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Long-term correlations distinguish coarsening mechanisms in alloys
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We determine long-term correlations in the time series of fluctuating x-ray speckle intensities. A fluctuation
analysis of small angle x-ray scattering data of the two phase-separating alloys Al-6 at. %Ag and Al-9 at. %Zn
at late stages of phase separation reveals long-term correlations that are dramatically different for the two
systems. From a comparison with recent Monte Carlo simulations we conclude that two different coarsening
mechanisms are predominant in the two alloys—coarsening either by diffusion of single atoms or by move-
ment of whole precipitates.
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There is a long-standing debate about how precipitateneasurements is relevd® For nonequilibrium systems a
coarsening in phase-separating alloys can proceed. Recemto-time correlation function has to be appfiéfl because
Monte Carlo(MC) simulation$? showed different predomi- the dynamics additionally depends on the absolute time. The
nant coarsening mechanisms depending on the preferred loerrelation-function technique works well if short-term cor-
cation of vacancies. If vacancies are preferably found in theelations are investigated, e.g., exponentially decaying corre-
matrix, coarsening will proceed via diffusion of individual lations, and correlation times that are characteristic for the
atoms from smaller precipitates to larger ones. This is th&inderlying dynamics can be gained. The situation changes,
classical Lifshitz-Slyozov-Wagnét.SW) mechanism. In the however, if long-term correlations are present, i.e., correla-
case of a coagulation mechaniSmhole precipitates move tions with an autocorrelation functiofi(t) proportional to
and coalesce. The mobility of whole precipitates will be en-t™?, with 0<y<1 andt the time leading to a diverging
hanced, if vacancies are preferably localized in the precipicorrelation time. Especially on longer time scales it becomes
tates or on their surfaces. To discriminate between differenvery difficult to resolve the correlation behavior unambigu-
coarsening mechanisms experimentally is difficult, but ha®usly by calculatingC(t) directly. The latter attempt is even
become feasible with the availability of coherent x rays andmore delicate in the presence of statistical noise. These prob-
the method of x-ray photon correlation spectroscopylems can be overcome by applying the fluctuation analysis
(XPCS, where in contrast to electron microscopy investiga-(FA) technique, which was introduced as “DNA walk” when
tions information about processes in a large sample volumepatial long-range correlations in nucleotide sequences were
is gained. Therefore, in the aforementioned MC study bydetected! Here we report on the successful detection of
Weinkamer and FratZl.time dependent speckle intensities long-term correlations in an XPCS experiment by applying
corresponding to an XPCS experiment in a small angle x-rayA, allowing one to distinguish between different coarsening
scattering(SAXS) geometry were simulated for each coars-mechanisms in two phase-separating binary alloys at late
ening mechanism. A fluctuation analysis of the fluctuatingstages of phase separation.
speckle intensities resulted in characteristically different We performed XPCS experiments at the undulator beam-
long-term correlations for the two coarsening mechanisms. line ID10A at the ESRF, Grenobféin SAXS (transmissiop

XPCS relies on the fact that scattering of coherent radiageometry with two phase-separating systems, Al-6 at. %Ag
tion from a disordered sample produces a highly modulateat 140°C and Al-9 at.%Zn at 0°C. Both are well known
diffraction pattern, commonly referred to as a specklemodel systems for precipitate growth!*where the minority
pattern® This interference pattern is in direct relation to the component forms precipitates. Due to small lattice misfits,
positions of scattering centers in the coherently illuminatedspherical precipitates with the same lattice structure as the
material. If their positions change, the corresponding specklenatrix are found. Evaluating the reduced temperaiufk,
pattern will also be modified, and the speckle intensity willwhere the critical temperature for the miscibility gap,, is
fluctuate in time. By analyzing the temporal correlations oftaken from the equilibrium phase diagram, yietd9.55 for
this intensity fluctuation, XPCS yields information about thethe Al-6 at. %Ag and~0.61 for the Al-9 at. %Zn measure-
dynamics in the material. By using coherent x rays instead ofnent. This means that the measurements are both well com-
visible light an almost atomic resolution can be achievVed. parable between each other and performed at reduced tem-

A frequently used approach to evaluate XPCS data is t@eratures where no coarsening mechanism is excluded by
calculate correlation functions of the time-dependent intentheory™
sity of a single speckle. For investigating equilibrium dy- To ensure that our samples were in the coarsening regime
namics the calculation of the autocorrelation function is suf-of phase separation, samples were first homogenized for 48 h
ficient, since then only the time interval betweenat 550 °C (Al-6 at. %Ag and for 135 min at 400 °GAI-9
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and arrangement of precipitates. Because of the very small
beam diameter (12m) and large grain sizes (50—1@0n
diametef of the polycristalline samples, practically only
single crystalline domains were probed by the x-ray beam.
The inset of Fig. 1 demonstrates the intensity fluctuations in
one pixel, corresponding to a single speckle, during 200 con-
secutive frames. When measuring near the SAXS maximum
the exposure time was typically 1 sec. To save readout time
and to cover the largest possible range of the scattering vec-
tor Q, rectangular regions of interest withQ,>AQ, were
chosen, thus allowing a total repetition rate of one frame per
1.65 s. Since the whole CCD detector covered a maxirQqum
range of 0.049 A, up to three consecutive measurements
with different, slightly overlapping positions of the CCD
camera were performed. The maxim@mrange was limited
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-16 to about 0.18 A* due to insufficient scattering intensity for
largerQ.
The time evolution of the intensity in each specific pixel
20 28 36 52 was analyzed by FA. For this we calculate
Q, [103 A1) |
E I | FAO=((Yj—Yp?)  with Yj=> Al,. ()
1 7 14 1
Intensity [photons] Here,Al,=1,—(I), wherel, is the intensity in a pixel in the

FIG. 1. (Color SAXS spectrum of Al-6 at. %Ag, logarithmic kth time bin and(l}=1/NEk:1Ik is the mean intensity. The
intensity scale. The inset shows the fluctuating intensity in onean.gular. brackets in Ec(.l) represent. the average over all
single pixel, indicated by the arrow. pairs with the same time lag Repeating this prpcedure for
all t between 1 andN—1, the squared fluctuation function
at. %Zrn), respectively. Afterwards Al-6 at.%Ag was an- F2(t) is obtained. Statistics is improved by averaging the FA
nealed at the measurement temperature of 140 °C for 47 Hesults over all pixels with the san@ In generalF%(t) can
Al-9 at. %2Zn at 0°C for 82 h. In contrast to recent measurebe well fitted by a power lavF2(t)ect?*. The fluctuation
ments of Livetet al!® and Malik et al.® respectively, our exponenta is related to the correlation exponeptby «
experiments were performed in quasi-equilibrium, i.e., the=1— y/2 with 0< y<1.%® This means that long-term corre-
sample temperature was low enough to prevent significarlations are present if>0.5.8
precipitate growth during a single measurement, which One can understand the FA evaluation procedure in com-
lasted a few hours. In all cases SAXS spectra taken beforglete analogy to the random walk of a particle in one dimen-
and after the XPCS measurements did not show any changsion in space. Calculating; would give the particle position
i.e., the mean precipitate size did not change measurablif. Al, denoted the step of the particle at time skef2(t)
Assuming spherical shape the mean precipitate radius would be the corresponding mean-square displacement after
could be derived from the SAXS data, yielding for Al-6 t time steps. Assuming random uncorrelated motion, dfter
at. %Ag,r=7 nm, and for Al-9 at. %Znf =3 nm. time steps the mean-square displacenfeft) would be
The x-ray energy, selected by a(Bil) monochromator, given by the well-known Einstein relatiof?(t) =2Dt?“
was 8 keV, corresponding to a wavelength of 1.55 A. Anwith «=0.5 andD the diffusivity. But if diffusion becomes
energy resolution oAE/E=10"* and a circular pinhole ap- anomalous, i.e., the random walk is accelerated on all time
erture of diameted=12 um approximately 20 cm upstream scales, the movement becomes long-term correlated and the
of the sample were used to provide a temporally and spamean-square displacement grows faster than linear with
tially coherent x-ray beam. Estimated values were 6% time, yieldinga>0.5.
for the longitudinal length, 4um for the horizontally trans- Figure 2 shows typical results of the fluctuation analysis
versal length and about 150m for the vertically transversal of the Al-6 at. %Ag data for a small, a medium, and a la@e
coherence length. A guard slit in front of the sample was value, normalized t@Q,,., where the maximum scattering
used to eliminate parasitic scattering from the pinholeintensity was found. As can be seen a power law over several
Sample thicknesses were 46m for Al-6 at. %Ag and decades is observed f6i(t). To obtain the fluctuation ex-
70 nm for Al-9 at. %Zn, respectively. ponenta for eachQ, we fitted only the data fot<<N/10,
Time series of up tt\=_8192 speckle patterriéframes”)  which is a save upper limi€ For the two upper curves in
were taken with a direct illumination CCD camef@rinc-  Fig. 2, fits yield a fluctuation exponent>0.5, indicating
eton Instruments, 12421152 pixels, pixel size 22.5 long-term correlationsn the data. Only on short time scales
X 22.5 um?) mounted on a table in 2.3 m distance from thedoesF(t) deviate from the fit. There, in both cases the fluc-
sample’® Figure 1 shows a SAXS diffraction pattern of Al-6 tuation exponent seems to be0.5, which corresponds to
at. %Ag. The ring-like structure is caused by isotropic shapgandom uncorrelated fluctuations. The domination of noise at
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1000 where a connection between tedependence o and the
a=0-94¢6‘§ predominant coarsening mechanism was establiéi@mm-

parison with these first simulation results yields already a

/a:o 71 rough, qualitative agreement, see the inset of Fig. 3, squares
S\l and full diamonds. It appears that in Al-6 at.%Ag at

140°C the LSW mechanism dominates the coarsening. In

100

o ~

F(t)

case of Al-9 at. %Zn at 0 °C results indicate coarsening via
o%)j the coagulation mechanism.
! OrX/O - The main difference betweea(Q) curves for the two
e coarsening mechanisms can be explained in the following
10 i P simple-minded picture. At medium values@fQ,ax, Struc-

t[s] tures in real space are probed on a length scale which com-
pares to the average precipitate size. Precipitate movement,
FIG. 2. Al-6 at. %Ag: double-logarithmic plot of three typical in case of coarsening via coagulation, implies rather strong
F(t) curves at differenQ, that were fittedt“ (straight lines. Top  shape changes of single precipitates due to the rearrangement
curve atQ/Qmax=0.73, middle curve aQ/Qnax=2.39, and bot-  of atoms on precipitate surfaces—causing weaker correla-
tom curve atQ/Qpax=3.72. tions than in the LSW case, where the shape of single pre-
, o o , cipitates remains practically unchanged when single atoms
smallt is due to the limited intensity in our experiment. The evaporate from the precipitate surface. At lvvectors,
inset in Fig. 1 shows that even in the SAXS maximum thegycures in real space are probed on even larger length
intensity is rather low, yielding a relatively high fraction of ¢.gjeq. There, no details of precipitate shape—particularly no

uncorrelated background noise. Due to the ;ummation in th§hape changes—are visible, which yields highly correlated
FA procedure these uncorrelated fluctuations cancel ogjynals.

longer time scales, where the intrinsic long-term correlated ~, order to emulate experimental conditions in the MC

fluctuations dominate the scaling behavior, yielding  c5icylations, simulated intensities were scaled to the mea-
>0.5. Therefore, long-term correlations are detected only 0Rreq intensity maximum of Al-6 at. %Ag for coarsening via
larger time scales. _ the LSW mechanism and to the intensity maximum of Al-9
Figure 3 shows the collected fluctuation exponentger- 4t o47n for coagulation. Additionally one photon was added
sus Q/Qmax. Data from both samples show long-term ith a probability of 50% to simulated intensities at each
correlations—with a different dependence on the scatteringme step, corresponding quantitatively to the measured un-
vectorQ. Itis evident thatx is varying withQ more slowly  correlated background. The fluctuation exponents from FA of
around the maximum for Al-6 at.%Ag than for Al-9 these intensities form an unambiguous fingerprint for the two
pronounced in case of Al-6 at. %Ag. Also curvature; at Va"mechanismand full triangles(coagulation mechanismEx-
ues of Q/Qmax between 1.5 and 3 are remarkably different. actly this fingerprint is also found in the curves for Al-6
This behavior is reminiscent of previous MC simulations, gt %Ag, circles, and Al-9 at. %Zn, full triangles, where the

data of Al-9 at.%Zn is scaled to the maximum of Al-6
at. %Ag for better comparability. The qualitative agreement
between experiment and simulation is excellent. Our conclu-
sion is that different coarsening mechanisms account for the
different dependence of the fluctuation exponenbtn the
scattering vector: for Al-6 at. %Ag at 140°C a dominating
LSW mechanism, and for Al-9 at.%Zn at 0°C coarsening
v o preferably via the coagulation mechanism.
o o To find an explanation for different coarsening mecha-
v'%% o nisms, it is instructive to estimate vacancy positions roughly
0.50 1 : : I"evv%.e.,;f_o by considering the melting temperatures of the alloy
i 2 3 4 constituentg. If the melting temperature of the precipitating
max constituent is lower than that of the matrix, vacancies will
rather be found in the precipitates than in the matrix, and
are smaller than symbols. Al-6 at. %Ag, circles. Al-9 at. %Zn, tri- vice versa. C.ZonS|de;||ng the meltlnAgg temperatligeof eazcnh
angles; full triangles scaled to the maximum value for Al-6 at. %Ag alloy COﬂS’FItuent—Tm =933 K, Ty'= 1,234 K and Tp,
are shown for comparison. Dotted line indicates maximum plateau™— 693 K—gives a hint for a more prominent role of the co-
Inset: fluctuation exponents from MC simulatiofiRef. 2: Coars- ~ @gulation mechanism in Al-9 at. %Zn than in Al-6 at. %Ag.
ening via LSW mechanism, squares; with scaled intensity plus Figure 3 obviously also shows quantitative differences be-
background, circles. Coarsening via coagulation mechanism, fufween XPCS and MC results, which can be explained as
diamonds; with scaled intensity plus background, full triangles.follows: In the experiment, the absolute valuesaotannot
Note the good agreement between circles and full triangles, respeexactly be determined by applying FA because trends in the
tively, in the figure and the inset. overall intensity, which are caused, for example, by the de-
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FIG. 3. Fluctuation exponent vs Q/Q,ax- Error bars from fits
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cay of the electron beam in the synchrotron storage ring, canecessary to discriminate between the different coarsening
adulterate them® This may be the reason why the(Q) mechanisms because a reasonable qualitative distinction is
curve of Al-6 at. %Ag lies above the original one of Al-9 possible due to an unambiguous fingerprint in the corre-
at. %Zn. In addition, coherence conditions in the experimengpondinga(Q) curves.

can never be as perfect as in simulations. In any case, the In conclusion, we successfully applied fluctuation analy-
variation of & with Q is unaffected by such trends or less sis to data of an x-ray photon correlation spectroscopy ex-
coherence, making the qualitative distinction between theeriment. Actually, we do find long-term correlations in our
two coarsening mechanisms possible. data, as predicted by Monte Carlo simulatibfar coarsen-

On the other hand a constraint in MC simulations is theing in binary phase-separating systems at late stages of phase
limited system size which limits also the size of the precipi-separation. A qualitative agreement between experimental
tate diameter to about 5 nm. Since it is crucial for our con-and simulation results enables us to draw conclusions about
siderations that the system is already in the coarsening rehe underlying coarsening mechanism in a direct way, which
gime, in the experiment precipitation diameters are larger, 14s promising for future investigations.
nm for Al-6 at. %Ag and 6 nm for Al-9 at. %Zn, respectively.

Theoretical considerations predict a decreasing importance

of the coagulation mechanism with increasing precipitate The authors are indebted to O. Paris for helpful discus-
size31” which also makes a coagulation mechanism in Al-9sions concerning SAXS measurements, to B. Pfau for assis-
at. %Zn more probable than in Al-6 at. %Ag. The consider-tance during the experiment, and to C. Motz and G. Zickler
ations above make clear that an exact quantitative match bésr sample characterization. This work was financially sup-
tween the results fow from simulations and the experiment ported by the project GZ 45.529/4-V1/6a/2002 of the Aus-
cannot be expected. In fact, a perfect numerical match is ndtian Federal Ministry for Education, Science and Culture.
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