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X-ray Scattering Study of Early Stage Spinodal Decomposition il ¢2Zng 38
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In situ small-angle x-ray scattering studies of the spinodal decomposition kinetics in an AlZn alloy
at the critical composition have been performed with a time resolution of 10 ms. The kinetics
of fluctuation relaxation above the critical point merges smoothly with the early-stage kinetics of
fluctuation growth belowr.. Strong nonlinearities are present at the earliest times measured, even
above the critical point. The nonlinear theory of Langer, Bar-on, and Miller [Phys. ReV1,A
1417 (1975)] quantitatively fits the data with reasonable thermodynamic and transport parameters.
[S0031-9007(97)02875-5]

PACS numbers: 64.75.+g, 61.10.Eq, 64.60.Ht, 82.20.Mj

The processes by which new phases are formed duringthe time scale for the transition becomes quite short
phase transformation are important in determining the mi¢<1 s) at these temperatures. In this Letter, we present
crostructure of many materials. Spinodal decomposition isneasurements on the early time spinodal decomposition
one of the simplest mechanisms for the initiation of suchin AlZn at the critical composition, both near and above
processes since the composition fluctuations present in thikee critical point with millisecond time resolution.
single-phase state grow continuously to form the regions All spinodal systems are expected to cross over to
of the segregated phases. Most theories of phase transitian nonlinear scaling regime at late times. For early
kinetics are based on an extension of equilibrium thermotimes, systems with long-range forces are expected to
dynamics to provide the “driving force” for the transition. exhibit linear mean field behavior, while for systems
A guantitative comparison of the thermodynamic and ki-with short-range forces the effects of thermal fluctuations
netic parameters obtained from measurements of spinodale expected to make even the early time behavior
decomposition kinetics to those derived from conventionahonlinear [6]. Most studies of spinodal decomposition
phase equilibria and transport measurements is a way twave focused on the long time scaling behavior and only
test these concepts. Such a test should involve measura-few experimental studies have given detailed results
ments of kinetics both above and below the critical tem<or early times [7—11]. Experiments on glasses [8] and
peratureT,, since the equilibration of fluctuations abdlie  polymers [9] have shown that linear theories can work
occurs by the same physical processes as the early stagesll for these long-range-force systems. On the other
of phase separation beldl. Studies at the critical com- hand, nonlinear effects have clearly been seen in binary
position reduce the occurrence of phase separation initiatdifjuids [10] and alloys [11]. While these studies present
by nucleation above the spinodal region. a qualitative comparison to theory, there has yet to be a

Metal alloys are an important class of materials whichquantitative and comprehensive comparison of experiment
also provide excellent model systems to quantitatively testio nonlinear early stage spinodal decomposition theory.
theories of spinodal decomposition. An ideal probe of Although several approaches exist to handle the non-
the time evolution in these systems is small-angle x-rayjinearity [6,12], we use our data to provide a critical test
scattering. The classic metal alloy for studies of spinodabf a nonlinear computation scheme introduced by Langer,
decomposition is AlZn. It has a fairly symmetric equi- Bar-on, and Miller (LBM) [13]. This method can handle
librium miscibility gap bounded by simple face-centered-large nonlinearities; however, it is based on an uncon-
cubic substitutional alloy phases with similar lattice trolled approximation scheme [14] and breaks down very
constants, its equilibrium properties are well characterelose toT.. An experimental test with measurements near
ized, and it has good x-ray contrast. The gap terminate®,. should provide further insight.
at a Zn atom fractiorr = 0.395 and T = 624.5 K [1]. The experiments were performed on the IBM-MIT beam
The difference in lattice constants between the two phasdme X20C at the National Synchrotron Light Source. This
introduces strains and the coherent critical point [2] isbeam line has been optimized for time-resolved scat-
located at = 0.38 and7, = 597 K [3]. lItis this critical tering measurements with the use of a wide-bandpass
point that is relevent to early time studies. Many studieSAA/A ~ 1%) multilayer monochromator which yields a
of kinetics [4,5] have been performed on the AlZn systemflux of ~10'3 photongs atA = 2.07 A. The scattering
but none near or above the critical point. This is becauswas collected in transmission by a linear position-sensitive
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detector at wave vectotsin the range.008 t0 0.085 A1, Figure 1 shows the structure factor evolution for a
with a resolution which varied fror.0024 t0 0.0017 A='  quench from 690 to 541 K. The solid lines are fits as dis-
across the range. A detailed description of the experimereussed below. The scattering intensity has been normal-
tal setup has been published [15]. ized to obtain structure factofdq, r) in absolute units [8].

The samples studied were melt-spun polycrystallind=igure 1(a) showsAS(q, ) which is defined asS(q, ¢)
Alg¢2Znp 38 ribbons ~18 um thick with a grain size of minus the prequench scattering pattern. This removes
~1 um. During a typical temperature cycle, a ribbon any constant background scattering and the grain bound-
was resistively self-heated in a He atmosphere to aary scattering intrinsic to polycrystalline samples, but it
anneal temperaturé&, in the single-phase region, well also removes the scattering from equilibrium fluctuations
above T,, and then quenched to a constantl K) at7,. For each timeAS(q,t) peaks as a function qof.
aging temperaturd’, by rapidly adjusting the heating With increasing time this peak moves towards smajler
power. Quenches of150 K could be achieved in less and gets sharperAS(q, ¢) displays the “crossing of the
than 100 ms. X-ray scattering patterns and the samplails” typical of nonlinear behavior [11]. The= 0 scan
temperature were simultaneously recorded every 10 mglso has a peak which reflects the structure that develops
The time at whichr, is reached, defined as= 0, can be during the quench. Figure 1(b) shows the time evolu-
determined to within 5 ms. The sample was subjected ttion of AS(q,t) at selected wave vectors. Even at the
repeated annealing and aging cycles in order to investigathort times investigated herd,S(q, r) is nonmonotonic
different7,. To test reproducibility, identical temperature in time, clearly not following the exponential growth law
cycles were sometimes repeated with no changes in tharedicted by linear theory [16].
results. The temperature was monitored using an infrared Figure 2 presents the structure facth§(q, r) after a
pyrometer calibrated such that the measufedagreed quench from 690 to 599 K, showing the reequilibration
with the literature value. of fluctuations in the single-phase region. It is clear that

the time resolution of the measurement is sufficient to
observe the kinetics of the fluctuations abo¥e and
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FIG. 1. (a) Evolution of the structure factor &, = 541 K t(s)
(below T,). The subtracted prequench scattering ranged from
22 X 10777 m? at 0.01 A~! t0 0.06 X 107% ¥ at0.08 A~!.  FIG. 2. (a) Evolution of the structure factor &, = 599 K

Solid lines show the best fit to LBM. The bar represents errors(above 7,.). Solid lines show the best fit to LBM. The
(b) Constanty slices throughAS(q, r) and corresponding LBM  bars represents errors. (b) Constangtices throughAS(q, 1)
theory curves. The bold line shows the temperature during thand corresponding LBM curves. The bold line shows the
guench and during aging. temperature during the quench and during aging.
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thus also to observe the early stage kinetics befow is divided by a? andu by a3. The fits thus determine
As for quenches into the unstable region, a nonmonotonia unique value ofy,,.x for eachT, which is larger for
behavior is observed in the time evolution [Figure 2(b)],deeper quenches.875 A~! at 541 K) and is a minimum
indicating nonlinear kinetics even during reequilibrationfor the data closest t@, (0.084 A~! at 597 K). Bothx

in the single-phase region. By comparing a series ondM are unaffected by the choice af. For this anal-
measurements at various temperatures, we observe thatis, « = 1 has been used. In summary, only the five
the early stage behavior beloly smoothly crosses over parameterse, r, u, M, and»(0) are adjusted during the

to that above. fits and they suffice to fit the early time evolution for each
The LBM equation foS (g, ¢) at the critical composition temperature.
co IS given by Least-squares fits of the LBM equation of motion to the
aS(q,1) ) , . 0f measuredAS(q, r) have been made for all temperatures
o —2Mq [(K‘I + ﬁ)c S(g.1) investigated. The solid lines in Figs. 1 and 2 show the
1 (o*F ! results of two such fits. All fits have comparable quality
+ E(ﬁ) S4(q,t):| + 2MkgTq®. to those in Figs. 1 and 2, fits fdF < T. being better

i . than those forT > T.. Clearly this model effectively
Heref is the volume free energy of alloy of composition  harametrizes the early time data. Limiting the fits to the

« is the gradient free energy coefficient, is the mobility,  firsi 0.2 s of the complete 1.6 s of the data sets has little
and S(q, 1) and S4(q, 1) are the Fourier transforms of the gffact on the best-fit values of the parameters [17].

2nd- and 4th-order two-point correlation functions, respec- Fitting the measuredAS(g,7) to a linear equation
tively. The closing scheme proposed by LBM assumegyt motion [16,18] did not work well, even for short

that theq dependence of,(q, 7) is derivable fromS(q.7)  times. An estimate of the nonlinearity [6] is given by
and that the composition probability distribution can be,_ — (kgTu/r?) (r/x)¥?. Using the bestit values at

taken as the sum of two Gaussians with associated pea}jgl K, € = 32.45 + 0.09 and each 10 ms corresponds
positions*h(¢) and widtho(r). The increasing separation {4 4 r’educed timer = 2Mr2t/x = 51.7 = 0.3. These
of the two peaks governs the process of phase separatiof,mpers indicate a highly nonlinear situation.

Given an initial structure factos(¢,0) at time = In Figure 3, the best fit values of the parameters for
0, and an initial value for eithev or o, the LBM 4 a4ing temperatures are compared on an absolute scale
algorithm will generates(q, r). We obtaineds(g,0) from  ith “independent estimates obtained from conventional
the measured quenched-in structure chamg®(g.0), measurements. Estimates for and « were obtained
parametrized by a Lorentzian, by adding back in therom analysis of the equilibrium phase diagram [3];
scattering from the equilibrium fluctuations &. This .\ as estimated from a model [18] assuming nearest
contribution, which is the same for all data sets, isneighbor interactions. The mobilityy, is compared to
obtained from an analysis of the equilibrium scatteringihe yajye calculated from the diffusivities [19]. Since the
at 7t2(3mp3eratures aiblovffc_. Although small 0.051 X A tracer diffusivity D%, is not known, Fig. 3(d) shows
107*" m’ at 0.01 A™"), it is included for completeness. e mobility obtained by using the measured Zn tracer
It is subsequently subtracted from the LBM'ge”erateriffusitivity [20] and assumingdy, /D, = 3.

S(g.1) in order to compare to the measurad(q, 7). In Well below T, the best-fit values from LBM agree re-
our fi_ts the initial value ofb is used as a parameter, and markably well with the values from conventional mea-
o (0) is calculated froms (g, 0). _ surements. This provides quantitative support both for the

To complete the model, a Landau-Glan)urg quarypplicability of LBM in this region and, more generally,
tic coarse-grained free energy is usgflc) = 3 r(c —  for the use of equilibrium thermodynamics to provide the
co)> + %u(c — co)*. An intrinsic part off is the wave driving force for the transition. The agreement foand
vector cutoff gnm.x Which is related to a coarse graining u shows that the use af = 1 is reasonable. However,
length and is needed to truncate the diverging integralaaboveT, the best-fit values for are unreasonably large.
The least-squares fitting procedure was initially formu-Constrainingu = 4 X 10° J/m? results in slightly worse
lated in terms of the parameteks M, r, u, gmax, @and fits. It is not clear that the probability distribution used
b(0). It was found that these parameters overdeterminey LBM is appropriate in the single-phase region. As
the fits and that wheg,.x is assumed independent Bf is approached from below, the best-fit values of all four
and r, an unphysical increase ¢f| asT approached.  parameters show systematic deviations from the estimated
is obtained. However, as proposed by LBM, whghx  temperature dependence. This may mean that there is an
is constrained to be proportional to the inverse correlaincreasing discrepancy between LBM and the data, or al-
tion length,&é ! = \/—2r/k (belowT.) or \/r/k (above ternatively, that LBM gives “effective” values which de-
T.), the fitting procedure converges and results in theviate nearf..
expected decrease df| asT. is approached. The con- In this study, in situ x-ray scattering, high quench
stanta = g & could be varied within the range 0.5 to rates, and millisecond time resolution have enabled a
3.0 without affecting the quality of the fits, provided detailed study of early stage spinodal decomposition at
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