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ABSTRACT

An undercooled melt possesses an enhanced free enthalpy that opens up the possibility to crystallize
metastable crystalline solids in competition with their stable counterparts. Crystal nucleation selects the
crystallographic phase whereas the growth dynamics controls microstructure evolution. We apply con-
tainerless processing techniques such as electromagnetic and electrostatic levitation to containerlesss
undercool and solidify metallic melts. Owing to the complete avoidance of heterogeneous nucleation
on container-walls a large undercooling range becomes accessible with the extra benefit that the freely
suspended drop is direct accessible for in situ observation of crystallization far away from equilibrium.
Results of investigations of maximum undercoolability on pure zirconium are presented showing the
limit of maximum undercoolability set by the onset of homogeneous nucleation. Rapid dendrite growth
is measured as a function of undercooling by a high-speed camera and analysed within extended theories
of non-equilibrium solidification. In such both supersaturated solid solutions and disordered superlat-
tice structure of intermetallics are formed at high growth velocities. A sharp interface theory of dendrite
growth is capable to describe the non-equilibrium solidification phenomena during rapid crystalliza-
tion of deeply undercooled melts. Eventually, anomalous growth behaviour of Al-rich Al-Ni alloys is
presented, which may be caused by forced convection.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

If a melt is cooled crystal nucleation sets in as soon as the tem-
perature is decreased below the equilibrium temperature. This is
true in most practical cases of production of materials from the
liquid state. Under such circumstances the melt solidifies to the
stable solid state. However, if the melt is essentially undercooled
below the equilibrium melting temperature a liquid of enhanced
free enthalpy is created that enables the system to choose between
various solidification pathways into metastable solids. According
to the well-known Ostwald’s rule metastable systems nucleate to a
lower-energy metastable phase rather than to the stable phase [1].
In case of deep undercoolings crystal nucleation preselects the crys-
tallographic phase, stable or metastable. Subsequent crystal growth
controls the evolution of metastable grain refined microstructures.
Within nucleation theory one distinguishes between heteroge-
neous and homogeneous nucleation [2]. Heterogeneous nucleation
is an extrinsic process in which foreign phases as container walls
and metal-oxides participate in the nucleation process. The foreign
phases catalyse the nucleation process by lowering the activation
energy, and, therefore, limit the undercoolability of a melt. In case of
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homogeneous nucleation it is assumed that any external influence
on the nucleation process is avoided. Homogeneous nucleation is
therefore an intrinsic process, in which the activation energy exclu-
sively depends on the interfacial energy between solid and liquid
and the difference of the Gibb’s free energy of the undercooled
liquid and the respective solid state. It determines the physical
limit of maximum undercoolability of any material. Consequently,
the complete avoidance of heterogeneous nucleation favours the
solidification of metastable phases.

We apply techniques of containerless undercooling like elec-
tromagnetic levitation (EML) [3] and electrostatic levitation (ESL)
[4] to undercool metallic melts. By the complete avoidance of het-
erogeneous nucleation on container walls and far reduction of
heterogeneous nucleation on the free surface of the liquid sam-
ple by processing under high purity environment (EML) and even
ultra high vacuum (ESL) conditions, a large undercooling range is
achieved. At the same time, a freely suspended drop offers the
extra benefit that it is directly accessible for in situ diagnostics
by applying proper diagnostic means. The maximum undercool-
ings of pure zirconium are studied by measuring the distribution
function of undercooling. For each experiment over 100 subse-
quent undercooling and solidification cycles are performed. The
experimental data are analysed within a statistical approach of clas-
sical nucleation theory. After nucleation subsequent crystal growth
completes solidification. Since we are dealing with undercooled
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melts crystal growth takes place by the growth of dendrites. The
dynamics of dendrite growth is driven by the negative temper-
ature gradient in front of the solid/liquid interface, which is due
to the release of the heat of fusion during crystallization. In addi-
tion, in alloys a concentration gradient is established that drives
the dendrite growth [5]. At small undercoolings growth velocity
is rather sluggish and could be comparable to fluid flow velocity
within the melt induced by forced convection in samples, which
are electromagnetically levitated [6]. In the present work compar-
ative experimental results are presented which were obtained by
measurements of dendrite growth velocities as a function of under-
cooling on AlsgNisg either in reduced gravity during parabolic flight
missions and sounding rocket experiments (j.g) or under terrestrial
conditions (1 g). An anomalous growth velocity—undercooling rela-
tion was found by measurements under 1 g of Al-rich Al-Ni alloys
such that the growth velocity decreases with increasing undercool-
ing, behaviour not reported so far in literature. If the undercooling
increases deviations from local equilibrium at the solidification
front are expected. Deviation from chemical equilibrium lead to
solidification of metastable supersaturated alloys described by
solute trapping [7] or to the crystallization of disordered phases
in intermetallics by disorder trapping [8]. Measurements of rapid
dendrite growth on solid solutions and intermetallics are reported
and discussed with respect to solute and disorder trapping.

2. Experimental

Samples were prepared from zirconium, aluminium and nickel all of purity of
4N5. The weight components are pre-melted in an arc furnace under high purity
argon gas (6N). Pure Zr and alloys of Aljgo_xNiy with x=50 and 31.5 were pre-
pared. The samples of zirconium were placed in the ultra-high-vacuum chambers
of electromagnetic and electrostatic levitators. The temperature is measured by
pyrometers with an absolute accuracy of +:5 K. Samples in diameter of 7 mm are pro-
cessed by electromagnetic levitation. The compensation of the gravitational force
needs minimum power absorption to electromagnetically levitate the sample. Heat
radiation is not sufficient to transfer the heat produced in the levitated sample and
to cool it below its melting temperature. Therefore, forced convection by helium of
high purity is used to cool the sample [3]. In the electrostatic levitator samples in
diameter of 2 mm are processed under ultrahigh vacuum conditions (~10-8 mbar).
Levitation and heating is decoupled in contrast to the electromagnetic levitator [4].
A high-speed video camera (Photron VKT) was applied (frame rate up to 50 000 pic-
tures per second) to measure the rapid dendrite growth velocity as a function of
undercooling for Al-Ni alloys in terrestrial experiments [9]. The TEMPUS facility for
containerless processing in reduced gravity [10] was used during several parabolic
flight missions operated by ESA and DLR to measure the growth velocity as a function
of undercooling of AlsoNiso by the same high-speed camera as utilized for terres-
trial experiments. During the sounding rocket mission TEXUS 44 EML2 the dendrite
growth velocity was measured of Raney type Algs5Nisys alloy. Three undercool-
ing and solidification cycles were obtained. The sample undercooled to AT; =185K
and AT, =228K, respectively. The TEMPUS facility is equipped with a video camera
of frequency of 200 pictures per second. During recalescence, three pictures were
taken, which allow the determination of the growth velocity with an accuracy of
+15-25%.

3. Results and discussions
3.1. Crystal nucleation

Fig. 1 shows a temperature-time profile measured on a zirco-
nium sample processed in the electrostatic levitator (cf. inset). First,
the solid sample is heated up to its melting temperature. The sam-
ple melts congruently at the melting temperature Tp,. The step in
the melting plateau is due to the change of spectral emissivity when
the solid transforms to the liquid. After complete melting the liquid
sample is heated to a temperature well above Ty, before cooling. If
spontaneous nucleation sets in at an undercooling AT=Ty, —Ty, (Ty:
nucleation temperature) the nucleated crystal rapidly grows. The
rapid release of the heat of crystallization leads to a steep rise of
temperature during recalescence. Usually, the solidification of an
undercooled metallic melt is a two-staged process. During recales-
cence a fraction of the sample, fg, solidifies under non-equilibrium
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Fig. 1. Temperature-time profile recorded during melting, undercooling and solid-
ification of pure Zr during electrostatic levitation [16].

condition. During post-recalescence the remaining melt, fpr =1 — f,
solidifies under near-equilibrium condition. The fraction of the
sample, fz increases with undercooling and becomes unity, fg=1
if AT=ATyy,. The hypercooling limit, ATy, is reached if the heat
of fusion AHy is just sufficient to heat the sample with its specific
heat C, up to the melting temperature. In case if the amount of heat
transferred to the environment is negligible compared with the
heat produced during recalescence, the hypercooling-limit is given
by ATy, = AHg/Cp. In case of pure Zr the hypercooling-limit is esti-
mated as ATy, =359 Kwith AH;=14652]/mol and C, = 40.8 Jmol/K
[11]. With increasing undercooling, AT> ATy, the melting tem-
perature will be not reached during recalescence. As can be seen
from Fig. 1 experiments on Zr using the electrostatic levitator
allows for undercoolings greater than ATyy,. This is the first time
that undercoolings beyond the hypercooling limit is unambigu-
ously observed for a pure metal, while in case of the alloy Co-Pd
hypercoolings in the range of 250-300K are reported [12]. The
undercooling AT is easily inferred since the nucleation tempera-
ture is well defined by the onset of recalescence. For each series
of measurements about 100 undercooling and solidification runs
were performed.

Fig. 2 shows the distribution functions measured in the electro-
magnetic levitator (left) and the electrostatic levitator (right). To
analyze the experimental results we refer to a model of the statis-
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Fig. 2. Probability distribution functions of undercoolings measured in 100 exper-
iment cycles on pure Zr in the electromagnetic (left) and the electrostatic levitator
(right). The solid lines give the probability distribution function as computed accord-
ing to a statistical analysis of nucleation undercooling [16].



D. Herlach / Journal of Alloys and Compounds 509S (2011) S13-S17 S15

tics of nucleation undercooling [ 13] and extended for application of
the analysis of undercooling distribution functions [14]. It has been
previously applied successfully to investigate nucleation behaviour
in Co-Pd alloys with high magnetic Curie-temperatures [15]. Also
the application of this model on the experimentally determined dis-
tribution function leads to interesting results on the physical nature
of the nucleation processes in drops electromagnetically or electro-
statically levitated [16]. In particular, a very large kinetic prefactor
in the nucleation rate was found from the measurements of maxi-
mum undercooling by electrostatic levitation under the conditions
of an ultra-high-vacuum environment. Such a high kinetic prefac-
tor in the order of Ky~10%°m~3 s-1 is indicative for homogeneous
nucleation. If homogeneous nucleation is assumed a lower limit of
the dimensionless interfacial energy o to form a critical nucleus
of bcc structure in Zr is estimated to be o> 0.61. The compari-
son with modelling results shows that the negentropic model [17]
with a value of «=0.70, gives the best agreement with the present
experiment. Density-functional theory yields o =0.46 and « =0.48
[18] and molecular dynamics simulations yields « =0.29, 0.32, and
0.36 [19] depending on the potentials used for the simulations.
All these values underestimate the solid-liquid interfacial energy
inferred from the experiments. Only in the negentropic model a
polytetrahedral short-range order in the interface is explicitly taken
into account. Polytetrahedral short-range order in liquid metals is
directly confirmed by neutron [20] and X-ray [21] diffraction on
pure metallic liquids.

3.2. Influence of convection on dendrite growth

Als5gNisg was chosen for the investigations on growth kinetics
under the conditions of forced convection on Earth and reduced
convection in reduced gravity [22]. This alloy melts congruently
and forms an intermetallic B2 3-phase under equilibrium condi-
tions. Crystallization of ordered superlattice structures requires
short-range atomic diffusion at the solid-liquid interface. This leads
to sluggish growth dynamics at least at small and intermediate
undercoolings (V: 0.1-0.5m/s) [23]. These growth velocities are
directly comparable to the speed of fluid flow in electromagnet-
ically levitated metallic melts due to the strong stirring effects of
the alternating electromagnetic field [6]. Fluid flow motion inside
the liquid drop changes the growth dynamics. This effect, how-
ever, will be reduced if the liquid drops are processed in a reduced
gravity environment since electromagnetically induced convection
and natural convection are much less pronounced. Fig. 3 shows the
results of measurements of dendrite growth velocity as a function
of undercooling for AlsgNisg alloy, both under terrestrial conditions
(circles) and in reduced gravity (diamonds). All growth velocities
measured in reduced gravity are much smaller than those deter-
mined under terrestrial conditions. At growth velocities exceeding
the fluid flow velocity V> U=~ 0.6 m/s data of dendrite growth veloc-
ity from terrestrial and from reduced gravity experiments coincide.
The results of sharp interface modelling neglecting the influence of
fluid flow are depicted in Fig. 3 (solid line). It describes the exper-
imental results obtained in reduced gravity. The sharp interface
model was extended to take into account the influence of convec-
tion [24]. It is able to reproduce the experimental results obtained
on ground if a fluid flow velocity of U~ 1.2m/s, is assumed (cf.
dashed line in Fig. 3). At growth velocities V> 0.6 m/s, the computed
relation of V=f{ AT) without and with convection converge to one
line since in this region the dynamics of solidification is mainly
limited by thermal diffusivity.

The growth dynamics of AlsgNisg alloy shows the usual
behaviour. The dendrite growth velocity increases with increas-
ing undercooling. This behaviour is understood by the fact that the
driving force for crystallization scales with the undercooling. How-
ever, if the concentration of Al isincreased to 68.5 at% Al (Raney type
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Fig. 3. Dendrite growth velocity of B2 B-phase of AlsoNiso alloy as a function of
undercooling measured under terrestrial conditions (circles) and in reduced gravity
(diamonds). The solid line represents the prediction of dendrite growth theory with-
out convection and the dashed line with convection. U denotes the speed of fluid
flow inside an electromagnetically droplet as estimated by magneto-hydrodynamic
simulations [6].

alloy), a monotonous decrease of the growth velocity with increas-
ing undercooling is measured as shown in Fig. 4. In situ observation
of phase selection in undercooled melts of Algg5Ni3; 5 by energy
dispersive X-ray measurements at the European Synchrotron Radi-
ation Facility Grenoble (France) unambiguously demonstrates that
over the entire undercooling range AT<320K the intermetallic
B2 B-phase is primarily formed [25]. It subsequently transforms
by a peritectic reaction L+AINi— Al3Ni,. The in situ diffraction
investigations indicate that this phase is primarily formed even
at highest levels of undercooling. This means that various phase
reaction processes cannot explain the unusual behaviour of the
growth dynamics observed for Raney alloy during the early stage
of crystallization.

The Raney type alloy was studied with respect to dendrite
growth dynamics during the sounding rocket mission TEXUS 44 of
European Space Agency (ESA) and German Aerospace Center (DLR).
The filled triangles in Fig. 4 show the growth velocity V as a function
of undercooling of Raney type Algg5Niszq 5 alloy as retrieved from
the TEXUS experiment [26]. Two significant and important differ-
ences of the experiments under normal gravity and in microgravity
are observed. First, the growth velocity measured in microgravity
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Fig.4. Dendrite growth velocity V as a function of undercooling, measured for Raney
type AlggsNis; 5 alloy on ground (circles) and during TEXUS 44 EML2 flight mission
(triangles) [27]. Measurements of growth velocities at undercoolings less than 100 K
are not shown. They are normal i.e. the velocity increases with undercooling.
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is substantially smaller than the data taken under 1g conditions.
Second, the temperature dependence of the V(AT) relation differs.
In reduced gravity, it is apparent that the growth velocity increases
with increasing undercooling as being usual for a great variety of
alloys. The decrease of the velocity with undercooling as measured
on ground on a variety of Al-rich Al-Ni alloys is very anomalous and
unique. By taking into account the results of the TEXUS 44 flight this
anomalous behaviour of dendrite growth dynamics of Al-rich Al-Ni
alloys is obviously associated with gravity dependent mechanism
of crystal growth in undercooled melts. A detailed understanding of
the experimental results obtained on Earth and in reduced gravity
is still lacking up to now.

3.3. Deviations from equilibrium during rapid dendrite growth

During rapid growth of dendrites into deeply undercooled melts
several phenomena of deviations from local equilibrium have to be
taken into account. In any system, the solid-liquid interface under-
cools if the velocity of the advancing solidification front becomes
comparable to the atomic diffusive speed. In alloys, deviations from
chemical equilibrium at the interface have to be considered due to
solute trapping. At large undercoolings complete solute trapping
leads to the formation of metastable supersaturated solid solu-
tions. In case of intermetallics disorder trapping may occur at high
velocities leading to the solidification of disordered superlattice
structures [27].

The interface undercooling is controlled by the atomic attach-
ment kinetics. Following rate theory, the transition rates of atoms
going from the metastable undercooled state to the solid and vice
versa is calculated leading to the well known Wilson-Frenkel equa-
tion:

V=V, {l—exp(—AkBG?L,SH (1)

where AGis is the difference of Gibb’s free enthalpy between
metastable liquid and solid state. V, is considered as a tempera-
ture dependent factor representing the maximum growth velocity
at infinite thermodynamic driving force AGys. By linearization of
Eq. (1) under the assumption of AG;s « kgT it yields:

V= (k%) AGys = WAT, )
where AT, =Tg—T; is the kinetic interface undercooling with Tg
the equilibrium melting temperature and T; the temperature of the
interface. u is the kinetic growth coefficient, which is in between
two extremes, either limited by atomic diffusion jumps or atomic
collisions. Recently, u is estimated by molecular dynamic simu-
lations giving values being in between the two extremes either
diffusion or collision limited growth assuming that the thermally
driven velocity of atoms is the limiting process [28].

In alloys, deviations from chemical equilibrium have to be
considered. They are described by a velocity dependent partition
coefficient k(V), which is given by [29]:

(1= (V/Vp)2)lke + (1 — ke )col + V/Vip; |

5 ) V<VD
1—(V/Vp) +V/Vp;
1; V>Vp

(3)

where kg denotes the equilibrium partition coefficient, ¢, the nom-
inal composition of the alloy, Vp the atomic diffusive speed in liquid
and Vp; the atomic diffusive speed at the interface. Eq. (3) has
been confirmed experimentally by rapid solidification experiments
[30,31].

Fig. 5 shows the growth velocity of AlsgNisg over the entire
undercooling range accessible by levitation. Undercoolings up to
AT~ 300K were measured. For AT<240K dendrite growth is slug-
gish. In this regime a superlattice structure of an intermetallic B2
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Fig. 5. Dendrite growth velocity, measured for an AlsoNiso alloy melt as a function
of undercooling. Full circles represent the measured data and the red dashed line
gives the data from modelling of dendrite growth. A sharp increase of Vsets in at an
undercooling of AT~ 240K at which the order parameter drops down to zero (solid
line) [8].

B-phase is formed. Growth is limited by short-range diffusion. The
atomic species have to sort them out to find the correct places at
the structure of the superlattice. If the undercooling exceeds 240 K
the growth velocity rapidly rises with increasing undercooling. This
transition is due to a change of crystallization of the ordered [3-
phase to a disordered superlattice structure. This structural change
at the critical undercooling has been unambiguously proven by
in situ energy dispersive X-ray diffraction on levitated undercooled
Als5gNisg samples using a high intensity X-ray beam at the European
Synchrotron Radiation Facility in Grenoble [32].

The total undercooling AT measured by the experiments con-
sists of several contributions: the thermal undercooling, ATr, the
curvature undercooling ATk due to the Gibbs Thomson effect, the
constitutional undercooling AT neglected for congruently melt-
ing AlsgNi5g alloy, and the kinetic interface undercooling ATk. ATg
is usually small in particular for thermal dendrites. While at small
undercoolings ATt dominates, at large undercoolings ATy progres-
sively becomes more important. Because the solidification of the
congruently melting intermetallic phase of NispAlsg requires no
long-range diffusion, we assume the validity of the model of col-
lision limited growth for the atomic attachment kinetics of atoms
from the liquid to the solid so that the kinetic prefactor V, is approx-
imated by the velocity of sound Vs. For sorting of the atoms on
the different sublattices, however, diffusion within the solid-liquid
interface is required, which is governed by the speed of interface
diffusion Vp; and by diffusion in the bulk liquid, Vp, which are two
to three orders of magnitude smaller than Vs. The balance of the
mass fluxes to the different sublattices of the more or less ordered
solid phase during crystal growth defines two other kinetic equa-
tions [33]. Apart from thermodynamic and kinetic parameters, the
equation system depends on five variables. These are the tempera-
ture of the solid-liquid interface Tj, the composition of the solid, c,
and of the liquid phase, ¢}, the order parameter n and the growth
velocity V. For a given V and at a fixed ¢, the other three variables, cs
T; and 7 can be determined by (numerical) solving of the equation
system. Hence the model provides a description for the velocity
dependence of the order parameter n(V).

The results of the computations of dendrite growth velocity as
a function of undercooling are given in Fig. 5 (dotted line). It is
evident that the predictions of the extended sharp interface model
are in reasonable agreement with the experimental results over the
entire range of undercooling accessible by application of the elec-
tromagnetic levitation technique. At large undercoolings the model
reproduces the sharp increase of Vat AT*. The solid line in Fig. 5 rep-
resents the variation of the order parameter 1 with undercooling.
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It continuously decreases with increasing undercooling and drops
suddenly to zero at an undercooling at which disorder trapping sets
in as indicated by the sharp increase of dendrite growth velocity.
More details are given elsewhere [34,35].

4. Conclusions

Containerless processing by electromagnetic and electrostatic
levitation has been applied to investigate crystal nucleation and
rapid dendrite growth in undercooled melts of pure zirconium and
Al-Ni alloys. Very large undercoolings were achieved. A statistical
analysis of the distribution function of maximum undercool-
ings in electrostatic levitation experiments hints on the onset of
homogeneous nucleation. From the homogeneous nucleation rate
calculated within classical nucleation theory a lower limit of the
solid-liquid interfacial energy was deduced. This value indicates
that results by density functional theory and molecular dynam-
ics simulations may lead to an underestimation of the solid-liquid
interfacial energies [36]. Comparative experiments on Earth and
in reduced gravity of measurements of dendrite growth in under-
cooled AlsgNisq clearly reveal the importance of forced convection
on growth dynamics which has to be taken into account to pre-
dict growth dynamics in undercooled melts in particular in the
low undercooling range, in which the dendrite growth velocity is
comparable or even less than the fluid flow velocity in electromag-
netically levitated melts. An unusual behaviour of growth dynamics
in AlggsNis;s alloy was found such that the growth velocity
decreases with increasing undercooling. Comparative measure-
ments in reduced gravity hint on a possible influence of forced
convection to be the origin of this unusual growth behaviour.
Finally, non-equilibrium effects during rapid dendrite growth were
discussed, comprising an interface undercooling due to the lim-
ited atomic attachment kinetics and solute trapping during rapid
solidification of alloys. By measurements of the dendrite growth
velocity of the equiatomic AI-Ni alloy at very large undercool-
ings a transition from ordered to disordered growth of the B2
[3-phase was identified. By taking into account a velocity dependent
order parameter dendrite growth theory was extended such that
it describes quantitatively the dendrite growth velocity over the
entire undercooling range accessible by containerless processing.
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