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ABSTRACT

A simple dynamical Ising model on a fixed lattice with a single bond energy parameter has
been used to simulate the kinetics of diffusion during solid-state phase transformations in binary
metallic alloys. The results of these simulations are compared with direct real-space
measurements of the atomic distributions of elements in alloys, obtained with the position-
sensitive atom probe. Despite the simplicity of the model, there is good quantitative agreement
between the development of microstructure in the simulation and the nucleation and growth of
cobalt-rich precipitates in copper--cobalt alloys.

INTRODUCTION

When an alloy is aged at temperatures below the solvus, it is possible for phase separation
to occur by a process of diffusion. Conventional theories of diffusional phase transformations
are based on continuum models, an approach which appears reasonable given the number of
atoms in even a modest amount of material.[1, 2] However, advances in microscopy and

|_J[_[ microanalysis have extended the study of phase decompositions to the earliest stages, when

! a _ t.1 __! composition fluctuations are on the scale of only a few atomic spacings. In many engineering

III_]¢ alloys, important properties result from microstructural features on the nanometre scale,

• generated by phase separation during heat treatment. Understanding the early stages of phase
"| __ decomposition is therefore important not only at a fundamental level, but also for predicting the

", ] _[_!i _ long-term stability of engineering alloys and in the design of new materials. At these size scales,

Iii_l-]=]lt[ i continuum representations of the composition variations are no longer valid, and this leads toa

breakdown of conventional models in predicting the kinetics of the reactions. This paper
describes a statistical, atomic-scale simulation of the ageing of materials, using a dynamical

_a| Ising model. The modelling work is being performed in conjunction with an experimental
programme of atomic-scale studies of the early stages of phase transformations, using ultra-
high spatial resolution atom probe field-ion microscope (APFIM) techniques [3, 4]. With
APFIM microanalysis, composition--depth profiles can be obtained with 1-2nrn lateral
resolution, and a depth resolution of a single atomic layer. In a more recent variant of the
technique, the position-sensitive atom probe (PoSAP) [5], this microanalysis capability is
extended to a full three--dimensional reconstruction of the distribution of atoms originally present
in a volume approximately 20nm x 20nra x 20nra in the solid, with sub--nanometre spatial
resolution. It is now possible to make direct comparisons between the results of simulations and
the atomic-scale chemical measurements.

.,

DYNAMICAL ISING MODEL

The simulation of a binary alloy uses a fixed lattice to represent the positions of both types
of atoms in the material. An appropriate lattice type is used to match the material being modelled
(body--centred cubic for iron--chromium alloys, face--cenu'ed cubic for copper--cobalt) although
it is found that the results for the simulation of spinodal decomposition are not affected by the
choice of lattice type. A typical simulation would use a crystal of either 50x50x 50 or
100x 100x 100 unit Cells. The crystal is then 'aged' by random nearest neighbour exchanges
(Kawasaki dynamics). The probability of two atoms being swapped is related to the change of
energy, Ab/. In the simple model, the ener_ of the crystal is defined only in terms of nearest
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neighbour bonds, but second nearest neighbour bonding has also been used in the modelling of
the body--centred cubic lattice in iron-chromium alloys. The exchange probability used is the
Metropolis algorithm: [6]

1 AH<_.0P(Xi --) Xi+l) = M-/>0

The use of a swapping algorithm means that AH is always a integral multiple of 2Eab-Eaa-Ebb,
where Eab, Eaa, and Ebb are the bond energies between an A-B pair of atoms, between two A
atoms and between two B atoms respectively. This leaves only a single energy parameter in the
model:

2 eab- (Eaa+ Ebb)
or- kT

The value of this parameter for a given simulation is obtained by comparing the phase diagram
of the Ising model with that of the alloy system being modelled, thus providing a temperature
scale for the model. In alloys with simple miscibility gaps, the phase diagram of the Ising model
(which represents a regular solution) can be directly matched. Iron--chromium has a particularly
simple phase diagram at low temperatures, with a wide miscibility gap and a clear spinodal. At
higher temperatures there is also a sluggish sigma phase reaction, not seen in most
ch'cumstances, but it is possible to predict the phase diagram in the absence of this reaction by
using a thermodynamic modelling package such as the ThermoCalc database [7]. The critical
parameter of the Ising model, ot= 0.625, is equated with the critical temperature of Tc = 900 K
calculated for the alloy in this way. Any other ageing temperature can be simulated in the model
by scaling the value of a accordingly. This model has been found to provide a very good fit to
PoSAP data on the spinodal decomposition in Fe-Cr alloys aged at 773 K [8].

NUCLEATION AND GROWTH

Just as the iron-chromium system represents a good model alloy for the study of spinodal
decomposition, cobalt alloys have been widely used for studies of nucleation and growth
processes. A thorough review of the data on the early stages of precipitation in copper-cobalt
alloys, and a number of other systems, has been given by Aaronson and LeGoues.[9] The phase
diagram for the copper--cobalt system is not as simple as that of iron-chromium, due to an
intervening eutectoid reaction, so matching with the Ising model is not so straightforward.
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Although it is possible to predict the critical temperature in the absence of the eutectoid, the
available solubility data does not match a regular solution model. It is not therefore possible to
provide a direct temperature scaling of a on the basis of the critical temperature for copper-
cobalt. Instead, a temperature calibration can be obtained by comparing the solid solubility of
cobalt from the model with that which is experimentally observed for the alloy. Solid solubility
data for the copper-rich side of the copper-cobalt phase diagram is shown in figure 1, from the
work of Nishizawa and Ishida.[10] By fitting this data to a sub--regular solution model, it is
possible to extrapolate the solid solubility of cobalt to lower temperatures (as shown by the line
in figure 1). The equivalent section of the phase diagram for the Ising model is shown in figure
2, compared with the phase boundary expected in the regular solution model using the mean
field approximation. Although the mean field approximation does not match the behaviour of
the Ising model at high concentrations, due to the non-randomness introduced by clustering
above the miscibility gap, the fit is good at these low concentrations. In the sub--regular model
[1], the binding between atoms effectively varies as a function of temperature, so that ct no
longer scales as lH" in a simple manner. Nonetheless the solid solubility does provide a direct
correlation, so that at 723K (at which temperature the solubility of cobalt in copper is
0.082 at.%) a=1.178 from the Ising model, and for the mean-field approximation T/T c = 0.281
and tt=l.186. This value for the energy parameter can be used to make an estimate for the
effective surface energy within the model, from a bond-breaking argument. On a (100) surface
between pure A and B phases there would be four A-B bonds per interface atom, each bond
contributing u,/2 to the internal energy. The interface energy on this basis, without taking excess
entropy into account, would be 0.26 Jm-2, which is in reasonable agreement with reported
values of 0.19 Jm-2 and 0.165 Jm-2.[11, 12]

The results of a simulation using a=1.178 are given in figure 3, which shows the
distribution of cobalt atoms in part of a modelled crystal of 100x 100x 100 unit cells for a
simulated Cu-1 at.% Co alloy. Each part of the figure shows a single snapshot in the ageing
sequence, where the ageing times are given in Monte carlo steps (MCS). A single step has been
performed when, on average, each atom has been selected once. For comparison, the cobalt
distributions from the PoSAP analysis of Cu-1 at.% Co aged at 723 K for 10 minutes, 1 hour
and 24 hours are shown in figure 4. lt can be seen that the match between the simulation and the
experimental results is good. In previous simulations by Chisholm and Laughlin, nucleation
events had to be initiated by seeding the lattice in the model with cobalt clusters.II3] The need
to do this was perhaps brought about by the use of a critical temperature (1680 K), calculated
from a sub-regular solution model, which was inappropriate for the Ising model and gave a
reduced level of supersaturation. A size effect is also observed at lower supersaturations,
whereby a 50x50x50 lattice aged with a parameter of cx=l.0 (supersaturation of 400%) will
remain stable, whereas nucleation does occur in a 100x 100x 100 lattice. This effect seems to
be due both to the reduced number of cobalt atoms present in the smaller system, and the effect
on the free energy of the system of a reduced matrix volume. Determination of critical nucleus
sizes in the simulation are also made difficult by this effect, so that large lattices are essential if
critical sizes are to be measured from the model.

The matrix cobalt concentration and cluster density from the simulation is shown in'
figure 5. Any cluster of cobalt atoms larger than 10 was taken to be a particle, and used to
calculate the cluster density, while the remaining cobalt atoms were assumed to be part of the
matrix and used to calculate matrix composition. The simulation shows a clear change over
between the nucleation regime, where the cobalt concentration in the matrix remains relatively
constant and the cluster density increases, and coarsening, when the matrix cobalt level has
decresed significantly and the cluster density decreases. Measurements of mean cluster sizes
from the simulation show a similar change in behaviour. Up to 3000 MCS, the nucleation

- stage, the mean cluster diameter increases as _/t., showing diffusion limited growth. After 3000
MCS, the diameter increases much more slowly (t 0.19) as the particles coarsen.

The variation of matrix composition measured by PoSAP analysis for the Cu-1 at.% Co
alloy aged at 723 K for up to 24 hours is shown in figure 6. Also shown is the variation in

_- measured particle density. The observed change in matrix composition follows a very similar
curve to that obtained from the simulations, and shows that the 1 hour ageing at 723K, on the
knee of the curve, is approximately equivalent to 1200 MC.'; in the simulation. The observed
peak cluster density of 8 x 102ll'm-3 at this stage also agrees ',veil with the value of 2 x 102ttm -3
_Hvenbv ,he s!r_,t:l:,:ion. Given t!_es"-'7 '' -'...."_-"_ _....... e r;:'tt:re of r2;e,.,,.,,.:;1.the agrc_'ment is rem_kable..-\
,_ean c[uater di:,,:---.:......_:.'?I 5 :.::: ::.,:-.::.:z:'.:taf,:er "4 !;7__::-.:: -.n_: '._3:_:ches,,,,c]] ;,,ith ttne value of
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2nra after 30000 MCS ageing in the model, however at early stages the cluster diameterswhich

measured from the PoSAP do not seem to fall below lnm. Measurement of cluster sizes atobservation
or less using the PoSAP is made difficult by the presence of ion trajectory aberrationsprecipitation in
limit the ultimate spatial resolution achieveable in the instrument.J4] However, this

copper--cobalt alloys.J9] Such diffuse clusters are not predicted in models with short range
may also be further indication that diffuse clusters exist at the earliest stages of

interactions, as are currently used in the dynamical Ising model shown here, but the technique
has the ability to make use of more accurate al) initio interatomic potentials. Use of such
potentials will help to clarify the issue of diffuse clustering in these alloys.
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