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1. Introduction

Materials processing in space has several distinct technological advantages such as
containerless handling, reduced convection arising from eampositionally and
thermally induced density gradients, lack of sedimentation and absence of hydro°
static pressure in addition to the availability of high vacuum. All these advantages oan be exploited fully in solidification processing. Many topics such as
crystal growth, eutectic solidification and composite growth are dealt with at length
in other articles in this volume. The present paper is confined to the role of
miorogravity in controlling diffusion, growth of dendrites, solidification of under.
cooled molts and moaotectic freezing. Available literature is surveyed and
possible cxperiments are indicated.

2.

Diffusion

Under terrestrial conditions, diff0.sion in liquid metals and alloys is influenced by
the existence of convective flow. Under microgravity conditions and in the
ahsence of convective flow, liquid diffusion becomes the most important factor in
controlling solidification. In this context, an estimation of the direct influence
of acceleration forces on liquid state diffusion coefficient assumes importance.
2.1.

Liquid state diffusion

Miller and Ruff (1975) have employed the free volume model of liquids due to
Cohen and Turnhull (1959) for theoretioally predicting the influence of micro267
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gravity on the self-diffusion coefficient in liquid metals. The model assumes that
atomic transport in a hard sphere ttuid becomes possible only when a void of
volume greater than a critical value v* is formed. The critical void is postulated
to arise from a redistrihution of the total free volume N v t where vt is defined by
vl

= v

-

v0,

(t)

and Nis the Avagadro number, v is the volume per atom in the liquid and vo is
the atomic volume calculated from atomic diameter. The redistribution of free
volume is considered to take place without any attendant changes in energy at
constant volume. Assuming a random partitioning of the free volume, Cohen
and Turnhull (t959) ohtained the following expression for the diffusion
coefficient D:

v0Z-'qv
z'

(2)

where ~$is a material constant, Tis the ahsolute temperature and 7 is an overlap
factor with a value between ½ and i.
Miller and Ruff (1975) first obtained the ratio of the diffusion constant under
microgravity (D') to that under terrestrial conditior.s (D) on the ba,~is of (2). The
resultant expression is

Dt/D =([ ~ I~TT)l[2eXp

~)2

(3)

where A T and Av are changes in T and v due to external field effects. It was
further argued that the shifting of a container of liquid from earth to an orbiting
laboratory will result in a change in the hydrostatic pressure of
(4)
where Z i~ the reference pressure point below the free surface of liquid on earth,
p is the liquid density and g is the acceleration due to gravitT. Together with the
definitions of isothermal compressibility (fl)and thermal expansion coefficient (a)
we have :
/ k P ~ - pgZ,

Av/v

and

= flpgZ,

AT/T - (Av/v)

(5)
(03

A knowledge of ( A v / v ) and ( A T / T ) i s sufficient to estimate the fractional change
in the diffusion coefficient due to changes in gravitational field. Estimation of
the ratio D ' / D for Ge, Hg and Na indicates that the increase in D' is in the
range of t0-5~. Thus, Miller and Ruff (1975) conclude that reducing the gravitational field has an insignificant effect on the diffusion coefficient in the liquid
st~tc. Any changes in D can only be attributed to the absence of convection.
A study of the radioactive isotope tracer dif{usion in molten zinc (Ukanwa,1974)
indicated no measurable convection effects under microgravity conditions.
In another experiment carried out by Reed et al (1977) on AppoUo-Soyuz
Test Project (ASTP) diffusion of gold in Icad was studied. A liquid diffusion
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couple was formed by a cylinder of lead and a thin disc of lead containing
0.05 at ~ Au. On irradiation, Au 198 isotope was obtained and
used to study diffusion behavio.ur by autoradiography. In samples
produced in the space flight, a sharp interface of gold in lead could be
detected at a distance of 1.2cm. In ground-based experiments, gold was
found to be confined to the bottom of the cylinder only. It was shown
tlmt Pick's laws of diffusion are sufficient to explain the observed concentration
profiles. The analysis was, however, criticised by Carruthers (1977) who noted
that the boundary conditions as well as the use of zinc self-dittusion data in the
analysis of compositional profiles are questionable.
While the above experiments indicate the absence of residual convection, studies
on solute microsegregation in gallium doped single crystals of germanium grown
in space prove that some solute mixing does occur under conditions of microgravity (Yue and Voltmer 1975). While the crystals grown in space had a six-fold
improvement in maerasegregation and nearly five-fold betterment in microsegregation, the very presence of microsegregafion was taken to imply the existence of
solute mixing. This non-gravity-driven mixing can arise from Marangoni and
Soret effects, temperature indt:ced microdensity fluctuations and phase change
convections.
Longitudinal and lateral macrosegregation w.riations observed in ASTP experiments have also brought to light a new macrosegregation phenomenon. Under
conditions of little or no convection, segregation is considered to arise from a
lateral component of diffusion at a curved growth interface. Variation in heat
flow can result in changes in interface curvature and produce changes in lateral
and longitudinal segregation of this type (Carruthers 1977).

2.2. Sedimentation and diffusion
In a binary melt in which an interplay of gravity-dependent concentration driven
convection and sedimentation exists, it is difficult to estimate (from diffusion
theory) the time required for complete homogenisation of the liquid after a compositional fluctuation (Ang and Lacy 1979). For example, in the case o f a sinusoidal
ttuctuation in the concentration C of one of the components with distance x,
a solution of Fick's second law is

C/Cm=sin (nL) exp (n_~D!),

(7)

where C is the maximum initial variation in C, L is the effective diffusion distance between the two phases, D is the temperature-dependent diffusion coefficient
and t is the homogenisation time (Carruthers, 1977). Application of the equation
to At-Sh melts (Ang and Lacy 1979), which represent the class of liquids under
consideration, shows that even when the compositional fluctua.tion yields a pure
phase, a soaking period of 15 rain should homogenise the melt at temperatures
where D =I x 10-Sere z sec-L In practice, however, even holding for as
long as 4 hr is insufficient to bring about uniformity in composition.
Ang and Lacy (1979) have developed an elegant analysis in which a parameter
H defined by
sedimentation distance d ~-Apg ['t,'] 1/~
H = diffusion distance
= ~
~j
(8)
M.S.--6
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tal~es into consideration the competitive mechanisms of sedimentation and diffusion. With respect to the AI-Sb melt, d represents the average diameter of the
AI- and Sb-rich phases, Ap is the density difference between these phases mad
Al-$b melt of viscosity v and t, is the soaking time. A reduction, by about four
orders of magnitude in g, makes H E t in space flight experiments and should,
therefore, enable homogenization in a time predicted by (7) while H>~ 1 in groundbased experiments hinders restoration of uniformity in composition and leads to
a failure of (7).
Experiments performed by Ang and Lacy (t979) on the ASTP mission showed
tlmt there is a five-fold improvement in the homogeneity of A1-Sb specimen solidified in space. The samples obtained in ground-based experiments contained
significant quantities of AI- and Sh- rich phases. These form at the grain boundories due to segregation on ~ macroscopic scale. The trace occurrence of such
phases in the low gravity samples attributed to a loss of stoichiometry due to
evaporation of antimony. Appropriate compensation prior to solidification could
result in the production of chemically and microstructurally homogeneous AI-Sb.
The resu Its are of considerable technological importance in view of the high (25~)
efficiency of A1-Sb when used as a solar cell material.
2.3.

Diffusion in two-phase solid materials

Solutes in a two-plmse solid can be redistributed by the existence of electro- and
tkermomigration and the presertce of gravitational fields. Under such conditions,
volume diffusion is predominant and the second phase dissolves, maintains saturation levels of solute and reprecipitates elsewhere. This results in a velocity V
for the precipitate particles. The evolution of second phase in an infinite sample
subjected to gravitational fielCs has been analysed by Stark (1978) who showed
that the space and time dependence of the volume fraction of a second phase,
(x, t) exhibits a wave-lille hehaviour according to
q~(x, t ) = qg0Ix + ( J ' - ~ ) t I ,

(9)

where ~0 = $ (x), the initial fraction, x is the distance, J' is the steady state flux
and p is the number density of solute in the second phase. No experiments either
at low or high gravity levels appear to have heen performed so far to test the
model.

3. Solidification
$oliditi~ation is an essentially nucleation and growth phenomenon and an estimation of the role of microgravity on these two stages would be of significance.
Malmejac (1978) has catalogued the thermodynamic pa.rameters and driving forces
that control nucleation and attempted to analyse the anticipated effects of microgravity on the role of foreign particles ~.s well as convection and compositional
fluctuations in influencing nucleation in liquids. Thermodynamic and energetic
factors such as critical embryo size and shape, bulk and surface free energies,
degree of underco.oling and volume of the material are expected to he unaffected
hy the decrea,se in gravitational forces. Increase in solute supersaturation o,f the
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liquid phase, vapour pressure over the system and solute distribution coefficient
can enhance nucleation and are aLo prone to be altered in the absence of gravity.
Lack af convection can result in a thicker boundary layer at the solid-liquid
interface and could affect the growth morphology.
The analysis of Miller and Ruff (1975) on the influence of microgravity on the
rate of growth of a rough interface indicates that no significant changes should
occur. They arrive at the conclusion on the basis of Turnbull's (1961) model
according to which the rate cf growth is given by :
U = D(fo/Ro) [t - exp ( A O / k T ) ] ,

(10)

where fo is the fraction of lattice sites on the interface where attachment of atoms/
molecules can occur and R0 is the molecular diameter. ~ G is the Gibb's free
energy of solidification at temperature Tand k is the Boltzmann's constant. Once
again, estimation of D, fo and AG under microgravity conditions will facilitate an
assessment of the relative changes in growth rate due to changes in gravitational
forces. It was showo, th~.t
f . / f = AO'/AG

t+Av'

(tt)

V

and

A G ' = A G - fly ( A P ) e,

(12)

where the primes denote the parameters under microgravity conditions while the
other parameters have the same meaning as in (5) and (6). The analysis enabled
Miller and Ruff (1975) to conclude that the so,lidification rate will also be affected
to an insignificant exter,t as in the case of the diffusion coefficient. Thus, microgravity is not expected to have any direct influence on the solidification rate. All
anticipated and observed changes should arise due to other factors such as reduction in convection, changes in distribution coefficients, etc. For example, unusual
growth rate fluctuations in the production of germanium single crystals in ASTP
and Skylab flights have been attributed to initial segregation transients associated
with heat flow variatiop.s (Carruthers 1977; Yue and Voltmer 1975).
Johnston and Baldwin (1974) have chosen the procedure of enhancing the gravitatio.nal acceleration to an extent where its effects on nueleatioil and growth can
be magnified to discernible levels. In their experiments, tin crystals were grown
at acceleration levels of L~7 g produced by centrifuging. It was chserved that the
c-axis of the tin crystals is parallel to the acceleration gradient at levels in the range
1-,4 g. This is not the preferred orientation at 1 g and required art explanation.
A consideration of the buoyancy and weight forces acting on a nucleus suspended
in liquid tin shows that a torque (dependent on the relative orientation of the
nucleus with respect to acceleration axis, the density differences between liquid
and solid and the prevaleaxt acceleration gradien0 arises and aligns the long axis
of the growing nucleus along the acceleration axis. Such an alignment is lost at
acceleration levels > 4 g due to acceleration induced convection. Other significant observations of Johnston and Baldwin (1974) are a transition from concave
to flat interface at high acceleration levels, unexpected cell size and the existence
of twinning and deformation. These experiments indicate that defect and twin
free crystals are to he expected from growth under microgravity conditions.
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Indeed, growth of mixed InSb-GaSh crystals in Skylab showed that there weIe
fewer twins in space-grown ingots.
3.1.

Growth of dendrites

Under the influence of a negative temperature gradient in the liquid ahead of the
solid-liquid interface, the latent heat of solidification can be conducted away by
both solid and liquid phases. Such a condition promotes the growth of any projection or spil~e on the interface. During further growth the projection, which
normally has a parabolaid shape, develops secondary and higher order spikes.
The resultant growth s~rueture is known as a dendrite. The spacings of the primary and secondary arms determine the coarseness of a solidification microstructure and int~uenee the properties as well as compositional uniformity.
Ahead of the growing interfac, e, both concentration and temperature gradients
exist and control further growth. While the thickness of the boundary layer is
normally of the same order as the radius of the tip, the effective distance of heat
conduction is larger. Fredriksson (t976) concluded that convection has very
little influence on the concentration fields at the very tip of the dendrite but could
strongly affect the temperature fields. Taking into account the absence of convection under microgravity conditions, Fredriksson further showed that the
following features are to be expected in dendrites grown under microgravity
conditions :
(i) a decrease in the tendency to branch,
(ii) a decrease in primary dendrite arm spacing and its adjustment at more
regular intervals,
(iii) a redaction in the remelting of dendrite arms,
(iv) increased stahility in the growth direction of a dendrite and
(v) a drop in solute segregation to the interdendritic space or a decrease in
mi~rosegregation.
In addition, study of dendritic growth under microgravity conditions is expected
to throw valuable light on the relati~'e importance [of (a) anisotropy in surface
energy and phase boundary reaction in controlling the crystallography of dendrite
growth and (b) convection arising from density differences and solidification
shrinl~age in controlling macrosegregation under terrestrial conditions.
A study of the growth of dendrites in an aqueou s solution of ammonium chloride
was carried out on Space Processing Applications Rocket (SPAR) flight in 1975
(Johnston and Giner 1976). The results are in complete agreement with the arguments advanced by Predriksson (1976). The dendrite arm spacing was uniform
and no remelting of dondrites was noticeable. The latter observation is sigrdfieant
in another context. It is believed that the formation of equiaxed zone in the
center of a casting is associated with the necking and remelting of dendrite arms
(Flemings t974). Convection has a dual role in the development of equiaxed zone
as well as the chill zorte on the surface of the casting. It transports the hrol~en
dendrite arms and aids in dissipating the superheat in the liquid thus enabling the
transported arm to grow into a grain at its new location. When the convection
is turbulent, it brings heat pulses to the interface and hastens separation of secondary arms from the dendrite. With little or no convection under coadition,q of
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space processing, the equia~ed zone may not obtain in a casting. An exFeriment
on SPAR,-,t at 10-4g has, indeed, shown that no equiaxed zone resulted in a
oasting (Carruthers 1975).
Highly equiaxed grains can, however, arise by repeated nucleation in a melt as
observed by McKarman and Poorman (1976) during electron beam melting and
solidification of an AI-Cu-Mrt alloy in Skylab. An electron beam was focussed
on to rotating discs of the alloy of variable thickness. The beam thus traversed
around a circle and depending upon the thickness of the disc either partial or
complete melting across the thickness could he achieved. Identical ground-based
experiments showed that the remelted region had a wide chill zone and long columnar grains. The corresponding space-pro~essed samples on the other hand had
a fine equiaxed grain structure with a chill zone very much similar to that obtained
on the ground-based experiments. The difference in microstructure in the two
eases was even more noticeable in sections that were cut through by the beam. Li
(1974) interpreted the results on the basis of constitutional supercooling.
According to him, the absence of convection and consequent reduction in mass
transfer leads to a greater solute concentration gradient so that grain growth is
retarded. Instead, independent nucleation far ahead of the interface is encouraged
resulting in the fine equiaxed grain structure.

3.2.

Solidification of highly undercooled melts

An important parameter controlling the solidi~ation behaviour of metals and
allays is the extent to which these can he undercooled (i.e., cooled below their
equilibrium freezing temperatures without inducing solidification). Conventionally, undereooling phenomena are studied by eliminating insoluble impurities,
which act as heterogeneous nucleation sites, from the melt. Towards this end
the melt is either finely subdivided to increase the probability of obtaining droplets
devoid of such nueleants or the melt/droplets are conditioned by treatment with
slags and other surface reactant materials (Anantharaman et al 1977 ; Rasmussen
et al 1976). In addition, the last two. decades have witnessed a remarkable growth
of interest in rapid solidification of thin liquid films and tapes at the phenomenal
cooling rates of 106-108 Ksec-1 by a variety of techniques (Jones ~976). These
techniques induce a large degree of lainetic undercooling and produce many rectastable solid solutions, intermetallic compounds and amorphous phases in alloys.
Some of these results could be duplicated by slowIy cooling droplets of liquid
entrapped in solid samples. The technique called 'mushy state quenching"
(Ramachandrarao et a11979) hasheen developed in our laboratories based on the
l~nowledge that such droplets undercool drastically (Southin and Chadwick 1978).
In such experiments, a hypo-eutectic alloy containing about 20~ by volume of
the euteotic is held between the liquids and eutectic temperatures for prolonged
times and repe~.tedly cyoled between ambient and holding temperatures. As a
consequence, a considerable part of the eutectic at the grain boundaries of the
sample forms globules which migrate by thermodiffusion into the interior of the
pro-euteetic phase (figure 1). In each cycle the temperatures at which the droplets
and residual films nucleate are monitored by thermal analysis. Invariably, the
grain boundary films nucleate at a higher temperature (or lower degree of undercooling) compared to the droplets. Such a hehaviolJr arises from the contiguity
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of grain boundary film. A single nucleation event is sufficient to solidify the films.
On the contrary, the droplets behave as independent entities in so far as nucleation is concerned and also have a lower probability of containing a heterogeneous
nucleation site in them. In the experiments on aluminium-germanium alloys, the
undercoolings produced have been shown to result in the formation of metastable
phases identical to those ohtained by rapid solidification. (Ramachandrarao et al
1979). Figure 2 shows scanning electron micrographs of the grain houndary films
and droplets obtained by leaching out matrix aluminium by electrolytic dissolution. Tile, method offers the unique advantage of being able to monitor the
temperatures at which t h e metastable phases nucleate. All the methods of
undereooling discussed above, throw light on the important question of homogeneous nucleation temperature and the kinetic competition between stable and
metastable phases. The microstructural and structuroA changes resuRing from
solidification at undereooled temperature could prene to be of technological
value. For example, metallic glasses, obtained by drastically undereooling liquid
alloys to a point where nucleation of the solid ph~.ses is completely suppressed,
have generated immense interest by virtue of their remarkable mechanical and
magnetic properties (Cahn 1980).
An important advantage of experimentation in space is the possibility of eontainerless processing of liquids. Eliminating liquid contact witk the container
walls automatically red'aces the probability of heterogeneous nucleation and
enhances the degree of undereooling. It also opens up the possibility of gaseous
surfaetant reactions as a means of eliminating or neutralising heterogeneous
nucleation sites in the melt (Perepezl~o et al 1979). While no systematic undercooling experiments appear to have been performed under microgravity conditions, microstructure of aluminium-copper euteetie alloy droplets (of about 0.3
to 7 mm d[a.) prod,iced in space by passing the liquid alloy through ~. creek in the
crucible has been discussed in terms ofundereooling. Some of the globules soliditied in contact with the walls of the furnace wkile others did so by floating freely.
Tile, former had a fine euteetic morphology and the latter exhibited a coarse distribution of the two phases. S,Jeh a structure could have resulted by drastic undercooling. However no attempt was made to measure the degree of undereooling.
Calorimetric method~ devised or su ggested for microgravity conditions cou Id prove
to be of value in such studies (Haessner and Hemminger 1977). In this context,
experiments lille mushy state quenching have great utility. Ground-based experiments can he carried out on a suitably chosen alloy system and thermal analysis
cart be profitahly employed to determine the temperatures at which the metastable
phases nucleate. For reasons already discussed, space experiments can yield rectastable phases by virtue of large undercooling. The ground-based experiments
can bc used to establish a correlation between the nature of metastable phase and
th,~ corresponding degree of undereooling.
French experiments in Sl~.ee propose to tackle the problem of undercooling in
silver-germanium alloys. Malmejac ([978) has discussed the role of pard.meters
such as cluster formation, heat of fusion, interfaeial energies, etc., in controlling
the expected undercooling in these alloys. In the experiments conducted in our
lahoratories (Ojha and Ramachandrarao 1978), these alloys could be undercooled
tO an extent where the eutectic reaction was virtually suppressed. Figure 3 is a
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Figures 1 antl 2 (see Captions ia page 282).
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Figure 3. Optical micrograph of an undercoolect and quenched silver-14 at % Ge
alloy. The d.ark areas at the gt'a~n bounchries represent the eutectic phase.
Figure 4. The aluminium-cad.mium monotectic system.
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Figure 5, (a) Microstructure of rapidly solid.~fied, At-In hypomonotecti¢ al,loy.
(b) Electron d.iffract~onpattern showitxg sxteliite spots due to spino6al d.ecomposRiort.
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6 (a)
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Figure 6. Microstructure of a rapidly solidified, mcm~tectic A1-Cd alloy. (a) arrayed
droplets. (b) raudom distribution of droplets.
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mierograph of a Ag 14~ Ge alloy. Only a small fraction of the alloy at the
grain boundaries solidifies with eutectie morphology. Bulk of the alloy freeze
into a metastahle silver sol~d solution containing as much as 11 at Y, Ge as
against the maximum equilibrium concentration of 6 at ~ Ge. These experiments
could serve as guidelines in analysing the results from space experiments.

3.3. Monotectic freezing
The monotectie reaction (f~gure 4) in which a liquid/,1 gives rise to a solid ~ and
another liquid L~, offers a unique opportunity of producing useful composite
materials. The liquid immiscibility assoziated with the reaction can, in principle,
f~eilitate a suitable dispersion of the second phase particles of desired dimensions,
In practice, however, density differences between molten matrix and the solid phase
cause sedimentation as well as convective flow which do not permit the development of the composites sought. Monotectic systems have thus attracted the attention of m~terials scientists as ideal candidates for composite development under
mierogravity eonditiorts. Surprisingly, however, the available liter~.ture on monoteetie solidification is rather limited ~.nd this has posed some problems in understanding the results from sp~tee experiments. This section brietty reviews some
aspects of monoteetic solidification under equilibrium, non-equilibrium and microgravity conditions.
A survey of the literature shows that the structure of monotectic alloys is sensitively dependent on solidification conditions. Process variables like growth rate,
temperature gradient, thermal resistance at the heat sink-metal interface and the
properties of constituent elements/p/oases such as density, surface tension and viscosity affect the microstructure. Even in a given monoteetie system, the growth
morphology can vary from being dendritic, composite or drop-like. The origin
of such widely different microstructures in a monotectic system under steady state
conditions of freezing has been qualitatively rationalized by Chadwick (1965) in
terms of the interfacial energies 7~L1, ?aL2, ?z~L2, the density difference between
the phases and the r~.te of advance of the interface, R. Under conditions where
?~t.~ > ?L,L, + 9',,~, the droplets of L~ cannot nucleate on e and may float or
sinl~. If they float at a rate faster than R, complete separation into two solid
phases is possible. If R i~ greater than the float velocity, droplets of Lz get trapped
and partially surrounded by a. The solute atoms rejected subsequently can feed
into L2 droplets. The process as well as the resultant mierostructure resemble
aligned eutectie growth. It is also possible that the steady state growth may cease
due to unfavour~.ble interracial energies, growth rates and density differences. L2
droplets m~.y then settle and spread over the interface as droplets of large size or
continuous films. When the liquid L., p,~.rtially wet a, such that
r ~ , = ?aL, - ~,L, cos 0,

(t3)

(where 0 is the wetting angle) and other conditions are favourable, a fibrous microstructure may result. When 0 = 0, L2 completely isolates e from/-a and steadystate growth will be impossible. Only intermittent nucleation of a ahead of L~Lz
interface occurs leading to a hounded structure. These arguments due to
Chadwiel~ (1965) clearly bring out the role of gravitational and buoyancy forces
on the microstructure of monoteetie alkys and also underline the complexity of
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monotectic solidification. The above analysis also stresses the importance of
microgravity and interface growth velocity.
Recent experiments in our laboratories (Ojha and Chattopadhyay 1978;
Ch~ttopadhyay and gamachandrarao 1980) have shown that rapid solidification
of monotectic alloys, i.e., solidification at high growth velocities, can lead to a fine
dispersion of initially liquid droplets of L2, in the matrix. Oft further cooling,
aluminium-enriched indium droplets in the Al-In monotectic system can undercool drastically (by a mechanism similar to that in mushy state quenching) and
produce a metastahle face-centered cubic, indivm phase (Ojha and Chattopadhyay
[978). The enhanced cooling rate can also momentarily increase the solubility
of indium in the ,t phase (aluminium). During the ensuing solid state cooling, the
metastahle solid solution decomposes spinodally. Figure 5 shows the microstructure and diffraction evidence for the spinodal decomposition. Our work on the
Al-Cd monote:tic system (figure 4) revealed a wide variety of microstructures
(Chattopadhyay and l~amachandrarao 1980). The mode cf dispersion of the cadmium-rich liquid droplets in the aluminium matrix can range from uniformly
sp,~.ced arrays to a random distribution where the size of the droplets changes
continuously with change in growth conditions. In the latter case, towards the
end of solidification, even continuous films of L~ could he produced. Figure 6
shows representative microstructures. A mechanism of growth has been proposed
to explain the observed microstructures (Desforges 1976).
Shylah experiments on oil-water emulsions gave the necessary impetus to the
study of immiscible alloy systems (Desforges 1976). It was found that an oil-water
dispersion stable for only 0.1 sec on earth could survive without separation for
over 10 hr in space. Several experiments have been conducted in STP, SPAR
and TEXUS~II flights to study the influence of microgravity on monotectic solidifioation (Desforges 1976; GeUes and Marhworth 1977; Alhorn and L~hberg 1979 ;.
Carlberg and Fredriksson 1979). Amongst the metallic immiscible systems
studied are Zn-Pb, Zn-~Bi, ANPh and Al-In. Carlberg and Fredriksson (1979)
studied Zn-Bi alloys containing 8, 24 and 3 8 w t . ~ B i
in TEXUS-II.
Identicalexperiments on earth and in space were aimed at obtaining the mean and
maximum pzrticle size distribu tion and the natu re of the dispersed phases. Further,
the glloy containing 8 wt ~ Bi was subjected to two different cooling rates to assess
the influence of cooling rate. lZesults indicated that the slower cooling rate produced larger particle size and the fraction of most particle sizes was greater. It
w~.s ohservcd that all samples were coated with a surface film of a Bi-,rich phase,
The thiclgaess of the coating was larger in case of the rapidly co,oled sample.
Czrlberg and Fredril~sson (1979) proposed that the outer layer is a result
of the migration and sedimentation of the droplets. At higher Bi concentrations,
the outer layer could also result from improper melting and homogenisation of
the sample prior to cooling. In general, the average particle size was greater than
that predicted from diffusion controlled growth which strongly points to the role
of collision coalescence.
On the whole, the observation of coarse microstructures, strong separation of
two liquid ph~.ses and collision coalescence were unexpected and further theoretical and experimental efforts are called for. One possible way of avoiding the
problems appears to be the use of rapid solidification techniques. In tiffs cot~
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neetion, the experin-ents of Mertz et al (t975), who simulated roicrogravity conditions by ejecting droplets of AI-50 wt. ~ in alloy and allowing them to freely fall
onto a copper substrate are of significance. It was observed that relatively uniform dispersion of In-rich phase could be ohtained and was considered to represertt
the situation under microgravity as the freezing was very rapid. High rates of
cooling do not allow coalescence as was also demonstratetl by our experiments.
It, therefore, appears that thermodiffusion znd coalescence under slow cooling
rates produce the microstructure obtained in the experiments in space.

4. Conclusions
Experimental and theoretical attempts todate show that there is negligible convection in liquids in space and that the direct influence of gravityless enviranment
is little on diffusion kinetics and solidification rates. More homogeneous crystals
that are defect-free can be grown in space. Dendritic growth under microgravity
conditions can result in more uniformly spaced primary artd sccorAary arras and
analysis of da,ta from such experiments can throw light on the underlying principles
of hranching in dendrites. Although results from experiments on monoteetic
solidification are not always consistent with expectations, it is hoped that with
the introdt',ction of rapid solidification rates some of the inconsistencies can be
eliminated. Studies on undercooling of metals and alloys can help establish the
role of various thermodyna.mic parameters of nucleation and growth and help in
defining the kinetic competition hetween ~tahle and metastable phases. Several
teehniques such as rapid solidification and mushy state quenching can be used to
clarify some of the problems in undereooling of metallic melts. The knowledge
acquired todate should help in the design of materials of controlled composition,
mierostrueture and properties.
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Figure 1. Droplets in a aluminium-germanium hypo-euteetie alloy formed by
holding in the solid + liquid region. The featureless drop contains the metastable

phases.
Figure 2. Scanning electron micrographs of underoooled and rapidly solidified
(a) liquid films artd (b) a droplet in an aluminium-germanium hypo-euteetie alloy.
The samples were produced by electrolytic extraction of the aluminium matrix.

