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We study in situ the coarsening dynamics in elastically anisotropic phase-separating alloys, taking advantage
of coherent x rays. Temporally fluctuating speckle intensities are analyzed for two different Ni-Al-Mo samples
with different lattice misfits between precipitates and matrix. The detected long-term correlations depend not
only on the norm but strongly on the direction of the scattering vector—an unambiguous proof of direction-
dependent coarsening dynamics. For strong lattice misfits, our results indicate coalescence of precipitates in the
�100� planes.
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Nickel-based superalloys are technologically important
examples for elastically anisotropic phase-separating alloys,
where precipitate coarsening is strongly influenced by long-
range interactions due to lattice strains. The microstructural
morphology, i.e., shape and alignment of the precipitates,
and the coarsening kinetics have been heavily investigated in
these systems, mainly using transmission electron micros-
copy �TEM� �Refs. 1–7�, small-angle neutron scattering
�SANS� �Refs. 5–7�, and small angle x-ray scattering
�SAXS� �Refs. 2 and 8�. In the model system Ni-Al-Mo,
L12-ordered Ni3Al precipitates form, coherently embedded
in an fcc nickel-rich matrix. The particle shape changes dur-
ing growth from spherical to cuboidal and even to platelike
for longer aging times. In addition, the precipitates are
strongly aligned along the elastically soft �100� directions of
the matrix. The magnitude of these effects is determined by
the lattice misfit between the two phases, which is defined as
�= �ap−am� /am, with ap and am the lattice parameter of the
precipitates and the matrix, respectively. In Ni-Al-Mo alloys,
� can be controlled by the molybdenum content, which ba-
sically affects the lattice parameter of the matrix, am. It is
thus possible to tune the misfit over a wide range, even from
negative to positive values.

There is a number of theoretical attempts to study coars-
ening in elastically anisotropic alloys, see, e.g., Ref. 9 for a
comprehensive review. The fundamental idea is the minimi-
zation of the sum of the interfacial energy and the elastic
energy. With increasing size of a single particle the elastic
energy increases faster and may become comparable or even
larger than the interfacial energy, causing dramatic changes
in the coarsening behavior. However, which mechanisms are
responsible for coarsening under elastic strain remains unde-
cided. Many studies3,5,6,10 tried to verify coarsening via the
classical Lifshitz-Slyozov-Wagner �LSW� mechanism, i.e.,
an evaporation-condensation mechanism, by following the
coarsening kinetics, which is almost always done ex situ. For
the LSW mechanism the particle growth is predicted to obey
a power law for the mean particle radius, �R�: �R��= �R0��

+Kt with �=3 and K the coarsening rate. Alternatively to
the LSW mechanism, the precipitates may migrate as a

whole and coarsen by coalescence of particles, and a higher
� exponent is predicted.11

Revealing the coarsening mechanism by fitting the above
power law to the coarsening rate, derived from SAXS or
TEM data, is difficult, since the sensitivity to the exact value
of the exponent is not extremely high.11 In Ref. 12 we pre-
sented a unique approach for discriminating between differ-
ent coarsening mechanisms by applying the method of x-ray
photon correlation spectroscopy �XPCS�, taking advantage
of coherent x rays that are available at third-generation syn-
chrotrons. When scattered at disordered samples coherent ra-
diation produces a highly modulated interference pattern.
Since this so-called speckle pattern is in direct relation to the
exact arrangement of the scattering centers in the coherently
illuminated sample volume, the speckles will fluctuate if the
scattering-center configuration changes. By analyzing the
temporal correlations of the measured speckle-intensity fluc-
tuations it is possible to gain information about the underly-
ing dynamics in the sample. In order to study the very slow
coarsening dynamics, the detrended fluctuation analysis
�DFA� is applied. Originally developed for detecting long-
range correlations in base-pair sequences in DNA �Ref. 13�,
the DFA method has proven to be ideally suited for analyzing
persistent processes, with the climate as probably the most
prominent example.14 Furthermore, the DFA is capable to
eliminate trends in the measurement data, caused, e.g., by
small drifts in the experimental setup during long measure-
ments, and to handle �slightly� nonstationary data.15 A de-
tailed discussion of DFA in the context of XPCS for deter-
mining coarsening dynamics in alloys is given in Ref. 16.

In the DFA the so-called fluctuation function, F�t�, is cal-
culated as follows. First, the integrated time series, Y�j�, of
the intensity fluctuations, �Ik, is calculated

Y�j� = �
k=1

j

�Ik, where �Ik = Ik − �I� �1�

with Ik the intensity in the kth time step and �I�
= �1/N��k=1

N Ik the mean intensity. Then Y�j� is divided into
nonoverlapping segments of size t, the scaling variable. In
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each segment n with Y��n−1�t+1	 to Y�nt� a linear fit to the
profile, Pn�j�, is performed and the variance

Fn
2�t� =

1

t
�

j=�n−1�t+1

nt

�Y�j� − Pn�j�	2 �2�

is determined. Finally, Fn
2�t� is averaged over all segments

and the square root is taken to obtain the fluctuation function
F�t�. To gain information about the correlations in the inten-
sity fluctuations, the scaling behavior of the fluctuation func-
tion has to be analyzed. F�t� is fitted by a power law, F�t�
� t�, with � the fluctuation exponent, which is a measure for
the degree of correlation or persistence in the system. In
analogy to random walk theory, �=1/2 is found for uncor-
related data and ��1/2 for data containing long-term
correlations.15,17

In simulations of coarsening in isotropic systems it turned
out that the dependence of � on the norm of the scattering
vector, 
Q
, is characteristic for different coarsening
mechanisms,18 as was verified experimentally in Ref. 12.
Here we report on an XPCS investigation in dependence on
both the norm and the direction of the scattering vector.
XPCS is applied to follow in situ the coarsening dynamics in
an elastically anisotropic phase-separating system. Results
for Ni-Al-Mo are presented and compared with predictions
from Monte Carlo �MC� simulations.

The XPCS measurements were performed at the high-
brilliance undulator beamline ID10A at the ESRF, Grenoble,
in SAXS transmission geometry with two alloys having dif-
ferent composition and, hence, different misfit. The compo-
sition �numbers indicate at. %� of the alloys were Ni-7.7Al-
7.9Mo �alloy I� with almost negligible misfit ���−0.10% �
and Ni-12.5Al-2.0Mo �alloy II� with ��0.65% �Ref. 2�. The
misfit of alloy I is not high enough to form cuboidal
precipitates.2,3 After homogenizing and quenching into ice
water the samples were annealed at 775 °C for 67.2 h �alloy
I� and 164.5 h �alloy II�, respectively. That treatment ensured
a quasiequilibrium during the measurements, i.e., the mean
SAXS signal did not change significantly.

An x-ray energy of 8 keV, corresponding to a wavelength
of �=1.55 Å, was selected with a resolution of �E /E
=10−4, which provided the temporal coherence. To ensure
spatial coherence a circular pinhole aperture of d=12 	m
diam was placed approximately 25 cm upstream the sample.
Parasitic scattering from the pinhole was cut by guard slits
between the sample and the pinhole. The in situ XPCS mea-

surements of the �1̄10�-oriented single-crystalline sample
foils �thickness of 40–50 	m� were done with an evacuated
furnace at 825 °C �alloy I� and 775 °C �alloy II�, respec-
tively.

In total, time series of N=6144 pictures were taken with a
repetition time of 2.7 s �1 s exposure, 1.7 s readout� using a
direct illumination charged-coupled device �CCD� camera,
L=1.9 m downstream the sample. The expected speckle size
��L� /d=23.8 	m� corresponded to the CCD pixel size of
22.5 	m. The SAXS patterns of both samples averaged over
100 pictures with subtracted dark current are shown in Fig.
1. The pattern of alloy I �Fig. 1�a�	 is characterized by an

isotropic scattering intensity indicating isotropically distrib-
uted spherical precipitates with a mean radius of �50 nm.
On the contrary, the SAXS signal of the second sample �Fig.
1�b�	 exhibits a strong maximum in �001	 which is due to
both the precipitate shape and, much more important, due to
the nearly periodic precipitate alignment in this direction.
Assuming that the precipitates align in parallel sheets per-
pendicular to the �100� directions, as shown by Lund and
Vooheers in three-dimensional reconstructions of scanning
electron microscope pictures,19 a mean sheet thickness of
�100 nm and a mean sheet distance of �250 nm could be
derived from the SAXS data.

The DFA was performed for different 
Q
 values along the
main crystallographic directions �001	, �110	, and �111	,
whereby the fluctuation functions were averaged over 5

5 pixels to improve statistics. As shown in Fig. 1�c�, the
fluctuation functions were fitted by a power law F�t�� t� on
time scales with detectable correlations in the intensity fluc-
tuations. The upper limit of the fit range was defined by 20%
of the measurement time, where the DFA is still statistically
reliable.15 The lower limit was determined by the crossover
from uncorrelated ��=1/2� to correlated behavior ��
�1/2� in the fluctuation function for the smallest 
Q
 value
and was held constant for all further 
Q
. The uncorrelated
behavior on short time scales stems from the signal noise due
to the limited intensity in the experiment.

FIG. 1. �Color� Part of the SAXS patterns in the �1̄10� plane of
�a� alloy I ���−0.1% � and �b� alloy II ���0.65% � exhibiting
pronounced speckles, logarithmic pseudocolor intensity scale. �c�
Double-logarithmic plot of three typical fluctuation functions for
alloy II at different 
Q
 along �001	 �
Q
 values from top to bottom:
6.7, 20.7, and 35.1
10−3 Å−1�. The sections of the fluctuation
functions that were fitted by a power law F�t�� t� �straight gray
lines� are indicated by open circles. For the sake of clarity the
fluctuation functions are shifted along the y axis and a t1/2 line
�corresponding to uncorrelated data� is shown for comparison.
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Figure 2 shows the collected fluctuation exponents � in
the three crystallographic directions for both samples as a
function of 
Q
. Differences in the coarsening behavior be-
tween the two samples and the different directions are very
clearly observable. The ��
Q
� curves can be understood
within a simple picture: The higher the fluctuation exponent
the more correlated the intensity fluctuations are in this Q
range. The lower limit for � is 1 /2, implying only random
uncorrelated fluctuations. Higher correlations in the signal
result from rather monotonic increase or decrease of the
measured intensity over longer time segments. Thus, �
�1/2 can be interpreted as an enhanced structural persis-
tence in the system. As a consequence, the particle configu-
ration in the sample changes less on the specific length scale,
corresponding to a certain value of Q. Due to the quasiequi-
librium condition it is obvious that on large length scales the
configuration will be more persistent during the measure-
ment, whereas very tiny structures will appear to evolve ran-
domly due to elementary diffusion processes. Hence, the de-
crease of � with increasing scattering vectors is a common
feature of all ��
Q
� curves in Fig. 2.

In the case of alloy I with negligible misfit �Fig. 2�a�	 no

differences are visible in the ��
Q
� curves for the different
crystallographic directions, as expected, since the anisotropic
elastic interactions do not take effect. But for alloy II �Fig.
2�b�	 with high misfit the fluctuation exponents for the �001	
direction exceed the exponents in the other directions signifi-
cantly in the medium 
Q
 range. Thus, the dynamics in �001	
is more persistent than in the other directions. This is an
unambiguous proof of direction-dependent coarsening dy-
namics that has, to our best knowledge, never been reported
in the literature.

Analogous to the evaluation of the experimental data
speckle patterns computed in Monte Carlo �MC� simulations
were analyzed. In the simulation model a coherent fcc lattice
of the size of 963 unit cells with periodic boundary condi-
tions is used. The lattice consists of two different types of
atoms with different radii corresponding to the two phases of
the alloy. Besides the classical “chemical” Ising interaction
between nearest neighbors, an elastic energy is introduced
depending on the displacement of an atom. A detailed model
description and the exact numerical values can be found in
Ref. 20. The simulations were performed with Kawasaki ex-
change dynamics for a model alloy with zero misfit, and an
alloy with positive misfit ���0.6% �. The total simulation
time was 2000 Monte Carlo steps �MCS�, where one MCS is
defined as one attempted exchange per atom. For the last 200
MCS the structure function of the lattice was calculated for
every MCS. From these series of structure functions time
series of simulated SAXS patterns were generated and ana-
lyzed using the DFA method.

The simulation results are shown as insets in Fig. 2. For
coarsening of nonmisfitting particles a good qualitative
agreement with the experiment is found, i.e., the ��
Q
�
curves show no dependence on the direction of the scattering
vector. In the case of the high misfit alloy the characteristic
splitting of the curves is well reproduced by the simulations,
indicating dynamics with high persistence along �001	. Basi-
cally, a more quantitative agreement is hindered by the lim-
ited system size in the simulations that cause the precipitates
to be much smaller than in the experiments.21 In our simula-
tions, the precipitates are furthermore not ordered and thus
not separated by antiphase boundaries that also affect the
coarsening behavior.4,22,23 Finally, it is not straightforward to
introduce vacancies in the used simulation model with Ka-
wasaki dynamics, however vacancies are essential for the
coarsening dynamics.12,18

Nevertheless the simulations are able to reproduce a mi-
crostructure �Fig. 3�a�	, very similar to that observed in the
TEM micrographs in Refs. 1, 2, and 7. In our investigations,
the shape transition of the precipitates from cuboids to plates
is of particular importance. The cuboidal precipitates are lo-
cally arranged on sheets in �100� planes19 and grow to plates
within these sheets. The plates form domains of a few paral-
lel sheets11 with hardly changing distances and thicknesses.
This fixed structure explains the persistent configuration
along the �001	 direction, indicated by the high � values. As
illustrated in Fig. 3�b� the precipitates have, on the other
hand, a much higher mobility within the sheets and thus the
��
Q
� curves decay very fast along the �110	 direction. With
the enhanced mobility the chance of precipitate coalescence
as seen in simulations24 and experiments4–6 becomes reason-

FIG. 2. Dependence of the fluctuation exponent � on the norm
of the scattering vector, 
Q
, for �a� alloy I ��=−0.1% � and �b� alloy
II ��=0.65% � along different crystallographic directions �� �001	,
� �110	, � �111	�. The � values were obtained by fitting the fluc-
tuation functions with F�t�� t�. Error bars from fits are smaller than
symbols. The insets show corresponding results from MC simula-
tions, where precipitates are always much smaller compared to the
experiment. In the simulation results the 
Q
 values are thus normal-
ized relatively to the reciprocal lattice constant �2� /a� in order to
enable a qualitative comparison with the experimental results. Note
the splitting of the ��
Q
� curves in case of a strong misfit �b�.
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ably high. Furthermore, the fast decay of the ��
Q
� curves
along �111	 implies strong changes of the precipitate shape
during coarsening, which is characteristic for precipitate
coalescence.12

In conclusion, we successfully extended the method of
x-ray photon correlation spectroscopy to a system with a
completely anisotropic small-angle x-ray scattering pattern
resulting from precipitates in an elastically anisotropic alloy.
We thereby followed the coarsening dynamics in situ. In or-
der to analyze the slow coarsening dynamics the technique of
detrended fluctuation analysis was applied and the possibility
of a fully Q-dependent correlation analysis was demon-
strated. The obtained strong dependence of the coarsening
dynamics on the crystallographic direction—in particular the
high persistence in �001	—is interpreted with almost exclu-
sive coarsening within �100� planes. Our data provides
strong evidence that coalescence plays an important role in
forming platelike precipitates in elastically anisotropic al-
loys.
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FIG. 3. �Color online� �a� Part of the simulation lattice �50

12
50 unit cells� after 2000 MCS. The precipitate atoms are
drawn as spheres while the matrix atoms are not shown for the sake
of clarity. The domains of parallel precipitate sheets in �100� planes
are clearly visible. �b� Principle sketch for the precipitate dynamics.
The precipitates lie and coarsen within stable planes. Within the
planes the particles have a high mobility, which fosters coalescence.
The shapes of the sample precipitates are inspired by simulations
�Ref. 24� and TEM micrographs in Refs. 4–6.
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