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bstract

The interaction of ceramic particles with a dendritic solid/liquid-interface has been investigated by undercooling experiments with different
evels of convection: (i) in a terrestrial electromagnetic levitation facility and (ii) in TEMPUS, a facility for containerless processing, under low

ravity conditions during parabolic flights. Entrapment of particles in ground experiments and engulfment of a significant fraction of submicron
articles under low gravity conditions are attributed to the lower level of convection in the latter experiments and to morphological features of
endritic solidification. X-ray radiography has been used for in situ observations of directional solidification in Al90Cu10 with alumina particles.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Since Uhlmann et al. [1] started in 1964, many investigations
oncerning the interaction of solid particles and a solid/liquid-
nterface (SLI) during solidification were done [2–5]. Two phe-
omena have been found for the interaction of particles with a
lanar s/l-interface:

(i) particles are pushed by the advancing planar s/l-interface
and accumulate in the last solidifying part of the melt (push-
ing);
ii) Particles are engulfed by the advancing planar s/l-interface
and are homogeneously incorporated into the solidifying
material (engulfing).

∗ Corresponding author. Tel.: +49 2203 601 3374; fax: +49 2203 601 2255.
E-mail address: thomas.lierfeld@dlr.de (T. Lierfeld).
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For a given particle radius, a transition from (i) to (ii) occurs
elatively sharp when the velocity exceeds the critical velocity
c—this is called the pushing-engulfment-transition (PET). It is
nown that in general vc is in the range of �m/s to mm/s and is
ncreased for decreased particle radius [5,6].

On the contrary, the majority of the industrial metallic mate-
ials are dendritically solidified, and the knowledge about the
nteraction of a dendritic s/l-interface with particles is still scarce
6]. Experimental in situ-investigations of the particle pushing
henomenon with dendrites have only been performed in trans-
arent organic model systems [7], but it is not clear, if the results
re transferable to technically relevant metal-based systems.

Numerous models have been proposed to describe the par-
icle pushing behaviour: (i) thermodynamic models, (ii) ther-

al properties criterion models, (iii) kinetic models, and (iv)

ynamic models. The first two groups do not predict a critical
elocity and therefore they are not considered in the following.

Kinetic models are steady-state models that estimate the crit-
cal velocity by a force balance approach. Most of these models

mailto:thomas.lierfeld@dlr.de
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Fig. 1. The morphology of a dendritic s/l-interface permits particle engulfment
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g), if a particle is located in a close lateral position to the dendrite tip. Convection
oves additional particles into the space between the dendrites, where they might

e entrapped (t).

ssume no convection as boundary condition. Furthermore, it
as reported on increased critical velocities or even absence of
article-interface interaction (vc → ∞) in the case of signifi-
ant melt convection during solidification with a planar SLI [8].
his is explained by additional lift forces caused by the velocity
radient near the SLI. In the case of dendritic solidification the
ffect of convection might be even more significant. The sce-
ario is sketched in Fig. 1: convection blows away the particles
rom the moving dendrite tips into the space between the den-
rites. Later, they will be found entrapped in the interdendritic
egion. Thus, the experimental task is to reduce the influence of
onvection as much as possible.

Dynamic models consider the acceleration of the particle
hen the SLI approaches. To evaluate these models for real
etallic systems, the movement of the particle in the vicinity

f the interface needs to be visualized. Sen et al. [9] observed
he interaction of a planar SLI in Al with ZrO2 particles by use
f an X-ray transmission microscope. Similar experiments with
endritic solidification front have not yet been performed.

. Experimental

Our strategy was to investigate the interaction of particles
ith a dendritic solidification front with two kinds of experi-
ents. First, melt droplets of Ni98Ta2 with Ta2O5 particles have

een undercooled and dendritically solidified. Significant under-
ooling of the melts has been achieved by (i) electromagnetic
evitation (EML, [10]) processing under terrestrial conditions
nd (ii) in the TEMPUS facility [11] during parabolic flight in
ow gravity. Electromagnetic levitation on Earth induces strong
ddy currents in the melt, which counteract the gravitational
orces. This leads to considerable convection in the melt. In

EMPUS during parabolic flight in low gravity, the convec-

ion is on a lower level, as has been demonstrated with liquid
hase growth experiments of Co–Cu melts [12]. Microstructure
nalysis after solidification allows the identification of engulfed
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ig. 2. SEM image of the initial sample material Ni98Ta2 + Ta2O5 particles
roduced by powder metallurgy.

articles. The velocity of the solidification front can be deduced
rom the undercooling temperature and dendrite growth velocity
easurements.
Second, directional solidification experiments have been con-

ucted with Al90Cu10 and Al2O3 ceramic particles. Synchrotron
-rays were used at Beamline ID19 at the European Synchrotion
adiation Facility (ESRF) Grenoble for in situ visualization of

he solidification in a Bridgman furnace with absorption contrast
adiography.

The initial samples for levitation processing were prepared
y methods of powder metallurgy: powders of nickel, tanta-
um and tantalum oxide have been mixed in a high purity argon
tmosphere, compacted in a hydraulic press with a pressure of
00 MPa to pellets of 1 g, and finally sintered at 1400 ◦C for
–8 h in a high vacuum furnace. The samples have a homo-
eneous distribution of ceramic particles (Ta2O5) in a metallic
atrix of Ni98Ta2 (Fig. 2).
Al90Cu10 with Al2O3 particles (diameter d < 44 �m) has

een produced from a sheet of pure aluminium and copper
nd Al2O3 powders. Directional solidification was performed
ith a thermal gradient of G = 10 K/cm and pulling speeds of
= 2–10 μm/s.

. Results

Post-mortem microstructure analysis of the samples solidi-
ed under reduced gravity during parabolic flight shows features
n different length scales. On a macroscopic level, particles form
pen and dense clusters (Fig. 3). Several of the open clusters
xtend over more than 500 �m in diameter. These structures
an be clearly attributed to clustering in the liquid melt before
olidification of the sample: we observed the movement of open

lusters on the surface of liquid samples during parabolic flight.
fter the clusters had formed, their shape was stable during the
hole period of observation (∼10 s). In ground experiments, the

iquid phase period during sample processing has been varied,
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Fig. 3. During parabolic flight processed samples show typically dense (1) and
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Fig. 5. Typical microstructure of a sample processed in EML under terrestrial
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pen (2) clusters, as well as single submicron particles (3) in the cluster-free
egions. Cluster formation can be clearly attributed to the liquid phase of sample
rocessing and should not be mixed up with pushing of particles.

ncreased clustering occurs with longer duration of the liquid
hase.

On a microscopic scale, single submicron particles can be
ound in the cluster-free regions (Fig. 3). These particles are
ocated either at the grain boundaries between the dendrites or
ncorporated into the trunks of dendrites (Fig. 4). This means,
articles can be either pushed and/or entrapped between the
endrites or engulfed by the dendrites. For comparison, a

ypical microstructure obtained by processing under terrestrial
onditions is given in Fig. 5. It shows only particles between
he dendrites, i.e. particles were pushed and/or entrapped from
he growing dendrites. We attribute this difference to the higher

ig. 4. Typical microstructure of a sample solidified under reduced gravity dur-
ng parabolic flight. A high fraction of particles is located in the dendrite trunks,
s well as in the Ta enriched interdendritic regions (bright). The total particle
istribution appears homogeneous; particles are not accumulated in the inter-
endritic regions.
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onditions. In most cases, particles are entrapped in the interdendritic regions,
ngulfed particles are very rare.

onvection level during solidification in terrestrial processing
12].

A quantitative analysis of the pushed/engulfed particles of
amples with different undercoolings from TEMPUS is given
n Fig. 6a and b. The normalized size distributions of all parti-
les in the cluster-free regions are compared to the distributions
f engulfed particles. The total fraction of engulfed particles is
early 30% and it is independent from the achieved undercooling
nd solidification velocity, respectively, in the experimentally
ccessible range. It shows a weak dependence on the particle
iameter: it is constant or even increased for decreasing parti-
le diameter (Fig. 6a and b). It is remarkable that under low
ravity conditions, no obvious differences can be found in the
ize distributions of engulfed particles upon solidification with
ndercooling of 5 or 84 K.

The results might be interpreted by the following considera-
ions: (i) the scenario, which is shown in Fig. 1, is applicable to
he interaction of a dendritic solidification front with particles:
f convection is strong, engulfment of particles is not favoured,
ecause the particles are blown away from the growing dendrite
ips into the space between the dendrites. Here, continued
onvection prevents them further from being engulfed by
econdary or tertiary dendrite arms. The particles are found
ntrapped in the last part of the solidifying melt. This behaviour
olds for terrestrial EML processing. (ii) Low gravity exper-
ments in TEMPUS allow a reduced convection level. Under
hese conditions, engulfment of particles is possible by the
ast moving dendrite tips or by secondary and tertiary dendrite
rms. An estimation of the critical velocities for engulfment fol-
owing Pötschke and Rogge [4] yields 10–0.2 �m/s for particle
iameters 0.1–10 �m. These values are below the velocities of
olidification for 5 and 84 K undercooling (0.01 and 7 m/s). A

ifference in the size distributions could arise at particle diam-
ters below 0.1 �m. (iii) It is reasonable to assume that residual
onvection is present between the dendrites even in low gravity.
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Fig. 6. Normalized particle size distribution and fraction of engulfed particles
in cluster-free regions of two samples with different level of undercooling (5
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nd 84 K) processed during parabolic flight. Note, that the fraction of engulfed
articles does not change with the level of undercooling.

herefore, a fraction of particles is entrapped between the
endrites.

The aim of our in situ X-ray imaging experiments is to
bserve the particle interaction with a dendritic SLI. The chal-
enge is to find a system where contrast arises between solidified

aterial, melt, and particles, and at the same time, the buoyancy
etween particle and melt is neglectable.

Many details of solidification were observed during the exper-
ments, especially: (i) splitting of dendrite tips and (ii) devel-
pment of cauliflower morphology. Unfortunately, the alumina
articles could not be visualized because of low contrast and a
peckled background, which is due to the carbon containment.
ip splitting possibly indicates the presence of particles, since

t is one of the proposed mechanisms for particle incorporation
n the dendritic case [7].

Post-mortem scanning electron microscopy (SEM) analysis
id not support the involvement of particles in the change of
endrite growth morphology. Particles are incorporated in the
nterdendritic eutectic region, which means that they have been

ushed and/or entrapped. The critical velocity calculated for
he planar case with the Pötschke–Rogge model [4] is below
.1 �m/s, thus, in the planar case, engulfment would occur for a
olidification velocity of v = 5 μm/s used for this sample. In the
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endritic case, entrapment is favoured probably due to the mech-
nism proposed in Fig. 1. The observed dendrite morphologies
ight be explained by the low anisotropy of solid/liquid inter-

acial energy in Al90Cu10 [13,14].

. Summary

The interaction of a dendritic solid/liquid-interface with inert
articles has been investigated in the TEMPUS facility during
arabolic flight and in a terrestrial EML facility in Ni98Ta2 with
a2O5 particles. Undercooling of the melt has been achieved in
oth cases, the solidified microstructures show significant differ-
nces: the particles are found in clusters and as isolated particles;
hereas they are nearly all entrapped after terrestrial experi-
ents, low gravity conditions lead to engulfment of about 30%

f the isolated particles in the cluster-free regions. The results of
he low gravity experiments are independent from undercooling
n the range from 5 to 84 K. It is assumed that the lower level of
onvection during parabolic flights allows engulfment of parti-
les by a dendritic solidification front. A mechanism is proposed,
hich takes into account convection and dendrite morphology.

t is planned to conduct undercooling experiments in MSL-EML
n board of the International Space Station ISS, where the con-
ection level could be further decreased.
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