. 25(1977)295.



5. Plastische deformatie van legeringen voor of tijdens de warmtebe-

handeling, die leidt tot spinodale ontmenging en de daarop volgende

vergroving, bevordert de vorming van een uniforme, structuur. Dit

kan leiden tot een verbetering van de mechanische eigenschappen.

Het is niet uitgesloten dat herhaalde reversie en ontmenging een-

zelfde resultaat oplevert.

Rreye, H. und Pech, P., Z.Metallk. 47/1973)765.

6. Het door Tiedema, Bouwman en Burgers gevonden verschil in ontmeng-

snelheïd tussen een polykristallijne en een êênkristallijne

AuPt (20-80) legering dient, naast de aanwezigheid van korrel-

grenzen, mede te worden toegeschreven aan een verschil in vacature-

concentratie tussen beide preparaten.

Tiedema, T.J*3 Bovaoman3 J. and Burgers3 W.G.3
Acta Met. SJ1957)310.

7. In het maatschappelijk verkeer en in het rekenonderwijs op de

lagere school is het van voordeel bij de benoeming van getallen

in het decimale stelsel de volgorde der cijfers van links naar

rechts in acht te nemen.

8. De eis dat bij een proefschrift in artikelenvorm het aandeel van de

promovendus duidelijk aangegeven moet worden in geval een artikel

in samenwerking met anderen is geschreven, of anderszins door

anderen ontwikkelde gedachten bevat, dient of te vervallen of ook

van toepassing te worden op een proefschrift in de gebruikelijke

vorm.

College van dekanen van de Technische Hogeschool

Delft. Toelichting bij de nadere regelen voor de

•promotie (ad art. 5)3 vastgesteld d.d. 6 jimi 1977.



9. Goed uitgevoerd wetenschappelijk onderzoek zal van nut zijn voor

de samenleving. Het kan ook worden gebruikt tó't schade daaraan;

niet de onderzoeker maar de gebruiker is dan verantwoordelijk.

10. Slecht uitgevoerd wetenschappelijk onderzoek,_hoe "maatschappelijk

relevant" ook, brengt schade toe aan de samenleving. Het eerste

criterium voor de beoordeling van wetenschappelijk onderzoek

dient op kwaliteit gebaseerd te zijn.

4

11. Het in 1975 door de overheid ingestelde schadefonds voor slacht-

offers van geweldsmisdrijven is volstrekt ontoereikend. De parti-

culiere stichting M.G.M. (Medeleven gedupeerden ten gevolge van

misdrijf) is geenszins overbodig en dient gesteund te worden.

12. Het is niet democratisch de democratie meer lief te hebben dan de

tirannie te haten.

Erasmus, brief aan Riehard Paoe3 5 juli. 1521:

Met pausen en keizers ga ik mee, als zij juiste

beslissingen nemen; dat is pliaht.Doen zij kwaad,

dan draag ik het; dat is veilig.

Delft, 19 oktober 1977

Th.H. de Keijser.


