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Containerless solidification of germanium
by electromagnetic levitation and
in a drop-tube
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Containerless solidification of germanium has been realized by electromagnetic levitation

and drop-tube processing, respectively. The effect of undercooling in the range of 40—426 K

on the as-solidified structures of levitation melted Ge drops (&8.4 mm diameter) was

investigated. For undercoolings less than 300 K, the lamellar twins were grown, whereas

a microstructural transition to equiaxed grains was observed at undercoolings *300 K.

Further increasing the undercooling to 400 K, a significant reduction in grain size was

achieved. In addition to a similar microstructural development among the particles solidified

during free fall in a 8.5 m drop-tube, high-undercooling-induced single crystals were found

for some droplets less than 200 lm in diameter. The results on the transition from twins

to fine equiaxed grains are accounted for by theories of solidification kinetics and a dendrite

break-up model.
1. Introduction
In the theory of crystal growth one distinguishes be-
tween two major mechanisms [1]: lateral growth, in
which the solid—liquid (S/L) interface is atomically
smooth except for the presence of ledges or steps, and
in which atom transfer from liquid to solid can only
occur at a few special sites; and continuous growth, in
which the S/L interface is assumed to be rough so that
atoms can attach themselves uniformly along the in-
terface. It is noted that the smooth versus rough inter-
face classification hinges not only upon the properties
of substance in question, such as the entropy of fusion
(temperature and composition dependent [2]) and the
difference in structure and bonding between the solid
and liquid phases, but also upon the driving force for
crystallization, namely the undercooling prior to nu-
cleation. This suggests for some materials that solidifi-
cation proceeds in a lateral mechanism at small under-
coolings and undergoes a transition to a continuous
growth when a critical undercooling is exceeded. The
conceived transition has been directly evidenced by
previous experimental work on low melting point
materials like phosphorus [3] and gallium [4] of
which the critical undercoolings are relatively small
and could be readily reached. But as to germanium,
a semimetal of a high entropy of fusion, the faceted
structure was always grown from the undercooled
melt [5], which raises the following questions: does the
transition from lateral to continuous growth not exist?
or alternatively, is the necessary undercooling for the
transition so large that it may be difficult to obtain?

Therefore, it is worth making an effort to further
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undercool elemental Ge through rapid quenching or
a proper denucleation technique.

Davies and Hull [6] employed the gun technique of
splat-quenching which could bring about a high cool-
ing rate to freeze Ge into a non-crystalline state in very
small quantities, but the microstructure of the crystal-
line phase formed in rapid quenching was not re-
ported. Amorphous Ge was also directly converted
from crystalline thin films irradiated by pulsed-laser
beam which can give particularly high quench rates
[7]. Although the pulsed-laser experiments were facil-
itated by the distinction of optical and electrical prop-
erties between Ge solid and liquid, the dependence of
grain structure on the undercooling was not estab-
lished since the undercooling could not be precisely
measured. As is well known, denucleation experiments
under slow cooling conditions can offer the benefit of
exploring the relationship between the microstructure
and the undercooling. Devaud and Turnbull [8] have
shown that it is possible to undercool Ge by up to
415 K in droplets of diameter 0.3 to 0.5 mm sur-
rounded by a B

2
O

3
flux. S1 0 0T twin-free dendrites

and grain refinement were discovered at undercool-
ings *300 K and *400 K, respectively. However,
with regard to the as-solidified structure they present-
ed, twins were not observed at small undercoolings.
Repeatedly, the B

2
O

3
flux was utilized to undercool

bulk Ge samples in a range of 10 to 342 K [9]. It can
be seen that previous studies [8, 9] show some dis-
crepancies in the maximum undercooling attained and
in the critical undercooling of the structural transition.

Cochrane et al. [10] made an attempt to practise
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containerless solidification of Ge in a 6.5 m drop-tube.
Despite a slight reduction in grain size, there were
many straight twin boundaries in a splat sample which
they presumed to be of the largest undercooling prior
to nucleation. This result seemed to cast doubt on the
conversion from twins to refined equiaxed grains for
the drop-tube processed Ge. More recently, when high
pressure was exerted upon melting—solidification pro-
cesses of Ge through the pressure—transmitting media
B
2
O

3
, very fine grains of up to &1.5 lm (but growth

morphologies were not shown) and even amorphous
phase were reported to be solidified at rather a low
undercooling of about 120 K [11]. Obviously, it is not
appropriate to simply ascribe the results to undercool-
ing effects, since they should be directly associated
with pressure augmenting.

All of the earlier work on undercooling Ge can be
summarized briefly as follows: (1) beyond a threshold
undercooling, solidified morphology transforms from
twins to equiaxed grains; (2) topological metastable
phases were possibly induced by extremely high cool-
ing rates or high pressure. With respect to the former,
it is desirable to process liquid Ge in a containerless
state in order to investigate whether the above-men-
tioned transition was a general effect of rapid crystal
growth, or whether it was particular to the samples as
enveloped in flux agents. Another reason for this study
was to ascertain whether any metastable phases could
be formed in a drop-tube which gives a combination
of large undercooling and rapid heat extraction.
Therefore, in this paper, the undercooling behaviour
and structural evolution have been studied in droplets
of Ge using containerless processing, i.e. electromag-
netic levitation and a drop-tube.

2. Experimental procedure
The purity of germanium and protective gas used in
this work is better than 99.999%. The low electrical
conductivity of semiconducting materials at room
temperature requires a two-step heating process put
forward in reference [12] for electromagnetic levi-
tation melting of germanium. The chamber was evacu-
ated to about 10~4 Pa prior to filling with He—20%H

2
.

An infrared pyrometer recorded the temperature of
the sample with an absolute accuracy of $5 K
through adjusting the emissivity of the pyrometer in
order that the displayed melting temperature equalled
the actual one, ¹

.
"1210 K. Each levitated sample

was subjected to a number of successive heating—cool-
ing cycles before the largest undercooling occurred.
More details of the electromagnetic levitation facility
are given elsewhere [13].

A recently-built 8.5 m drop-tube was purged to less
than 10~4 Pa. Under this high vacuum, about 2 g Ge
pellets were melted in an alumina-lined graphite cru-
cible placed into an induction coil at the top of the
drop-tube, and the successive heating—cooling cycles
were repeated three times, in order to evaporate the
water vapour and the other surface impurities. During
this in vacuo treatment, the temperature of the sample
can be monitored with an infrared pyrometer. When

the vacuum returned to the initial level after the
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in vacuo treatment, the drop-tube was back-filled with
helium gas to 70 kPa. The Ge sample was superheated
by 300 K for approximately 5 min again, and then
dispersed as small droplets in the range of &20 lm
to &1.5 mm into the drop-tube with argon in a differ-
ential pressure of 100 kPa through an orifice about
0.25 mm in diameter in the crucible base. The appar-
atus was further depicted in reference [14]. There was
a definite correlation between the in vacuo treatment
and the achievement of major undercoolings and the
solidified microstructure in the material. Without the
in vacuo treatment, the undercooling of the melt in the
crucible was limited to about 200 K, and the resulting
microstructures of particles contained only faceted
twins which are thought to be grown at low or moder-
ate undercoolings.

The as-solidified samples were examined with re-
spect to the internal microstructure (etched) and to
external surface relief (unetched) by means of optical
metallography and a scanning electron microscope
(SEM), respectively.

3. Results
3.1. Undercooling behaviour of

levitation melted Ge
Measured on levitated bulk droplets of &8.4 mm in
diameter, a typical temperature—time profile, as shown
in Fig. 1, consists of four periods: undercooling (un) to
a temperature ¹

/
at a cooling rate of &40 K s~1

caused by forced convection of He—20%H
2

gas; crys-
tallization leading to a rapid recalescence (nr); a pla-
teau duration, *t

11
during which the remaining melt

solidified under quasistationary equilibrium condi-
tions at the S/L interface; and continuous cooling (sf)
to ambient temperature. For pure materials under-
cooled in containerless state, the maximum temper-
ature ¹

3
after recalescence is very close to the melting

point ¹
.
, thus assuming ¹

3
"¹

.
(see Fig. 1). This

curve shows an undercooling of *¹"426 K which
goes beyond the largest one so far reported for small
Ge droplets processed in crucibles. In the present
work this is because of avoidance of the container-wall
induced heterogeneous necleation and establishment
of a very clean environment.

Figure 1 A typical cooling curve of highly undercooled droplets in
containerless electromagnetic levitation state. T

/
, T

.
and T

3
repres-

ent the nucleation, the melting and the maximum temperature after

recalescence, respectively.



3.2 Dependence of microstructures on
undercoolings for bulk levitated
samples

The microstructure formed at small undercoolings,
e.g. *¹"200K, is shown in Fig. 2a. The overwhelm-
ing lamellar twins being of faceted features indicate
that the lateral solidification mode is dominant. As
*¹ was increased to 270K, the regular lamellar twins
were not noticed on the external surface of the sample
using SEM. However, the internal structure obviously
exhibits twin boundaries; moreover, the equiaxed
grains are also seen in the centre of the cross-section
(Fig. 2b). When the undercooling exceeds about 400K,
the refined equiaxed grains have a unique growth
morphology, just as in some pure metals where twins
are absent as a result of continuous growth, as illus-
trated in Fig. 2c. Throughout a series of samples
studied, two critical undercoolings were deter-
mined: *¹

#1
"300K and *¹

#2
"400 K, which

divided the solidified microstructure into three re-
gimes: *¹(*¹

#1
, lamellar twins corresponding to

lateral growth; *¹
#1
)*¹)*¹

#2
, coarse grains;

*¹**¹
#2

, refined equiaxed microstructure. It fol-
lows, based on the above structure examinations, that
the solidification mode changes from lateral to con-
tinuous at undercoolings larger than 300K.

3.3. Structural development of drop-tube
processed droplets

The structural transformation in Ge particles solidi-
fied in the drop-tube is clearly exhibited in Fig. 3. The
faceted morphology and twins were grown from
a droplet of about 2.5 mm in diameter which was left
in the crucible after pressurizing and apparently
solidified at a low initial undercooling, as shown in
Fig. 3a. The particles (Fig. 3b and c), which had
undergone containerless solidification in the drop-
tube, remained spheroidal, differing from previous
work [10] in which only large droplets more than
1 mm in diameter were yielded. Typically, the micro-
structure of the drop-tube processed samples is com-
prised of some equiaxed grains which usually emerged
in the centre of the cross-section, and straight twin
boundaries of inward radial growth, as shown in
Fig. 3b. Furthermore, it appears that nucleation was
initiated on the surface, suggesting that the under-
coolability was affected by the surface impurities. The
droplets are supposed to have undercooled prior to
solidification in the vicinity of 300K, by way of com-
parison with the structure in Fig. 2b of the samples
obtained from electromagnetic levitation process.
Not encountered in many droplets, the morphology
gave way to completely refined equiaxed grains, as
presented in Fig. 3c (the dark line across the section is
a crack due to a collision of the particle with the
collection pan). It is reasonable to think that the
droplet has been undercooled by more than 400K.
The only difference of the microstructure between
Figs 2c and 3c lies in grain size; a relatively small grain
size appears in Fig. 3c because of a higher cooling rate
in the drop-tube. As was expected, the microstructural

transformation of drop-tube processed samples is con-
Figure 2 Microstructural morphology transition of levitated sam-
ples with the increase of undercoolings: (a) *¹"200K, (b)
*¹"270K and (c) *¹"410K.

sistent with the results from electromagnetic levi-
tation, and with the observations of Devaud and Tur-

nbull [8] who applied the fluxing method.
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Figure 3 Internal microstructure of (a) a sample which was left in
the crucible after pressurizing, and containerlessly solidified par-

ticles (b) and (c) in the drop-tube.

1440
Figure 4 SEM surface relief (unetched) of drop-tube processed par-
ticles: (a) an apparent faceted structure, and (b) a rough morpho-
logy.

More straightforwardly observing the particle sur-
face relief (unetched) using SEM, we can also acquire
useful information about the mechanism of solidifi-
cation. On the basis of the pronounced edge faces
exposed in Fig. 4a, we think that the sample has
evidently grown by lateral mechanism at a low under-
cooling. In a striking contrast, the faceted structure

vanished and a rough surface came to light, which



Figure 5 Optical micrographs of the smaller droplets: about ten
grains in particle A; only two grains besides a few twin boundaries in
B; no grain boundaries observed in particle C, indicating a single
crystal.

should be characteristic of continuous growth taking
place in highly undercooled Ge droplets, as shown in
Fig. 4b.

One of the important observations of the present
investigation on the drop-tube processed samples is
single crystals formed among the smaller particles. We
found that for droplets less than 200lm in diameter,
the number of crystalline grains tends to reduce with
decreasing size of particles. In some cases only a few
grains together with twin boundaries were discerned
(see the particles A and B in Fig. 5). For the other
particles, neither grains nor twin boundaries could be
observed in the cross-section, indicating formation of
a single crystal (droplet C in Fig. 5). It is believed that
solidification of the smaller droplets set out at a fur-
ther larger undercooling than that required for fine-
grained polycrystals. Bayuzick et al. [15] found that
a single crystal was produced in a niobium sample
undercooled substantially by 525K in a 30 m drop-
tube. Furthermore, a so-called autonomous direc-
tional solidification technique has been recently de-
veloped to manufacture a single-crystal turbine blade
at high undercoolings [16]. The high-undercooling-
induced single crystals resulted obviously from only
one nucleation event happening in the melt, and then
the dendritic growth front preserved the crystallo-
graphic planes with no grain refinement.

In both X-ray diffraction and differential scanning
calorimetry analyses on containerlessly solidified sam-
ples irrespective of the size or the undercooling, there
was no evidence for any crystalline phase other than the
diamond cubic structure. For Ge melts of which the

temperature was well below the melting point, some
metastable phases would be thermodynamically ex-
posed, but they could not be kinetically retained to
room temperature owing to a remarkable recalescence.

4. Discussion
4.1. Transition from lateral to continuous

solidification
Formation of Ge twins at low undercoolings has been
satisfactorily explained by a re-entrant corner model
proposed by Wagner [17] and Hamilton et al. [18].
The re-entrant corner due to the presence of a twin
boundary intersecting the interface will play the most
preferable role in atom attachment. However, when
the critical nucleation radius is decreased to be com-
parable to the size of the lateral step, or the fluctuation
cluster, as the undercooling rises, any sites will possess
similar preference for adsorption of the growth par-
ticles. In this case, continuous solidification comes
into effect and results ultimately in the dendritic
growth morphology and even fine equiaxed structure
(see Figs 3c and 4c). A diffuse model [1] regarding the
transition of solidification kinetics can also describe
the experimental results qualitatively. In accord with
the model, the mechanism of the motion of an inter-
face depends on the driving force, i.e. a critical inter-
face undercooling *¹

*
*"rg»

.
¹

.
/(a*H), rather than

on the nature of the interface, where r is the interfacial
energy, g is the diffuseness parameter, »

.
is the molar

volume, a is the step height, and *H is the latent heat
of fusion. The growth modes fall into the lateral
growth when the interface undercooling *¹

*
is less

than *¹
*
*, the transitional region (*¹

*
*)*¹

*
(

p*¹
*
*), and the fully continuous growth (*¹

*
*p*¹

*
*). Nevertheless, it is difficult to determine

*¹
*
* because of some unknown parameters such as

g and a in the formula. Evans et al. [19]
employed a numerical model for spherical growth to
predict *¹

*
* as 153 K for the transition from lateral to

continuous solidification in undercooled Ge. When
this value was grafted on to current dendrite growth
theories [20], a good agreement between the meas-
ured growth velocities as a function of bulk under-
cooling and the calculated result has been reached
[12].

4.2. Application of a dendrite break-up
model

At higher undercoolings, two types of Ge droplets
processed by electromagnetic levitation or by the
drop-tube come about the second microstructural
transition to refined equiaxed grains, which proves
that grain refinement is a general effect of solidifi-
cation from largely undercooled melts. Recently, the
physical mechanism of this microstructural trans-
formation in undercooled melts has been revealed
from experiments and a dendrite break-up model
[21]. According to this model, a characteristic time,
*t

"6
+3R

0
3/(2D

T
d
0
), needed for dendrite break-up of

pure materials can be calculated as a function of *¹,
where R denotes the initial trunk radius, D the
0 T
thermal diffusivity and d

0
the capillary length. If *t

"6
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is less than the measured isothermal plateau duration
*t

11
(see Fig. 1), a grain-refined microstructure

should be observed. This implies that the dendrite
break-up occurs before the undercooled sample has
had time to entirely solidify. A critical undercooling
of levitation melted Ge for grain refinement can be
estimated as 400K using the dendrite break-up model,
which agrees with the experimental data. However,
there is a certain application scope for the dendrite
break-up model, like any other theories, namely that
this model might not be extended to the following two
circumstances. First, it is quite conceivable that the
plateau duration *t

11
after recalescence would

approach zero at deep undercoolings for very small
samples, for instance, for the fine droplets prepared
in the drop-tube. In this case, the primary dendrites
could be kept without fragmentation, thus leading
to the so-called high-undercooling-induced single
crystals which have been confirmed by experiments.
Second, the recalescence of solidifying melts perhaps
does not happen due to fast heat extraction, e.g. in
a melt-spinning process. Therefore, there would be
kinetic difficulty in the break-up of dendrites formed
primarily. However, a fine equiaxed structure in melt-
spun Ge ribbons can clearly be observed [22], which
is generally attributed to copious heterogeneous
nucleation arising from the spinning wheel. It could
turn out that the dendrite break-up model is mainly
operative for bulk samples under relatively slow
cooling environments.

5. Conclusions
We have studied the microstructures solidified from
undercooled Ge droplets which were containerlessly
processed using electromagnetic levitation and
a drop-tube. The maximum undercooling attained in
the levitated state was found to be 426K for bulk
droplets. Faceted twins were formed in bulk samples
undercooled by less than 300 K. At larger undercool-
ing, i.e. 300)*¹(400K and *¹*400K, on the
other hand, coarse and refined equiaxed grains were
observed, separately. The structural changes reflect
a transition from lateral to continuous growth in the
highly undercooled liquid. In common with bulk levi-
tated samples, the particles of containerless solidifi-
cation in the drop-tube have also demonstrated
microstructural transformation. Additionally, deeply
undercooled melts possibly result in single crystals

among the smaller droplets.
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