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Periodic structural fluctuations during the solidification
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Abstract

Time-resolved neutron diffraction measurements have been carried out to study the crystallization dynamics during the liquid–solid phase
transformation in an Al–0.3Ti–0.02B (wt.%) alloy. Starting from the liquid phase, the temperature was reduced to below the thermodynamic
transition temperature ofT0 = 933 K by continuous cooling at rates of 0.6 and 0.06 K/min and by step-wise cooling in temperature steps
of 1 K. After nucleation of the solid phase on the micron-size TiB2 particles in the liquid alloy, pronounced fluctuations in the Bragg-peak
intensity of the growing crystallites are observed during solidification. These fluctuations have been analyzed by a time-correlation function
to extract the frequency and correlation time of the fluctuations. The deduced correlation time and oscillation frequency strongly depend on
the cooling rate. The correlation time increases and the oscillation frequency decreases for decreasing cooling rate. For step-wise cooling a
monotonic increase in correlation time is observed for decreasing temperatures demonstrating a slowdown of the dynamics during the liquid
to solid phase transformation.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The understanding and control of the microscopic struc-
ture evolution during the liquid to solid phase transfor-
mation in aluminum alloys is of major importance in the
modern production process of tailor-made aluminum for
specific applications. Accurate investigations of the liquid
structure in the neighborhood of liquid–solid phase transfor-
mation can provide useful information about the influence
of the process parameters on the solidification behavior
during the production process, such as cooling rate and the
effect of impurities or added particles[1,2]. A significant
improvement of the mechanical properties of aluminum
can be obtained by the addition of small amounts of TiB2
particles and excess titanium due to a drastic refinement of
the average grain size[3]. The micrometer size TiB2 par-
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ticles enhance the nucleation rate of solid grains below the
solidification temperature. The subsequent growth of nuclei
is controlled by the diffusion of solute excess titanium and
latent heat. A better understanding of the effects of so-
lute titanium and added TiB2 particles on the liquid–solid
phase transformation of aluminum alloys is therefore highly
desirable.

The present paper describes the neutron diffraction mea-
surements on the temporal fluctuations in the evolution
of Bragg-peak intensity during the solidification of an
Al–0.3Ti–0.02B (wt.%) alloy for cooling rates of 0.06 and
0.6 K/min and for step-wise cooling. The corresponding
atomic composition of this system is Al–0.16Ti–0.05B
(at.%). Preliminary kinetic results of liquid structure fac-
tor and the evolution of the solid phase fraction during
liquid–solid phase transformation of the same alloy have
been reported elsewhere[4]. The observed temporal fluc-
tuations can be the consequence of the ripening process
between the evolving crystals in the liquid that ultimately
controls the growth kinetics of these crystals. The frequency
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and correlation times of these temporal fluctuations during
the liquid–solid phase transformation are investigated in or-
der to obtain information on the influence of added grain re-
fining particles on the ordering process during solidification.

2. Experimental

The sample used in this study was an Al–0.3Ti–0.02B
(wt.%) alloy prepared from an Al–5Ti–0.2B (wt.%) com-
mercial master alloy (KBM AFFILIPS). The particle size
distribution of the TiB2 precipitates in the Al–0.3Ti–0.02B
alloy was determined by optical microscopy and showed
particle sizes in the range from 0.6 to 2.2�m with a
maximum around 1.2�m. The Al–0.3Ti–0.02B alloy
sample with a mass of 10.6 g was placed in a cylindri-
cal single-crystalline sapphire container with a height of
60 mm, an inner diameter of 10 mm, and a wall thickness
of 1 mm.

The in situ neutron diffraction measurements were per-
formed on the high-flux powder diffractometer D20 at the
Institute Laue–Langevin (ILL). A neutron beam with a
wavelength ofλ = 0.82 Å and a beam height of 41 mm
was used for all neutron diffraction experiments. For the
high-temperature neutron diffraction measurements a ded-
icated vacuum furnace (7× 10−4 mbar) was used with a
vanadium heater element and a temperature stability of
about 1 K. The required temperature stability (�T < 40 mK)
for our experiments was achieved with a specially designed
furnace insert[4].

In order to study the solidification process of the liquid
aluminum alloy three thermal treatments ofFig. 1 were ap-
plied. In all cases the Al–0.3Ti–0.02B alloy was heated to a
temperature ofT = 943 K for 1 h to obtain a homogenous
liquid phase. Subsequently, the temperature was lowered
to below the thermodynamic solidification temperature of
T0 = 933 K by continuous cooling with rates of 0.6 and
0.06 K/min and by step-wise cooling. For continuous cool-
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Fig. 1. Temperature profiles for solidification experiments for
Al–0.3Ti–0.02B alloy with cooling rate of 0.06 and 0.6 K/min and with
step-wise cooling.

ing the variations in the measured structure factor were
monitored in time steps of 1 min. For step-wise cooling
the temperature was lowered toT = 935 K followed by a
series of temperature steps of 1 K. The structure factor was
monitored in time steps of 30 s during a period of 30 min
at each temperature.

3. Results

3.1. Structure

Fig. 2 shows the measured structure factor S(Q) of the
Al–0.3Ti–0.02B alloy in the pure liquid and pure solid state.
WhereQ = (4π/λ) sin(θ) is the wave vector transfer with
2θ as the scattering angle, andλ is the neutron wavelength.
The intensity of the solid phase is scaled to the maximum
intensity of (1 1 1) Bragg-peak. The first peak in the liq-
uid structure factor of Al–0.3Ti–0.02B alloy is observed at
Q = 2.68 Å−1 and has a height of S(Q) = 2.39. In ad-
dition, a small peak in the liquid structure factor of the
Al–0.3Ti–0.02B alloy is observed below the first liquid peak.
This additional peak atQ = 1.95 Å−1 corresponds to a
(0 0 1) Bragg reflection of the solid TiB2 particles with a
hexagonal crystal lattice structure in the liquid alloy. Dur-
ing the liquid to solid phase transformation, the liquid peaks
in the structure factor gradually decrease while the Bragg
peaks from the solid phase with a face-centered cubic lat-
tice structure (a = 4.14 Å) emerge. The observed relative
Bragg-peak intensities deviate significantly from the ex-
pected powder average indicating the presence of texture. In
the following discussion the height of the first liquid peak at
Q = 2.68 Å−1 is used to deduce the value of liquid phase
fraction fL and the corresponding value of solid fraction
fS = 1−fL. During liquid to solid phase transformation the
change in solid fractionfS is deduced from the normalized
variation in the height of first peak in the liquid structure
factor S(Q). As the position and the width of the first liq-
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Fig. 2. Structure factor of the Al–0.3Ti–0.02B alloy, in the liquid (open
circles) and in the solid state (solid circles).
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Fig. 3. Time evolution of the normalized intensities of the main Bragg peaks for the Al–0.3Ti–0.02B alloy (solid line) and solid fractionfS = 1 − fL

(open circles) at a cooling rate of 0.06 K/min.

uid peak does not change significantly during solidification,
this is equivalent to an integration over the first liquid peak.
Such an integration would however require a separation of
the contributions of the liquid and the solid phase to the
structure factor and is therefor more sensitive to systematic
errors.

3.2. Solidification kinetics

In Fig. 3 the solid fractionfS is compared to the rel-
ative variation in the monitored Bragg reflections of
the solid phaseIB during the continuous cooling of the
Al–0.3Ti–0.02B alloy at a rate of 0.06 K/min. The trans-
formation kinetics of the solid-phase fraction as a function
of the cooling rate is discussed in detail in[4]. During the
transformation of the Al–0.3Ti–0.02B alloy a remarkable
oscillatory growth of Bragg-peak intensity is observed for
the integrated intensity of the (1 1 1), (2 0 0), (2 2 0), and
(3 1 1) reflections. It is interesting to note that the oscil-
lations are observed only in the Bragg-peak intensity and
not in the solid volume fraction. Further, there is no direct
correlation observed in the fluctuations between the Bragg
intensity of the monitored reflections. This oscillatory be-
havior of Bragg-peak intensity appears to be intrinsic to
the material under study. InFig. 4 the intensity evolution
of Bragg peaks and the corresponding solid fractionfS is
shown for a continuous cooling rate of 0.6 K/min. Again
the evolution of the Bragg-peak intensity shows an oscil-
latory behavior. As expected, the oscillations observed at

a cooling rate of 0.6 K/min are however, less pronounced
than for the cooling rate of 0.06 K/min.

4. Discussion

In order to study the kinetics of the solidification process
the Johnson–Mehl–Avrami (JMA) model[5–8] is applied.
According to the JMA model the functional form for the or-
dered volume fractionf(t) as a function of timet is predicted
to be

f(t) = 1 − exp{−k(t − t0)
n} (1)

wherek is the rate constant,t0 is the incubation time, and
n the Avrami exponent. The value of the exponentn is ex-
pected to vary between 1 and 4 depending on the nucleation
mechanism and the growth dimensionality[9]. In Fig. 5a,
the growth of (1 1 1) Bragg-peak intensity and the fit of the
experimental data to JMA equation is shown as a function of
time for the cooling rate of 0.06 K/min. A reasonable fit to
the experimental data was obtained forn = 3, corresponding
to a three-dimensional (3D) grain growth of existing nuclei
[4]. Fig. 5b shows the temporal fluctuations in the (1 1 1),
(2 0 0), (2 2 0), and (3 1 1) Bragg-peak intensity for cooling
rates of 0.06 K/min after subtraction of the fit with the JMA
model�IB(t) = IB(t) − IJMA(t). During the solidification
process the fluctuations in the relative Bragg-peak intensity
are significantly larger than the statistical noise in the pure
solid and pure liquid phases.
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Fig. 4. Time evolution of the normalized intensities of the main Bragg peaks for the Al–0.3Ti–0.02B alloy (solid line) and solid fractionfS = 1 − fL

(open circles) at a cooling rate of 0.6 K/min.
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Fig. 5. Time evolution of (a) the normalized intensity of the (1 1 1)
Bragg peak for the Al–0.3Ti–0.02B alloy (solid line) at a cooling rate
of 0.06 K/min. The open circles indicate a fit to the data with the
Johnson–Mehl–Avrami model (see text). (b) The temporal fluctuations in
the relative Bragg peaks (�IB = IB −IJMA) for the Al–0.3Ti–0.02B alloy
at a cooling rate of 0.06 K/min.

For the time-dependent measurements with a constant
sampling time,�t, the fluctuations in the relative Bragg-peak
intensity,�IB(t), can be analyzed in terms of the normalized
time-correlation function[10]

g(2)(τ) − 1

=
1
M

∑M
i=0[�IB(ti)−〈�IB〉][�IB(ti + τ)−〈�IB〉]

1
N

∑N
i=0[�IB(ti)−〈�IB〉]2 (2)

whereτ is the time difference,〈�IB〉 the time-averaged rel-
ative Bragg-peak intensity. The values ofN = ttrans/�t are
determined by the ratio between the transformation time
ttrans and the sampling time�t. For the continuous cooling
experimentsN = 656 and 102 were used for the cooling
rates of 0.06 and 0.6 K/min, respectively. For the step-wise
cooling a constant value ofN = 59 was used for all steps.
The sampling time�t amounts to 1 min for the continu-
ous cooling measurements and 30 s for the step-wise cool-
ing measurements. The value ofM vary between 0 andN,
according to the relationM = N − τ/�t. The calculated
time-correlation function of the relative Bragg-peak inten-
sity is shown inFigs. 6a and 7afor the cooling rates of
0.06 and 0.6 K/min, respectively. The Fourier transform of
the time-correlation functions at cooling rates of 0.06 and
0.6 K/min are shown inFigs. 6b and 7b. The results of
Fourier transforms (FFT) of the time-correlation function
clearly indicate that there are pronounced peaks that evi-
dence the existence of non-random oscillations. For a ran-
dom signal the normalized time-correlation function corre-
sponds tog(2)(τ) − 1 = δ(τ), while for correlated signals
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Fig. 6. Normalized time-correlation function for the (1 1 1), (2 0 0), (2 2 0),
and (3 1 1) reflections for a cooling rate of 0.06 K/min (a) and its Fourier
transform (b). The solid line in (a) is a fit toEq. (3). For clarity each
curve is displaced by 1.5 in (a) and 0.2 in (b) compared to immediate
lower curve.

it can be described in terms of a series of damped oscilla-
tions. In order to model the time-correlation functions we
have limited the number of oscillation frequencies to two
and assume the following form:

g(2)(τ) − 1 = exp

(
− τ

τc

)
[A cos(ω1τ) + (1 − A)cos(ω2τ)]

(3)

whereA is a constant weighing factor,τc is the fitted time
constant,ω1 andω2 are the oscillation frequencies. The fit-
ted time-correlation function for cooling rates of 0.06 and
0.6 K/min. are shown inFigs. 6a and 7a. The parametersA,
τc, ω1 andω2 obtained by fitting the time-correlation func-
tion to Eq. (3), are listed inTable 1for all the four Bragg
reflection and for cooling rates of 0.06 and 0.6 K/min. The
results indicate that the correlation time and oscillation fre-
quencies are of the same order of magnitude for the (1 1 1),
(2 0 0), (2 2 0), and (3 1 1) Bragg reflections at a given cool-
ing rate but strongly depend on the cooling rate. The damp-
ing time increases and the oscillation frequencies decrease
for a decreasing cooling rate.

The time-correlation functions were also determined for
the step-wise cooling measurements ofFig. 1at each of the
constant temperatures. At each temperature the Bragg-peak
intensity was monitored for 30 min at a sampling rate of
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Fig. 7. Normalized time-correlation function for the (1 1 1), (2 0 0), (2 2 0),
and (3 1 1) reflections for a cooling rate of 0.6 K/min (a) and its Fourier
transform (b). The solid line in (a) is a fit toEq. (3). For clarity curve
for each reflection is displaced by 1.5 in (a) and 0.2 in (b) compared to
immediate lower curve.

30 s. Fig. 8 shows the change in solid fractionfS and the
corresponding normalized Bragg-peak intensityIB for the
(1 1 1) reflection, as a function of temperature. As observed
for continuous cooling, pronounced oscillations are observed
in time-correlation function at constant temperatures dur-
ing stepwise cooling. These oscillations can be fitted with a
damped periodic function with a single frequency inEq. (3)
and A = 1. The fitted temperature-dependent correlation
time τc and oscillation frequencyω are given inFig. 9. The
correlation time is found to increase for decreasing temper-
ature with the maximum value of 152 min at a temperature
of T = 906 K.

The physical origin of these quasi-periodic, temporal fluc-
tuations in the Bragg-peak intensity, is a matter of some
speculation. There are three different mechanisms that can
in principle be responsible for the observed time fluctua-
tions: crystallite motion, Ostwald ripening and growth fluc-
tuations.

The first scenario for the interpretation of the observed
temporal oscillations in the Bragg-peak intensity arises from
a limited number of grains in the irradiated sample volume.
In the absence of a true powder average, the fluctuations
in the Bragg-peak intensity may be caused by the random
motion of solid grains in the liquid. This interpretation seems
unlikely due to the quasi-periodic nature of oscillations and
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Table 1
Time constantsτc (a); oscillation frequencyω1 andω2 (b); and amplitudeA (c) for the temporal fluctuations in the Bragg-peak intensity of the (1 1 1),
(2 0 0), (2 2 0), and (3 1 1) crystal reflections of the Al–0.3Ti–0.02B alloy at two different cooling rates

Cooling rate (K/min) τc (min)

(1 1 1) (2 0 0) (2 2 0) (3 1 1)

(a)
0.06 35(2) 105(2) 69(2) 84(2)
0.60 19(1) 12(1) 20(1) 23(1)

Cooling rate (K/min) Frequency (min−1) (1 1 1) (2 0 0) (2 2 0) (3 1 1)

(b)
0.06 ω1 0.056(1) 0.050(2) 0.040(4) 0.050(2)

ω2 0.151(2) 0.198(5) 0.25(1) 0.24(2)

0.60 ω1 0.208(2) 0.21(1) 0.21(1) 0.189(2)
ω2 0.45(4) 0.53(1) 0.52(2) 0.34(1)

Cooling rate (K/min) A

(1 1 1) (2 0 0) (2 2 0) (3 1 1)

(c)
0.06 0.68(1) 0.96(1) 0.70(1) 0.87(1)
0.60 0.94(2) 0.50(4) 0.77(3) 0.70(2)

The parameters were obtained from a fit of the correlation function of the normalized variations in the Bragg-peak intensity toEq. (3).

the limited mobility of relatively massive grains. For the
current beam size of 1 cm× 4.1 cm, sample diameter of
1 cm, and an estimated grain size of 640 and 460�m in solid
material for cooling rates of 0.06 and 0.6 K/min, one would
expect to see the scattering from the order of 105 grains.
Estimates from the absolute value of the (1 1 1) Bragg-peak
intensity suggests an average number ofN ≈ 3.0× 102 and
1.8 × 103 grains in reflection for cooling rates of 0.06 and
0.6 K/min, respectively. Then assuming finite size effects,
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Fig. 8. The solid fractionfS (a) and the Bragg-peak intensity of the (1 1 1)
reflection (b) as a function of temperature during step-wise cooling.

the intensity fluctuations will be of the order of 1/
√

N, which
is too small compared to observed oscillations. Therefore
this process does not explain the quasi-periodic nature nor
the amplitude of observed intensity fluctuations.

A ripening process is expected to play a significant role
for the slow cooling rates applied in our experiment. Each
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determined from the normalized time-correlation function as a function
of temperature for the (1 1 1) Bragg peak, during stepwise cooling.
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of the final crystallites in the Al–0.3Ti–0.02B alloy contains
a large number of TiB2 nucleating particles. This may indi-
cate that during the growth of the crystallites nucleated by
the grain refiners a significant interaction among the crys-
tallites through the Ostwald ripening takes place so as to
reduce the system interface energy. During this process a
grain can grow at the expense of some of its neighbors,
although at the same time it may be consumed by other
neighbors, maintaining the local equilibrium. This can result
in the quasi-periodic intensity fluctuations of Bragg peaks
to which they are reflecting. This continues until the grain
size distribution is relaxing to its steady state. As the solid-
ification proceeds and the average crystallites grow in size
this process is expected to slow down as observed in the
step-wise cooling experiments shown inFig. 9.

The last scenario corresponds to growth fluctuations and
can be caused by local fluctuations in temperature (or al-
ternatively in alloy concentration). During the crystallite
growth latent heat is released leading to local temperature
variations that can subsequently slow down the growth rate.
Although this process can be responsible for fluctuations in
the increase of the Bragg-peak intensity it is unlikely that it
can lead to temporary decreases as experimentally observed.

We therefore consider the second scenario of Ostwald
ripening as the most plausible mechanism responsible for
temporal growth variations, which provides a qualitative ex-
planation of the non-random oscillations observed during
solidification of the Al–0.3Ti–0.02B alloy.

5. Conclusions

We have presented experimental data on the crystalliza-
tion dynamics during the liquid–solid phase transformation
in an Al–0.3Ti–0.02B alloy, as a function of cooling rate and
temperature. It is found that oscillations in the Bragg-peak

intensities are observed during the liquid–solid phase trans-
formation, which have a non-random character. The aver-
age correlation time and the oscillation frequency is found
to be dependent on the cooling rate. The time constant in-
creases and the oscillation frequency decreases for a decreas-
ing cooling rate. The origin of these oscillations seems likely
to be the ripening interaction among the evolving crystals
that ultimately controls the grain growth. Stepwise cooling
measurements further indicate a slow down in the crystal-
lization dynamics for decreasing temperatures, suggesting
that the ripening process saturates as the crystals grow in
size below the transition temperature.
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