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Kinetic evolution of unmixing in an AlLi alloy using x-ray intensity fluctuation spectroscopy
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Irreversible decomposition of an AlLi single crystal has been studied by x-ray photon correlation spectros-
copy. The precipitate coarsening follows a universal behavior, as measured by the time-resolved average
scattering. Using coherent scattering, two-time correlation functions have been measured. The time evolution
of the speckle pattern gives new insight into the process of unmixing; at least two regimes govern this
evaporation-condensation coarsening process. One is related to the overall arrangement of precipitates, and the
characteristic time is linear with annealing time. The other is related to the motion of interfaces and is related
to Porod’s law.
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[. INTRODUCTION The development of long range order out of a disordered
state that occurs after quenching a system through a phase
Intensity fluctuation spectroscopy is an ideal way to studytransition is a common and well studied class of nonequilib-
the kinetics of fluctuations in a system provided that therium phenomena. Experiments and theories on these systems
scattering intensity is sufficient for the time scales of thehave led to the concept of dynamic scaling. This suggests
system under study. For the last three decades or so, it héisere is typically one time dependent length sdalgor ex-
been extensively used with light scattering to study a largeample, an average domain sizeshich controls the time evo-
variety of system$1]. The technique has been recently ex-lution of these processes. When the system is scaled by this
tended into the x-ray regiof2—4] where it has the advan- length, it has no other average time dependence. The time
tages of accessing opaque materials, of probing shortetependence of this length scale has a power lawt" with
length scales and of being less affected by multiple scatteigrowth exponent. The growth exponents depend on only a
ing. The prime disadvantage of x-rays over visible light isfew properties of the underlying system and since they de-
the much lower intensity levels of x-ray sources. pend on even fewer properties the critical exponents are of-
Although extremely successful for equilibrium systems,ten called superuniversal. For example, unlike equilibrium
intensity fluctuation spectroscopy is not often used to studyritical exponents of systems near continuous phase transi-
fluctuations in nonequilibrium systems. The reason for thigions, they do not depend on spatial dimensionality. Typical
appears to be the difficulty in how to interpret the intensityexamples of growth exponents ane=1/2 for scalar order
fluctuations. For equilibrium systems, the average intensity iparameters in nonconserved systems amdl/3 for con-
constant in time and the fluctuations about this average deserved system&alled model A and model B5]). Intensity
pend only on the time difference between two measurementfluctuation spectroscopy gives the possibility of studying the
Thus one can use conventional autocorrelation techniqudtuctuations about this time averaged behavior.
which average over many measurements to obtain data with In a study of phase separation in a sodium borosilicate
a high signal to noise ratio. In nonequilibrium systems,glass[6] it was shown how to use an area detector and the
things are more difficult since the average intensity variessotropy of the x-ray scattering to obtain an instantaneous
with time and it is not clear how to separate fluctuations fromaverage which can be used to decompose the time evolution
a changing average. Also for nonequilibrium systems there isf the scattering into an average and a fluctuating compo-
no reason to expect that correlations will depend only on theent. The predictions of dynamical scaling using this decom-
time difference and so a full two-time correlation function position are given in Refg7,8]. These results highlight the
should be used. different nature of fluctuations in nonequilibrium systems
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when compared to conventional equilibrium fluctuations anda Si(111) monochromator was used to select a 8.2 kaV (
also how these fluctuations scale at long times. A dominant1.51 A) beam from the third harmonic of the undulator.
feature is the long lived nature of the fluctuation times whichThe relative energy width was 12¥4L0™ full width at half
increase with annealing times, a phenomenon called persignaximum (FWHM). Higher harmonics of the monochro-
tence. mator were suppressed by means of a small mirror.

In this paper, we present a study of the nonequilibrium A 12 ;m diameter pinhole was used to define a coherent
fluctuations in an alloy of the Al-Li system. Decomposition haam.  The pinhole-sample distance was 0.15 m and

kinetics in aI_ons unde_rgoing an unmixing transition_havethe sample was 45 m from the source. Parasitic scattering
been extensively studied. Among metal alloys, ALix  fom the pinhole was limited by guard slits, set to

with x near 9% has proven to be an ideal system in which t . :
; . . X
study the coarsening regime. This system has been observcgg pm>x20 um, positioned halfway between the pinhole

by electron microscop}9,10] and small-angle x-ray scatter- and the sample. A direct-illumination deep-depletion charge-

ing [11,12. Together, these measurements present a consigp'“'pleOI deviceCCD) (Princeton Instrumentawas used as

tent view of the process as an average increase of precipitaiaé1 area detector. lts size is about 8 m2 mm, with

size with time which appears to closely follow an ideal PX€l dimensions ofi=22 um. The sample to detector dis-
Lifschitz-Slyosov-Wagner (LSW) [13] evaporation- tance wafk=2.3 m. The detector arm flight path was evacu-
condensation mechanism. Only one slzés necessary to ated with a fixed 2 mm beamstop placed on its output. Dur-
describe coarsening and scaling holds wiftxt. ing the experiment the detector was translated so that
values up to 2.8 10 2 A~ could be reached.
The CCD detector was used in a photon counting mode.
Il. EXPERIMENT This was done by using a droplet algorithm to identify the
A. Alloy and sample setup regions of charge deposited in the CCD by the incident
) ) ) . x-rays and replacing them by integer photon colia&. To
In Al-Li alloys with low Li content, unmixing occurs be-  po a6 16 yse this algorithm, it is necessary that these drop-

tween a disordered Al-based phase, and an orderelg ; : : i
. X : o ts be relatively isolated with at most a few x-rays in each
L1, (AlsLi) phase with spherical precipitates. After the un- droplet. This algorithm eliminates the electronic noise of

mixing reaction is complete, the coarsening behavior pre'each pixeldark current Although this dark current is small,
dicted _by L.SW controlfs the Iate_ stage growth. Se\_/eral factorﬁs removal is important since at low count rates the noise
resu!t in highly spherlca_l precipitates even at h'.gh VOlumefrom hundreds of pixels without x rays can dominate the
fractions[14]: each precipitate has only one variant of the

. signal from a few pixels with x rays.
L1, orde'red ph""?e S0 th.ere are no antlphase bqu'nc[aﬁl]es The incident beam intensity was monitored using a small
Al and Li have similar sizes so the matrix-precipitate inter-

faces are highlv coherent with low elastic enerav and thescintilla'[or measuring the scattering of a thin kapton foil lo-
. gny o ) gy cated after the beam defining pinhole. The experiment was
system is far from any critical point.

For this experiment, an Al-9 at. % Li single crystal was performed by heating the sample from room temperature to

annealed for 3 min at 475 C, far above the miscibility ga 220 C in under 10 s and spectra were recorded in sets of
’ Y 9405000 frames each of 1.5 s exposure time. Time was recorded
and then water quenched to room temperature. The initi

state of the sample was not completely disordered, becau or each set with a dead time of 0.26 s/frame for reading the

guenched-in vacancies induce some lithium diffusion aﬁ D. After being transformed by the "droplet algorithm

room temperature and lead to the formation of small preci i—m0 individual x rays, either 100 or 200 frames were
P PreCIPl  mmed to improve statistics.

tag?:t.ul—gig]e _rr?]vee;tal:ﬁolr; ‘;’:Efssteh?rl:ggé%nnrizlé%%gggighoﬁ{sﬁm'X—ray intensity fluctuation measurements typically use
P ' P y P only partially coherent light to gain an increase in count

Ing to a th'CkneSS of 10@m smtaple for performmg small- rates. This partial coherence can be characterized by a coher-
angle scattering measurements in transmission. The surfa%(?lce factoyg which is the decay amplitude of the normalized

orleAntsa;lglr; \I/Sa(liig)m furnace was specially desianed for thi correlation function. From the source size for the Troika
P y 9 eamline [900 wm horizontal by 23um vertical

kind of experiment. Water circulation close to the heater en- .
sures a high thermal~0.01 C) and mechanical stability (HXV FWHM)] and the above-mentioned wavelength

while still giving fast response times. The unmixin kineticsSpread’ the transverse coherence area is found to be
ex erimeﬁqt wags erfornﬁ)ed at 220 C This tem egr]ature Wag pmx220 um (HXV FWHM). At 2.3 m the speckle
P P ’ P ize corresponds to 23m (FWHM) which is close to the

. . o . i
chosen in order to obtain precipitate sizes large enough ton . . . .
give a good signal at the small angles used in the coheren(péxel size. Calculation gives an estimatgdof 0.3[20.2]]

measurement& diameter of 500 A is reached after about 10"/ ¢! IS i good agreement with the measured value from
h annealing our experiments of 0.25.

B. X-ray setup Ill. RESULTS

Experiments were carried out on the ID10 Troika beam- A. Incoherent scattering

line at ESRF. The use of this beamline for coherent x-ray First we compare our data to the results predicted by dy-
scattering is described in Refd.7,18. For this experiment, namic scaling. Circular averaging of the speckle intensity
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provides a measurement of the incoherent intensity;t) ] )
:<|(q,t)>\q\=q- The 200000 pixels of the detector were FIG. 2. Coarsening behavior of the system, as showrRpy
mapped into either 40, 20, or 10 pixel wide circular domainsdmax: 8N max-
of constant|q|. The number of independent intensities is
thus large enough so that no speckle structure is observed M sLi particles. As no significant change of these oscillations
the average. Figure 1 shows the measured intensity evolus observed throughout the time evolution studiedrqgix
tion. Intensities are plotted for 100 s total counting time, andvaries from 280 to 1000 A), one can consider that the shape
the evolution is studied for about 14 hours. The data shows and the scaled size distribution of the;Ai particles is not
peak in the scattering which grows in intensity with time and
shifts to lowerq. From this data one can measug,(t) as T T T T T T T T
the wave vector that gives the maximum intensity at a con- e —©g=0.0078A"
stant timet andt,,,,(q) as the time for which the intensity is oo g-g?gg 2:: T
a maximum at constart. From Fig. 1, |t_should be noticed Hg; 00124 A"
that the intensity af),,, for a given time is smaller than the «—<q=00140 A"
intensity att s for a givena. 0.8 v—vq=0.0155 IE\::
Provided the sample is in the coarsening regime where the : 9= g'g:;; 2,1
chemical unmixing between the matrix and the precipitates _— g; 00202 A~
has finished, dynamic scaling predicts that the properties of a +—+ q= 0.0218 A”
system should scale with a single characteristic domain size 0.6 | o—0q=00233A"
L and that this length scale should grow 4. The time - g'ggg 2,1
evolution of the characteristic domain sikeof the sample ==
can be estimated either by the Guinier radRgsor by q.,>.. 0.4 I
For both these size estimates, one can(§ég 2) the pre- TR
dicted dependence. Scaling also predicts that the peak inten-
sity should grow linearly in time as is also shown in Fig. 2. .
A stronger test of scaling is given by whether the scattering 0.2 jo -
function itself scales. This scaling is shown for a fixgds i
function oft/t 5 in Fig. 3, and for a fixed as a function of

...

0/0max in Fig. 4. 0.0
Figure 4 is presented as a scaled Porod plot which is 0.0 5.0 10.0 15.0 20.0
sensitive to the precise shape and size distribution of the t/tmax

particles. Oscillations of*l(q) around the constant Porod
limit are related to the narrow size distribution of spherical  FIG. 3. Scaled intensity vs scaled time for differentalues.
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FIG. 5. Time evolution of normalized intensity fluctuatidiy.

. o (D] ixels i ing 10 pixels wide, g=0.0117 AL,
changing greatly with time. For many examples of unmlxmg( J]for some pixels in a ring 10 pixels wide, &

processes in crystalline solid®\l-Zn,Ni-Al), the initially
spherical precipitates change shape as they grow. For Al-Lage intensity at time for pixel g. A normalized intensity
the lattice misfit is extremely small, as demonstrated by howfluctuation can then be defined as

difficult it is to observe elastic field contrast by electron mi-
croscopy[9]. The present scaling results just reiterate the fact
that Al-Li is a good model system for the LSW growth
mechanism and this is nicely corroborated by our scattering
data.

RICRERUCE)

R (TCE) W

This is the relative deviation of coherent intensity with re-
spect to the average incoherent intensity. Typical behavior
for our data is seen in Fig. 5 showing the time evolutiomof

B. Intensity fluctuation spectroscopy for various pixels with the samg=0.117 A%, It clearly
shows the slowing down of the fluctuations with time.

. . . . The average of the product of such termstatand t,
In practice, for isotropic systems, an instantaneous avelgives the two-time correlation function

age can be calculated by averaging over intensities at con-
stantq as was used to study the scaling behavior in the pre-
ceding section. Based on the high degree to which scaling
works in the Al-Li system, this is equivalent to studying the

fluctuations about an instantaneous “average” as determineg®r t1=tz, this function is the sum of a term due to the
by the scaling form. Poisson noise from photon statistics and one due to the co-

Here we present averages over 40 pixel wide annuli therence factoB. As the Poisson noise is only present in the

ere we p verag v PIXel wids Ul oequal time function, it can be removed by extrapolating the
obtain(l(q,t)) but calculations with 20 pixel annuli gave the \ 5, es on each side* st. st being the time step. To de-
same result aside from an increased Poisson noise. Since thgribe its evolution, a normalized two-time correlation func-
scattering is isotropic, this average is the instantaneous avetion, symmetrical int; andt,, is calculated as

C(q1t11t2)2<D(qlt1)*D(q!t2)>\q\ZQ' (2)

2C(t4,t5)
(C(ty,ty— )+ C(ty,ty+ 8)VAC(t,,t,— 8t) + C(ty,to+ 1)) H2

Chom(d,t1,tp)= )
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t, (104 & t. (10* & are the fits to Eq(5). For comparison, the dashed-dotted line is a
! ! Gaussian and dashed line is a Lorentzian with the same height and
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FIG. 6. Contour plots of two-time correlation functions for dif-

ferentq values; contour levels are 0.2, 0.4, 0.6, 0.8. The black dots— ) . . .
indicatest ., for the giveng. t, Chom is @ symmetric function oAt that falls monotoni-

cally from unity atAt=0 to zero at largeAt. This gives a
characteristic correlation time, which can be taken as the
plicity. The two-time correlation function was defined in the tlme_at Wh'Ch.C“O”“ falls tq O.'5' Just as the S|_ngle time cor-
same way as Ref6] relatl_on funct|onll(q,t) sat_|sf|es dynamic scalmg_, so do the
. o two-time correlation functions. Based on a moving interface
The intermediate valueq C(q,ty,t;— ot) +C(q,ty,t, . . . .
. . model, an analytical form for this normalized two-time cor-
+ 6t)]/2 provide another way to estimate the coherence fac-

. relation function can Iculaté8]. The form predict
tor B; B can also be calculated in a more usualwayfromtheeao unction can be calculat¢8]. The form predicted

angular variations of intensity for time for a three-dimensional system at largés

1%(q,t))—{1(q,t
:< (a,t)) <£q )>71’ (4) o +0.0109A"
(I(a,1) 15 =—=00171 A"

where I(q,t) is x-ray counts and the formula corrects for o—+00187A"
Poisson noise. Both calculations are in agreement and give a j: g'gzzg 2-1
value close to 0.25. This result gives the instantaneous co- '
herence. Beam instabilities can affect the two-time correla-
tion function; for example, total decorrelation was observed —
after a realignment of the beam between times 30000 and @
40000 s(not shown herg after an injection of the synchro- K=}
tron. The long term stability of the beam will be discussed A
later in the paper. e
Contours of the normalized two-time correlation function
of t; andt, are plotted in Fig. 6 for some typica] values 05 [~
[the diagonat; equal tot, is unity by Eq.(3)]. It can be seen
that the correlations in this nonequilibrium system depend on
both time arguments. For comparison, in an equilibrium sys- .
tem, these correlations would only dependtgn t, and all G
contours would be parallel to the diagonal. Then one can

The q dependence i©(q,t;,t,) has been omitted for sim-

average over t{+t,)/2 to improve statistics. The curves 0-000—D‘M05D ! 1'0 ! 1'5 : 2'0 ! 'E'g
show correlation times that increase with total time but for ) ) t' (1 04 S) ) )
higherq, the contours become more parallel to the diagonal. 1

The black dots in the figure indicate thg., for the giveng. FIG. 8. Fitted correlation times for songpvalues. The symbols

It is natural to use the new variableAt=t,—t, andt on the lower axis indicate values ©f, for the values ofj with the
=(t;+1,)/2 to describe these correlations. For constansame symbol.
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2

10 the scaling timd ,,,, depends on the volume fractions of the

= T T IIIIIII QJ‘ T IIIIIII T T IIIIIII T T IIII,[? . . . -~
SNt 3 phases and on any asymmetry in the miscibility curve.
- o 0.0100 A - Figure 9 indirectly shows the stability of the experimental
[ A AO0OIAA /" setup. During the first 9 hours of measurement, a unique
10" L <<00140A" _ . . . .
E v v0.0155A . E universal curve for time correlations is seen for Iqws well
F o> 00171 A ] as for highq values. After the beam was realigned, the cor-
+—+0.0187 A . . .
[ 0.0202 A" ] relation functions must be truncated. The different beam po-
#+—% 0.0218 A™ T iti
E 10° L 0.0233 A" i sitions on the sample mean the speckle patterns cannot be
= E Hgg:gﬁj 3 compared.
[ [ o0 Ve ]
o L . i IV. DISCUSSION
L ! E The Al-Li alloy in the coarsening regime closely follows
L ] a universal behavior. In Fig. 8, it is clear that during the
. L o i coarsening process, the persistence tinod the speckles is
107 il sl ol higher for the smallest] values, i.e., for the largest sizes.
10 10 10 10 10 .
(t.+1/2) /t Each curve displays only a part of the whoteversust
1 max variation, and has some scatter, which is less visible when all

FIG. 9. Scaled fitted correlation times for glvalues[using Eq. curves are gathered after scaling as in Fig. 9. For times less

(5)]. The dotted line has slope 1 and the dashed line has slope 2/818N~2tmay, the time dependence ofis linear andr is of
the same order of magnitude of the overall aging time. This

— (2 2 occurs for times until just after the peak intensity sweeps by.
Crom(2)= (Z°K2(2)/2)" © This peak is related to correlations in precipitate positions for
which the speckle pattern corresponds to the relative posi-
tions of the larger precipitates. In a LSW process, the relative

ositions of large precipitates does not change much whereas
mall precipitates evaporate as their atoms condense on
larger ones. Thus the reorganization time of precipitates is

K,(z) is a modified Bessel function of the second k[22]

and the scaling variable is=AAt/t?3, whereA makes the
variable dimensionless. This form was used to fit the dat
and determine the half width at half maximum Represen-
tative fits are shown in Fig. 7 where the data are plotted aﬁroportional to aging time.

slices at constartt,. This equation strictly only applies for At higher reduced times, the universal curve is related to

larget, but as can be seen in the figure, it works well for all the asymptotic part of intensity, which reflects the interface
times and provides an accurate way of estimatingqually  pehavior. After a plateau which corresponds to the first mini-
good fits were obtained usirg= At/t. For comparison, the mum in a Porod representation, the increase &f slowed,
figure also shows a Lorentzian and a Gaussian functionakith a variation that is compatible with the predictian
form. The proposed functional form fits much better. The« 123 [g]. This prediction is related to Porod’s law and so
correlation functions for this system are quite different fromreflects interface fluctuations in the precipitates during coars-
the exponential decays typically found in equilibrium SYs-ening.

tems. Figure 8 shows the correlation times from the resulting  Following the arguments in Rfig] similar results should
fits for several values df. As seen in Fig. 6, the correlation hold whenever scaling applies. Scaling of one time correla-
times grow with time from the start of the annealing. Also, it tion functions gives a characteristic lengttt) that scales as
clearly shows that the time scales for smaller wave vectorg" anq reflects domain growth. Scaling of two-time correla-
are correspondingly longer than for larggr tion functions gives at early timesgrowing linearly in time

As for the time evolution of the incoherent scattering, theand, for late times, scaling liké-—", reflecting persistence of

time evolution of the two-time correlation functions shoult_j the fluctuations. It would be most interesting to check these

i 2 ) %Tonclusions in other systems. We would also like to point out
times versud, scaled bytmay. The data collapse quite well that even if a system does not follow a scaling law, the
onto a universal curve. Theory predicts that this time eVO'“‘procedure for analyzing the data following Eq&)—(3) is

tion should have power law dependence in two limits. Atstj| valid. So, it would also be interesting to use either dy-
e_arly times, but st|II_|n the coarsening regime, the cprrelanonhamiC light scattering or coherent x-ray scattering to see
time should grow linearly with time and at late times the \ynat further insight into the time evolution of such systems
correlation time should grow a&”’®. Lines showing these can be obtained.

power laws are included on the figure and are consistent with

the data. Neat/t,5,=5 in Fig. 9 there is an inflection point

in the universal curve, which corresponds to the local mini-

mum in Fig. 3 att/t,,,=5. We acknowledge the European Synchrotron Radiation Fa-
Our results agree qualitatively with the theory of H&i. cility for provision of their facilities and we would like to

It is difficult to obtaint,,,, from their results to make a direct thank P. Feder and H. Gleyzolle for technical support at

comparison, but quantitative agreement is not expected dsamline ID10A.
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