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1, INTRODUCTION

The first systematic reflections concerning the behaviour of melted materiale in space
date back fo the first manned space flights of the Geminl capsules, in the early 60's.
The necessity, and the risk, of canmying out In space such indispensable operations
as the welding, or brazing, of metal parts of the capsules, led those in charge of these
projects to envisaged possible modifications of the various elementary mechanisms
involved in the operations, entailed by this new environment. In the course of the pro-
grams it became fully evident that many traditional processes in the Science of Mate-
rials were strongly influenced by the various effects of gravity. This had not been
ciearly demonstrated up till then and, in any case, was practically never discussed in
the mathematical description of the physical mechanisms Involved.

Thus, only in the second approach the microgravity environment was detected to be
an outstanding tool for fundamental experimental Investigations, e.g., on the sofidifl-
cation of metais. On earth, solldification Is always linked to complex interactions of
gravity-independant and gravity-dependant heat and masa transport proceases
(ligure 1). However, the proper determination and controlling of the cooling para-
meters decide on the microstructure of the soliditying metal which drastically influ-
ence the mechanical and other physical properties of the casting or ingot (figure 2). It
is well known today that systems undergoing transitions between qualitatively difle-
rent states can become very sensitive to gravity and offer a chance for microgravity
experiments of a fundamental nature. However, imerface Instability Is not only a prob-
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Figure 1: Solidification on easth Is linked 10 & variety dependant and gravity indepsndant processas which
delermine the formation of microstructure.

Figure 2: Microstruotural siements In one- and more-phese alioys sncompase a mufttude of phenomens: grain
shxes (n) most ssally dlecemed for one-phase slioys such as In the -, [3-, or Y-spaces in a binary A-B system,
or grain shapes, for example oelis or dendities {by, bz); sutectio or partectic phases mostly appsar in lsmeliar
shapes or with one phass as tibres (cq, 02), the other being the matdx; inclusions aormally stemn from contami-
netions, and they assume a host of different shapes, distributions, and looations In the miorostructue {d); from
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lem in itself, but it is also the basic condition to be avoided before performing any
crystal growth or solidification experiments.

This lectura which is based for a large part on the textbook of Kurz and Fischer /1/ will
lead into the understanding of the basic principles and the mathematical theories of
the metallic solidification and tinally will give hints to some related objectives for
solidification research under microgravity.

2 HEAT EXTRACTION

Without heat extraction there Is no solidification. Heat extraction changes the energy
of the phases (solid and liquid) in two ways:

a} There Is a decrease In the enthalpy of the liquid or solid due to cooling, which
is given by:

AH = ¢dT [h!

b} There is a decrease in enthalpy, due to the transformation from liquid to solid,

which Is equal to the latent heat of fusion, AH; defined to be negative for the
liquid-to-solid transformation (exothermic reaction).

Heat extraction is achieved by applying a sultable means of cooling to the melt in
order to create an external heat flux, g,. The result cooling rate, dT/dt, can be deduced
from a simple heat balance if the metal is isothermal (low cooling rate) and the spe-
cific heats of the liquid and the solid are the same. Using the latent heat per unit
volume, Ah; = AH/V, In order to conform with the dimensions of the other factors,

then:
di,

- @
dt )
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¢ = specific heat per volume; f, = fraction solid
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The first term on the right-hand-sige reflects the effect of casting geometry (ration of
surface area of the casting, A, to its volume, V) upon the extraction of heat, while the
second ferm to the account to the continuing evaluation of latent heat of fusion
during solidification. Heating will occur during soliditication If the second term be-
comes greater than the first one (Ah; < 0). This phenomenum is known as recales-
cence.

For an alloy, where solidification occurs over a range of temperatures, the variation of
the fraction solid as a function of time must be calculated from the relationship:

df, T dt,

d
ol (F) (F) @

since fs is a function of temperature. In this case:
A Ahl’ d'l -1
T=-q{=)(t+(—)-(—
q-(v) ( (c)(dT)) (s)

it Is seen that solidification decreases the cooling rate since both df,/dT and Ah; are
negative.

The various solidification processes can generzlly be distinguished with respect to
the way of heat extractlon. Figure 3 lllustrates two different processes of directional
solidification, which means that a thermal gradient Is Imposed on the sample to
achieve a unidirectional (mostly axial) heat flow through the sample. In figure 3a the
heat Is extracted in an almost steady manner by moving the crucible at a fixed rate
through the temperature profile Imposed by the furnace. Such a process permits the
growth rate of the solid, v (which Is not necessarily equal to the rate of crucible move-
ment), and the temperature gradient, G, 10 ba separately conirolied. The coofing rate
then is related to the other consatants by:

T=Gv
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Figure 3: Basic mathods of cont lled solidifi i dirsctiona! (Bridgman-typs) solidification (a) the crucible
is drawn downwasds through a consiant temperature gradient at a uniform rats, and therelore the microstiuc-
ture I8 highly unitorm throughout the specimen. The method is resticled to small specimen diamelers and,
paradoxically, heat must be suppiied during solidification in ocder 10 maintain the imposed temnperature gra-
dient. For these reasons, it is smployed only for research purposs and lor the growth of singis crystals. M) in
dirsctional casting (power-down method) the microstructure s atill aligned but no longw uniform slong the
specimen because the growih sate and the temperature gradient decrease as the distance from the chill block
inCreases.
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Figure 4: Solidification In oonventional castings and Ingota. in the vast majority of castings, no directionality s
imposed upon the overall structure, but the local situation can be seen to be equivalent 1o that ooouring In
directional casting. This is trus of the way in which the solid advances inward from the mould wall to form a
oolumnar zone. During the prowth of the columnar zone, thres regions can be distinguished. Thess ae the
fiquid, the liquid plus solid (so-called mushy zone), and the solid raglons. The mushy zone s the reglon whaie
all of the microstiuctural characteristics are determined, ¢.g. the density, shape, size, and distribution of oon-
centration variations, precipitates, and pores. An infinkesimally narrow volume sisment which is fixed In the
mushy zone and Is perpendicular to the oversll growth direction permits the description of the microscoplo  Bok-
dification prooess and theisiore of the scale snd compoaltion of the miorostructure.

tn figure 3b the heat is extracted via a chill-block and, as In case 3a, growth occurs In
a direction which is parallel, and opposite, 1o the heat flux direction. In this situation,
the heat fiux decreases with time as do the coupled parameters, G and v.

Figure 4 shows the solidification Iin conventional castings and ingots. There is no
directionality imposed upon the overail structure, but the local situastion can be seen
to be equivaient to that occuring In directional casting. Therefore, the resuits which
are obtained in directional solidification experiments can be used to describe the
microscopic solidification process in & namow volume element which (s fixed at the
solidification interface.

3. MORPHOLOGICAL INSTABILITY OF A SOLID/LIQUID INTERFACE

31 Pure Substance

Classical thermodynamic definitions of stability are inapplicable to the determination
ot the morphology of a growing interface. Therefore, a widely used method in theore-
tical modelling is the use of stability arguments. These involve perturbing the mathe-
matical function, which describes the solid/liquid Interface morphology, In order to
determine whether it Is likely to change into another one. The intertace is said to be
morphologically unstable if the perturbation Is amplified with the paasage of time and
to be stable it it Is damped out (ligure 5).

The conditions which lead to instability can easily be understood In the case of a

pure substance. Figure 6 illusirates, in a schematic manner, the development of a per- '
turbation during columnar and equiaxed growih. During columnar growth of a pure

substance, the temperalure, T, increases in the z-direction, l.e. G Is positive. The
Interface will be located at the isotherm where the temperature, Tg, imposed by the
heat flux is equal to the equilibrium mehing point, Tr. it an interface perturbation is to
remain at the mehing point over its entire surface the temperature fleld must be de-
formed so that the temperature gradient in the solid decreases. Therefore, more heat
will flow out of #. As a result, the perturbalion tends to be damped out. Thus, the
interface of a pure substance during columnar growth wiit always be stable.



Figure B: Inktiai evalustion of an unstabie (8) or stable (b} Interface. During growth, any intsriace will bo sub-
lected 1o random disturbances caused by Insoluble particles, temperaturs fluctuations, or grain boundsfios. A
s1abls Intsrdace |3 distinguished from an unstable interface by its response 1o such dmurbnno.::a. H the distored
interface is unsiable (a), the projections may find themselves In & more advantageous situstion for growth and
thersfors incresas in prominence. ¥ the case of & stable Interface {b), the perturbations will be uniavourably
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Figure & Morphological stability of the solldfiquid interfsce of a pure substance. In & pure substiancs, the siabl-
tity depends only on the dirsction of hest flow. {s) In directional solidification the heat flux reaches the heat sink
via the solid. The tempemture siways increases with distance ahsad of 1he interface. Whan a periurbation of
ampiiiude, ¢, forms st an initislly smooth interface the temperature gradient In the liquid increases while the gra-
dient in the solid decreases. Since the hest flux Is proportions! to the gradisat, the parturbation meits back and
the planar interiace I stabllized. n equlaxed solidification the opposie shuation is found {b). Hera, the oryatal
growth into the undercooied melt {cross-hatched reglon) and the latent heat also flows down the negative tem-
petature gradient in the liquid. A perturbation which forms on the sphers will makes this gradisnl steeper and, as
# result, the local growth rate is Increassd. The Interface is always morphologioally unstable.

in the case of equiaxed growth, the situation Is completely different. The heat has 10
be extracted not via the solid but through the mel. Therefore, the melt must be under-
cooled in order to establish the necessary temperature gradient at the solid/liquid
interface. The temperature gradient in the liquid will be negative, while the gradient in
the solid is essentially zero. A perturbation wili sense a higher gradient at its tip,
leading to an Increased heat flux, and a resultant increase In the growth rate of the tip.
Thus, the interface of a pure substance will always be unstable under equiaxed
growth.

az Interface Instability In Alloys

In alloys, the criterion for stable/unstable behaviour is mere complicated hecause the
locat equilibrium melling point can vary along the solid/liquid interface. During the
saoiidification of an alloy, solute will pite up ahead of the Interface due to the smaller
solublity of the solid (k < 1). The excess solute rejected from the solid will accu-
mulate in an enriched boundary layer ahead of the Interface {figure 7). In the steady-
state situation the solid forms at the solidus temperature. Therefore, the composition
of the solid is equal to that, c,, of the liguid far ahead of the Interface. The solute con-
ceniration in the boundary Iayer decreases exponentially, from co/k 10 ¢y, according
to:

vz
[ o + Acg exp [— E] 4]

with

]
g
=
g
I

Acg ®

Mathematically, the thickness, 5;, of the boundary layer Is infinite. However, for prac-
tical purposes it can be taken to be equal to the ’equivalent boundary layer'.
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The boundary layer thickness |s inversely proportional to the growth rate. The con-
centration gradient at the interface is given by:

G = (%%)'_n = -(%) Aco (o)
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Figute 7: Steady-siate boundary layer at a planas solid/liquid interface. As the interface advances, solute Is re-
jected If the solubliity of the solid is lower than that of the liqukt (k < 1). in the steady-state the concantration
distribution becomes time-indepsndant. Than the solld concentration s the same as thet of the original maeit.
The conceniration in the liquid decrsases sxponsntially from the maximum composition, cpfk, at the interface
to the composition op. In genaial, the saie ol ejection of solute is proportional 1o the growth rate. The rejected
soiute must be carried away by diffusion down the concentration gradient, and this therefore becomes slssps
with increasing growth rate. in the figure, the boundary layers for two growth rates v2 > vq e shown.

The concentration boundary layer in front of the solid/liquid intertace affects the iocal
equillbrium solidificstion temperature , T, of the liquid, which is related 1o the com-
position by:

Tifco)-Ti = m(co-€) ]

where T)(cg) is the liguidus temperature comesponding to the initial alloy composl-
tlon. This relationship indicates that the concentration boundary layer can be conver-
ted, using the phase dlagram, into a liquidus-temperature boundary layer (figure 8).
The liquidus tempersturs Increases with Increasing z (k < 1). It represents the local
squilibrium temperature for the solidification of a corresponding volume sisment of
the melt.
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Figurs 8 Constiutional undercooling In alloys. The sieady-state diffusion boundary layer {tigure 7} is shown in
the upper diagram for & given growth rais. As the liquld concentration, ¢, d with dist , . the liqui-
dus temperature, T), of the alloy wili Increnss as indicated by the phase disgram. This means that the squilibrl-
um freezing points of the Hquid vary with position in the mannar described by the heavy curve in the lower left
diagram. Howsver, the real ismperature, Tq. Is impossd by the temperature gradient asising from the heat flow
At the solidfiiquid Interlace (z = 0), Tg must be squal to Ty There may exist a volume of liquid which is under-
cooled when the gradisnt of Ty s less than the gradient of Ty. This {cross-hatchad} region is called the zons of
constitutional underceoling. There sxists & driving foroe for the development of perturbation in this volume.

.
To Inveatigate stabllity, it is also necessary to conskier the temperature, Tq» Imposec
by the heat flux. Both must be equal at the interface. In the steady-siate growth of ¢
planar interiace, this will comespond to the solikius temperature for the composition
¢o. Depending upon the tempersture gradient in the liquid at the interiace thers may
axist a zone of constitutional undercooling (figure 8). The meit in this zone is under
cooled, Le., In 8 metastable state. It is quickly sesn that for the existance of constiu
tional undsrcooling the temperature gradient, G, st the Interface in the liquid shouk
bs lower than the gradient of the liquidus temperature, T, The latter gradient is ob
tained by multiplying the concentration gradient, G., by the liquidus siope, m. Thou_f
fors, the interface Is constitutionally undercooled when: 1
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Using equation 10, this can be written:

mvAcg -mvey ,1-k
- —_— — (13)
6 <-—— = (i)

Becauss -mAcgy = AT, the limit of constitutional undercooling can be expressed In ils
usual form:
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Figurs & Condition for constiiutiona undercooling and the resultant structures. When the temperature gradient
dus to the heat flux s greater than the fiquidus temperaturs gracient at the solldfiquid Interface, the latter is
stable (s}. On the other hand, u driving foroe for Interface change will be present whenaver the siope of the local
metting polm curve &t the interface la greater than the siope of the actual tsmperature distribution. The under-
ocoling onocountersd by the tip of & periurbation sdvancing Into the melt Increases and thersfore a planar Wrter-
faoe is unatable. After the dendritic misrostructure has developed, the region of underosoling is largely slimina-
ted.

4 SOLIDIFICATION MICROSTRUCTURE: CELLS AND DENDRITES

So far, only the Himh of stabliity has been estimated. Nothing has baen sald about the
form and scale of the perturbations which will develop It the Interface Is unstable. The
consthutional undercooling criterion ignores the efiect of the surface tension of the

interface. A periurbation analysis which takes care of the surface tenslon snd the
locel Interface curvature permits the calcuiation of the wavelangth of the instabliity
which develops. For this purpose it Is necessary to supposs that the interface has
already been alightly disturbed in a sinusoidal shaps. The result Is depicted In
figure 1C for an Al-Cu alloy snd exhibits a charscteristic maximum.,
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Figure 10: Rate of development of a perturbation st a consthutional undercoolsd Interface (A-2m%Cu, v =
0.t mmjs, G « 10 K/mm). The paramster, £/, describes the relative rate of development of the amplitude of a
small sinugoidal periurbation. At very short wavelsngths, the value of this pasameter Is negative due to the
curvature dsmping and the perturbation will tend 1o disappear. At wavelengths of A | and sbove, the sinuscidal
shape will becarne more acceniuraied. The wavalength having the highest rate of developmant is likely 1o be-
come dominent. The remson lof the tendency to stabliity at high A-veiues ln the difliculty of diffusional mass
transter over large distance. When the intertace is completely stable, the curve will ramain balow the €/£=0 line
for all wavelengths.

Equation 13 In the last chapter focusses attention on the fact that large positive
temperature gradienis, G,, provide a stabilizing Influence which Is less stfective when
the wvelocity v increases. The destabliizing influence Is provided by the impurity
concentration ¢g. Figure 11 gives successive steps on the destabilizing process as a
function of increasing constitutional undercooling amounts.

in the following we will look at the dendritic solidification In some detall. In figure 12 a
single dendrite Is depicted schematically which could be thought to be extracted from
a dendritic solidHication front. Behind the short parabolic tip region perturbations
appesar on the initlalty smooth needle as In the case of the breakdown of & planar
Interface. These perturbations grow and form branches in the four directions which
are parpsndicular to the trunk. If the primary spacing Is sufficlently great, these cell-
like secondary branches will develop Into dendritic-type branches and lead to the for-



mation of tertlary branches. When the tips of the branches encounter the diffusion
field of the branches of the neighbouring dendrite, they will stop growing and begin
to ripen and 10 thicken. Thus, the final sscondary spacing will be very different to the
Inltia) onse. The final value of Az ls largely determined by the contact time between the
branches and the liquid. This period Is known as the locat soliditication time, t;, and
is glven by the time required for a flxed point In the sample to pass from the tip to the
root of the growing dendrite.

planar

Figurs 11: Changing of the morphology of the sclidfiquid interface of an ALD.4wi%Cu alloy with increasing soli-
dification raie i fixed tempwsalure gradients. The quenched interfaces we shown in orlentations paraliel snd
peipendicutar to the growth direction; from H.M. Tensl /3.

The growth rale, as well as the dendrite morphology or spacing, are all largely depen-
dant upon the behaviour of the tip reglon. During the growth of the tip heat and
solute are rejected. In the cass of directionai growth of alioy dendrites the latent heat
Is transported through the solid, dus to the imposed temperature gradient, while
soluts is rejected ahead of the tips. The rejection of solutes changes the temperature
of the solid/liquid Interface at the tip. The ratio of the change In concentration of the
tlp, Ac, to the equllibrium concentration ditfersnce, Aco, |8 known as the supersstura-
tion, Q. This supersaturation represents the driving force for the diffusion of solute at
the dendrite tip. The simplest solution for ditferantial squations which describe the
solute transport Is obtained when the tip morphology s supposed to be hemispheri-
cal. The result Is that the ditfusion boundary layer around the tip Is proportional to

Lip

ool

Figure 12: Growing dendrite tip and dendrite rool. Depending upon the growth conditions, the dendiite wili de-
veiop arma of various orders. A dendrhiic form le usually characterized in terms of the primary (dendrite trunk}
spacing, A1, and the secondary (dendrite am) spacing, Az 1 is impontant 1o note that the value of At mea-
sured in ihe solidified microstructure is the same as that sxisting during Qrowth, whereas the sscondary 3pa-
cing s enarmously Increased due 1o the long contact time batween the highly-curved, branched structure and
the mei. The ripsning precess not only madifies the Initia) wavelength of tha secondary perturbations. Ao
give the apacing which is finally observed, Az, but also often causes dissolution of the testiary or higher order
arma. The two figures are drawn 81 the same scale, refef to the same dendrite, and Hustrate morphologies which
wxiat at the sams time but which are widely separsied siong the trunk length (by about 100 A 4); from Kurz 11/,

the tip radius. Because the gradient of c Is inversely proportional to the houndary
layer thickness, s sharper tip has & stesper gradient. A sharper iip can grow more
rapldly because It can reject solute more stficlently; tha flux being propostions! 1o the
gradient. However, there Is a limit 1o the possible sharpness of the dendrite tip, Ro,
which Is represented by the critical radivs of nuclestion. The overall growth curve of &
needie-like crystal, which reflects the sum of the capiliarity and dittusion efects,
follows the curve In figure 13, and exhibits & maximum close to Rg.

oy
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Figurs 13: Growth rate of a hemispherical nsedle. For & given supermaturation, tha product, R - v, I3 constant
and means that either a dandrite with a small radius will grow rapidly or ons with u targe radiue will grow slowly.
Al small R-values, the diffusion limit is cut by the caplllarity limit. The minimum radius, Rg, |s given by the criti-
cal radius of nucleation. Becauss it was reasoned that the fastest growing dendrites would dominate stesdy-
state growth, it was previously assumed that the radius chosen by the real substance would ba the one which
gavs the highest growih rate, Ry, H , oxperl s Indi that the radius of the tip is given by the growth
condition Ry = A; when A signifies the onsst of the first yndulation down the dendriia stem; from Langer and
Miiller-Ksumbhaar /4.

This maximum was considered to be the radius at which the dendrite would actually
grow. Recently, Langer and Mdller-Krumbhaar /3/ have argued that a dendrite tip
having a small mdius tends to increass Hs radius due to the development of side-
branches which interact with the tip. On the other hand, a large tip radius tends to
decreass dus to the development of Instabliities. The result is a growth rate which Is
assoclated with a iip having a size at the limit of stabliity. Thus, the expected tip radl-
ue s determined by A, where A, Is the shortest wavelength perturbation which would
cause the dendrite tip to undergo morphological Instablity. To a first approximation,
the wavelength of the favoured perturbation at & planar Interface can be used.

Figure 14 shows a plot for the tip radius, R, as & function of growth rats, v, but also a
relationship between the primary spacing A,, and v, while figure 15 summarizes the
main points considered in this chapter. Thus, for one atioy, G and v are the main vari-
ables which determine the form and scale of the microstructures.
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Figure 14; Morphology. tip radius and spacing of cells and dendrites. According 1o the simple dendrite modsl,
the 1ip radius decreases from very large values at the limit of constitutional undercooling, vc, to small values at
high growth raies. Over the same mnge, the primary spacing starls at zero {plane Interface), crosses the R-v
curve, and reaches zerc again at high growth raies. The corresponding interface siructures are also shown and
vasy from planar at growth rates less than v 10 biunt cells, well developed oslls and to to dendrites which be-
come finer and finer until they dissppesr at very high growth rates to give a planar Interface again; from Kurz f1/.

s OBJECTIVES FOR SOLIDIFICATION RESEARCH UNDER MICROGRAVITY

The central purpose of all solidification-linked microgravity resesrch Is to Increase the
understanding of interactions betwesn flukd mechanics and the liquid-solid phase
transhions. This may be realized by separating gravity-induced transport mechanisms
such as buoyancy, sedimentation, and natural convection from gravity Independent
processes such as diffusion snd specific types of convection In order to study the
contributions of single mechanisms to the overall hest and mass transport and to the
determination of the growth morphology, table 1.

51 Thermo-Solutal Convectlon

The overall density of a melt Is dependant both to its temperature and to Rs concen-
tration. In the case of vertical directional solidification the positive temperature gra-
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Figure 18: Schematic summary of single-phasa soliditication morphelogies, This diagram summarizes the varl-
ous microstructures which can be abtained using m typical alloy, with a melting range (ATp) of 50 K, when the
imposed 1emparature gradient, G, or growth rate, v, aie vasied. Provided that m unidifactional heat ilow is im-
pased, the product, Gv. & squivalent to the ling rate, T, which controls the scale of the microstructures
tormed. Tha ratio, Giv, lasgely determines ihe growth morphology. Moving from the lowsr Isft 1o the upper fight
slong the lines at 457 leads to a refinement of the siructure without changlng the morphology (Giv = consiant).
Crossing thess lines by passing from the lower right to the upper foft leads 10 changes in morphology {from
pianw, 10 osliular, to dendritic growth), and the scale of the microstructure remains sssentially the sams (T =
conatant). The grey bands define the regions over which one slfucture changas into another; from Kurz /1],

dient within the meit siabilizes the density distribution. For ali alloys with a solute
having the higher density the concentration enrichment In front of the growing Inter-
face increases the density, and thus stabliizes the melt as well. in case of less dense
solute, however, the overall denslty profile can become unstable due to the tempera-
ture snd concentration distribution mix shead of the Interface. This will give rise to
the so called thermosolutal convection in the vicinity of the growth front. Due to the
strongly ditferent diffusivities of mass and heat transport In metallic melts and also

the dependance on melt viscosity the theoretical treaiment of the thermosolutal con-
vection is a very complex fluid flow problem. A first approach was delivered by Coriell
who numerically caiculated a stability diagram for the example of Pb-Sn alloys /5/.
With this analysis it was deduced that for low velocities of the interlace, the convec-
tion instabiities occur at much lower solute conceniration than the morphological
inatabliities, whereas at higher growth velocities the morphological instabilities which
are not very dependant of gravity occur at lower concentrations than the convective
instabllities (figure 16).

Table 1 Basic micrograviiy-relevant effects which pervade neary alt of matedrals processing phenomana (Jan-
sen and Sahm /5/).

GRAVITY-DEPENDANT TRANSPORT PROCESSES:
- Buoyancy and sedimentation induced by Ap(T, ¢)
- Natural convection induced by Ap(T) and Ap{c)
GRAVITY-INDEPENDANT TRANSPORT PROCESSES:

- Convection caused by Ap (liquid/solid-phase transition)
- Marangoni convection induced by Ac(T) and Au(c)
- Diffusion

52 Effect O1 Convection On Microstructure

Dendritic growith determines, within a wide region, the microstructure of technicat
slioys and consequenily their properties. Studies dealing with the steady-state
growth of a single dendrite have aiready impressively demonstrated the influence of
gravity by using transparent model systems {figure 17). The goal for further investiga-
tions consist In understanding aisc the cooperative growth of arrays of dendrites, l.e. .
of entire dendritic growth fronts, In order to predict the growth of adjacemt dendrites -
and the associated melt volume. Experiments under microgravity could help to :
answer such questions about the extend to which convective tiuki tiow plays a role.

Lately, much attention has been attracted to ripening processes in the mushy zone,
i.e. the zone between liquidus and solidus temperature, within dendritic amays. It is
exspected that convection may have an elfect on the coarsening behaviour (= ripen-
ing) and thus on the final dendrite arm spacing.
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Figurs 18: The critical concentration of tin In tesd
above which instabliity occurs as a function of growth
velocity for a tempefature gradient in the liquid, Gy of
200 K/em. The solikd concave curves fepreseni the
onset of Instmbliities of fluld dynamical characier for
gravitationsl accelarations Gq, 1074 g and 1076 gq. The
upper solid line that slopes downwards to the right
repiesents the onset of constitutionally reinted
morphological instabliity, Corlell et al. /6/.

Figurs 17: The {normailzed) growth rate sl low undercooling Is sensatively utiected by the gravity vector );
(b) shows g-vector affected dendrite shape formation; Gicksman and Husng 77/, '
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