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Chien-Kuo Wu
Materials and Molecular Research Division
" Lawrence Berkeley Laboratory
'Department of Materials Sc?ggce and Mineral Engineering
University of California
Berkeley, California 94720
ABSTRACT

High-resolution electron microscopy has been utilized to monitor
the decomposition process in Au-Ni spinodal alloys. Individual measure-
ments were made of lattice fringe spacings which are sensitive to
composition variations at the atomic plane level. Results indicate
that rather smooth and regular composition waves are obtained at an
early stage of decompositioh, and that later stage coarsening results
in larger amplitude fluctuations. This provides direct evidence of
simultaneous decomposition and coarsening which'qgrees with theoretical
predictions.

An analysis of reaction kinetics and morphology suggests that
decomposit}on is one-dimensional, even after very long aging times.
This behavior is believed to be the result of a large matrix strain

energy associated with the decomposition product and the slow

decomposition kinetics due to Tow temperature aging (at 1500C).
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1. INTRODUCTION

Spinodal decomposition fs a mechanism of homogeneous phase trans-
formation Which usually produces a uniform, modulated microstructure.
From the viewpoint of structural alloy design, there is a great pofentia]
for utilizing spinodal reactions to producé tough, strong alloys,
since the homogeneous microstructure produced through the decomposition
process is quite desirable in engineering applications. It provides
uniformly distributed obstacles to minimize local stress concentrations
when the material is under deformation. In addition, app1icatidns‘
of spinodal transformations to improvement of magnetic properties
have already resulted in superior alloys as those based on Fe/Cr/Co.
However, the characterization of spinodal systems has so far been
very limited, especially from the structure-properties viewpoint.

One difficulty in studying the spinodal reaction in solids is
an exact definitioﬁ of spinodal decomposition that is amenable to

(1)

experimentF1 verification. The thermodynamic criterion given by Gibbs
and then modified by Cahn(2'5) is an exact condition for spinodal decompo-
sition. But it is very difficult to verify experimentally e.g., by
diffraction when this thermodynamic criterion is satisfied because data

is needed on compositional amp]ftude and wavelength. However, since

the decomposition is spontaneous and fast, and is difficult to suppress

by rapid quenching from above the spinodal, it is quite possible that
experimental data can only be obtained after the decomposition is
completed and diffusion controlledcoarsening is obvious.

Hence, it is the purpose of this research to examine, by detailed

metallography and diffraction, the behavior of spinodal alloys during



the early stages of decomposition and establish the kinetic relationship
between fluctuation amplitude and modulation wavelength. Au-Ni alloys
have been chosen particularly for their large difference in component
lattice parameters which will permit higher accuracy in determining
localized compositional analysis. The high resolution Tattice imaging
technigue of transmission electron microscopy is utilized to directly
monitor the process‘of decomposition, obtaining both wavelength and
amplitude components of the composition modulation as a function of
aging time by a single measurement. This information will thus éerve
as a strong complement to recent computer modeling of the decomposition
process,(ﬁ) and lend further insight into the strengthening mechanisms

of spinodal alloys.



2. THEORY OF SPINODAL DECOMPOSITION

The concepf of the spinodal was formulated at the same time as
nucleation theory.(l) It was first described for chemical solutions
by J. Willard Gibbs in the 1880's. The thermodyhamic criterion for
the spinodal is that the second derivative of the free energy with
r%;pect to composition is zero (g;g-= 0). Inside the Spinoda1,Awhere

é—; <0, the unstable solid solution decomposes spontaneously into

étg phases, because-there is no activation barrier for such reaction.
Therefore, Gibbs referred to the spinodal as the limit of metastability.
The new phases form by a continuous diffusibha]»process with a gradual
change in composition across the interface. The resulting microstructure
consists of a uniform dispersion of small, coherent particles.

It is only very recent1yvthat extensions of spinodal phenomena
to metallurgical theory and so]id'so1ution reactions have been developed
fully. A diffusion theory to describe spinodal decomposition was
first proppsed by Hi]]ert.(7) Cahn(z) then modified an analytical |
expression for the phenomenological diffusion equation and described
spinodal decomposition as a sinusoidal plane wave fluctuation of the
form: |

| C(r) - C0 = A cosB ° 1 (1)

where Cb is the average composition of the homogeneous phase before
decomposition, A is the amplitude of the fluctuation, and B is the
modulation wave number. By considering the elastic strafn and surface
energies'between the two decomposed phases, the following free energy

change per unit volume must be negative in order to satisfy the spinodal

condition:
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Here, 32f/3C2 is the second derivative of Helmholz free energy with
respect to composition, n the Tinear expansion per unit composition
change, E the Young's Modulus for the average composition, v the Poisson's
ratio, and K represents the surface energy due to introducing a gradient
of composition. This is the concept of a coherent spinodal that Gibbs
did not mention in his original paper. The effect of incipient surface
tension and strain energy is to disallow the solution to decompose
on too small a scale.

In the initial papers by Cahn(z) on spinodal decomposition, only
the 1ineaf, or first order, terms in the diffusion equation were considered
in order to give an analytical expression that could easily be treated
in closed form. The solution to the derived diffusion equgtion can
be mathematically expressed as the superposition of periodic composition
waves in the solid solution with an exponential time dependence.
Included in the diffusion equation are terms for the coherency strain
energy and the concentration gradient energy. The microstructure‘
predicted by Cahn's theory is a periodic distribution of small, coherent
particles or regions of the two phases throughout the entire volume
of the anisotropic crystal.

Some of the assumptions and mathematical procedures used by Cahn
and Hi]]iard(g’g) to derive the diffusion equation for an inhomogeneous
solid solution were questioned in articles by Hirth, Tiller and Pound(lo)
and Tiller, Pound and Hirth(ll). However, in a subsequent paper by

Morris,(lz) the validity of the diffusion equation derived by Cahn



and Hilliard was substantiated; Also, Cahn and Hi]]iard(13) have
written a rebuttal to the criticisms raised by Hirth, et al.

Cahn(s) has considered the effects of those nonlinear terms on
the phase separation in the later stages of spinodal decomposition
and the beginnings of particle coarsening by using a series approximqtion
to represent the cbmpbsition dependence of the diffusion coefficient
and by then solving the resulting non-linear equation by successive
épproximations. From this ané]ysis, jt was shown that harmonic distortions
are produced that interact with the initial symmetrical composition
waves in such a way as to approach the equilibrium structure. In
alloys of asymmetrical compositions, the even harmonics distort the
initial composition waves to give a minor phase far from the average
composition and a major matrix phase consistent with the lever rule.

The odd harmonics convert the fundamental sine wave into a square
wave, i.e. a composition profile more characteristic of a.two phase
structure, by flattening the peaks of thevfundamenta1 and sharpening
the gradieht between the extremes in composition.

As for the beginnings of particle coarsening, Cahn's analysis(s)
predicts a gradual broadening of the fundamental spectrum with longer
aging time. When the non-linear terms become significant in altering
the composition waves to satisfy the Tever rule, the phase that will
eventually become the minor éhase is more developed in the regions
of greater amplification. These minor phase partitles remain larger
and the lever rule requirement that there be less of the minor phase

is carried out predominantly at the expense of the minor phase in



the less developed regions. Thus large wavelengths which are mu1t§p1es,
or harmonics, of the initial wavelength develop.

In a paper describing computer simulation of one-dimensional spinodal
decomposition, Swanger, Gupta, and Cooper(14) have méde the one-dimensional
non-linear differential equation for spinodal decomposition dimensionless,
converted it to a difference equation, and evaluated it numerically
using periodic boundary conditions. The results obtained confirm that
the initial stages of the growth of small fluctuations can be described
by a linearized version of Cahn's diffusion equation. The non-linear
term is necessary for the fluctuation to cross the spinodal and approach
the phase boundary. The existence of a gradient energy at the diffuse
interfaces between the two phases acts as a driving force favoring
the longest possible fluctuation as an equilibrium solution to the
diffusion equation.

However, in a recent computer modeling of the whole décomposition
process, Morris(s) took all the non-linear terms of the spinodal diffusion
equation ihto account and found that the kinetic relationship between
the modulation wavelength and aging time is substantially low as compared
to that of the diffusion-controlled, multi-dimensional coarsening
reaction. Hence it is believed that at the beginning of spinodal
decomposition, interpenetrating multi-dimensional composition waves
will not be observed. Instead the microstructure should consist of
many micro-domains such that only a one-dimensional modulation is
developed within each domain. There are examples in the 1iterature(15)
which suggest that the local decomposition process occurs in this

way. However, a detailed study of this morphology has not yet been
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undertaken; nor has the concept of a one-diménsiona]lmodel been highly
publicized. Thus the aim of this research is to éxtend our fuhdamenta]
understanding of spinodal decomposition in light of these microstructural
models and provide the necessary detail for documenting the onset

of both phase separation and particle coarsening.



3. EXPERIMENTAL REVIEW
3.1 Conventional Methods
Spinodal decombosition js characterized by small composition ,
fluctuations over large distances, while a classical nucleation process
js characterized by large composftion variations over small distances.
Because the new phases form by a continuous diffusional process with
a gradual change in composition across the interface, they must have
similar crystal structures as the original solid solution and they
must be coherenf. The resulting microstructure consists of a uniform
dispersion of small, coherent particles. Experimental observations
have shown that spinodal decomposition occurs in metallic, ceramic
and g]aés systems. Several review artic1es(16'18) have described
the theoretical and experimental studies pertaininé to spinodal decompo-
sition.
In elastically anisotropic materials, spinodal decomposition
occurs along the elastically “"soft" directions which are the cube directions
for most cubic a]]oys.(lg) The resulting periodic structure produces
sidebands in diffraction patterns, and this effect has been studied
extensively by investigators using x-ray diffraction. The first observa-
tion of such sidebands was reported by Brad1ey(20) for a Cu-Ni-Fe
alloy that had been quenched and then aged inside the miscibility
gap. Daniel and Lipson(21’22) made further observations on the same
alloy and, using a model based on a periodic, modulated structure,
they derived a formula relating the sideband spacing to the structural
periodicity which has been confirmed by transmission electron micro-

scopy.(23’24) The physical origin of these sidebands in some
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Cu-Ni-Fe alloys was considered in further detail in a subsequent article
by Hargreaves.(zs)

The miérostructures of a spinodally decomposed alloy can be
characterized by these parameters:

| (1) Volume fraction of the two phases;
(2) Wavelength of the modulations;
(3) Amplitude of the composition fluctuations.

Analyses of these parameters with respect to mechanical properties
in spinodal Cu-Ni-Fe alloys have been performed by Butler and Thomas(23)
and Livak and Thomas.(24) Their experimental results revealed that,
whi}é_coherency is maintained, the increment of yield stress is directly
proportional to the difference in cube lattice parameters of the two
decomposing phases, and is independent of the wavelength and volume
fractions in symmetric and asymmetric alloys. This is in good agreement
(26)

with Dahlgren's model based on internal coherency stresses to

explain the yield stress of alloys containing modulated structures.
(27)

The obseryations made on the yield strength of Au-Pt alloys and
Cu-Ni-Cr a110y(28) support the conclusion that in spinodaT alloys
containing a large volume fraction of coherent particles, the internal
stresses are the primary strengthening mechanism. However, from the
available data one cannot exclude other factors such as differences
in shear moduli, Burgers vectors or stacking fault energies between
the two phases or a chemical interaction at the interface that may
contribute td the strengthening. |

(29)

In Cahn's analysis, the yield stress of spinodal alloys should

be proportional to the product of the amplitude (A) squared and the
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wavelength (1) of the composition modulation, (A2)). However, Ditchek
and Schwartz(30) found that this prediction was not consistently observed
in Cu-Ti and Cu-Ni-Fe alloys, and so proposed a new mechanism of hardening.
In their model, the shear stress due to misfit strains caused‘by
the passage of a dislocation on its slip plane is calculated. The yield
stress increment (AYS) was thus found to be proportional to (A/A)S,
where S is a "squaring factor", and when S was substituted by (A - AO),
where Ao is the fundamental wavelength of decomposition, a plot of
AYS versus (A/A)(x - Ao) showed a linear relationship. Hence these
researchers concluded that S is proportional to () - xo). For short
aging times, the yield stress increment rises rapidly due to the rapid
rise in (A - Ao)/x. In the later stages, (A - xo)/x nears unity and
then AYS is proportional to A, which is exactly Dahlgren's argument.

The most sensitve technique for following the change in amplitude
of the composition waves in alloys containing iron seems tb be Mossbauer
31,32)

spectroscopy, and the decomposition of Cu-Ni-Fe a]loys( and

Fe-Cu a11oys(33’34) has been studied using this technique. Small
ahg1e x-ray scattering has also proved to be very useful in experimentally

35) Furthermore,

verifying Cahn's model for spinodal decomposition.(
small angle scattering can be used to observe the change in the concentration
gradient at the interface using a form of Porod's equation for the

scattering 1ntensity.(36) Léss sensitive techniques for following

the change in amplitude of the eomposition waves are measurements

of electrical or magnetic_properties that depend on the cohpositions

of the decomposing regions. Transmission electron microscopy has

been very useful in characterizing the microstructure of spinodal
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a11oys,(23’24) but is still not used as widely as can be. The most
direct method of studying the spinodal structure is to use fie]d.ion
microscopy where possible (e.g. Au-Pt alloys can be studied using
Fim). (37)

Spinodal decomposition during continuous cooling is of technological
interest since continuous cooling will afford a convenient method
of developing spinodal structures in commercial heat treating practice.
Huston, Cahn and Hil]iard(38) have extended Cahn's theory to the case
of continuous cooling by treating certain of the coefficients in the
linearized diffusion equation as time dependent because of their strong
temperaturé dependence. Badia, Kirby and Miha]isin(39) have studied
the strengthening during coﬁtinuous cooling of Cu-Ni-Cr alloys containing
20 to 45% Ni with up to 4% Cr. Because of the small amount of Cr
in the alloys studied, it is uncertain if any of the alloy compositions
were inside the spinodal region for this ternary system. ﬁowever,
their experimental observations showed many points of similarity with
the theoretical calculations of Huston et al. for spinodal decomposition
during continuous cooling.

Several alloy systems have been studied that show evidence of
spinodal decomposition. Many decomposed alloys exhibit the sideband
phenomenon, but such an observation is not sufficient evidence to
conclude that the alloy has decomposed spinodally. Although a periodic
microstructure is characteristic of a spinodal alloy that is elastically
anisotropic, such microstructures can also be developed by selective
growth due to elastic alignment as observed in Cu-Co(40) and Ni—A1(41’42)

alloys.
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Cahn(ls) has outlined the procedure to follow in developing a
spinodal alloy. One wbu]d begin with a system in which one has observed
coherent precipitates of the same or related crystal structures or
has reason to suspect that they might occur. When such precipitatés
dovoccur, one knows that it is possible in this system to cross the
coherent phase boundary and thus have enough driving force to overcome
elastic stresses. The spinodal is then usually attainable through
a small change in composition or a greater undercooling. By suitable
additional alloying elements, the coherency strain ﬁan be altered
to affect the accessibility of the spinodal.

Some ofher alloy systems for which there is evidence to suggest
decomposition by a spinodal mechanism are Au-Pt,(27’43’44) A]-Zn(35)
and Au—Ni.(45’46) Morral and Cahn(47) demonstrated the possibility
of both spinodal decomposition and continuous ordering occurring in
some ternary alloys under certain conditions, e.g. in some.Cu—Mn—A1
a11oys(48) both phase separation and ordering occur simultaneously
and in Cu—Ti(49) and Ni-Ti(SO) alloys ordering reaction is apparently
preceded by spinodal decomposition. In recent study on the early stages
of G.P. zone formation in naturally aged A1-4% Cu a11oys,(51) diffuse
satellite spots were found in electron diffraction patterns prior
to the formation of the platelike G.P. zones. Thus these observations
provide evidence for the occdrrence of spinodal decomposition at room

temperature and the continuous formation of G.P. zones is then interpreted

(5)

in terms of Cahn's later stage spinodal theory.
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3.2 Lattice Imaging

(18)

Studies of spinodal decomposifion by x-ray diffraction reveal

only the wavelength of the early stage modulation and the average
modulation amplitude through diffracted intensities, which are averaged
over a large specimen volume. Convential bright-field or dark-field
images by transmission electron microscopy (TEM) cannot provide any
compositional information about the two phases,(23’24’52) It is only
possible to detect the localized, plane-by-plane variations in composi-
tion directly by corresponding lattice parameter modulations through
the lattice imaging technique.(53’54) ,

Lattice imaging is é high-resolution téchhfque in TEM by which
more than one beam is allowed to.pass’through the objective aperture.
The interference among these beams will, under appropriéte circumstances,
then give sets of fringes corresponding to the lattice planes in the
crystal which produte the diffraction spots. This is a very useful
method for obtaining information down to the atomic Tevel in alloys
(for a genéral review, see Allpressand Sanders®®).

Many of the early studies'utilizing lattice imaging for quantitative
analysis were concerned wifh crystal lattice dislocations (see Ref. 56-
59). However, from studies of the properties of caicu]ated images,
it was later demonstrated(so),that a change in the diffraction geometry
could produce changes in the number of terminating fringes and in
the fringé bending which were not related to the Tattice plane geometry
in any siﬁp]e way. Only when the dislocation line was oriented end-

on with respect to the electron beam was a single fringe termination

produced.(lﬁ) Thus, it serves as an example that extreme care must
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be taken in.the interpretation of lattice fringe profiles with matrix
structure. |

In other defect studies, lattice imaging Was successful in revealing
microtwins of 3 atom plane thickness, intrinsic and extrinsic faults,
(62)

loop defects and dislocations in epitaxial silicon. In ion-bombarded

Ge(63) and Cu,(64) damaged regions exhibited either no fringe contrast
or severe strain contrast in the lattice image mode, respectively,
suggesting a lack of crystallinity and a complex strain field in the
specimens.

As for the investigation of alloys undergone certain‘phase trans-
formations, Tattice imaging is superiér in providing detailed structure
as well as compositional information in the samples. The continuous
phase changes from G.P. zones to ¢-precipitates in Al-Cu alloys were
(63,65,66)

the first that received extensive attention. In research -

on ordering reactions, lattice imaging has shown considerable
advantages over other conventional methods£69'73) particularly in
the areas d6f short-range order and the detailed structure of ordered

(67)

lattice defects. Similar applications to a Cu-Be alloy and omega

transformation in Zr-Nb a110y5(68) all showed the fine structural
data in localized regions.

A recent investigation of the re1étionship between grain boundary
structure and boundary-nucleated phase transformations by lattice
imaging showed three reactions associated with grain boundaries in
the Al-Zn System.(74) A direct verification of plane matching model
at a grain boundary interphase interface has also been obtained through

this study.(75)
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The utilization of lattice imaging to obtain local lattice parameter
measurements and hence estimates of composition by applying Vegard's

Taw was pioneered here at Berke]ey.(54’76’77’81’90) -

Other applications of this method to phase transformations in
solids, including the characterﬁzations of microstructure in magnetic
Fe-Cr-Co a]]oys;(76) the atomic environments near twin, lath and

o/martensite boundaries in steé]é,(77) and the crysta]]ine}and grain
boundary structures in ceramics,(78)'have provided finer details that
only high-resolution }attice imaging»technique can provide.

The most recent reports on the high resolution téChniques of
transmission electron microscopy indicate thét not only single sets of
Tattice planes can be imaged, but also many-beam atomic structural images
can be obtained,which is a great advance in terms of reso1ution.(91)
Individual atoms are resolved and atomic positions in mo1egules of
several minerals and ceramics are identified. These demonstrate the
ability and potential in future research by lattice imaging. In addition,
with the hg1p of optical microdiffraction, estimates of composition
for suitable solutes can be obtained through the correspondence with
localized "d" spacings(81299) (10 - 204 areas).

During spinodal decomposition,'there is no structural change,
only highly localized fluctuations in composition. Using diréct lattice
fringe images, these can be estab1ished from the re1afionshib between
interplanar spacing and composition. Gronsky et a].(53) first used
lattice imaging for studying spinodal alloys. In preliminary results

of spinodally decomposed An-77 at.% Ni a110y,(54’79’80) lattice parameter

differences (pa) were clearly detected from one region to another
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by measurements on microdensitometer traces across the lattice fringes.
In addition, the average wavelength determined from this technique

was in exact agreement with that determined from the positions of
satellite reflections in the corresponding diffraction patterns.

Thus, the lattice image of this material reveals the principal features
expected of a spinodally decomposed alloy, and laser optical diffraction
from the lattice image negatives also showed characteristic satellite
reflections. This latter method allows areas as small as 10A (1 nm)

in diameter to be chosen to give diffraction data which are far superior
in terms of resolution to those from selected area electron diffraction.
These optical diffraction patterns can also be used to obtain fringe
spacing changes,(so) and are an alternative to the microdensitometer
measurements for obtaining fringe spacing information particularly

for low visibility images.

The continued studies of spinodal decomposition in a commercial
Cu-Ni-Cr alloy by lattice imaging(gl) have revealed not only the early
stage compésition fluctuations, but also the later stage coarsening
reactions. Individual fringe spacings can be obtained and plotted
against distance to show the overall composition profiles in the system,
and three types of interphase interface were found in the same specimen
as a result of particle coarsening. The correlations of microstructural
changes and mechanical properties are thus discussed.(zs)

The significance of the work in the Cu-Ni-Cr alloy stems from
the fact that although the maximum difference in lattice parameters
between the two decomposed phases is less than 1%, characteristic

composition profiles can be shown throughout the aging sequence.
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In fact the study was intended to deterhine whether.or not this type
of fundamental research in spinodal decompdsition made possible by
lattice imaging can be carriedrout on more complex alloys. It is A
also due to the small difference in lattice parameter that intermediate
decomposition stage can hardly be detected in this a]]oy. Hénce,
in order to directly monitor the process of decomposition, the Au-Ni
system is chosen in this research to extend our fundamenta]iunderstanding
of the transformation mechanism.
3.3 Decomposition in Au-Ni System

The Au-Ni alloy system is one of many binary systems in which
the supersatuféted solid solutions may exhibit a multi-staged precipita-
tion behavior during aging. The existence of a miscibility gap in
the phase diagram (Fig. 1) with a critical point was first recognized
by microscopic observations of annealed and quenched a]]oys containing
10-80 wt% Ni.(82) The form of the miscibility gap was further determined
by Mossbauer spectroscopy in a more recent study.(83)

The early investigations by Koster and Dannohl showed a relatively
simple decomposition behavior in this system.(84) The solid solution
characteristic of high temperature could readily be retained upon
quenching to room temperature. As these solid so]utiongwereaged
at intermediate temperatures (between 4000C and 6000C), they decomposed
by a discontinuous reaction {nto a mixture of a Au-rich and a Ni-rich
solid solution.

The X-ray Tow angle scattering studies of Au-Ni alloys found
that the high-temperature solid solutions had pronounced short-range

ordering(gs) in order to reduce lattice strain energy. The short-
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range-order persists even during aging at an intermediate temperature
(3150C) as long as any untransformed part of the solid solution exists.
Sivertsen and Wert(se) then observed that there was at least one
metastable precipitate formed on low temperature annealing. It occurred
about 104 times earlier than the discontiﬁuous phase change studied
previous]y.(84) The critical temperature above which this low temperature
phase is unstable is about 2250C. They indicated that the phase seemed

to be clusters of Au-rich or Ni-rich atoms.

The electron diffraction study on precipitation phenomena in
thin films of supersaturated Au-Ni a]]oy(87) showed satellite reflections
along cube directions which is the characteristic of modulated structures
in the specimen. The satellite reflections disappeared on aging just
above the critical temperature.(46) On reaging at a lower temperature,
the satellites did not reappear. This was taken to indicate that
the presence of a large concentration of quenched-in exces; vacancies
is required for the development of the modulated structure.

The subsequent investigations of Au-Ni alloys by Fisher and
Embury(88) showed that the wavelength of finely spaced gold and nickel-
rich layers was about 30-50A. It was thus suggested that the modulated
structure was developed through spinodal decomposition which is in
good agreement with theoretical calculations by’Cahn.(Z) However,
the critical temperature of %bout 2250C is much higher than originally
predicted.

Cahn(z) has considered that the spinodal should be defined only
for cases where the composition fluctuations remain coherent with

the matrix. Taking into account the resultant elastic energy and
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surface tension effects, it was predicted that the boundary of such
a coherent spinodal would be depressed well below the chemical spinodal
(approximately 20000C in the Au-Ni system). A more recent attempt
to locate the boundary of the coherent spinodal was made by Golding

(89) This calculation was similar to the one performéd by

and Moss.

Cahn, but experimental values of the elastic constants and the entropy

as a function of composition were used. The variation of the elastic

constants with composition caused a non-uniform depression of the

coherent spinodal relative to the chemicé] spinodal with a shift in

the critical composition and temperature of the coherent spinodal

to 40 at.% Ni and 00C, in comparison with the peak of the chemical

spinodal at 71 at.% Ni and 8120C. Solid solutions within the coherent

spinodal would be unstable with resbect to infinitesimal composition

fluctuations on {100} planes, since the elastic energy is a minimum

in €100) directions. Certain preferred wavé]engths of theée composition

fluctuations would continue to develop, leading to the formation of

a sinusoidally modu]ated'struciure in a state of metastable equilibrium.
In the case of Au-Ni alloys, where there are both a large difference

in atomic size and an appreciable difference in scattering factor,

a periodic composition modulation should Tead to the formation of

satellite reflections about all of the fundamental reflections, including

the origin. In addition, an ésymmetry in the satellite intensity

(25)

is predicted by the Hargreaves model, with the low angle satellite

more intense than the high angle satellite. This is exactly what

has been observed in a Au-77 at.% Ni spinodal a110y.(54)
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In this investigation, Au-Ni alloys were aged at 1500C to produce
the spinodal microstructure. The reason for choosing this particular
temperature is that it gives maximum decomposition kinetics.(46) Measurements
were then made at different aging periods to establish the relationships
between the composition fluctuations and the modulation Wave1engths

in the early decomposition stages.
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4. EXPERIMENTAL PROCEDURES
4.1. The Samples
The alloys were kindly provided by Cominco Electronic Materials

in thin strips (24" x 1" x 5 mils). The three alloy compositions studied

were:
Alloy 1. Au - 95 wt% (85 at.%)
Ni - 5 wt% (15 at.%)
Alloy 2. Au - 75 wt% (47 at.%)
Ni - 25 wt.% (53 at.%)
Alloy 3. Au - 50 wt% (23 at.%)
Ni - 50 wt% (77 at.%)

4.2. Heat Treatment
The samples were cut into small pieces (2" x 1" x 5 mils) and
éea1ed in evacuated quartz-tubes for homogenization. After solution
treated at 8500 for 72 hours, the specimens were quenched %nto ice-
brine. Subsequent heat-treatments were performed at 1500C from 1 hour
to 4000 hours.
4.3 TEM Specimen Preparation
Thin foils for transmission electron microscopy were prepared
by jet-polishing with the fo]]owing solution and conditions:
Solution: 34 gm Potassium Cyanide;
7.5 gm Potassium Ferrocyanide;
7.5 gn Potassium Sodium Tarfrate;

10 cm> Phosphoric Acid;

? cm3 Ammonia;

500 cmS Water.
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Conditions: Temperature - room temperature (~ 250C)
Voltage - 40V (D.C.)

Specimens were then ready for electron microscopy observations.

4.4 Lattice Imaging
For the lattice imaging technique, a Philips EM 301 transmission
electron microscope equipped with high resolution stage was utilized.
Specimen grains with [001] or [011] parallel to the microscope
optical axis were found and the crystal was then tilted such that a
two-beam condition with a strongly diffracted (200) spot was obtained
in order to image (200) lattice fringes. These reveal the characteristics

of spinodal decomposition along this direction.

4.5 Calibration of the Magnification

Usually lattice imaging pictures were taken in the e1§ctron micro-
scope operating at high magnification (over 5 x 105 times). The calibration
of the exact magnification of the microscope is very important for
any quanti%ative measurement on the lattice fringe spacings. Since
the true magnification is only within 10% limits of that norma]1y
shown on the microscope meter, the exact magnification was determined
by the f0116w1ng rocedures.

Firstly, the average lattice constant of the alloy at each aging
condition was determined by standard x-ray diffraction methods. The
average corresponding (200) Tlattice fringe spacings was established

on enlarged micrographs and the magnification found for this particular

picture.
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4.6 Meaéurement of Lattice Constants

Three different methods were used fo measure the variations of
lattice parameters between the two phasés from lattice imaging negatives:

(i) Optical diffraction: The lattice imaging negatives were
placed in the path of a He-Ne laser beam in a standard optical bench.
The fringes present in the negatives give rise to diffraction spots
in the back focal plane of the optical objective lens. Then by measuring
the distance r between the transmitted and difrracted spots, using
the formula: |

L =nrd

where L is a constant, and by comparison with that of standard gold
(200) fringes, then d, the corresponding lattice spacing giving rise
to the diffracted spots, can be determined.

’(ii) Microdensitometer trace analysis: The individual lattice
constants can be found by directly measuring the distance %rom peak
to peak on a microdensitometer plot of the image and dividing by the
appropriate magnification.

Here in this research, average values were obtained over 10 fringe
spacings at a time, and standard deviations were calculated to give
the accuracy limits. The final shape of the curve will then show
the variations of the lattice parameters.

(iii) Direct measurement from enlarged micrograph: It is straight-
forward just to measure the lattice spacings on an enlarged micrograph,
divide by the magnification and the lattice constants can be obtained

immediately.
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4.7 Accuracy of Measurements

The three different methods used to measure the fringe spacings
have been described above. The accuracy of each method will be estimated
as follows:

(1) Optical diffraction provides the most reliable results among
the three methods. It converts fringe image information of Tattice
planes in the specimen into diffraction spots. By placing a certain
size of aperture in the beam path, diffraction information can be
obtained even from a very small area in the material.

The only limitation of this technique is governed by the aperture
size, since the aperture will itself diffract. Fig. 2 shows optica1
diffraction patterns from the same area in the negative using three
different aperture sizes. In (a), the aperture size is comparable
to ~35A& in the real crystal. The aperture itself gives diffracticn
patterns as Fraunhofer rings, which will sometimes 1nterfe}e wih the
diffraction spots and broaden them. The intensity is low due to the
small size’ of aperture. It is also more uncertain to lcoate the exact
center of the diffraction spots as they are broadened. Hence the
errors in measurement are increased.

By sacrificing the resolution, a large aperture size gives sharper
diffraction spots (Fig. 2 b,c) which results in more accurate measurements.
Generally, using a rule markéd down to 0.5 mm, the estimated accuracy
is ~0.5%. This is quite reproducible, the errors originating from
uncertainty in measuring the distance between the diffraction spots.

(i1) Microdensitometer trace analysis will provide more accurate

data as long as there are easily recognizable fringes in the negative.
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Fig. 3 shows (200) lattice fringes of a pure gold Specimén and their
corresponding microdensitometer traces. Since the fringes are clear
in the micrograph, the microdensitometer trace is also very sharp
and the fringe positions can be easily identified as those peaks in
the plot.

The exact position of each peak sometimes becomes unidentifiable
due to lack of contrast in the'negative‘near the fringe. For example,
in the present spinodal alloy, dark and bright diffraction contrast
occurs due to the decomposition and this masks the exact position
of the fringes. This effect is illustrated in Fig. 4 which shows
(200) lattice fringes of a Cu-Ni-Cr alloy aged at 6000C for 1 hour
and their corresponding miérodensitometer traces. The fringe positions
become smeared and broadened. This limits the accuracy of measurements.

Hence, in order to minimize these kinds of experimentg1 errors,
it is advisable to take an average value over 10 or 20 fringe spacings
and thus smooth the curves. The accuracy limit is then estimated
to be ~1%.

(iii) Since the lattice fringes broaden at high magnification,
it is difficult to locate the exact posftions of fringes on the prints.
Thus an error always exists for direct measurements from enlarged
micrographs. Usually, the accuracy can be improved if measurements
averaged over a number of fringe spacings are made (see Fig. 5).

Yet, a reasonable estimation of ~2% error is possible in this method

by measuring 10 fringe spacings at a time.
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5. RESULTS
5.1. Au-15 at.% Ni Alloy

(1) As quenched material: Figure 6 shows the electron diffraction
pattern and electron image of the as-quenched Au-15% at.% Ni specimen.
The foil orientation is [001]. There is no sign of any decomposition
or transformation in the matrix, persumably due to a rapid quenching
rate. The diffuse rings in the diffraction pattern probably originate
from surface contamination which can also be seen in the image
(Fig. 6(b)).

(ii) Aged samples: When the specimens are aged at 1500C, diffuse
streaks along (100) cube directions are first observed in the electron
diffraction pattern (Fig. 7). Clusters of solute atoms of only 1-2
Tattice layers thick, on {100} planes are formed in the matrix. - These
appear to have dark contrast in a bright-field electron image (Fig. 8),
similar to G. P. Zone formation in Al-Cu a110ys.(92’93) The small
size of the zones gives rise to the long reciproca1 lattice streaks
in diffraction patterns due to shape factor.(94)

The lattice imaging micrograph of this specimen really shows
the detailed lattice structures of the zones (Fig. 9). In this alloy,
Ni is the solute atom of smaller atomic size. As clustering occurs
the cumulative elastic strain energy at the Au-Ni interfaces results
in a change of (200) fringe épacing. Also, since the component species
are still coherent, the lattice fringes remain continuous from one
region to the other.

There are two sets of zones in contrast in Fig. 9. Those marked

"p" are perpendicular to the electron beam (i.e., Tie in the foil),
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and those marked "E" are parallel to»the electron beam (thevso—ca11ed
"edge-on" zones). The thickness of the zones is about 2 ~ 4A with
diameter 20 ~ 40A. The zones are nut1eated Homogeneous]y throughout
the entire specimen area.

One interesting feature that was revealed by lattice imaging
is that the alloy seems to have evidence of short-range order in very
Tocalized regions. This is indicated in Fig. 10. The arrowed areas
have super-lattice structures in which the fringe spacings.are double
that of the fundamental spacings. These can only be observed over
very short distances (here less than 10A). The reason for this phenomenon
may be explained as fo11ows; ‘Since the Au-Ni alloys exhibited short-
range-order for the homogeneous high-temperature solid so]ution,(85)
the structdre can be preservéd as the specimens were quenched from
high temperature. Thus evidence of short—range—order is found as
Tong as any untransformed part of the solid solution existg. Apparently,
it does not disappear homogeneously during subsequent aging.

After’ longer aging time, the zones coarsened. Figure 11 is a
bright-field micrograph of the sample aged 20 hr at 1500C. The strain
contrast is larger than that in Fig. 8. It seems that the small zones
tend to join together and become larger ones. This effect can also
be illustrated in the lattice imaging mode.

Figure 12 shows the (206) lattice fringes of the same specimen
in Fig. 11. The dimensions of most zones are about 10-20& thick
and greater than 100A in diameter. Also, it is interesting to note

that some zones are bigger as a result of combining several small

ones while some zones are close to each other which may be in the



28

process of joining together. Hence, these observations suggest a
typical nucleation and growth type transformation. Since the purpose
of this research is to investigate the early stages of spinodal
decomposition, this alloy is not suitable for the present study.
However, from the above illustrations, the advantages of utilizing
the high-resolution lattice imaging technique in the studies of phase
transformations in alloys are clearly revealed, e.g., one can ascertain
whether a partich]ar alloy is inside or outside the coherent spinodal
or not.
5.2. Au-53 at.% Ni Alloy

(i) As-quenched specimens: Spinodal decomposition is a spontaneous
phase transformation which begins as the limit of mefastabi]ity is
reached. It results in a modu]ated microstructure and produces satellite
reflections around Bragg diffracted peaks. This is exactly what has
been observed in the as-quenched Au 53 at.% Nﬁ alloy (e.g.; see Fig. 13).

Notably it appears that the composition modulation is one-dimensional,
as indicated in the electron diffraction pattern shown in Fig. 14.
Here, the crystal orientation is [011] and satellite reflections along
[011] can be seen surrounding every Bragg diffraction spot. From
a standard (011) stereographic-projection (Fig. 15), it is seen that
the [011] direction lies in the same zone as two of the cube directions
(f010] and [001]). It is also noticed that there are no satellite
reflections along the [100] direction in Fig. 14. Henée, based upon
diffraction evidence alone, there appears to be no modulation in structure

along at least one cube direction for this particular specimen area.
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A close examination of the image furthermore reveals that in fact
the modulation affects only a single set of cube planes.

An experiment was performed whereby the specimen was oriented
to an exact [001] zone, and the image contrast along various diffraction
contours was examined in detail (Fig. 16). It is interesting to note
that wavy modulations can be seen within the (200) band (Fig. 16(c))
which are not as clear in the (020) band (Fig. 16(b)). The specimen
was then tilted such that the (200) and (020) reflections are operating
in the same specimen area (Figs. 17(a) and (b), respectively). Periodic
modulation perpendicular to 3 = [200] in Fig. 17(a) indicates that a
composition wave is developed along [100] in this area and, as §'= [020]
is operating, no such kind of modulation can be seen in Fig. 17(b).
These observations suggest that spinodal decomposition will not produce
interpenetrating modulations along all three cube directions but,
possibly, only one-dimensional composition fluctuations wii1 exist
in the localized specimen region. |

Lattite imaging of the as-quenched specimens provides even more
detailed microstructural information about the sample. Figure 18(a)
is a bright-field image of the as-quenched Au-53 at.% Ni alloy in
which pronounced modulations are observed, indicating that the alloy
has already decomposed. Note also that the corresponding electron
diffraction pattern (Fig. 18(b)) is similar to that in Fig. 14.
Figure 19(a) shows the (11I) fringes of the circled area in
Fig. 18(a). The modulation contrast makes an angle of ~1450 to the
(111) fringes, which is precisely the angle between [111] and

[011]. The optical diffraction pattern (Fig. 19(b)) of this micrograph
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also shows satellite reflections along the [0I1] direction, normal
to the large scale modulation.

When the (200) planes of the specimen ére imaged, three different
kinds of contrast are observed: (1) fine (200) fringes on a periodic
bickground structure (Fig. 20); (2) the same (200) fringes on a non-
periodic background (Fig. 21); and (3) highly 1oca1izéd régions of
(100) fringe periodicity (arrowed areas in Fig. 22), again on a.non-
periodic background. This latter phenomenon is somewhat unexpected
and deserves further investigation.

Thus, these observations indicate that spinodal decomposition
has already started in the as-quenched specimens. These modulations
show typicaT periodic contrast in the images (Figs. 16 and 20) along
one of the cube directions. The non-periodic background'in Figs. 21
and 22 may result from imaging the non-decomposed cube lattice planes.
This also serves as an evidence for the one-dimensional modulation
model in the early stage of spinodal decomposition.

(1) Aged specimens: Figure 23(a) is an electron micrograph
of an alloy aged‘one hour at 1500C. The crystal orientation is
[001] and satellite spots can be seen along [100] in the corresponding
electron diffraction pattern (Fig. 23(b)). Note that these arise
from the strong one—dimensionaT modulations observed within the image
(Fig. 23(a)). |

The higher modulation contrast in Fig. 23(a) (c.f., Fig. 13)
is obviously due to an increase in composition amplitude, which induces

a large elastic strain energy within the matrix.
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Figure 24 is a (200) lattice image of the same sample aged 1 hr
at 1500C. The large scale dark and bright contrast is because of the
composition fluctuations which are typical of a modulated microstructure
imaged under two-beam conditions. The fringe spacings vary from one
region to the othér, but the wavelength is well-defined (see Sections
5.2 (iii) and (iv)). It may be a combined result of decomposition
and coarsening.

In order to provide direct evidence of one-dimensional modulation
in the material, two different sets of {200} lattice planes have been
imaged within the same specimen area. Figure 25(a) shows the (200)
lattice fringes for sample aged 1 hr at 1500C. There seems to be a
certain periodicity of modulation along [100] and the optical diffrac-
tion pattern of this image shows satellite reflection around the main
spots. When the specimen is tilted to image the (020) lattice fringes
(Fig. 25(b)), it shows no periodic modulations along [010] direction
and no satellite reflections are seen in the optical diffraction pattern.
Therefore,'this indicates that spinodal decomposition takes place
in this partiqular specimen area only along [100] direction.

For sti]]_]onger aging times, this one-dimensional modulation
remains with no sign of multi-dimensionality. The electron dfffraction
patterns all show uni-directional satellite reflections 1ike those
in Fig. 14 and Fig. 23(b). The coarsening rate is very slow and the
modulation wavelength increases at a comparatively low value. Figure 26
is a bright-field electron image of a Au-53 at.# Ni alloy aged 4000 hr
at 1500C. Note that the measured wavelength is only about 55A. The

large elastic strain energies between the two phases in this system
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and the slow decbmposition kinetics of low temperature aging (at 1500C)
may be the reasons for the slow coarsening rate.

(ii1) Measurements of modulation wavelength. The modu]atibn
wavelength can be obtéined either by direct measurements from enlarged
micrographs or from.sate1lite spacings in the electron diffraction

pattern using the Daniel-Lipson equation:(21’22)

h tan® 3
(h2 + k2 + 12) de °

Here, © = Bragq angle for the (hk1) reflection in a crystal of lattice
parameter ag, d6 = angular spacing between a satellite spot and its
main reflection. |

In this research, measurements were made throughout the entire
aging sequence and values obtained by the above two methods were found
to be in close agreement. For example, the measured wavelength on the
enlarged micrograph in Fig. 23 is 29 * 4A and the calculated wavelength
from the diffraction pattern is 31 * 2A,

Figure 27 is the log-log plot of wavelength vs aging time at
1500C. The slope of this curve is quite low when compared with previous
studies on spinodal systems (e.g., Cu—Ni—Fe,(23’24) Cu-Ni—Cr(28)),
all of which show that the relationship ) « t1/3, which corresponds
with the diffusion controlled three-dimensional coarsening reaction,
is universally observed. However, the estimated value of the slope
in Fig. 27 is only about 1/10. The implications of this finding are
discussed in more detail in Section 6.4.

(iv) Detection of composition amplitude: As stated previously,

spinodal decomposition is characterized by small composition fluctuation
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over a large di§tance. The process is continuous and the resulting
microstructure consists of solute-rich and solute-poor regions. Thus,
the most interesting aspect of the decomposition process is the
composition amplitude and modulation wavelength variation as a
function of aging time.

Since the lattice constant depends on composition, then by directly
imaging the lattice planes in the crystal, the localized lattice parameter'
of the specimen can be obtained. Hence, the lattice imaging method
is useful for estimating compositidn profiles in the a]]oy; Modulation
wavelength in the material can also be detected at resoiutions down
to the atomic-p]ahe Tevel by plotting fringe spacing variations vs
distance.

Figure 28 is a (200) lattice imaging micrograph for an ai1oy
aged 1 hr at 1500C. The fringes arecontinuous from dark r?gions to
bright regions, indicating thaf the two phases are coherent and the
interface is diffuse as expected at the early stage of decomposition.
The electron and optical diffraétion patterns (Fig. 29(a),(b)) all
show satellite reflection along [100] direction, indicating that a
modulated structure is developed in the specimen. Measurements of
fringe spacings by microdensitometer give the compbsition profile
as shown in Fig. 30. The ragged shape of the profile may be due to
the error in defining the exact peak positions in the direct microden-
sitometer traces as described before. This kind of inaccuracy can
be reduced if averaged err a number of fringe spacings. Figure 31
is an example by averaging, over 10 fringe spacings at a time, the

data in Fig. 30. The error bars represent the standard deviations
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arising from the averaging procedure. Here, a rather smooth fluctuation
and regular modulation wavelength is obtained. The estimated lattice
parameters of the two phases are ~3.9A and ~3.7A which correspond

to Au-rich and Ni-rich regions, respectively. The modulation wavelength
is about 29A which is in good agreement with that found in direct
measurements from en]arged micrograph or calculated from satellite
spacings (see Section 5.2 (ii)).

The overall composition profi1es»are similar when comparing Fig. 31
with Fig. 30. The averaging procedures smooth the curve and cut off
the high-peak values in Fig. 30. However, by doing so, some resolution
is sacrificed, especially since there is a large strain field in this
alloy. Those high peak (or low peak) values may be truly representative
of the specimen due to strain effect on fringe spacings.(gs) But
the only interesting information at this stage is the nature of any
composition gradients in the specimen. Figure 31 is thué capable
of preserving the major compositional features in the specimen.

As medtioned in Section 4.7 (i), the laser optical diffraction
technique serves‘as a more reliable method in the determination of
fringe spacings on lattice imaging micrographs. The information recorded
on lattice images can be selectivity monifored through a small field-
Timiting aperture. In this way, an objective assessment can be made
of the variation in fringe image position. An additional advantage
of the method is its sensitivity to low visibility fringe images as
in the case of the above spinodal product. Figure 32 is a series
of optical diffraction patterns taken of Fig. 28 at ~20A advancing

steps with an aperture ~30A in size. The positions of the diffraction
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spots Vary as the fringe spacings vary on the lattice imaging negative.
The maximum difference of fringe spacings measured from the patterns

is ~6.5% which is also c1dse to that estimated on microdensitometer
trace analysis (Fig. 31). -Therefore, these results really show the
capability of high-resolution lattice imaging technique in the detection
of localized composition amplitude at an atomic plane level.

For longer aging times, the decomposition will proceed, resulting
in larger composition amp]itude and longer modulation wavelength.
Figure 33 is a (200) lattice imaging micrograph for alloys aged 100 hr
at 1500C. The strain contrast here is larger than that in Fig. 28.
This suggests that the associated strain field due to composition
amplitude in this micrograph is larger than that in Fig. 28 and the
interface is sharper as well,

Figure 34 is the measured (200) fringe spacings by direct
microdensitometer analysis. The ragged shape of the curvé is similar
to that in Fig. 30, only the maximum difference in fringe spacings is
much larger. Again, by averaging over 10 fringe spacings of Fig. 34,
the composition profile is smoothed as shown in Fig. 35. It seems
that the modulation wavelength is not so regular as that in Fig. 31,
whfch may be interpreted as a result of coarsening. Some of the particles
are in the process of "joining together" and the wavelength is thus
longer. |

The high values and low values of fringe spacings in Fig. 35 have
exceeded the possible limiting pure Au (4.07A) and pure Ni (3.524)
Tattice parameters. Since the fringe spacings will be dominated by

the large strain field accompanying the decomposition, the measurements
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in Fig. 35 may show the extra expansion and contraction of the fringe
spacings at the interface. These may explain the origin of the high
and low peak values. The estimated lattice parameters of the two
phases are ~4.0& (Au-rich phase) and ~3.55A (Ni-rich phase) at-this
Tater stage which correspond to 12% difference. These values are
approaching the limiting tie-line compositions of the two phases (see
the Au-Ni phase diagram in Fig. 1).

The optical diffraction patterns also show this effect. Figure 36
depicts the result for an aperture eqqivalent to ~40A diameter at
the specimen plane. By moving the aperture in 20A increments, an
obvious variation in diffraction spot spacing is produced. The measured
maximum difference of lattice parameters between the two phases from
Fig. 36 is also ~12%.

Thus, from this kind of information, not only the modulation
wavelength is recorded, but the amplitude of composition médu]ation
is captured as well. The early stage behavior of spinodal decomposition
can be obtained through the comparison of Fig. 31 with Fig. 35. The
composition amplitude as well as modulation wavelength is found to
increase. This is what should be expected from the transformation
kinetics of spinodal decompbsition.

5.3. Au-77 at.% Ni Alloy

Previous studies on the Au—77 at.% Ni a11oy(54) showed that the
specimen produced modulated structures which result from spinodal
decomposition. The high resolution analysis obtained by the correspon-
dence of fringe spacing variations with composition fluctuations indicate

that a large difference (~12%) in lattice parameters between the two
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phases exist in the material. However, a more systématic study of
this alloy is carried out in this research and many similarities
of decomposition behavior between the Au-77 at.% Ni alloy and the
Au-53 at.% Ni alloy are found which will be described as follows.

Firstly, the decomposition process is also along one of the cube
directions and only one-dimensional composition waves are developed
in localized specimen areas. This is supported by uni-directional
satellite reflections in the diffraction pattern (as in Fig. 14) and
fhe tilting experiment (as in Fig. 17).

Secondly, the.coarsening rate is slow and the plot of modulation
wavelength vs aging time shows the séme relationship as in Fig. 27.

This is due to one-dimensional coarsening reaction as a result of
one-dimensional decomposition.

Thirdly, the composition amplitudes between the two phases detected
by lattice imaging exhibit similar magnitude to that of thé Au-53 at.% Ni
alloy. The maximum difference in fringe spacings is ~12% as well.

This is in.good agreement with the tie-line compositions of the two

phases and with the previous study as mentioned above.(54)
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6. DISCUSSION
6.1. Decomposition in Au-15 at.% Ni Alloy

Previous studies on the Au-Ni system concentrated either on the
'determination.of chemical components (e.g., diffusion coefficients,
thermodynamic activities, entropies, etc) at high temperatures, or
in the decomposition behavior of high nickel content alloys (greater
than 20 at.%). Very little information has been obtained about the
transformation process of low-nickel content alloys.

In this research, it is found that zones about 1~2 atomic Tayers
thick are formed in a Au-15 at.% Ni alloy when aged at 150°C (see
Fig. 9), which is typical of diffusion-controlled nucleation and growth
phase transformations as in the case of Al alloys containing a few
per cent Cu.(96-99) This behavior results from the fact that the
present alloy is too dilute in nickel to lie within the coherent spinodal,
“although it does lie inside the chemical spinodal of the phase diagram
(see Fig. 1).

The éifference between a classical nucleation reaction and spinodal
decomposition is that there is no activation barrier for the new phase
to form in spinodal decomposition, while there is such a barrier for
nucleation. Hence, spinodal decomposition is spontaneous and is charac-
terized by small composition fluctuations over large distances where
the nucleation process is characterized by large composition variations
over small distances. An example demonstrating this difference in
decomposition mechanism is obvious from a comparison of Fig. 6 and
Fig. 13. The as-quenched Au-15 at.% Ni alloy (Fig. 6) shows no sign

of decomposition in the matrix (prior to nucleation), but the as-quenched



39

Au-53 at.% Ni alloy (Fig. 13) has already decomposed into two phases
(by a spinodal mechanism).

Another interesting feature revealed by the high-resolution lattice
images is that a (100) super]attice fringe periodicity is found in very
localized regions (see Fig. 10). This phenomenon has never been reported
before and certainly deserves further investigation. It is also particu-
larly important that this type of analysis be carried out very carefully,
since there are more than two beams included to form the image (i.e., the
transmitted beam, the fundamental spot and a superlattice spot) and the
fringe profile is thus focus dependent.(69'73) However, the advantage
of high resolution lattice imaging technique in the detection of localized
structural information on this atomic plane scale is clearly demonstrated.

6.2. The One-Dimensional Modulation Model of
Spinodal Decomposition

The as-quenched and aged specimens of Au-53 at.% Ni and Au-77 at.% Ni
é]]oys all show evidence of spinodal decomposition (see 5.2 and 5.3).
Modulated structures that consist of fine, wavy particles of the second
phase are observed in the samples.

The most important result found in this researéh is that the
modulation is not multi-dimensional along all three cube directions
in localized regions. It seems that only one-dimensional modulation
waves are developed in small ‘domains which then make up the whole
crystal grain (see Figs. 14, 16 and 17). Thus,'a one-dimensional
modulation model is proposed to describe the early stages of spinodal
decomposition in this system and is shown in Fig. 37. Here, the poly-
crystalline material is divided into several representative grains.

Within each grain, composition waves along one of the cube directions are
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produced in regions of smaller subdivision, and these composition
waves do not interpenetrate.

After proposing'this model, it is proper to ask whether this
one-dimensional modulation should be observed in all the spinodal
systems, and a survey of the literature on this point has been conducted.

Firstly, in a previousiy studied Cu-Ni-Cr spinodal a11oy,(28)
it has been found that a possible one-dimensional composition wave
is seen at the early stage of decomposition. Figure 38 shows the
alloy aged 10 min at 7009C. In (a), the (020) contour band is brought
into contrast and a periodic modulation is observed in the image.

When the same specimen area is tilted such that §'= [200] is operating,
there is no such kind of modulation in (b). This is similar to the
tilting experiment of the Au-53 at.% Ni alloy shown in Fig. 17, in-
dicating that a'cqmposition wave is developed only along [100] in

this particular spécimen region.

It is also found in asymmetrical Cu-Ni-Fe spinodal alloys(190)
that the mbdu]ation wavelength increases slowly at the early stage
of decomposition. A summary of the changes that occur in yield stress,
Curie temperature and wavelength for such an alloy aged at 6259C is
shown in Fig. 39. Note that prior to 10 hr aging time, the shape
of the log-log plot of wavelength vs aging time is similar to that
obtained in the Au-53 at.% Ni alloy (see Fig. 27) which is a result
of a one-dimensional coarsening reaction. Thus, it is possible that

the Cu-Ni-Fe alloys have undergone a one-dimensional decomposition

as well.
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In their studies of decomposition in Cu-Ti alloys, Laughlin and
Cahn(101) have used evidence obtained from a‘sequence of electron
micrographs to prove that the system decomposes spinodally. However,
at shqrt aging times (less than 10 min), the modulation wavelength
remains almost constant which may again be due to one-dimensional
composition waves in the specimen giving rise to a slow coarsening
rate. |

Hence, it is believed that this one-dimensional modulation period
should.be observed for most spinodal systems. The reason that this
phenomenon has been neglected in the past is either due to the resolution
limit of the éxperimenta] techniques (e.g., x-ray methods, where bulk
specimens are studied in volumes large enough to include many one-
dimensional composition waves along all the three cube directions), or
due to the rapid decomposition rate which prevents this reaction from
being observed. In the latter case, the one-dimensional decomposition
reaction quickly evolves into a multi-dimensional COarséning reaction.
This point will be further discussed in Section 6.4.

6.3. Comments on Compoéition Analysis

One of the most important objectives of studying spinodal
decomposition is to obtain the shape and amplitude of the composition
profile in the specimen aged at various times. Using Tattice fringe
images, these can be established from the relationship between inter-
planar spacing and composition. It is clear from the above results
that both composition amplitude and modulation wavelength can be obtained
by a single measurement of fringe spacings which is then plotted as

a function of distances (see Section 5.2).
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In'the previouﬁ]y studied Cu-Ni-Cr spinodal a]]oy,(gl) the
correlation between fringe spacing and the known lattice constants
of particular phases at the later stage of decomposition has been
demonstrated. It is due to the small lattice parameter difference
(ra ~1%) that resolution has to be sacrificed by averaging over
a number of ffinge spacings in order to attain the necessary precision.
The effect of such a procedure is to "smooth" the profile, whether it
be ragged or whether it be sharply discontinuous. Unfortunately, it
can be easily shown that a "square-wave" modulation would become contin-
uously varying in amplitude after such an "averaging procedure.“(gl)
In the present case, although the lattice parameter difference
is comparatively large (Aa ~14%), this "averaging procedure" is still
necessary in estimating composition amplitude. It is because of the
slow decomposition kinetics at low aging temperature (1500C) that fine-
scale modulation wavelength is developed in the alloys (A ;130-50A),'
which makes it difficult to distinguish one phase from the other,
and the large coherency strains associated with the large lattice
parameter difference in the system could further complicate the inter-
pretatfon of fringe profiles at interfaces. The rough shape of direct
microdensitometer measuremeﬁts in Figs. 30 and 34 results from this
effect. Those high peak and iow peak values may originate from the
large coherency strains or frém inaccurate measurements of exact fringe
positions as discussed in Section 4.7. Thus, it is advisable to take
average values over a number of fringe spacings to minimize the possible

errors. In doing so, the overall profile is preserved (Figs. 31 and
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35) while the extremes are smoothed and a more regular composition
wave is produced.

In comparing Figs. 31 and 35, it would be tempting to take the
data in Fig. 31 to indicate an approximate]y sinusoidal waveform at
the early stages of decomposition, schematically represented in
Fig. 40(a). This stage of development is also characterized by a
smaller composition amplitude (Aa ~ 6.5% for this particular case)
with continuous variations in composition across a diffuse interface.
By contrast, Fig. 35 would represent an approximately square wave,
characteristic of later stages of the reaction, as in ng. 40(b).

At later stages of development the composition amplitude increases
(ra ~12%) along with the modulation wavelength, and the interface
appears to sharpen. Hence, these results provide the desirable com-
position information expected from spinodal decomposition at atomic-
plane level which no other technique can of itself providel

In summary, the results indicate that in a given region decomposition
occurs along a particular <100) direction only,but in adjacent regions
modulations occur in non-parallel <100)as sketched in Fig. 37. In
this way the alloy is divided up into "domains." It may be that this

morphology developes to minimise the macroscopic strains
(Aex + Dey + Mgz = 0)

6.4. The Decomposition Sequence

Spinodal decomposition is a spontaneous phase transformation(l) which
involves no activation barrier for formation of a new phase. Small

separations in composition all lower the free energy, and therefore
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proceed spontaneously until the equilibrium tie-line compositions
are reached.

For most spinodal alloys, this spontaneous trend away from
homogenization is very rapid and, usually within minutes, the whole

(18) (23,28) giffraction

process is completed. Previous X-ray and electron
studies document only the later stage post-decomposition behavior when
a diffusion controlled coarsening reaction is obvious. As a result of
this study, however, it is clear that the entire decomposition process
can be fully described.
From the model proposed in Section 6.2, it is believed that independent
composition waves along only one of the cube directions are developed
within small domains (Fig. 37) in the specimen as spinodal conditions
are satisfied (see Eqs. (1) and (2)). This one-dimensional distribution
of homogeneous second phase particles is also energetically favorable
when the elastic energy associated with the difference in épecific

volumes of the precipitating phases is considered.(loz)

Consequently,
the microstructure consists of fine, wavy solute-rich regions, whieh
lie along only one cube direction (see Figs. 17 and 38).

In the original paper on spinodal decomposition,(l) only chemical
conditions were eonsidered. Cahn(z) was the first one to introduce
the concept of a "coherent spinodal" by taking the surface tension
and elastic energy between the two phases into account. The effect
of surface tension is to prevent decomposition of the solution on
too fine a scale, while elastic energy stabilizes the solution and

alters the criterion for the 1imit of metastability. By considering

the rate of growth of the composition fluctuations resulting from
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~the infinitesimal variations, account must be taken of higher order
| terms, particularly in the free energy expansion, so that these
fluctuations will cease growiﬁg when equilibrium is reached. The
recent theoretical calculations of Morris(s) indicate that one-
dimensional composition waves are favorable at an early stage of
decomposition. This result agrees well with the present experimental
observations and the proposed one-dimensional model in Fig. 37.

The one-dimensional composition waves are then found to coarseﬁ

1/10

according to the law X =t in order to reduce surface energies

between the two phases (see Fig. 27). This relationship between wave-
length and aging time is also found in Morris' ca]cu1ation(6) and

is a result of the one-dimensional coarsening reaction. It is because

of this slow coarsening rate that this phenomenon has been overlooked

in many systems (see Section 6.2).

As aging continues, coarsening among adjacent one-dimensionally
modulated domains will take p]ace(s) when the following two conditions
are satisfieds: (1) the decomposition kinetics are large; (ii) the
elastic strain energy between the two phases is relatively low. Although
the resultant interpenetrating, multi-dimensional waves are elastically
unfavorab]e,(loz) the volume energy contributions are large enough
that elastic energy contributions are negligible. Thus, the second
phase will then appear as cuboids as shown in Fig. 41(b) which is
typical of a multi-dimensional particle morphology. From this point
on, the coarsening rate speeds up according to the law A « t1/3,

characteristic of a three-dimensional diffusion controlled coarsening

reaction(23’24)(e.g., see Fig. 39. The slope of log-log plot of
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wavelength vs aging time increases after 10 hr aging time and fo]]ows.
the Taw ) « t1/3.)

However, this transition from one-dimension to multi-dimensional
modulations seems to be wavelength dependent and a critical value
of XC ~100-200A is suggested by literature reviews of several spinodal
systems (e.g., Cu-Ni-Fe, Cu-Ni-Cr, Cu-Ti). When the wavelength remains
below Acs the modulation is believed to be one-dimensional (Fig. 41(a)),

and for a value above A, it is multi-dimensional (Fig. 41(b)). Of

c?
course, this value is only a rough estimate and further detailed analyses,
both in experiments and theoretical calculations, are necessary in
the future.

w{th further aging, the particles become larger until they reach
the point where they lose coherency.(103) Therefore, the entire
decomposition sequence can be schematically illustrated in the following
way:

homogeneous solid solution ~ one-dimensional composition

modulations in small domains >multi-dimensional modulated

structures ~ loss of coherency ™ incoherent, stable second

phase in the matrix.

As for the present Au-Ni alloys, only one-dimensional composition
modulations are observed in the specimen. It is due to the slow
decomposition kinetics (aging‘at 1500C) and large elastic strain energy

in the system that both factors prohibit the alloys from formation

of multi-dimensional particles.
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7. SUMMARY AND CONCLUSIONS

A series of Au-Ni a]Toys have been studied to understand the
entire spinodal decomposition sequence. From this research, the
following conclusions have been drawn.

(1) The low nickel content alloy (Au-15 at.% Ni) shows zone
segregation in the hatrix aged atv1500C} This results from the fact
that the present alloy is too dilute in nickel to lie within the coherent
spinodal.

(2) The as-quenched and aged specimens of the'medium.(Au—SB at.% Ni)
and high (Au-77 at.% Ni) nickel content alloys all show evidence of
spinodal decomposition when aged at 150°9C. Satellite reflections
in the diffraction pattern and modulated structures are observed in
the samples typical of spinodal decomposition.

| (3) The most significant result of this research is the detection
of small microstructural domains in which compoéition moduiations
develop a1ong.a single crystallographic direction. This is supported
by uni-directional satellite reflections in the diffraction pattern
and images which result from tilting experiments wherein periodic
modulations are observed along only one cube direction.

(4) A one-dimensiqna1 modulation "domain" model is proposed to
describe the early stages of spinodal decomposition when composition
waves do not interpenetrate. .A survey of the 1iterature also shows
that most spinodal systems have probably undergone a similar one-
dimensional decomposition reaction (e.g., Cu-Ni-Cr, Cu-Ni-Fe, Cu-Ti).

(5) The relationship between modulation wavelength and aging

time for Au-53 at.% Ni and Au-77 at.% Ni alloys obeys the law
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A« tlllo. This is explained by the dimensionality of the composition
profile, since this is a much slower coarsening rate than that observed
for multi-dimensional Ostwald ripening.

(6) The high-resolution lattice imaging technique has been utilized
to estimate the composition amplitude as well as modulation wavelength
in the specimen. It is found that a smooth and regular waveform with
diffuse interfaces is produced for the Au-53 at.% Ni alloy aged 1 hour
at 1500C when the measured fringe spacing is plotted against distances.
The estimated composition amplitude in terms of lattice parameter
difference (Aa) is about 6.5%, which corresponds to an intermediate
decomposition stage. When the same alloy is aged 100 hours at 1500C,
an approximate square wave.characteristic of later decomposition stage
is observéd, with lTattice parameter difference up to 12%. This value
in fact corresponds.to the equilibrium tie-line compositions of the
two phases. Thus, it provides the desired information expected from
spinodal decomposition at an atomic-plane level.

(7) The whole spinodal decomposition process can be described
as follows:

homogeneous solid solution - one-dimensional modulations

in small domains —multi-dimensional second phase particles

in the matrix - loss of coherency of the particles -

incoherent, stable equilibrium phase.

(8) The slow decomposition kinetics due to low-temperature aging
and the large strain field jn this system prevent the present spinodal
alloys from forming a multi-dimensional array of particles in the

matrix.
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FIGURE CAPTIONS
The Au-Ni phase diagram. T, is the chemica]lspinodal, while
T' and T are experimental and theoretical estimatevof the
coherent spinidal, respectively.

Optical diffraction patterns taken from the same area with

~ different equivalent aperture sizes: (a)~308, (b) ~50A

(c) ~120A.

Lattice»image and microdensitometer traces of Au (200) fringes,
showing clear distinct peaks. |
Lattice image and microdensitometer traces of Cu-Ni-Cr (200)
fringes after aging at 600°C for 1 hr, The peaks have much
Tower visibility than those in Fig. 3.

A lattice image'of gold (200) fringes. The average ]atticé
spacing is determined more precisely if a larger number of

fringes are used in the measurement.

. The as-quenched Au-15 at.% Ni alloy, showing no sign of

décomposition in the matrix. (a) (001) electron diffraction
pattern. (b) The corresponding bright-field image. The
diffuse rings in diffraction pattern originate from surface
contamination of the specimen.

(001)'e1ectron diffraction pattern for Au-15 at.% Ni alloy
aged 1 hr at 1500C. Diffuse streaks along cube directions
suggest that zones about a few atomic layers thick are formed
in the sample.

Bright-field image of the same alloy as in Fig. 7. Note

that small zones are visible in the matrix.
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(200) lattice fringes of the same alloy as in Fig. 7. Zones
about 1-2 atomic layers thick are clearly resolved. There
are two types of zones in contrast: those marked "E" are
parallel with the electron beam, the so-called "edge-on"
zones; those marked "P" are in the foil. The lattices are
continuous and coherent.

A short-range (100) periodicity is observed in localized
arrowed area. This may be due to the preservation of short-
range order at high temperatures.

Bright-fie]d image of the Au-15 at.% Ni alloy aged 20 hr

at 1500C. The zones coarsen and strain energies are larger
between the two phases.

(200) lattice fringes of the same alloy as in Fig. 11.

The zones are about 10-20A thick, indicating the effect

of coarsening. Note that the Tattices are still coherent.
The as-quenched Au-53 at.% Ni alloy. (a) BF image shows

that decomposition has already started. Note that modulation

perpendicular to g = [200] can be seen. (b) Electron diffraction

pattern of (a). Satellite reflections along [100 ] are visible.
(011) electron diffraction pattern of as-quenched Au-53 at.% Ni
alloy. Note that satellite reflections are around every
main spots along [Oil]. There is no satellite spots along
[100] in this area.

(011) standard stereographic projection shows that the other

two cube directions [010] and [001] 1ie in the same direction

of [0I1].
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(a) The [001] zone axis of the as-quenched Au-53 at.% Ni
alloy. (b) there is no modulation along (020 ) band.

- {c) There is some modulation along (200 ) band.

the as-quenched Au-53 at.% Ni alloy. (a) With g = [200],
strong modulation contrast can be seen. (b) With g = [020]
operating in the same specimen area as in (a), the modulation
contrast is not seen, indicating that only one-dimensional
modulation along [100] is developed in this particular specimen
area.

The as-quenched Au-53 at.% Ni alloy. (a) BF image with

g = [111] shows modulation in the specimen. (b) The corr-
esponding electron diffraction pattern. Satellite reflections
along [0I1] can be seen.

(a) The (111) lattice fringes of‘the circled area in

Fig. 18(a). The large scale dark contrast is dué to the
composition waves along a certain cube direction. (b) Optical
diffraction pattern of (a). Satellite reflections perpendicular
to the modulation in (a) can be seen.

The (200) Tattice image of as-quenched Au-53 at.% Ni alloy.

The large scale dark contrast is typical of spinodal decom-
position at early stage.

The (200) lattice image of another specimen area of as-quenched

Au-53 at.% Ni alloy. There is no such kind of modulation

as in Fig. 20.
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Fig. 22. The (200) lattice image of as-quenched Au-53 at.% Ni alloy.
A short_range (100) fringe periodicity is observed in Tocalized
specimen area (arrowed). This is similar to that shown
in Fig. 10.
Fig. 23. (a) BF image of Au-53 at.% Ni alloy aged 1 hr at 1500C.
The modulation contrast fs much stronger than that of the
as-quenched specimen. (b) The corresponding (Odl) electron
diffraction pattern shows satellite reflections around main
spots along [100].
Fig. 24. The (200) lattice fringe image of Au-53 at.% Ni alloy aged
1 hr at 1500C. This is typical of spinodal decomposition.
Fig. 25. Two different sets of fringes are imaged in the same specimen
area to show only one-dimensional composition waves are
developed in this particular region. (a) Modulations in
the image and satellite reflections along [100] }n the optical
diffraction pattern can be seen When (200) fringes are imaged,
While in (b); no such kind of effect can be seen when
(020) fringes are imaged. Thus, there is qn1y modulation
along [100] in this spécimen area.
Fig. 26. BF image of Au-53 at.% Ni alloy aged 4000 hr at 1500C.
The avelength is ~55A and the modulation seems to remain
one-dimensional. |
Fig. 27. The log-log plot of wavelength vs aging time. The slope
is quite Tow and the relationship between wavelength and
+1/10

aging time obeys the law A « which is a result of

one-dimensional coarsening.
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The (200) Tattice image of Au-53 at.% Ni alloy aged 1 hr

at 1500C.

A comparison of electron and optical diffraction patterns
taken from Fig. 28. Satellite reflections can be seen along
[100].

Direct microdensitometer trace analysis of Fig. 28. The
ragged shape may originate from inaccuracy of fringe spacing
measurements.

A smoothed curve of Fig. 30 by taking average value over

10 fringe spacings at a time. The overall profile is preserved

-and this represents an early stage decomposition behavior.

It is characterized by small composition amplitude

(pa ~6.5%) and diffuse interface.

Results of an optical microdiffraction analysis of Fig. 28.

By moving an aperture equivalent to ~30A at the specimen
plane in ~20A increments normal to the fringe. A periodic
variation in spacing is produced. The central pattern is
taken with large aperture such that satellites can be seen.
(a) The (200) Tattice image of Au-53 at.% Ni alloy aged

100 hr at 1500C. (b) The corresponding electron diffraction
pattern shows satellite reflections along [100].

Direct microdensitometer trace analysis of fringe spacing

in Fig. 33. The ragged shape is similar to that in Fig.

30, but there is a noticable increase in amplitude due to

decomposition.
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The smoothed curve of Fig. 34 by taking average value over

10 fringe spacings at a time. The composition amplitude
increases (Aa.~412%) and reaches the equilibrium tie—]iﬁe
compositions. This represents a later stage of decomposition
which is characterized by sharp interface and large composition
amplitude.

Results of an optical microdiffraction analysis of Fig. 23.
the aperture size is the same as that in Fig. 32. Note

that the measured difference in fringe spacings is also ~12%.
Schematic representation of the one-dimensional modulation
model. The crystal is divided into several representative
gains. Within each gain, small domains of one-dimensional
waves are deve]oped which do not interpenetrate.

(a) Strong modulation perpendicular to g = [020] is observed
of a Cu-Ni-Cr spinodal alloy, but it is not observed with

g = [200] in the same specimen area. This suggests that

a possible one-dimensional modulation is developed in this
alloy system as well. |
Summary of the changes that occur in a yield stress, curie -
temperature and wavelength for an asymmetric Cu-Ni-Fe spinodal
alloy. Note that prior to 10 hr aging the shape of'the
wavelength vs time curve is similar to that in Fig. 27 which
is a result of one-dimensional éoarsening.

Schematic representation of the characteristics of spinodal
decomposition‘p1otted as concentration against distance

(1) early stage, (2) later stage.
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The typical spinodal microstructure, (a) early stage, and
(b) later stage. It is also suggested that the_wavy
appearance of the secondvphase in (a) is due to. one-
dimensional modulation, while the cuboid-like particles
in (b) is 6bv10us]y due to multi-dimensional coarsening

reaction.
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