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Abstract. The growth of large and perfect single crystals are now of considerable
interest because of their ilxcreasing scientific artd ilxdustrial importance. Any imperfection in the crystal causes malfarmtiolxing, rapid ~,ging, tow reliability and low yield
in manufacture. Due to the availability of earth orbiting spaceships, there is a
possibility of growing these crystals with high purity. In this review paper, the
author discusses mail~.ly the growth of crystals under miorogravity Col~ditions (in
spaceships) and their basic principles and also their rclative merits.
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Introduction

The existence of large, clear and apparently perfect crystals of many minerals in
nature had attracted the attention of earlier workers in crystallography andprovided
an urge to emulate them in laboratory with commoner substances at their disposals.
Since then, crystal growth has heen the subject of considerable interest to a large
number of scientific investigators. In recent years growing of large as well as
perfect crystals has heen further stimulated by their ever increasing demand in
industry and research. Consequently, a very large number of materials have
already heen grown as single crystals, some with relative ease and others only
after long pains-taking research. Nevertheless, there are still many substances
which have defied the whole array of modern techniques on earth and which
accordingly have never heen seen in the single crystal form. Others, though
grown hy conventional techniques have never been ohtained in the required size
or degree of perfection. Since imperfection causes malfunctioning of devices,
rapid aging, low reliability and low yield in manufacture it has always been the
endeavour of material scientists to prepare purer and more perfect crystals. Crystal
growth on hoard earth orbiting space ships may prove invaluable in achieving
this objective. [t is likely that this exercise may have dramatic impact on future
teclmology by providing us with both new scientific l~nowledge and materials-new or already known of high quality.
2. Effect of microgravity on crystal growth
What is it that rashes crystal growth experiments under space conditions different
from the ones conducted on earth 2 All of us know that three environmental
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parameters control g~owth on earth viz., (i) temperature, (ii) pressure and (iii)
gravity. All desired values of temperature and pressure can he realized on earth.
The main difference hetween processing on earth and in space is the absence of
gravity. This can he simulated on earth only for a short period and crystal growth
processes in general are of large time scale. Other factors of interest are the
reduced ambient atmosphere (approx. 1011 molecules/eraa of oxygen and hydrogen
at the typical orhit keight of 200 l~m) and the ultra high vacuum which may he
obtained using the so-called molecular shield facility (Melfi 1977 ~Melfi et al 1976).
Numerous analysis on the consequences expected from these conditions on crystal
growth have been given, most of which have been concentrated on weightlessness
(see for example Proc 2nd European Symposium on Materials Science in Space,
1976). The results complemented by early experience of SI~ylah and ASTP flights
are summarized in tame I (Belouet 1979). We will not however go into the details
of these except mentioning one or two points.
First of all th ~. environment of weightlessness should minimize the gravity driven
convection in fluids which causes irregular growth to occur in numerous systems
and is at the origin of crystal imperfections. Convection arises due to the effect of
gravity on density differences which are either produced hy temperature gradiants
OT/i~x or concentration gradients OC/~x. In the absenec of convection the transport mechanism is mainly due to difiusian or surface tension. Further, the
reduced ambient atmosphere should give rise to reduced contamination and
hence purer end products.
Tl~e crystal growth experiments performed during the recent ASTP mission
involved growth from solution, growth by vapour transport as well as growth
from melt. While the latter two, techniques have heen performed during the
earlier Sl~ylah mission the growth from solution conducted under the project
title 'Crystal Growth Experiment-MAO28" was the first attempt in space to
demonstrate the possibility of growing commercially important crystals by diffusion of appropriate reactants towe.rds each other through a region of pure water
at ambient temperature (Lind 1977). We will limit ourselves to reviewing solution growth experiments only, in this article.

3. ASTP solution growth experiment
3. I

Basic principle

Since the method of growth used in the space experiment closely resembles the
gel technique of crystal growth, it is appropriate to give a brief account of this
technique first. Procedures for growing crystals in gels have heen known since
the end of last century hut the method had fallen virtually into oblivion until a
few years ~.go the interest in it was stimulated afresh hy Henisch and his co-worl~ers
(I-lenisch [970). In this method since the two or more soluhle reactants are
allowed to diffuse through the gel medium and react to form an insoluble product
according to the chemical reaction of the following type :
A (soluble) + B (soluble) + " " ~ C (very slightly soluble)
+ D (soluble) + " ",
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it is particularly suitable for growing crystals which have very low solubility in
the solvent (usually water) that is used. This is of course growth from solution
but dif[ers from the conventional procedure by the ahsence of macroscopic convection currents. The gel medium prevents turbulence and remaining chemically
inert provides a three-dimensional structure which permits the reagents to diffuse
at a desirable controlled rate. Further, its softness and uniform nature of
constraining forces that it exerts upon the growing crystals encourages orderly
growth. The crystal actually grows in a cell of solution, is exposed to the solution on all sides and has no contact with the container surface except those of the
flexible gel structure.
The typical experimental arrangements involved in the gel methods are exceedingly
simple and are shown in figure 1. The procedure adopted for simple demonstration experiment consists of preparing a hydrogel adjusted to a specific gravity
1.05 or less which consists of one of the reactants. Normally silica hydrogels are
employed in these experiments which are prepared by mixing sodium meta silicate
solution with appropriate acid. The gel may he allowed to set in a simple testtube. Once the gel is set the other reactant may he placed over the gel without
damaging its surface. Alternately a U tuhe may he used with the gel set at the
bottom and the reactants added to the arms of the U tuhe. If the reagent incorporated in the gel is tartric acid and the second reagent is 1M solution of CaC12 then
in due course crystals of calcium tartrate tetrahydrate form in the gel. The first
crystal can he seen near the gel solution interface within an hour or so. Good
crystals however, appear further down the gel within about a weel~, they heing
of 5 mm average size. While the use of a test-tube limits the range of reagents
and concentrations which may he added to the gel, the U tube system has the disadvantages of non-linear diffusion path. Both these disadvantages can however
be overcome hy using a system of the type shown in figure le. The gel method
of crystal growth lille most aqueous solution growth methods are advantageous
(a)

(b}

I

@.

~C.~L + A

GEl.

(c)

f

GEL

Figure 1. Typica| experimental arrangements for crystal growth from gel.
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heeause the growth occurs at ambient (room or space craft) temperature. This
minimizes the prohlems of thermally or meehartieally induced strains, phase transformations, volatility of components, contamination hy the container etc. often
inherent in high temperature growth methods.
In the ahsence of macroscopic convection in this technique it can be reasonably
assumed that the only mechanism availahle for the supply of solute to the growing
crystal is hy diffusion. That this is really the ease has heen amply proved by
applying the Pranta's volume diffusion theory which ignores the otherwise
unavoidable convection currents (Pranl~ t950). The solution of the diffusion
equation corresponds to the new phase growing at a decreasing linear rate such
that the radius of the crystal is proportional to the square root of time and maintaining constant equilihrium condition at its surface. Thus one would expect the
l~ineties of gel grown crystals to follow a parabolic law and consequently a linear
relationship between the square of the crystal size and the time. This has heen
experimentally verified in a number of eases. Indeed it is remarl~able that the
paraholic relation holds good not only for three-dimensional hull~y crystals hut
also needle lille and dendritic crystals which may he regarded as one-dimensional
crystals (Liaw and Paust 1972 ; Bhat 1973).
But it is nat that the gel growth technique is without any limitations. In fact
it has a number of other disadvantages lil~e excessive nucleation, gel contamination and gel instz.bility. The method used for the experiment in space was
expected to overcome all the disadvantag,~s mentioned ahove while retaining the
advantages of gel technique. The hypothesis for this experiment was hased on
the assumption that in an environment of sufficiently low gravity, convection and
sedimentation hecome negligihle. Therefore gel is not needed for suppressing
these processes and can he replaced hy a region of pure solvent. Diffusion
hecomes the predominant mechanism even with no gel present. This assumption
is reasonahle because typical gels are 95-96~ solvent and only 4-5~o solid. The
advantage of allowing diffusion to he the predomin~.nt mechanism for material
transport whether in gel process on earth or in microgravity process in space, is
that the rate of transport cart be controlled hy w.rying the concentration of the
diffusing suhstances and length of the dif[usion path. This is important because
the rate of material transport must he compatihle with the rate of crystal growth
which may also depend on other kinetic or heat transfer factors. A diffusion
controlled process can result in hetter crystal quality, hetter prediction and control
of the growth parameters involved. We will deal with these aspects in a little
more detail later.

3.2 Equipment and experimental procedure
The crystals chosen for growth experiments on ASTP flight are caleium-tartrate,
calcium carhonate (calcite) and lead sulphide involving the following chemical
reactions.
(a) Calcium tartrate-CaC12 + Ne,I-IC~I-140~ + 4H20 ~ C~.C4H406 • 4H20 $ + NaC1 + HCI
(h) Calcium carhonate-CaCI2 + (NH4).~COa ~ Ce.COa ~ + 2NH4C1
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(e) Lead sulphide-PhCI~ + CI'IaCSNI-I 2 + I'120 ~ Pb5 ,~ + CI'IaCONI'I 2 + 2HCI
(Thioacetamide)

(Acetamide)

The experimental apparatus (figure 2) consisted of six specially designed and fabricated reactors. Figure 3 shows the schematic diagram of a typical reactor. Each
reactor had three compartments that were separated hy valves operated hy the
l~nohs at each end. Each compartment had a separate filling port. The compartments varied in length in order to facilitate different diffusion distances. The
reactors were constructed of Lexan polycarbonate resin with silicone rubber
gasl~ets and seals, porous high density polyethylene diaphragms between the
compartments and aluminium l~aohs. The reactor covers were fiat and transparem
to permit photographing tke progress of diffusion and crystal growth. Before
the delivery of the hardware to the launch facility the reactors with their intercompartment valves in closed positions were filled with various solutions--the
outer compartments with the reactant solutions and the central compartments
with water. The w.rious experimental parameters lille reactant coa~centrations,
reactor dimensions, pH values are shown in tame 2. These were selected on
the basis of ground experiments yielding the best results.
After the joint phase of Right at approximately 109 hr ground elapsed time, a
crew man actiw.ted the experiments hy opening the intercompartment valves.
Thereafter colaured photographs of the six reactors were taken at an interval of
approximately 1.2 hr for the remainder of the flight. Upon receipt of the flight
hardware, before opening them the reactors and their contents were examined
and their photographs were tal~en. The representative crystals were then extracted
and were identified with the help of single crystal x-ray diffraction. The quality
of the crystals was assessed with Lang topographic technique.

3.3

R ~

The crystals of about expected size, quality and number formed in all the six
reactors. The hast crystals obtained were of calcium tartrate. This is expected
because these are among the easiest to grow by the gel method. Both calcium
tartrate reactors produced numerous prismatic crystals with maximum dimensions 2 mm and plate like crystals as long as 5 ram. These crystals had good
face developments and appeared flawless. Figure 4 shows the experimental result
for calcium tartrate which are the photographs, taken after the return of the
reactors to the laboratory. The quality of the crystals as confirmed by diffraction
topography compared well with that of the terrestrial grown crystals. There
were also a few platelets as long as t0 mm hut of poorer quality.
Each of the two calcium carbonate reactors also contained numerous well defined
clear rhombohedral crystals of 0.5 mm edge dimension. The crystals were very
similar in appearance to earth grown calcium carbonate crystals both synthetic
and natural. Although small in size they were large enough to exhibit
birefringenee.
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Figure 3. SchematicdJagram of a reactor.
In both these eases there was no finely divided precipitate in the reactors which
indicated that the mixing of the reactants and crystal growth were complete by
the time of space craft re-entry, which is of course the desired result. Repeated
experiments in normal gravity have shown that rapid mixing always resulted in
finely divided particles which eventually settle-down at the bottom of the reactors.
The two lead sulphide experiments were less successful and yielded crystals of
only 0-I mm linear dimension (figttre 5). In tiffs case mixing and reaction were
not complete at the time of re-entry. A fine precipitate was observed which
continued to increase even after the return of the reactor to the laboratory. This
result indicates that longer time scale is needed for the successful growth of larger
Pb$ crystals under the conditions used.
The photographs of these reactors taken on hoard showed crystals of CaCOa
very clearly and a small number of calcium tartrate but less clearly. Tiffs indicates that most of the calcium tartrate crystals must have grown after the last
photograph was taken. The flight continued for more than 6 hr after the last
series of photographs were taken and therefore it is quite possible that substantial
growth occurred during this period. However, it is very likely that the growth
was complete before re-entry because virtually all calcium tartrate crystals were
free of reactor walls as if they were grown under low gravity condition.
The photographs taken in space also provided a record of the movement of air
bubbles in reactors during flight which migrated from the expansion spaces in the
filling port caps of the reactors. It is interesting to observe that the air bubbles
in two calcium tartrate reactors remained stationary throughout. Bubbles in
calcium carbonate and lead sulphide reactors were more mobile even though they
remained stationary as long as 12 hr interval between the two successive photographs. This difference in the mobility of tl'e bubbles in the various reactors
is not known yet. Nevertheless, the movement of the bubbles show that the
accelerations experienced by the reactors during the flight were very small.
One may recall that the nucleation was excessive in all the six reactors employed
for growing the crystals. During the flight the cabin temperature varied between
approximately 297 ° K and 289 ° K which was certainly undesirable for the growth.
$ohthilities of the reactants and the crystalline products are strongly tempera~re
dependent and hence this temperature variation must have given rise to excessive
nucleation. Precise temperature control should definitely improve the situation.
One may also initiate growth over the seeds that may be suspended in the compart.
ment A prior to launch. Farther, in choosing the various experimental parameters
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Figure 4. Calcium tartrate crystals grown in space (a) crystals in the reactor,
(b) typical crystals.
Figure 5. Lead sulpb.id.e crystals grown in space.
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listed in table 2, the investigator was guided more hy the ground based experimental
results rather than the precise knowledge of diffusion coefficients, solubilities etc.
of the various materials. It is very much desirable to have a prior knowledge of
these for an effective crystal growth programme in space.
4. Growth of charge-transfer complexes in space
Neilsen ([976) has given a simple analysis which enables one to l~now the time
needed for the initiation of growth in terms o.f reactant concentration, diitusion
coe~cients and diffusion distance. The analysis was carried out with a view to
growing charge-transfer complexes in future space programmes hut may very
well he adopted for the solution growth of the type described earlier.
A characteristic feature of the charge-transfer compounds is that their properties seem to depend very much on the way one grows them in the sense that only
crystals with the highest perfection show the desired electronic properties of onedimensional conductivity. The best known example is TTP-TCNQ (tetrathiofulvelene-tetracyanoquino-dimethane). The data for six different crystals of
these showed thxt the normalized conductivity at T, varied between 15 and t50
(Shehegolev 1972 ~ Cohen et al 1974). The crystals of TTF-TCNQ are normally
grown from a solution of acetonitrile containing TTF and TCNQ in required
quantities. Here TTP acts as an electron donor (D) and TCNQ as electron
acceptor (A). The DA complex is formed hy transfer of an electronic charge
from D to A and hence the name. Anywhere in the solution where the product of
D and A concentration exceeds the DA solubility product which is low compared
to D and A solubilities the DA complex will precipitate and hence it is very important to the crystal grower that the soluhility product exceeded only near the growing
crystal and not anywhere else. This is nearly impossible to achieve on earth
because of density induced convection currents. Actual gel growth of these
complexes have been tried extensively in the laboratory but always with the result
that the crystals at best would grow at the top of the gel. One believes that the
weightless condition in space provides a unique opportunity to achieve the required
perfection in reasonably large crystals.
Under microgravity condition we may consider an experimental arrangement
similar to the one used in solution growth with a seed crystal DA at the central
compartment and the two reactants on either side of the seed crystal as shown
in figure 6. These reactants are in equilibrium with their respective solutes such
that they are saturated. Referring only to the left side of the ampule let (~ and
C, be the initial and final D concentrations respectively and DA crystal and ~o
the saturated D concentration at D. One can directly apply the Ficles laws
dC ~ dC
d2C
I = - D ~-~-anu ~- = Dd-~,~

(bore D is the diffusion coefficient),
to the above system to obtain the following solution
Co - c ,

(30 - (7,

AOo

&Co = erfc x/2 VDt

(1)
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Figure 6. Schematic ctiagram of the arrangement to grow dtarge transfer crystals

The approximation made here is that the diffusion takes place witl~ constant
surface concentration Co into a volume with initial homogeneous concentration
C~ in one dimension only. Purther o.ne assumes that the dissolution and growth
are diffusion controlled and that no volume or temperature change occurs during
these processes.
At time t = 0 both D and DA crystal start dissolving and a current of D molecules (also A molecules) will leave DA crystal. As time advances a situation will
he reached at t = to, when tkere will he no net current at DA crystal and this is
represented hy the curve 2, in figure 7. The D distribution at t < t~ will he as
shown lay tl-e curve 1 in the same figure. The time t~ represents the turning
point of the current and thus the time necessary for the initiation of growth.
Thereafter there will he a resultant flow of D molecules from D to DA crystal
as is represented hy the curve 3. An expression for t, may be ohtained by superimposing the two independent solutions

and

ACo(X) = ACocrfc - x
2 x/Dt'

(2)

/kO, (x) = AC1 erfc xl - x
2 v'D-t"

(3)

Setting the diffusion current I = 0 at x = x, one obtains the simplest relation
between x, and t, as
x~ = 4Dt, In Co - g~

cI

c,'

(4)

where (/l may he chosen as the square root of the solubility product. Obviously
this does not give the complete picture since only the product has to be exceeded
in order to obtain precipitation. Nevertheless, for a fixed temperature and a
given apparatus this analysis will tell the crystal grower approximately at what
time he should expect growth to initiate. One can now make use of this to optimize the experimental conditions for the effective utilization of the limited time
available in the space programme. A series of experiments using this isothermal
reaction technique by Nielsen are expected to he flown on the tirst Spacelab
mission to explore the possibilities of growing charge-transfer crystals as well as
materials of biological importance under microgravity condition. A preliminary
design of his experimental set up is shown in figure 8.
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Figure8. Preliminary design of the ampoule for space lab.
5. High temperature solution growth
Finally a few remarks about crystal growth from high temperature solution. In
recent years, the requirement of materials like YIG and GaAs for device applications has resulted in a considerable improvement of high temperature solution
techniques for reproducible results. Nevertheless, the crystals of desired purity
arid perfection are very hard to achieve. It h~s been the experience of the crystal
grower that in i h x growth involving spontaneous nucleation, excessive nucleation
resultingin a large number ofsmaUcrystals is a big problem. Further, on account
of density differences hetween the crystal and the flux material, scdin~entation
always occurs. Growth of crystals from high temperature solution in space
should in principle improve the situation considerably hecause the problems
associated with the convection and sedimentation are ahsent there. But whether
it is economically a feasihle proposition is a matter to he considered. On the
other hand one can definitely make use of the opportunity to determine certain
M.S.--4
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properties of high temperature solution. Accurate determination of these parameters is important if the growth apparatus to he designed and used should he
on scientific principles rather than guess work.
In recent years a number of theoretical analysis of growth rate controlling
mechanisms, and conditions for stable growth have been carried out in terms of
various solution parameters. The expressions for the growth rates also contain
certain other parameters of technical importance. Elwell (1976) has looked into,
these parameters from the point of view of accurate measurements and the passible
advantages of measuring them under microgravity. He comes to the conclusion
that three parameters, 1,iz., solute diifasivity, thermal diffusivity and crystal surface
energy are particularly worthy of investigations in mini-gravity of which the
former appears to he the most important. The difficulty in measuring the diffusion coefficient on earth is illustrated hy the spread in the D value of garnet solutes
in PhO/BzOs solvent. The literature values vary from (5 +_ 1)10 -7 cm~/sec.
(Knight et al 1974) to 1.1-2.4 x 10-~cm~/sec. (Morgan 1974).
A particularly simple method of measuring the diffusion coefficient in microgravity for maguetic g~.rnet solutes is due to J C Brice and T H Bruton (M$-,5)
(Nielsen 1976) and the proposed diffusion cell is as sh3wn in iigare 9. The
method consists in holding a garnet crystal in contact with the sample solvent
at constant temperature for a few hgurs and then cool the cartridge containing the
sample rapidly. The distribution of the solute in the solidified sample may
then he determined using radio active tracer or electron microprobe analysis. A
major source of error in the experiment is the segregation of solute as the solution cools and it is important that this phenomenon is thoroughly studied in the
laboratory prior to the ffight.
There is an apprehension regarding the usefulness of solution growth programme
in space which arises mainly from the mass transport consideration. In the
absence of thermal convection, diffusion and surface tension will he dominant.
Material transport hy diffusion is smaller hy one or two orders of maguitude than
that hy convection. This results in a very low growth rate for solution growth
and hence m a ~ s the techuique unattractive. At the same time, the isothermal
solution reaction technique described in ~ 3 and 4 has the merit of requiring no
electrical power apart from a few watts for temperature control and little operator
intervention. Accordingly, for routine crystal growth experiments in space this
method appears to be a strong contender.
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6. CQnelusion
Crystal growth experiments conducted in space so far have not given exciting
results. However it should be noted that many previous experiments in space
have been hastily devised or performed under severe restriction. While the
individual experiments are subject to criticism, this exercise has resulted in a
number of interesting side results which will be very useful for earth bound experiments. For example, the development of a mirror furnace will result in the
improved fttrnace desigrt with great saving of energy. An estimate says that if
everyone on earth used the types of furnaces designed and developed for space
a substantial cost of the space programme would he recovered in saving~ on
electricity.
Obviously, manufacturing in space cannot solve all the technical and especially
the economic problems. The possibility for crystal growth under microgravity
offered hy the space programmes are ' one-off' experiments. Hence, the experiments for the fttture space missions should he carefully planned so that they not
only help us in making crystal growth in space feasible hut also in achieving better
understanding of many problems associated with crystal growth on earth and
perhaps to solve them. Of the two, the most w, luable role of space programme
would he of course, the better understanding of the crystal growth phenomena in
general which will help the transition of this subject from an art which even now
depends very much on individual skill and instinct to a science.
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