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Abstract A three-part series of papers is presented concerning the atomic scale analysis of spinodal 
decomposition in Fe Cr alloys. This first part deals with the experimental techniques and computer 
simulations, the second part discusses the dynamics of early stage phase separation, and the third part 
describes the morphological and structural characterization of spinodal microstructures. In this first paper, 
three-dimensional reconstructions of the atomic structure of a series of thermally aged Fe Cr alloys are 
shown. Two methods for computer simulation of the decomposition process are described. The first is an 
atomistic simulation based on the Monte Carlo algorithm and the second is a numerical solution to the 
Cahn Hilliard Cook theory. The three-dimensional atomic scale structures resulting from decomposition 
within the low temperature miscibility gap are reconstructed. It is shown that both models generate 
microstructures which are qualitatively similar to those observed experimentally. 

I. INTRODUCTION 

Many alloys are used under service conditions in 
which they are metastable or unstable against some 
form of phase separation on the atomic scale. In a 
spinodal alloy, there is no thermodynamic barrier to 
phase separation. During decomposition, the atoms 
unmix to produce a two-phase microstructure. The 
Fe Cr system [1,2] is an ideal model system for 
studying the spinodal decomposition process since 
the lattice mismatch is small (minimizing the effect 
of  lattice strain) and the only competing phase 
transformation is the sluggish production of sigma 
phase. Moreover,  the reaction is sufficiently slow 
to permit experimental study of  the early stages of  
phase separation. As decomposit ion occurs, a highly 
interconnected microstructure consisting of  Fe-rich 
and Cr-enriched ~' regions is produced, with a 
characteristic scale (or wavelength) of  less than ~ 5 
nm. 

The conventional theories for spinodal decompo- 
sition predict that the phase separation can be divided 
into two regimes. During the first stage a dominant  
wavelength forms and the difference in concentration 
between the two phases is predicted to increase 
exponentially towards the limits defined by the 
miscibility gap. On further aging, the sizes of  the 
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and ~' regions are expected to increase but 
the concentrations of  the two phases should remain 
approximately constant. However  experimental evi- 
dence suggests that both the microstructural scale, and 
the difference in concentration between the two 
phases, increase concurrently in the spinodal region of  
the Fe -Cr  system [3, 4]. 

Several different techniques have been used to 
characterize the decomposit ion in spinodal alloys. 
Recent experimental studies have included the use of  
X-ray and small angle neutron scattering to measure 
the structure function [5 9]. As coarsening occurs and 
the scale increases, there is a decrease in the 
wavenumber of  the peak of  the structure function. 
These reciprocal space techniques are useful for 
finding average quantities analysing any periodic 
modulations in terms of  Fourier  modes. However,  no 
information is obtained concerning the detailed 
morphology in real space and so a direct comparison 
with both theoretical models or computer  simulations 
at the atomic scale is impossible. The conventional 
atom probe field ion microscope [10, 11] has sufficient 
spatial resolution to directly image the microstructure 
and is able to collect individual ions whose chemical 
identity may be determined. Thus local compositions 
can be calculated on the subnanometer scale. The 
development of the three-dimensional (3D) atom 
probes, such as the position-sensitive atom probe 
(PoSAP) [12-14] and optical atom probe (OAP) 
[15, 16], enables true 3D characterization of  both 
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composition and microstructure on the atomic 
scale. Other conventional direct techniques such as 
transmission electron microscopy have proved ineffec- 
tive in resolving the fine scale microstructure of the 
binary Fe-Cr system due to the lack of contrast 
between the phases. 

The high performance of mini-supercomputers 
now enables sufficiently large 3D simulations of 
atomic scale processes to yield realistic results. 
With these tools, numerical simulations and Monte 
Carlo methods become important techniques for 
studying phase transitions. Following the emergence 
of 3D atom probes, it is possible to compare directly 
the microstructure resulting from fine-scale phase 
separation with that predicted by theoretical calcu- 
lations or numerical models. In this series of papers, 
the phase separation occurring within the low-tem- 
perature miscibility gap in a series of Fe Cr alloys is 
compared with two models of the decomposition 
process. 

The microstructures have also been related to the 
observed mechanical properties. The increase in 
hardness (and decrease of impact strength) during 
spinodal decomposition is of crucial engineering 
importance, notably in the duplex stainless steels used 
in the primary cooling circuits of many nuclear 
reactors. The time and temperature dependence of the 
spinodal reaction needs to be understood in order to 
satisfactorily predict the long-term behavior of these 
materials. 

2. MATERIALS AND HEAT TREATMENTS 

The majority of the research reported in this series 
of papers was performed on a high purity Fe-45 at. % 
Cr alloy. This composition was chosen to be in the 
centre of the slightly asymmetrical miscibility gap. 
This alloy was fabricated from high purity elemental 
Fe (>99.99% purity) and Cr (>99.996% purity). 
Chemical analysis of the alloy after arc-melting in a 

dry argon atmosphere revealed that it contained a total 
of ~ 100 ppm of interstitial impurities by weight. Wire, 
of diameter 0.25 mm, was fabricated from the master 
ingot by a combination of swaging and wire drawing 
operations. Special precautions were taken to prevent 
contamination of the material during these stages. 
Some additional experiments were performed on 
Fe 17, 19, 24 and 32 at.% Cr alloys which were 
fabricated in exactly the same manner from the same 
initial materials. 

Prior to examination in the atom probe, the wires of 
the Fe-17, 19, 32 and 45% Cr alloys were solution 
treated in argon (0.4 atm) for 2 h at 1273 K, water 
quenched and isothermally aged at 773 K for times up 
to 500 h and water quenched. The Fe-24% Cr alloy 
was solution treated for 16h at 1223 K prior to 
isothermal aging at 773 K. In addition to these 773 K 
isothermal treatments, a series of isothermal heat 
treatments at temperatures ranging from 673 to 923 K 
was performed to estimate the position of the 
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Fig. 1. Hardness vs heat treatment for Fe Cr alloys 
containing 24, 32 and 45% Cr (200 g load). 

miscibility gap by the experimental observation of 
phase separation in the field ion images. 

The change in microhardness as a function of aging 
time at 773 K was determined from the ends of the 
wires with the use of a Shimadzu hardness tester with 
a 200 g load. The results are shown in Fig. 1 for the 24, 
32 and 45% Cr alloys. The increase in hardness was 
greatest for the alloys with the highest Cr content, as 
expected due to the higher volume fraction of the 
Cr-enriched ~' phase. The time exponents of the 
changes in hardness were determined by fitting each set 
of data to a power law as indicated by the lines in Fig. 1 
and were 0.13 + 0.02, 0.12 + 0.01 and 0.10_+ 0.01, 
respectively for the 24, 32 and 45% Cr alloys. 

These microhardness results correlate well with the 
work performed by Marcinkowski et al. [2]. Their 
room temperature hardness measurements on an 
Fe~7.8 at.% Cr alloy quenched from 1273 K and 
aged at 773 K showed that the average hardness 
doubled with aging before reaching an apparent 
plateau of 470 VHN after 500 h aging. 

3. EXPERIMENTAL TECHNIQUES AND DATA 
ANALYSIS PROCEDURES 

3. I. A t o m  probe  microanalys is  

The primary technique used to characterize the 
microstructures of these alloys was atom probe field 
ion microscopy (APFIM). A detailed description of 
this technique may be found in the monograph by 
Miller and Smith [17]. In order to perform a complete 
microstructural characterization, both an energy- 
compensated atom probe and two variants of the 
newer 3D atom probes were used, a PoSAP and an 
OAP. 

The field ion microscope (FIM) provides an atomic 
resolution view of the surface of a specimen. 
Variations in composition often generate phase 
contrast on the image but no compositional 
information is available. The FIM images shown in 
Fig. 2 show the increasing scale of decomposition as 
a function of aging in a series of F e ~ 5 %  Cr alloys. The 
morphology of the microstructure may be observed by 
taking a series of field ion micrographs as the specimen 
is field evaporated to expose new layers of material (i.e. 
serially sectioned). Field desorption micrographs of 
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Fig. 2. Field ion micrographs from Fe 45% Cr samples aged for (a) 4, (b) 24. (c) 100 and (d) 500 h. The 
brightly imaging regions are Cr-enriched and the dark regions Cr-depleted. 

the specimen surlTtce, generated bv individual 
field-evaporated ions in the optical atom probe, often 
show better phase contrast than field ion micrographs. 
In Fig. 3 a series ofl ield desorption micrographs show 
how the morphology of phase separated Fe Cr alloys 
varies with the Cr content. As the Cr content of  the 
alloy is increased, the volume fraction o1" the z" phase 
increases and there is a transition in the morphology 
of  the ~' phase from approximately spherical particles 
[Fig. 3(a)] to a fully interconnected structure 
[Fig. 3(d)]. Although the 24% Cr alloy appears 
to consist simply of  isolated regions, field evaporat ion 
sequences demonstrate that the :~' phase forms some 
interconnected regions and some isolated particles. 

In order to obtain compositional information, an 
atom probe compositional analysis must be per- 
formed. Atom probes collect individual ions whose 
chemical identity can be determined. The local 
composit ion can be calculated on the nanometer scale 
and used to generate a one-dimensional ( ID)  depth 
profile. The 3D atom probes can be used to reconstruct 
elemental maps of  the sample in three dimensions with 
near atomic resolution. Moreover  the analyses may be 
used to determine several additional parameters 

related to the microstructural scale and elemental 
concentrations, as described in the following sections 
and in Parts 11 and Ill  of  this series [18, 19]. 

3.2. Experime#ztal coHditions 

The experimental conditions were chosen to suit the 
type of  analysis and therefore varied among each of  the 
techniques used. The field ion micrographs were 
obtained with the use of  neon as the image gas and with 
a specimen temperature of  between 60 and 85 K. The 
field desorption micrographs were recorded with a 
specimen temperature of  60 K. All 1D atom probe 
analyses were obtained with the use of  the Oak Ridge 
National Laboratory energy-compensated atom 
probe (ECAP) [20] with a specimen temperature of  50 
K and a pulse fraction of  20%. In the PoSAP 
experiments, a relatively high analysis temperature of  
80 K was chosen to minimize the loss of  information 
caused by the simultaneous evaporation of  more than 
one Cr atom on a single pulse [21] and a pulse fraction 
of  15% was used. An ion rate of  between 50 and 100 
pulses per ion was used as a compromise between 
minimizing the number of  multiple events and 
maximizing the rate of  data acquisition. 
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Fig. 3. Field desorption micrographs front Fe-Cr alloys aged for 500 h at 773 K as a function of Cr 
content--(a) Fe 19% Cr, (b) Fe 24% Cr, (c) Fe-32% Cr and (d) Fe~,5% Cr. The bright regions are 

Cr-enriched and darker regions Cr-depleted. 

3.3. Composition profile 

On the atomic scale, it is impossible to treat the local 
composition of an alloy as a continuous variable. A 
composition must be defined over some local region, 
called a coarse-graining volume, which is small with 
respect to the length scales of features of interest, but 
considerably larger than the size of an atom. A 
composition profile may be generated by dividing the 
sequence of ions from an ECAP analysis into blocks 
and plotting the block composition against block 
number. The blocks can be chosen so that each has 
an identical volume or so that each contains a 
fixed number of atoms. In the former case, local 
magnification effects will cause different blocks to 
contain different numbers of ions making statistical 
analysis difficult. The size of each block is chosen so 
as not to smooth over the composition fluctuations, 
but large enough so that most of the statistical noise 
is excluded. A qualitative examination of a compo- 
sition profile can be used to detect composition 
fluctuations. The analysis may be applied to PoSAP 
data, by selecting a sub-volume, usually in the form of 
a cylinder of square cross-section, which is then 

divided into blocks. However, much longer compo- 
sition profiles are obtained from conventional atom 
probe analysis because of the greater depth analysed. 
For isotropic morphologies, the blocks are usually 
chosen to be approximately cubic, with a size which 
does not smooth over the composition fluctuations, 
but is large enough to exclude most of the statistical 
noise. 

ECAP composition profiles through an Fe~,5% Cr 
alloy aged at 500"C for 24 and 500 h are shown in 
Fig. 4(a, b). Equivalent PoSAP depth composition 
profiles using a moving average smoothing with a fixed 
sample volume (1 nm 3) are shown in Fig. 4(c). In the 
early stages of decomposition small composition 
fluctuations are evident. At later stages of decompo- 
sition, well defined sinusoidal type composition 
modulations are observed. Note that the observed 
maximum composition in each vein does not appear 
constant. This is the natural consequence of 
simultaneous sampling of both phases, rather than 
sampling pure Fe-rich regions and pure Cr-enriched 
regions. An approximate estimate of the wavelength 
can be made by counting the number of wavelengths 
traversing the volume. After 24 h the wavelength is 
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Fig. 4. Composition profiles for two F e ~ 5 % C r  alloys 
thermally aged for 24 and 500 h. in (a, b), results from an 
energy compensated atom probe using a constant block size 
of  33 ions are shown. In (c) data from PoSAP experiments 

using a constant sample volume of 1 nm ~ is displayed. 

approx. 2 nm, and increases to over 4 nm after 500 h. 
More accurate statistical techniques for analysing the 
development of microstructural scale are presented in 
Part II of this series [18]. The increase in domain 
composition can be more clearly observed by plotting 
a frequency distribution, 

3.4. Frequency distributions 

A frequency distribution curve from a conventional 
atom probe experiment is constructed by dividing the 
sequence of atoms into equal sized blocks of atoms and 
plotting the observed number of blocks with each 
composition. A random solid solution will generate a 
binomial form, whereas a system in which phase 
separation has occurred will exhibit a broadening of 
this distribution. In the limiting case, a heavily 

decomposed sample will yield a distribution with two 
peaks corresponding to the development of two 
separate phases. The development of the frequency 
distribution is shown in Fig. 5 for the Fe~45% Cr alloy 
aged between 4 and 500 h at 773 K and analysed in 
an energy-compensated atom probe. At the earliest 
stages, before significant phase separation has 
occurred, the distribution follows the binomial form. 
During aging, the distribution first broadens and, at 
the latest stages, begins to show two peaks. Methods 
for quantifying the extent of decomposition based on 
the form of the frequency distribution are discussed in 
Part II of this series [18]. 

3.5. 3D atom probe data representation 

The simplest and most intuitive representation of 
3D atom probe data is to use a sphere to represent each 
individual atom. Different types of atom may be 
represented by different colours and the use of various 
forms of shading and lighting conditions can be used 
to highlight various features. This method has been 
used in Fig. 6 to show the distribution of Fe and Cr 
atoms in an Fe-45% Cr specimen after aging for 500 h 
at 773 K. The lighter-coloured spheres represent Fe 
atoms and the darker spheres represent Cr atoms. 
Clearly, thermal aging has generated a two-phase 
interconnected web consisting of Cr-enriched regions 
and Fe-rich regions. The figure reveals that each 
"domain" is only a few nanometers thick. 

Since the atoms at the surface of the analysed 
volume obstruct the line of sight from those atoms in 
the bulk, it is impossible to visualize the internal 
structure by the method used in Fig. 6. For 
complicated morphologies, it is useful to define a 
regular 3D grid of composition cells, as shown 
in Fig. 7(a). Each cell is assigned a composition 
according to the local environment of atoms. The size 
of an individual cell is close to that of an atomic 
spacing to ensure that spatial information is not lost. 
However, this means that each cell contains, on 
average, only one or two atoms. Since trajectory 
aberrations occur during field evaporation the original 
location of each atom cannot be precisely located. This 
invariably means that many cells will contain no 
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Fig. 5. Frequency distributions from ECAP analyses of  a 
series of  Fe-45% Cr alloys aged up to 500 h. A block size of 

33 ions was used. 
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5 nm 
Fig. 6. Atomic reconstruction of an Fe-45 % Cr alloy aged for 500 h. The lighter spheres represent Fe atoms 

and ~.be darker spheres Cr atoms. 

atomic information l)-om which a composition may be 
calculated. Moving average sampling methods must 
be introduced to ensure that no "holes" remain in the 
data. Since an average data set will contain at least 
200,000 atoms, ~he algorithm must be extremely 
efficient. 

Two types of sampling are considered. In the first 
[Fig. 7(b)], all points within the sampling volume 
contribute equally to the composition calctllation 
(simple smoothing). This will tend to smooth out fine 

detail present in the structure, The second, centre- 
weighted, smoothing method is heavily biased towards 
those atoms nearest to the centre of the smoothing 
volume [Fig. 7(c)]. This algorithm is essentially a "hole 
filling" algorithm since it assigns compositions to cells 
from within which no atoms could be located without 
significantly affecting the compositions of surrounding 
cells. The result of this smoothing is a grid containing 
a higher level of fine detail. The size of the averaging 
volume is not critical provided that all of  the cells may 
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a) Composition b) Simple 
Grid Smoothing 

C) Centre-Weighted 
Smoothing 

II 

Weighting Weighting 
Fig. 7. Principle of composition grid. The grid used to calculate composition is of a similar size to the atomic 
spacing (a). Individual cells on the grid may have no atom positions within their volume. Moving average 
smoothing methods are used to ensure all points on the grid have composition data. In simple smoothing 
(b), atom positions over the shaded area contribute equally to the composition at the grid point, while 
centre-weighting the data (c) produces a composition biased towards atoms close to the grid location. 

be assigned a local composition. Typically a cubic 
region with side 4 cells (simple smoothing) or 5 cells 
(centre-weighted smoothing) is used. 

For a binary alloy, the compositions can be 
false-colour coded. The range of colours in the 
rainbow spectrum can be mapped to the composition 
values, for instance from blue representing A-rich 
regions through green to red representing B-rich 
regions. A series of cross-sections through the 
structure can be used to represent the 3D morphology 
and to observe the degree of interconnectivity. A 
grey-scale equivalent is shown in Fig. 8. 

A binary image can be formed by defining a 
composition threshold. Cells with compositions above 
and below this threshold are assumed to originate 
from regions of differer]t phases. The choice of 
threshold composition is critical since it determines the 
apparent volume fraction of each phase. The simplest 
choice for a threshold value is the mean alloy 
composition. This choice would be suitable for an 
alloy in which the two phases had concentrations 
symmetrically positioned on either side of the mean 
alloy composition. However, if the volume fractions of 
the two phases were not equal this choice could 
generate an interface within one of the phases as shown 
in Fig. 9. In this diagram, two frequency distributions 
are shown, the first corresponding to an unaged alloy 
and the second to the late stages of aging after two 
distinct phases have formed. Both have the same mean 
composition. Choosing the mean composition to be 
the threshold level is clearly not suitable. Choosing the 
threshold level as the composition of the median block 
could yield a similar result. An alternative choice 
would be that of the mid-value between the maximum 
and minimum compositions observed. However this 
value would be influenced too much by statistical 
variations at the upper and lower end of the 
distribution. The method selected attempts to avoid 
these statistical variations by locating the positions of 

the upper and lower deciles and using the mid value 
between the two. As can be seen from Fig. 9, a much 
better estimate of the true threshold composition is 
obtained. Several other choices for a threshold value 
are possible. For instance, if the frequency distribution 
consists of two distinct peaks, the minimum value 
between the two peaks could be selected. 

3.6. Isosurface reconstruction 

The sequence of binary cross-sections can be 
extended to generate the full 3D microstructure by 
generating an isosurface, the 3D equivalent of a 
contour. A composition level is chosen and a surface 
drawn over all points with this composition. The 
resulting structures consist of thousands of polygons 
which can be automatically shaded and manipulated 
in 3D using visualization software to give a full 3D 
impression. This technique has proved particularly 
useful for examining percolated or highly inter- 
connected structures. 

An isosurface representation was used to show the 
atomic scale composition variations found in Fe-Cr 
specimens after aging at 773 K. A simple smoothing 
algorithm was used to generate the composition grid. 
Alloys with a low Cr content phase separate to give 
microstructures with a low volume fraction of the 
second phase. The microstructure therefore consists 
of isolated Cr-enriched particles within an Fe-rich 
matrix. An example is shown in Fig. 10(a), where an 
isosurface reconstruction, drawn at a concentration of 
20% Cr, has been used to represent the Cr-enriched 
regions from an Fe-17% Cr alloy aged for 500 h. In 
Fig. 10(b), the isosurface from an Fe 24% Cr alloy 
aged for 500 h demonstrates that both isolated 
particles and veins traversing the analysed volume can 
co-exist. The Cr-enriched regions of the Fe-32% Cr 
alloy aged for 500 h form a percolating structure with 
little evidence for large isolated particles [Fig. 10(c)]. 
Analyses of the Fe~,5% Cr alloys show that after 4 h 



5 n m  
Fig. 8. Series of  cross-sections through the structure of  an Fe~45% Cr alloy aged for 500 h. The composit ions 
were calculated using simple smoothing. The dark regions are Cr-enriched and the lighter regions Fe-rich. 

The series represents a depth of approx. 4 nm. 
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Fig. 9. Broadening of composition frequency distribution 
during spinodal phase separation. The lower (and upper) 
deciles mark the composition below (and above) which 10% 
of the composition values are observed. The threshold 
composition, which represents the interface between the two 
phases, is defined as the mid-point between the compositions 

of the upper and lower deciles. 

aging there is little evidence of any decomposition. 
whereas after 24 h, Cr-enriched veins have begun to 
form. A highly interconnected two-phase micro- 
structure is found after aging for 100 h. In Fig. 10(d), 
an isosurface has been drawn to represent the 
Cr-enriched regions present after aging for 500 h. 
Figure 10(a-d) can be directly compared with the field 
desorption micrographs in Fig. 3. In Fig. 10(e) 
centre-weighted smoothing, which retains a higher 
level of detail than simple smoothing, has been used to 
calculate the local composition in an F e ~ 5 %  Cr 
sample after aging for 500 h. Although the phases are 
well defined, it is apparent that the interface is rough 
on the atomic scale and that some very small isolated 
Cr-enriched regions exist. At this stage of decompo- 
sition, the domains are approx. 2.5 nm across. In all of 
these isosurface reconstructions, no 'preferred growth 
orientation was detected, consistent with the small 
strain associated with the system. 

4. COMPUTER SIMULATIONS 

4. i. Theories jot spinodal decomposition 
Conventional theories of phase separation have so 

far been based on Gibbsian thermodynamics. Implicit 
in the models is the use of a coarse-graining volume 
large enough for the composition to be treated as a 
continuous parameter. The coarse-graining volume 
must therefore be considerably larger than the scale of 
a lattice site. However, the volume must also be small 
in comparison with the length scales of the features 
of interest such as the wavelength of composition 
fluctuations. A mathematical theory of spinodal 
decomposition was developed by Cahn and Hilliard 
[22, 23]. The linear solution explained the growth 
of composition waves and their crystallographic 
orientation but was only valid at the very early stages 
of decomposition. Cook [24] later improved the 
Cahn-Hilliard model by including a term to model 
thermal noise. Non-linear theories [25, 26], also based 

on continuum models, have been developed to 
describe the growth rate at intermediate and later 
stages of decomposition but these have met with only 
limited success, and yield no information on the 
detailed morphology of the resulting microstructures. 
In the present work, two models of the decomposition 
process have been implemented: a discrete atomistic 
model and a numerical solution to the non-linear 
Cahn-Hilliard-Cook equation. 

4.2. The d)'namic Ising model 
Phase separation in alloys is generated by diffusion 

of atoms through the microstructure, and is driven by 
the reduction of free energy. The Monte Carlo 
technique can be used to model this process. A 
Hamiltonian is defined in terms of "pair-wise" bond 
energies summed over all possible interactions and the 
change in enthalpy is calculated when a random pair 
of nearest neighbour atoms is swapped. If only nearest 
neighbour interactions are considered, the change in 
energy, AH, will be a multiple of the interaction 
parameter, e = EAA + EBB -- 2EAB, where EAA, EBB and 
E~B are the energies associated with a A-A, B-B and 
A-B interactions respectively. The probability 
P(x ~x') that the new lattice configuration is accepted 
is given by the Metropolis algorithm [27] and the 
change in energy AH 

P(x~x ' )=I:xp[-AH/kT]  AH<_oAH>O 

The algorithm is not designed to simulate exact 
microscopic behaviour. For this, a pre-factor in the 
form of(A/z) exp [ -  Q/kT] is necessary where Q is the 
activation energy, A a positive constant and 1/z the 
attempt frequency. This would simulate the lattice 
vibration process but would also necessitate a large 
number of attempts (determined by the magnitude of 
Q) before a swap actually occurs. In the case where the 
diffusion barrier is assumed constant, the algorithm is 
a good simplifying model. Clearly, in real systems, Q 
will be a function of the local atomic configuration. If 
the pre-exponential term is the same for both species, 
this term simply scales the time, and so it can be 
ignored. 

Vacancy diffusion can be modelled by allowing a 
"hole" in the lattice to execute a random walk. In this 
situation the energies of "bonds" between the vacancy 
and surrounding atoms need to be defined. The 
simplest method is to define the A-vacancy "bond" 
and B-vacancy "bond" energies as being equal so that 
no preferential segregation of vacancies to any single 
phase occurs. If only a single vacancy is allowed, then 
a vacancy vacancy interaction does not need to be 
defined. Simulations using a vacancy mechanism have 
given very similar results to the "unphysical" nearest 
neighbour swapping technique [28]. For simplicity, all 
simulations reported here used the atom swap 
technique. 
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(a) 

Cb) 

5 nm 

Fig. 10(a b). (Caption on p. 3397.) 

5 nm 
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Fig. 10(c). (Caption on p. 3397.) 

5 nm 

In the case of a b.c.c, lattice (such as the Fe Cr 
system), simply using nearest neighbour interactions 
to calculate the enthalpy associated with a lattice site 
is clearly not realistic, since the six second nearest 
neighbours are not much further away than the eight 
nearest neighbours and therefore poorly screened. 
Second nearest neighbour interactions must also be 
used, and weighted according to how the interatomic 
potentials vary as a function of distance (s). In the 3d 
transition metals, the binding potential falls approxi- 
mately as s ~ [29]. 

The nearest neighbours are situated at a distance 
(a~v/3)/2, where a0 is the lattice parameter. The second 
nearest neighbours are situated at a distance a apart. 
The weighting is therefore given by 

For a simple or f.c.c, lattice, an algorithm using only 
nearest neighbour interactions is sufficient. Time in the 

Monte Carlo model is defined in terms of Monte Carlo 
steps (MCS). If there are N atoms in the simulation 
then one MCS corresponds to N attempted swaps. 

To model phase separation in the Fe-Cr system, 
it is necessary to match the phase diagram from 
the Monte Carlo simulations to the experimentally 
observed F ~ C r  miscibility gap. The miscibility gap in 
the b.c.c, region of the Fe-Cr phase diagram was first 
experimentally located by Williams and Paxton [1, 30], 
using hardness and electrical resistivity measurements. 
A critical temperature of ~ 830 K was found. Within 
this miscibility gap the only competing phase 
transformation is a sluggish sigma phase reaction [31 ]. 
The approximate form of the miscibility gap has been 
confirmed by other experimental studies, for instance 
Nishizawa et al. [32]. However Kuwano [33], using 
M6ssbauer spectroscopy to follow the time develop- 
ment of the Cr-rich paramagnetic phase, reported a 
critical temperature (Tc) of ~950 K. The miscibility 
gap has also been located by thermodynamic 
calculations which include the magnetic transition. 
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Andersson and Sundman [34] predicted T~ ~ 900 K at 
a composition C~ of ~0.5. A summary of these 
experimental results and thermodynamic calculations 
is shown in Fig. 11. Also included in Fig. 11 are data 
from FIM observations. The closed circles represent 
experiments in which phase separation was observed 
and the open circles represent experiments in which no 
phase separation was observed. 

To introduce a temperature into the Monte Carlo 
simulations, the critical temperature for an equiatomic 
simulation was set to 900 K. Since the critical energy 
parameter ( - E / k T c )  is known for each lattice [35], 
choosing a critical temperature fixes the corresponding 
value of the interaction parameter (Q. A good match 
is attained both with experimental results and 
thermodynamic calculations (Fig. 12). 

The miscibility gap in the Fe-Cr system is not quite 
symmetrical and the F e ~ 5 %  Cr alloy produces a 
50% volume fraction of each phase at 773 K. Since 
the miscibility gap defined by the Monte Carlo model 
is symmetric, simulations containing 50% A and 
50% B atoms were chosen to model the real 
alloys. Simulations were performed on a b.c.c, grid 
(80 x 80 × 80 lattice units) with both first and 
second nearest neighbour interactions for times up 
to 10,000 MCS at  a temperature of 750 K. 
Further simulations h'~ve also been performed on a 
range of different lattice types, lattice sizes and 
temperatures. During the "time scales" examined in 
this series of papers, the development of phase 
separation was not influenced by the simulation 
size. 

(d) 

Fig. 10(d). (Caption on p. 3397.) 

5 nm 
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g a i t  

3397 

5 nm 

Fig. 10. lsosurface reconstructions from PoSAP analyses showing how the morphology of the Cr-enriched 
regions ofFe Cr alloys varies as a function of Cr content after aging for 500 h at 773 K. The compositions 
are (a) F ~ I  7% Cr (isosurface at 20% Cr), (b) Fe-24% Cr (isosurface at 30% Cr), (c) Fe-32% Cr (isosurface 
at 30% Cr) and (d) Fe-45% Cr (isosurface at 40% Cr). In each simple smoothing has been used to generate 
the compositional information. In (e) centre-weighted smoothing was used to show the fine scale detail in 

an Fe-.45% Cr alloy. The isosurface is drawn at a concentration of 40% Cr. 

After  aging for 5000 MCS at 750 K, the Ising model  
had  produced  a two-phase  micros t ructure  with a scale 
similar to tha t  observed experimental ly in the Fe-45 % 
Cr alloys after  aging for 500 h at 773 K. The isosurface 
reconst ruct ion shown in Fig. 12, generated from a 
40 x 40 x 40 subsect ion of  the M o n t e  Car lo  simu- 
lation, compares  favourably  with the PoSAP analysis 
[Fig. 10(e)]. The isosurface level was set to 50% in 
order  to represent  the interface between the phases. 

Both  the Fe-rich and  Cr-enr iched phases are 
in terconnected and  percolate the volume. 

4.3. Numerical solution to the Cahn-Hill iard-Cook 
theory 

Cahn  and Hilliard developed a mean  field approach  
to spinodal  decomposi t ion  of  a binary mixture [23]. A 
local concen t ra t ion  variable u was defined in terms of  
the difference between the mole fract ions of  each 
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Fig. 11. The solid state miscibility gap in the Fe-Cr phase 
diagram. The dotted lines represent the thermodynamic 
calculations for the miscibility gap and the solid symbols are 
from experimental investigations. The phase diagram from 
the dynamic Ising model is shown with a critical temperature 

set to 900 K. 

species, x and ( 1 - x ) ,  over a coarse-graining 
volume. The mole fraction within the coarse-graining 
region is 

1 
x(r) = N K~ x, 

where r is the centre of  mass of the coarse grained 
volume containing N atoms and the xi's are 0 and 1 
corresponding to the two types of  atoms. The 
continuous concentration parameter u is given by 

u = x -  (I - x )  = 2 x - -  1, I.I-< 1. 

The Ginzburg-Landau  free energy function was 
used in which the chemical potential ~t consists of  two 
terms, relating to the bulk free energy, ~, and a root 
mean square effective interaction distance },. Both 
terms explicitly contain the coarse-grain scaling length 
through the definition of  u 

i1 = @ ' ( u )  - ;,'2k~IK7"u 
OU 

where kB is Boltzmann's  constant and T is the 
temperature. 

The Cahn Hilliard equation for spinodal decompo- 
sition is 

c;u(r,N t)_ V 'MV(~(u ) -  r'kB/V'u) 

where u is the composition, M > 0 a mobility, r is a 
position vector and t the time variable. 

A major drawback of  the Cahn-Hil l iard  theory is 
that it is completely deterministic and ignores thermal 
fluctuations. Cook [24] considered a simple extension 
to the linear theory by adding a random fluctuation 
~(r,O 

~,.(r, t) VMV(@(,,) - :,'/.-.rV'.] + :(,'. ,1 N \e.  / 

where 

(~(r. 0)=0 

and 

(~(r,  t )d ( r ' ,  t ' ) ) =  - 2 k B T M V 2 6 ( r  - r ' ) 6 ( t  - t ') .  

The two conditions ensure that the alloy compo- 
sition is conserved and that the noise is uncorrelated 
in time. A convenient form of  the Cook term is a 
Gaussian with mean zero and variance 2 k B T M .  

In the present work, a numerical solution to the 
non-linear Cahn-Hi l l ia rd  equation, first implemented 
by Elliott and Copetti  [36-38], was modified to include 
the Cook term. The parameters in the simulation were 
chosen in an attempt to model decomposit ion in the 
Fe -Cr  system at 773 K. Since the experimental results 
correspond to the very early stages of decomposition, 
where the important  length scales are on the order of  
a few atoms, an unrealistic coarse-grained volume of  
a single atom was chosen. The mean field 
approximation for the free energy, 0,  at a temperature 
of 750 K was used since the limits of  solid solubility at 
this temperature approximately match those observed 
in the Fe -Cr  system at 773 K. Positive compositions 
(u > 0) correspond to A-rich regions and negative 
compositions (u < 0) correspond to B-rich regions. If 
only nearest neighbour interactions are used, 
7 = a/x/;3 where a is the intermolecular distance [23]. 
The constant a 2 / M k B T  was absorbed into the 
definition of  time so that one time unit is equal to 
a'-/ M k B T  seconds. 

Simulations were performed on a cubic mesh 
(64 x 64 x 64) with a mean composit ion u = 0, 
corresponding to an equi-atomic alloy. Compu- 
tational limitations prevented increasing the size of  the 
simulations. Simulations were performed for values of  
(7/a) 2 between 1/6 and 1 to model a range of  
interaction distances. Since the value of  M at 750 K is 
not known, simulations were performed with a range 
of  values for the magnitude of  the Cook term. 
Simulations were performed until the mean distance 
between domains had reached at least 5 nm. 

The evolution of  the microstructure generated by 
the numerical discretization of  the Cahn-Hi l l i a rd -  
Cook equation was analysed. In each simulation 
domain growth was observed after approx. 100 time 
units, generating a highly interconnected structure. 
After 1000 time units the scale was similar to that 
observed in the most heavily aged F e M 5 %  Cr alloy 
(500h). In Fig. 13, an isosurface reconstruction 
(drawn at a composit ion of  u = 0 ~ t h e  mean alloy 
composition) is shown which can be directly compared 
with the experimental results shown in Fig. 10(e) (each 
image is approx. 15 nm across). Although the scale is 
similar, the detailed morphology is different. The 
Cahn-Hi l l i a rd -Cook  equation predicts smoother 
interfaces between the phases than the experimental 
results. The differences in morphology are discussed 
further in Part l l I  of this series [19]. 
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5nm 
Fig. 12. Isosurface reconstruction of the B-rich regions from a Montc Carlo simulation on a body centred 
cubic lattice aged at 750 K for 5000 MCS. The compositions were calculated using centre-weighted 

smoothing and the surface is drawn at a concentration of 50 at.%. 

5. MATCHING OF MODELS AND EXPERIMENT 

In order to make a comprehensive comparison 
between experimental data and computer  simulated 
results, the limitations of  the experimental method 
must be taken into account. Extensive analyses have 
been performed on the position sensitive atom probe 
to ensure that the experiments were conducted under 
opt imum conditions. However,  a certain loss of  data 
will always occur because the position sensitive 
detector cannot position more than one ion from 
any single pulse and the channel plates are not 
100% efficient. Moreover,  the trajectory aberrations 
and finite resolution of  the position sensitive anode 
reduces the accuracy of the reconstructed atomic 
positions. 

In the Monte  Carlo model the exact position of  each 
atom is known and so it is possible to model the 
experimental limitations and observe the effect on any 
measurements. The addition of  a Gaussian scatter of  
width 1 atomic spacing to the lateral dimensions 
accurately models the trajectory aberrations and 
detector spatial resolution present during a typical 
PoSAP experiment [39]. The finite detection efficiency 
of  the channel plates, coupled with the loss of  position 
information from multiple events, reduces the 
detection efficiency of  Cr atoms to 30%, and the 
detection efficiency of Fe atoms to 50% [21]. This 
reduces the apparent Cr-content of  the alloy. To 
simulate this loss of data, a detection efficiency 
parameter, Ex, was introduced for each species X. A 
fraction (1 - Ex) of the X type atoms are randomly 
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5nm 
Fig. 13. lsosurface reconstruction of the B-rich regions from the numerical solution to the 
Cahn-Hilliard-Cook equation after aging for 1000 time units. The compositions were calculated using 

centre-weighted smoothing and the surface is drawn at a concentration of 50 at.%. 

removed from the Mon te  Car lo  s imulat ion results 
pr ior  to analysis. The effect of these experimental  
l imitat ions on the observed composi t ions  and 
morphology  is discussed in detail in Parts  II and III 

[18, 191. 

6. CONCLUSIONS 

Recent  advances  in a tom probe microanalysis  now 
enable  the invest igat ion of  complex microstructures  in 
3D at the a tomic level. The availabil i ty of  comput ing  
power  has  led to the successful implementa t ion  of  
theoretical  models which may be directly compared  
with the exper imental  results. The isosurface recon- 
s truct ions f rom the posit ion sensitive a tom probe,  
C a h n - H i l l i a r d - C o o k  model  and  M o n t e  Carlo ap- 
p roach  all generate s tructures that  are quali tat ively 
similar. A more  quant i ta t ive  compar i son  will be 
described in Parts  II and  III. 
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