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Abstract

We analyzed the effects of both natural convection and forced flows on solid–liquid interface morphology during

upward Bridgman solidification of metallic alloys. Experiments were carried out on Al–3.5wt% Ni alloy, for a

cylindrical sample. The influence of natural convection induced by radial thermal gradient on solidified microstructure

was first analyzed as a function of the pulling rate. Then, the influence of axial vibration on solidification microstructure

was experimentally investigated by varying vibration parameters (frequency and amplitude). Experimental results

demonstrated that vibrations could be used to either attenuate fluid flow in the melt and obtain a uniform dendritic

pattern or to promote a fragmented dendritic microstructure. However, no marked effect was observed for cellular

growth. This pointed out the critical role of the mushy zone in the interaction between fluid flow and solidification

microstructure.
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1. Introduction

During directional solidification of a binary
alloy, a sample of initial solute concentration C0 is
pulled at an imposed velocity V in a constant
thermal gradient GL. Directional solidification of
d.

www.elsevier.com/locate/jcrysgro


ARTICLE IN PRESS

Fig. 1. Distortion induced by convective flow driven by radial

thermal gradient: (a) sketch of convective flow and its effects on

the solidification front, (b) clustering and (c) steepling

phenomena observed on a cross section induced by the fluid

flow (Al–3.5% pds Ni, G ¼ 20K=cm; V ¼ 0:7mm=s).
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binary alloy presents two major features. First of
all, owing to the solubility difference of the two
phases, solute is rejected in the liquid during the
phase transition when the partition coefficient k is
less than unity (k is defined by the ratio at the
interface of the solid composition to the liquid
composition). Consequently, solidification creates
an exponential solute distribution in the melt and
thus local liquid density depends on both thermal
and solutal fields. The second main feature is the
Mullins–Sekerka instability [1] which drives the
breakdown of the planar solid–liquid interface and
leads to the formation of cells and dendrites, which
are described by suitable shape parameters such as
primary and secondary spacings and tip radius.
Characteristic relationships have been proposed to
relate those parameters to the processing condi-
tions in pure diffusive transport regime [2,3].
However, natural buoyancy plays an important
role for most real solidification processes and may
interact with the microstructure significantly to
modify these relationships [4]. Besides, between the
fully solid and liquid phases cells and dendrites
form a solid–liquid region called ‘‘mushy zone’’,
where both phases coexist. For fluid mechanics,
the mushy zone can be modeled as an intermediate
porous medium through which the melt flows [5].

In Bridgman solidification, one way to prevent
thermosolutal convection is to perform the solidi-
fication in a both thermal (i.e. vertical upward
solidification) and solutal (i.e. rejected solute
denser than solvent) stabilizing configuration.
Nevertheless, strong convective fluid flow driven
by residual radial thermal gradient can be domi-
nant when the growth velocity is slow enough [6].
Indeed, as a mere consequence of gravity, melt
made denser by rejected solute moves towards any
depressed region of the front, which creates a zone
of higher concentration where solidification is
further retarded. In real experiments, the initial
depression of the solidification front is generally
located at the periphery of the sample, due to the
difference of thermal conductivity between liquid,
solid and crucible. Eventually, the amplification of
fluid flow in the vicinity of the solid–liquid
interface often leads to large radial solute segrega-
tion and hence to a radial gradient of micro-
structures (cells-dendrites-eutectic), Fig. 1a. On
a cross-section (Fig. 1b), the microstructure is not
uniform and consists of distinctly separate regions
of cellular/dendritic and eutectic growth (localized
microstructure due to clustering phenomenon).
Moreover, the aluminum cells are ‘steepled’,
i.e. cell tips protrude markedly into the liquid
phase with an eutectic front at the base of the
solidification front (Fig. 1c).

For bulk sample, the most efficient way to
obtain purely diffusive transport in the melt is to
carry out solidification in microgravity environ-
ment [7,8]. On Earth, the application of an
external field during the solidification process,
such as magnetic field [9], continuous [10] or
alternated [11] rotation around the ampoule axis,
can be an effective technique to control fluid flow
in the melt. Forced convection is commonly used
in many crystal growth processes to improve
crystal quality like in Czochralski or floating-zone
methods. In the case of Bridgman solidification,
there are very few experimental studies [12,13]
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considering the effects of longitudinal vibration on
the growth process. As a rule [14], a major effect of
vibration is to modify temperature and solute
fields in such a way that surfaces of constant
density are perpendicular to the vibration axis so
that a low radial solute segregation and a rather
homogeneous microstructure are expected.

In the present paper, attempts were made to
analyze experimentally the effects of vertical
vibration on the microstructure and the convective
effects. Solidification experiments with and with-
out vertical vibration were performed on
Al–3.5 wt% Ni alloy. The influence of the pulling
rate on natural convection was first analyzed.
Then, the influence of vertical vibration was
investigated by varying the frequency and the
amplitude of vibration, for both cellular and
dendritic patterns.
Fig. 2. Pictures showing the solidification microstructure for

Al–3.5wt% Ni alloy, G ¼ 30K=cm and increasing solidifica-

tion rates, no vibration: (a) V ¼ 0:1mm=s; (b) V ¼ 1:mm=s; (c)
V ¼ 7:2mm=s; (d) V ¼ 30mm=s:
2. Experimental procedure

Upward directional solidification experiments
were carried out on Al–3.5wt% Ni alloy with a
Bridgman-type furnace, which was previously
described in detail [15]. For the present experi-
ments, the inner tube of the furnace was in
alumina, whereas previous similar experiments
were carried out with a metallic tube. The samples
were machined into rods of 8mm in diameter and
110mm in length and placed in a boron nitride
crucible. The whole set was installed at the top of
an alumina pulling rod (20mm in outer diameter,
650mm in length) and moved by a precise
translation device. An electromagnetic vibrator is
mounted at the bottom of the alumina rod, which
can apply a longitudinal sinusoidal force to the
sample. Experiments were carried out for a wide
range of frequency f (10–50Hz) and amplitude a

(0.25–1.25mm), in order to obtain various values
of vibrational acceleration gvib ¼ að2pf Þ2: It is
worth noticing that vibrations were applied during
the thermal stabilization stage, 15min before the
beginning of the solidification and during the
whole process until the quench.

Experiments were performed in argon ambient
at a slight over pressure. After a solidified length of
typically 30mm, the stationary conditions were
reached and the residual liquid was quenched by a
rapid furnace displacement (V ¼ 2300mm=s). The
solidification microstructure was then analyzed by
a metallographic procedure in both transverse and
longitudinal sections [15].
3. Experimental results and discussion

3.1. Microstructure transitions and effect of natural

convection as a function of pulling rate

Eutectic, cellular and dendritic microstructures
were obtained depending on solidification rates
within the range 0.1–30 mm/s for a thermal
gradient G ¼ 30K=cm (Fig. 2). At very low
growth rate (V ¼ 0:1mm=s), a planar eutectic front
was obtained and no marked effect of convection
was visible, which is expected for these growth
conditions (Fig. 2a shows the transverse and
longitudinal sections). For higher velocities, within
the range 0.3–1.0mm/s, the solidification front was
cellular and there was a strong effect of convec-
tion, which generated both clustering and steepling
phenomena as described in the introduction
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Fig. 3. Cross sections showing the microstructures for

Al–3.5wt% Ni alloy, G ¼ 30K=cm; V ¼ 1:0mm=s; and various

sets of vibration parameters: (a) no vibration, (b) gvib ¼ 2:5g0

(f ¼ 50Hz; a ¼ 0:25mm).

H. Nguyen-Thi et al. / Journal of Crystal Growth 275 (2005) e1579–e1584e1582
(Fig. 2b). All around dendrite clusters, dendrite
arms always grew horizontally in the cross section,
towards surrounding eutectic. As the solidification
rate was further increased (Fig. 2c), the micro-
structures became more and more dendritic
and the clustering effect of convection progres-
sively decreased (e.g. the eutectic border progres-
sively disappeared). The transition from a strongly
disturbed microstructure to an almost homoge-
neous pattern could be estimated to occur within
the range V ¼ 16224mm=s: For higher pulling
rate, an almost homogeneous pattern was ob-
served in cross section (Fig. 2d). It is of value to
note that this transition strongly depends on the
experimental conditions, in particular the radial
thermal symmetry of the furnace that is at the
origin of the convection. For example, for the
previous experiments described in Ref. [15] per-
formed with a metallic tube, this transition
occurred at about 10 mm/s. This points out the
critical role played by the full temperature profile
on this type of convection. Besides, experiments
with an other concentration (Al–1.5wt% Ni) and/
or various thermal gradients (20 and 50K/cm)
gave the same general features [15]. Therefore, this
experimental study definitely shows that there is a
critical velocity beyond which steepling and
clustering phenomena disappear so that solidifica-
tion produces a uniform dendritic microstructure
as predicted by Dupouy et al. [16].

3.2. Influence of vibrations on cellular and dendritic

growth

Four series of experiments were carried out for
Al–3.5 wt% Ni alloy with the same thermal
gradient (30K/cm), for different pulling rates
V ¼ 12327:229mm=s; to examine the effect of
longitudinal sinusoidal vibration on directional
solidification. With these values, the solidification
microstructure varied from a cellular pattern to a
dendritic pattern, which correspond, respectively,
to a shallow mushy zone with a very small liquid
fraction and a deep mushy zone with a large liquid
fraction. For each series of experiments, the
influence of vibration level on the solidification
microstructure was analyzed as a function of
frequency and amplitude of vibrations. It will be
shown that the changes induced by vibration on
the solidification morphologies strongly depend
not only on the level of vibration, but also on the
type of microstructure (cellular or dendritic). In
the following, we are limiting our discussion to
V ¼ 1 and 7:2mm=s:

For cellular growth (V ¼ 1mm=s), very weak
changes were induced by the vertical vibrations as
shown in Fig. 3, regardless of the additional
vibration acceleration gvib with respect to natural
convection (gvib ¼ 0). The main effect of vibration
was to push the cellular cluster on one side of the
transverse section. This feature seemed to be a rule
in our experiments, which suggests that vibrations
were either not perfectly axial or broke fluid flow
symmetry. Further experiments or numerical
simulations are required to give a definitive answer
to this observation. For the cellular pattern itself,
vibrations induced no marked modification, which
was probably due to the lack of a porous mushy
zone. In that case, the liquid fraction at the
interface was very low and fluid flow could not
penetrate deep into the mushy zone. Convection
could not develop on a large scale in the interior of
the mushy zone and remained mainly parallel to
the solid–liquid interface [8]. Therefore, the
influence of natural and forced convection was
expected to be rather limited and the average
wavelengths of cellular arrays were within the
range 200–300 mm, regardless of vibration level.

For dendritic growth (V ¼ 7:2mm=s), the
changes induced by axial vibrations on the
solidification microstructure were significant.
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Fig. 4. Cross sections showing the microstructures for

Al–3.5wt% Ni, G ¼ 30K=cm; V ¼ 7:2mm=s and two different

sets of vibration parameters given the same value of

gvib ¼ 1:0g0: (a) f ¼ 14Hz; a ¼ 1:25mm; (b) f ¼ 16Hz; a ¼

1:0mm:

Fig. 5. Cross and longitudinal sections showing the micro-

structures for Al–3.5wt% Ni, G ¼ 30K=cm: V ¼ 7:2mm=s and

two different sets of vibration parameters: (a, b) gvib ¼ 2:3g0;
f ¼ 24Hz; a ¼ 1:0mm; (c, d) gvib ¼ 2:5g0; f ¼ 50Hz; a ¼

0:25mm:
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A series of experiments with various level of gvib

from 0.5g0 to 2.5g0 were carried out. For the
lowest value, the microstructure was very similar
to the case of natural convection (Fig. 2c). When
the vibrational acceleration is about 1.0g0, two
different cases were obtained, depending on the
value of the vibration amplitude. For (f ¼ 14Hz;
a ¼ 1:25mm), the morphology became more
homogeneous, with almost no eutectic border
(Fig. 4a) while for (f ¼ 16Hz; a ¼ 1:0mm) the
microstructure was still strongly disturbed by
convection (Fig. 4b). These two experiments were
performed with the same experimental procedure
and the only difference was the amplitude–fre-
quency parameter set giving the same vibration
acceleration. This suggests that the effect of
vibrations must be characterized not only by
vibrational acceleration gvib but also by the
amplitude a. Besides, the microstructure is finer
with vibration.

The behavior was quite different for higher
levels of vibration. At about 2.3g0 (f ¼ 24Hz;
a ¼ 1:0mm) and 2.5g0 (f ¼ 50Hz; a ¼ 0:25mm),
the morphologies were fragmented and a great
number of clusters of globular cells or dendrites
are distributed in a cross section (Fig. 5a and c).
Longitudinal sections showed that the growth
remained columnar when the vibration level was
low whereas the structure was strongly disturbed
and a pattern somewhat like equiaxed growth was
obtained for higher levels of vibration (Fig. 5b
and d). Presently, it is difficult to determine
whether secondary arms were detached or not from
primary stalks during the growth process, which is a
key question for the columnar to equiaxed transi-
tion during directional solidification.
4. Conclusion

Directional solidification experiments were per-
formed under natural and vibration-controlled
conditions. The role of processing parameters
(pulling rate and level of vibration) was system-
atically evaluated. The experimental results pro-
vide evidence that vibration can strongly modify
fluid flow in the melt and thus, act on the
solidification morphology. At low growth rates
and without vibration, a sharp microstructural
transition from cellular/dendritic to eutectic
growth was seen from the center to the
periphery of a cross section, which is referred to
as clustering phenomenon reflecting a large radial
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compositional gradient. This feature disappeared
when high enough growth rate was applied
and diffusive transport was taking place in the
melt.

Under vibration controlled conditions, the
response of the solidification front to the vibration
depends on the solidification microstructure. The
effect was pronounced for dendritic pattern when
there was a deep mushy zone: at low level of
vibration (gvib ¼ 1:0g0), vibration could promote a
regular microstructure when the amplitude of
vibrations was large enough. The severe radial
segregation disappeared, like for samples solidified
in microgravity conditions. When the vibration
level was above 2g0, the microstructure became
fragmented and columnar growth was suppressed.
In cross section, a large number of clusters of cells
or dendrites were distributed. For cellular growth,
the effect of vibration was weak and no marked
changes were visible on cross or longitudinal
sections. To progress further in these experiments,
comparison with numerical simulations are now
required in order to separate the role of each
vibration parameters. At present time, this work is
in progress. Preliminary results of numerical
simulation already show that vibrational convec-
tion is negligible with respect to buoyancy-driven
convection as long as a smooth solid–liquid
interface is maintained, which confirms the neces-
sity of incorporating the mushy zone in the
modeling and suggests that vibrational fluid
flow in the porous dendritic mush may be the
key factor for the alteration of the solidification
microstructure.
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