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Abstract

We analysed the coupling of convection and solid-liquid interface morphology during upward Bridgman solidification of both transparent
and metallic alloys in a cylinder. Localised microstructures are observed for typical alloys but not for lead-30 wt% thallium. This difference
is quantitatively explained from phase diams and from the more general form of consiimal supercooling criterion, extended for non-
dilute alloys. Even if the convection induces a lateral concentration gradient, there is not any lateral gradient on the level of morphological
instability and there is not grpropagation front of mgahological instability for lead-@ wt% thallium alloy. In stdification experiments,
convection can be generated by either radial thermal gradient or solute axial gradient. The formation and dynamics of double-diffusive
convective pattern is analysed during the transiedtdifferent thermal radial gradient conditions.
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1. Introduction sion on density for obtaining a more analytical solution [2]
or by introducing the density differences between liquid and
Materials properties strongly depend on non-homoge- solid [3], or by looking at the effect of lateral confinement
neity left in the solid during processing. An important [4.5].
point to clarify in the solidification process is the role The effect of convection on morphological instability is
of convection on macrosegregation and on microstructure another aspect of the problem. Indeed, the level of convec-
selection. Interface morphology is directly related to the tion changes the threshold of morphological instability. For
radial micro and macro segregation. Thus, an important the majority of alloys(K < 1), instability begins later than
point in solidification is the coupling effect of different for pure diffusive case [6-8]. The case of the effect of pre-
instabilities at different length scales. existing convective cellular pattern on the morphological in-
The coupling between fluid flow and solidification has stability is studied by Chen and Davis [9]. They predict a lo-
been the subject of a great deal of experimental, theoreti- calised microstructure induced by convective pattern, which
cal and numerical works. For the laterally infinite medium recently received experimental confirmation [10]. However,
Coriell et al. first tackled the linear stability analysis of cou- this resultis in contradistinction with previous study on lead-
pling double-diffusive and ntphological instability analy-  30% thallium alloys, where localised microstructure is not
sis [1]. They numerically calculated the domains of mor- observed[11,12]. The question is why convective pattern on
phological and convective indidities. Then many authors  lead-30% thallium alloy does not give localised microstruc-
enlarged the study such as by neglecting the thermal expanture?
When the solidification experiments are far above the
—_— ] . thresholds of instability, the determination of the levels of
(E:f’r:;?lsgggr‘ggﬁir@ﬁﬁ;ig_’éﬁgrslﬁ?ig;gomhiam’ morphological and convectivestabilities is aeal problem.
nthenri@L2MP.u-3mrs.fr (H.N. fii), bergeon@L2MP.u-3mrs.fr In fact they are function of time and depend on initial condi-
(N. Bergeon), bernard.bilia@L2MP.fr (B. Billia). tions, i.e., on initial transient. Moreover, the situation is fur-
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Nomenclature
C concentration in the liquid .............. wt% B solutal expansion coefficient in the melt,
C; interface concentration ................. Wt% = —%(g—@)r ........................ witost
D solute diffusion coefficient in the liquid frs™% B thernzalaexloansion coefficient in the melt,
G thermal gradient in the liquid at the = —;(3—?)c -------------------------- Kt

INterface . .. ..., L AT temperature difference between liquidus and
Gs So|ute gradient in the ||qu|d at the SO“dUS ........ R K

interface.. . ... with—1 3T temperature variation . .................... K
g gravitational acceleration=9.81 . .. ... ms—2 sC conc_entratl_on_ variation ................. \/3vt° b
% it fficient = & 3p density variation .................... kg~

partition coeticient,= < v kinematic viscosity . ................. e
k thermal conductivity . ........ M lKk-lst 0 density. ...t kg3
Ly thickness of solute boundary layer ......... m ¢ cruciblediameter................ ... ..., m
m liquidus slope .. ................... Wit% 1 Subscripts
Pr Prandtl number= 222

. BogGoLd 0 reference state
Ras;  solute Rayleigh numbek= ==5== s solute contribution
. ol _
Vv groyvth velocllty ....................... I$il Superscripts
Vp pulling velocity ...................... 45] o
z QroWth axiS .. .. ooeeee e m ¢ critical value
l liquid phase

Greek symbols s solid phase

ther complicated écause thermal radial gradient also con- built for transparent 3D growth [13]. The furnaces consist
tributes to both convectivena morphologicainstabilities. of three main zones: a hot zone (in two parts), a cold zone
Each experimental procedure is specific by itself and needsand an adiabatic zone. In the hot zone a small thermal verti-
a specific analysis in order to explain the observed phenom-cal gradient is established in order to eliminate thermal con-
ena. A non-linear time dependent approach for a system farvection. During experiments the higher part is maintained at
from equilibrium is needed to explain the observed dynamics 110°C and lower part at 100C. The cooler zone is main-

of microstructure and macrostructure patterns. Other ques-tained at 20C. The thermal measurement gives a vertical
tions deal with the effects of radial thermal gradient and tran- thermal gradient 3 Knm~! in the middle of the adiabatic
sient phenomena on the double-diffusive convective pattern.zone. A cylindrical crucible ofy = 10 mm in inner diame-

In this paper, the coupling effect of convection and mor- ter is used. The growth velocity is anti-parallel to the grav-
phological instability is descrilutfor different experimental ity and varied from 0.5 to 2 ura~1. Experiments are per-
configurations. Three series of experiments are compared informed essentially on succinonitrile-0.2 wt% acetone alloy.
order to understand pattern formation in initial transient and For this alloy the partition coefficient is constant and is equal
the effect of the radial thermal convection on the double- to Kk = 0.1 (Fig. 1(a)). The solid-liquid interface is observed
diffusive convective pattern. The first one is in situ and in py three complementary optical techniques: two direct ob-
real time study of interfaciahape on succinonitrile-acetone  servation modes providing bright field images of the inter-
alloys, the two others are on lead-thallium alloys for differ- face, one transmitted through the whole length of the sam-
ent crucible diameters. The absence of localised microstruc-ple and another one through the radial direction. A Mach—
ture on the lead-30 wt% thallium alloys is explained fromthe  zehnder interferometer set-up on the longitudinal direction
shape of phase diagram. The explanation needs some genefgives the 3D shape and the position of the interface. In situ
alisation of constitutional supercooling criterion, extending and real-time images are recorded on videotape.
its application to non-dilute alloys. Experiments on Pb—TI alloys are carried out in vertical

upward Bridgman configuration [14]. Higher zone of fur-

nace is maintained at 65C and the lower zone is cooled
2. Experiments by water circulation. Experiments are carried out for pulling

velocities from 0.55 to 6.11 s L, which are applied anti-

For dynamical study, succinonitrile—acetone alloy, equiv- parallel to the gravity. Two crucible diametefs= 4 mm and
alent to metallic alloys, is used. Experiments are done in a ¢ = 9.5 mm are used in order to change both thermal radial
vertical Bridgman configuration with positive thermal gradi- gradient and confinement, with imposed thermal axial gra-
ent (upward solidification), inlboratory devices especially ~ dient respectively of 5.5 and 4.0-iém~L. For these alloys
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Fig. 1. Schematic presentation of phase diagram of (a) succinoni-
trile—acetone alloy and (b) lead—thallium alloy.

the partition coefficient is higher than 1 (Fig. 1(b)). The so-
lidification is stopped by a quench using a flow of helium at

liquid nitrogen temperature. Successive polishing-chemical

etching process in interfacialgmn gave microstructure pat-

tern and level curves of macroscopic shape of the interface

on the transverse section.

3. Front morphologiesinduced by instabilities

The best understanding of the solidification process with
different instabilities at different length scales asks at first
to look basics of solidification process. It corresponds to
the 1D steady state solidification, in purely diffusive case,
with stable planar interface. This characterised by three
control parameters: initial alloy solute concentratiop,
pulling rate vV, and thermal gradienG;. The solid-liquid
interface is supposed in theaglynamic local equilibrium.
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Fig. 2. Solute profile for an alloy < 1. Solid line: steady state profile.
Dashed lines: transient state profiles at a regular time interval. Dotted line:
concentration variation in the liquid at the interface.

caseK < 1 which will be extended foK > 1, by changing
the solute by solvent.

The liquid in front of interface is rich in solute (solvent)
that can drive some instability. Let us see the necessary con-
ditions for morphological athhydrodynamicnstabilities.

3.1. Morphological instability

For fixed Co and G, the interface is morphologically
planar for low velocity. Inceasing velocity leads to the
breakdown of the planar interface for a critical velocity,,
and gives rise to a cellular structure. For higher velocity,
the interfacial microstructure undergoes a transition into the
dendritic regime with apparition of secondary arms. The
breakdown of planar interface is due to the constitutional
supercooling introduced by Tiller et al. [15]:

G <mGy (2
WheregGs; is solute gradient at the interface and is given by:
Co(K -1V,
] ©

This criterion is based on the thermodynamic state of the
liquid adjacent to the inteate, which enters into non-

Due to the equality of chemical potentials at the interface, equilibrium (supercooling) when growth velocity becomes
the Concentl’ation in the |IC]UId iS diﬁerent from that in the h|gher than Critica' one. Later' Mu”ins and Sekerka have
solid. The partition coefficienk is defined as the ratio of  given a more accurate criterion of the stability of planar
solid concentration to the liquid one at the interface. The interface by a linear stability analysis [16]. They added
resolution of the solute diffusion equation in the liquid in  the capillarity and the thermal gradient in the solid, which
the reference frame attached to the interface with boundaryunder usual growth conditions modify only slightly the

conditionsC = Cp far from the interface and” = Co/K
at the interface, gives the following solution for the solute
concentration in the liquid:

o 1)

where D is the diffusion coefficient and the growth
direction. Positive part of solid line in Fig. 2 represents the
solute profile in steady state solidification given by Eqg. (1)
for an alloy K < 1. During alloy solidification, the solute
(solvent) is rejected into the liquid at the interface, and
diffuses in the liquid, which gives an exponential diffusive
profile in front of the interface. Usually, the partition

C= Co|:1+ (1)

constitutional supercooling criterion. The growth velocity
and the concentration have destabilising effect, in contrast
to the thermal axial gradient and the capillarity that have a
stabilising effect. In practice, the constitutional supercooling
criterion remains a good approximation, and is frequently
used, in the domain of low capillarity and low anisotropy of
thermal conductibility at the interface.

The morphological instability criterion is established
for steady state solidification, and can be generalized for
transient state. The growth velocity varies from zero to
V,, and the interface concentration in the liqud, from
Co to Co/K, as shown in Fig. 2 by dotted line. According
to Warren and Langer model [17], for a given instantaneous

coefficientis smaller than one but for some alloys it is greater velocity V, the solute vertical gradieiit, can be calculated:

than one as is the case for lead—thallium alloy (Fig. 1(b)). For
this reason the physical interpretation is usually done for the Gs =

Ci(K-1)

LS @
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whereL; is the thickness of solute boundary layer that varies
from zero to the value of steady state of solidificatibny,V,
[17]. Thus, the constitutional supercooling criterion can be
written as following:

1
GL; <CiKm (1— ?) (5a)

All above considerations are true in the limit of the
linear approximation of phase diagrank (and m con-
stants), thus for a dilute alloy. Fig. 1 presents the phase di-
agrams of succinonitrile-acetone and lead—thallium alloys.
Linear approximation of phase diagram is correct for both
succinonitrile—acetone and lead-thallium alloys in the do-
main of low concentration. However, for the higher concen-
trations used for lead—thallium alloys, this approximation is
not valid, becaus& andm depend on the concentration.
RHT in the inequality (5a) corresponds to the temperature
difference between the liquidus and the solidag;, for a
given concentratiorG; K, i.e., solid concentration at the in-
terface. Thus, a more general form of constitutional super-
cooling criterion is the following:

GL, < AT (5b)

This general form is very convenient for lead-30 wt%
thallium alloy, becaus@T is independent of concentration,
i.e., the liquidus is parallel to the solidus. Thus, even if

In the growth directiorz, thermal contribution is similar for
both alloys: thermal gradients and thermal expansion coef-
ficients are positive. However, solute gradient at the inter-
face is negative for succinonitrile—acetone alloy and positive
for lead—thallium alloy. This difference in solute gradients
comes from the alloy characteristics, i.e., solute partition co-
efficient and liquidus slop& > 1,m > 0, for lead—thallium
alloy and K < 1, m < 0 for succinonitrile—acetone alloy
(Table 1). As the solute expansion coefficients are reversed
too, the solute contribution on the density variation is thus
similar for both lead—thalliumrad succinonitrile—acetone al-
loys. The Fig. 3 schematically represents density profiles in
the liquid, for both alloys. Finally, both alloys exhibit simi-
lar double-diffusive instability, i.e., the axial solute gradient
has a destabilising effect into the solute diffusion layer. The
Fig. 4 schematically shows the double-diffusive convective
pattern and front deformation for both alloys. Convection
begins into the solute diffusion layer and continues invade
the stable liquid by the double-diffusion phenomena. The
major difference between the two alloys is that, in the case
of succinonitrile—acetone, sokiaccumulation occurs in de-
pression of the interface and straight below up-going flow
[10], whereas for lead—thallium alloys, this situation corre-
sponds to the solvent accumulation [11].

Convective instability in the liquid will be assumed essen-

solute concentration at the interface is not constant, the leveltially solutal in the sense that the thermal axial contribution

of instability does not change. This is in contradistinction
with the constitutional supercooling criterion for dilute
alloys, where concentration at the interface is proportional
to AT. Thus, a particular attention should be taken using
constitutional supercooling criterion or Mullins—Sekerka
criterion for non-dilute alloy. This fact could be of major
importance for the interpretation of experimental results.

3.2. Double-diffusiveinstability

The axial solute gradient is intrinsic to the alloy solidifi-
cation process and can be stabilising or destabilising from
hydrodynamic point of view. Let us consider the density
variation in the mel8p as a function of temperature and con-
centration variationgiT, §C:

8p=—p(BST + Bs8C) (6)

Table 1
Lead-thallium and succinonitrileeetone alloy characteristics

can be safely discarded in the linear analysis of the hydro-

A

< AT)  o(C,T)

AC)

Fig. 3. Schematic presentation of density profiles (solid line) in the liquid

for both succinonitrile—acetone and lead-thallium alloys. Liquid in the

solute boundary layer is hydrodynamically instable. Thermal (dashed line)
and solutal (dotted line) contributions of density are distinguished.

Symbol [units]

Succinonitrile—acetone Lead—thallium

Segregation coefficient K

Liquidus slope m [K-wt% 1]
Liquidus—solidus temperature difference AT [K]
Liquid kinematic viscosity y [m2.s71]
Solute diffusivity in the melt D [m2.s71
Thermal expansion coefficient in the melt B [1-K‘1]
Solutal expansion coefficient in the melt Bs [1-Wt%—1]

Liquid thermal conductivity K [Im lk-1ls
Solid thermal conductivity K [Pmlk-ls
Prandtl number Pr

0.1 ~1.1

-28 ~1
- 2.7
2.6x10°6 2.43x 1077
1.3x 1079 2x 1079
1.07x 1073 1.15x 1074
2.13x 103 —53x 1074
0.2219 155
0.2244 314

17 002
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growth velocity [25] and has a large variation during tran-
sient state of solidification.

In conclusion, as the value df; depends on the level
of convection, it would not be possible to attribute any
real Rayleigh number to the observations given for steady
state of solidification. However, we can attribute a level of
double-diffusive instability as the ratiga, /Ra$ whereRa;
is defined for steady state solidification in purely diffusive
transport case, i.el; = D/V,. On the other hand, during
the solidification transient, whetg varies from zero to the
Fig. 4. Schematic representation of dahiffusive convective pattern. D/ Vp’ the value OfRaS will be calculated from the Warren
Ascending flow corresponds to the inesé depression and solute (solvent) and Langer model [17]. The liquid in front of solid—liquid
accumulation. interface becomes unstable with respect to double-diffusive

instability when the rati&a, /Ra > 1.

dynamic stability of quiescent melt [2,3]. In this condition
fluid flow in the liquid phase depends essentially on the so- 3.3. Results and discussion
lutal Rayleigh number:

Double-diffusive Liouid
convective pattern M

Solute \

boundary layer

Solute accumulation — _
Front deformation — Solid

g «— — N

For succinonitrile—acetone alloys, the morphological in-

Ra, = M (7) stability first initiates in interface areas of high solute con-
vD centration and propagates in the direction opposite to the
whereg is gravitational acceleration, the kinematic vis- horizontal solute gradient. This horizontal gradient of con-
cosity. The double-diffusive instability begins whéra, centration exists because of the presence of natural con-
exceeds the critical value of convective instabilRg - Ral vection. The level of morphobical instability in transient
depends on lateral confinement [5], but for large crucible di- state of solidification in presence of convection does not de-
ameters, the value for a laterally unbounded mediRaj & pend only on the instantaneous growth velocity, but also on
7.9 for K = 0.1 and Ra$ = 124 for K = 1.1) can be the local interface concentian (cf. Eq. (5a)). Most likely,
used [18]. the solute in the boundary layer adjacent to the solidifica-

There is a major difficulty in the experimental determina- tion front is swept by convection and accumulated upstream.
tion of solutal Rayleigh number. It strongly depends on the Solute gradient can be evaluated as a function of level of con-
thickness of the solute boundary layér,. The convection  vection by using the boundary layer approach proposed by
due to the thermal radial gradient and transient effects may Ostrogorsky and Mdiller [26,27]. For a given instantaneous
change considerably the thickness of solute boundary layer.velocity V, the critical interface concentratio@¢, or criti-

In fact, as there is no instability threshold for the convection cal temperature difference,7¢, can be calculated from the
induced by thermal radial gradient, the convection could be constitutional supercooling criterion:

resent before the onset of doedliffusive instability, and
gecrease the thickness of solutal boundary layer. For thisCi (K — 1) = AT = GLs 8)
reason, in this article a moresgeral term “convective pat- For interfacial areas that have a concentration higher than
tern” is frequently used, which is introduced to encompass the critical one, the interface is locally unstable (Fig. 5(a)).
the “double-diffusive instalbity” or/and the “convectiondue  Thus the morphological inability cannot @cur homoge-
to the thermal radial gradient”. The thermal radial gradient neously but according to the acetone macrosegregation in-
depends on alloy (metallic or transparent), initial conditions duced by fluid flow over the phase boundary, i.e., mor-
and external parameters such as crucible diameter, thermaphological instability is shaped by convective pattern that
conductibility of crucible and thenal profile of furnace [19—  gives rise to localised microstructures predicted by Chen and
23]. As Prandtl number depends strongly on the choice of Davis [4]. Consequently, precise information on the convec-
alloy (see Table 1), the thermal radial contribution is not tive modes is extracted from spatio-temporal evolution of
similar for metallic and transparent systems. In this study, macroscopic shape of solidification front and from dynam-
we gqualitatively examine the effect of thermal radial gradi- ics of propagation front of mphological instability, cor-
ent on convective patterns. For this reason, we just need toresponding to the plan-celar local transition aiC; = Cf
know that, for metallic alloys, increasing the crucible diam- (Fig. 5(a)).
eter increases the contributiohtbe radial thermal gradient In our previous work [10], we observed two major cases
on convective pattern and in our range of growth velocity, on succinonitrile-0.2 wt% acetone alloy for velocities 1.4—
thermal radial gradient is supposed independent of growth 1.8 pms~! depending only initial crucible position: focus-
velocity [24]. For transparent alloys, the evacuation of la- like local microstructure around the centre of crucible for
tent heat of solidification is mainly done by the crucible wall thick solid seed case or ldised microstructure shaped
due to the low thermal conductivity of the alloy compared to by double-diffusive convective pattern for thin solid seed
glass; this is of major importance as latent heat depends oncase (0.5 mm). In fact, initial crucible position changes
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Fig. 5. Localised microstructure corresponding to different convective pat-
terns,V, = 1.6 pms~—1: (a) Thick solid seed, high thermal radial gradient;
(b) Thin solid seed, weak radial thermahgdient: Double-diffusive cellular
pattern.

the value of initial thermal radial gradlent due to the Fig. 6. Effect of double-diffusive convection on macroscopic shape of the
thermal exchanges between furnace and sample [18]. Ininterface. Homogeneous destabilisatiof the interface (a) Longitudinal

case of a thin solid seed, the thermal radial gradient is section, ¢ = 95 mm, v, = 20 ums~!, Ra;/Ra$ = 1.0 x 10% (b)
negligible at the beginning of the solidification and double- Transverse sectiog =4 mm,V,, =3.06 ums~1, Ray /Ra¢ = 2.9 x 10°.
diffusive convection may be dominant. That is why we
frequently observe double-diffusive cellular pattern during phological instability at 100 um afcale and a depression at
the solidification initial transient. Fig. 5 represents other 1 mm of scale corresponding to the accumulation of solvent.
examples of localised microstructure on succinonitrile— Usually this depression has a form of a channel, visible on
acetone alloys. transverse cut of the sample iretholid—liquid interfacial re-
Analogous results on lead-30 wt% thallium alloy are rep- gion as a thin dendritic area mesponding queried liquid
resented on the Fig. 6 for different sections. The longitudinal (V shape on the Fig. 6(b)). The pattern formed by channels
section shows the coexistence of different instabilities: mor- corresponds to the up-going part of double-diffusive convec-
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ing to the case of Fig. 4(a). Negative thermal radial gradient.

tion [11,12]. In accordance wittocal equilibrium condition
of the interface, the depression channel is a proof of the exis-
tence of the lateral solute gradient. Nevertheless, there is na
propagation front of morphologal instability, and no gradi- (b) 4 X 4 X 03 mm3
ent on the level of morphological instability.

As we saw, both alloys exhibit similar double-diffusive _ o
. - . . Fig. 8. 3D representation of solidgliid interface for lead-30 wt% thal-
instability. We should expectto observe localised microstruc- ;- alloy, ¢ — 4 mm. Weak thermal radial gradient. Depression char-
ture for both alloys. However, we observed homogenous nels cross together (a) in the middle of crucibl, = 1.14 pms~1,
destabilisation of solid-liquid interface for lead-30 Wt% Ra,/RaS = 5.6 x 10%, (b) at the border of the cruciblé/, = 2.75 pms ™1,
thallium alloy, i.e., no localisation of the microstructure. The Ra,/Ra¢ = 4.0 x 10°.
experiment in Fig. 6(b) is done in the region of “poxes” and
“elongated cells” corresponding to morphological instabil-
ity just above the threshold. Even near the threshold of mor- the AT¢, but a domain of concentration. Direct consequence
phological instability, we do natbserve the coexistence of of this fact is that, even if the convection induces a lateral
planar and destabilised interface morphology. The explana-concentration gradient, the level of morphological instabil-
tion of this difference is related to the parallelism of the lig- ity does not change. The fact that for the same velocity we
uidus and solidus curves (Fig. 1(b)). For a given velocity have a range of critical concentration is shown in the transi-
V, there is no unique critical concentration corresponding to tion curve of morphological instabilit¢o(G/ V) in Fig. 4
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of [28]. Above 20 wt% thallium, the slope of this curve goes
to infinity with concentration. This example shows that Chen
and Davis prediction [4] is not available for allogsT” con-
stant. As a rule, a particular attention will be taken for non-
dilute alloy solidification, for whichk andm are not con-
stant.

For transparent alloys, there is a large contribution of
the growth velocity to the level of thermal radial gradient.
During initial transient of solidification, thermal radial and
axial solute profiles progressively build up. The choice of
convective mode in growth transient is strongly related to

H. Jamgotchian et al. / International Journal of Thermal Sciences 43 (2004) 769777

cible diameter, we change the level of convection due to the
thermal radial gradient [112]. In accordance, the macro-
scopic shape of the interface changes and becomes convex,
corresponding to the positive thermal radial gradient. This
creates a thermal axisymmetric convective mode, which is
down-going in the centre of crucible and pushes the up-
going solutal flow pattern all along the border of the crucible
(Fig. 9). Thus, a big double-diffusive cell almost centred in
the crucible is observed, corresponding to the closed depres-
sion channel near the border of crucible, a signature of the
up-going double-diffusive flow [12]. Similar patterns are ob-

the dominant driving force during the formation of two served in Bénard—Marangoni convection for silicon oil par-
profiles. Frequently, the effect of the radial temperature tially heated [29].

gradient becomes dominant in transient state, thus unstable

area evolves into a disk-like local structure independently of

initial conditions [10]. The case of negative thermal radial 4. Conclusion

gradient corresponds to the up-going flow in the centre of
crucible, the concave macroscopic shape of the interface

and the localisation of the microstructure in the middle of 44 ple-diffusive convectiverad morphologicalnstabilities

crucible (Fig. 7). _ o are observed for transparent alloys. However, for lead-30%
For metallic alloys, the thermal radial gradient is due 10 4jjium alloy, thiscoupling effect is not observed, because

the anisotropy of thermal conductibility at the interface (Ta- ihe |evel of morphological instability is independent of the

ble 1) and, in our experimental conditions, is independent ¢ centration. This is due to the alloy characteristics (phase
of growth velocity. We observe, at the scale of the crucible, diagram), for which solidus and liquidus are parallel. The
weakly concave interface and formation of depression chan-

Localised microstructures due to the coupling effect of

convection is thus a necessary but not a sufficient condition

nels, which cross together anywhere, either at the centre of, ihe propagation front of mphological instability, for the

crucible forming a star (Fig. 8(a)) or on the border of cru-
cible forming aV shape (Fig. 8(b)). As the crucible diame-
ter,¢ =4 mm, is very small with respect to the wavelength
at the threshold of double-difsive instabity, we do not ob-
serve complete double-diffusive cell. By changing the cru-

9.5 x 9.5 x 0.3 mm?3

Fig. 9. 3D representation of solid—liquid interface for lead-30 wt% thallium
alloy, ¢ = 9.5 mm. Positive thermal radial gradient. Depression channel
follows the crucible bordefV,, = 3.5 pms—1, Rag /Raf = 1.9 x 103.

lateral gradient on the level of morphological instability and
for the localisation of the microstructure.

Two origins of convection are present simultaneously:
radial thermal gradient and sdéuaxial gradient. The domain
of weak thermal radial gradient is experimentally difficult
to obtain. It corresponds to the small diameter for lead—
thallium alloys or the beginning of solidification in thin
solid seed case for succinonitrile—acetone alloy. Observed
double-diffusive cellular patterns are similar in both cases,
and are related to the lateral confinement. Out of this domain
(large diameter for lead—thallium alloys or thick solid seed
case on succinonitrile—acetonléogs), there is a significant
contribution of radial thermal gradient convection on the
double-diffusive convective patterns. For positive thermal
radial gradient case (ldathallium alloys) a big double-
diffusive cell, corresponding to the axisymmetric convective
pattern is frequently observed. Consequently, flow is down-
going in the centre of crucible. For negative thermal radial
gradient case, (succinonitrile—acetone alloys), one o-ring
axisymmetric convective pattern is observed up-going in the
centre. In both cases, the convection due to the thermal
radial gradient contributes to the arrangement of the double-
diffusive pattern.
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