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This paper provides literature data on non-stationary crystallization of binary melt,
making it possible to put forward a hypothesis about a fluctuation mechanism of the
structure transitions on the interface surface. Another argument for this hypothesis is the
authors’ observation results of the front crystallization at growing a sapphire crystal by
horizontal directed crystallization. It has been suggested that it will be possible to grow
crystals with a smooth interface border faster at a variable rate of crystallization rather
than at a constant one.

ITIpuBenensl JsaurTepaTypHble AAHHBIE II0 HECTAIIMOHAPHON KPUCTAJNJIM3ALUU OUHAPHOIO
pacijaBa, IIOSBOJAIONINE BBIABUHYTH T'UIOTE3y O (GIYKTYallMOHHOM MEXaHUBMEe CTPYKTYp-
HBIX IIepPexXoJ0B Ha Me(pasHOI IIOBePXHOCTU. B 110ab3y BBIABUHYTOH I'MIIOTE3BI CBUAETEILCT-
BYIOT pe3yJbTaThl IIPOBELEHHBIX aBTOpaMu HaOJIOJeHUN 3a (PPOHTOM KPUCTAJIMUIAIUU IIPU
BbIpaliBaHuy candupa MeTOJOM IOPUSOHTAJBbHON HAaIIPaBJEHHON Kpucrajausanun. Boicka-
8aHO IIPEAIIOJIOMKEHNE, YTO, KPHUCTAJNIMUBYSA PACIJIaB C IIePeMeHHOII CKOPOCTBIO, KPUCTAJNJI C
rJIagKOM IPaHUIEN pasjesa yAacTcd BbIPACTUTH B IIEJIOM ObICTpee, YeM IIPOBOJSA KPUCTAJIIM-
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3al1I0 B CTallUOHAPHOM pPeEKHMeEe.

It is known that an exceeding of the
critical crystal-growing rate results in dam-
aging the smoothness of crystallization
front (CF), which decreases the quality of a
crystal [1]. This phenomenon also known as
breakdown can be explained within a frame-
work of concentration overcooling concep-
tion (CO).

Unlike almost forgotten but more pro-
found Mallinz and Sekerka theory [2], CO
criterion structured over half a century ago
by Tiller at alias is still an unalterable
authority for modern crystal growing tech-
nologists.

We suggest an idea that may allow in-
creasing the rate of crystal growing with a
smooth CF. The prerequisite of this idea
was the influence of surface tension on the
relationship between the impurity density in
melt Cy and a reciprocal value of the criti-
cal crystallization rate V. This influence
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[3] becomes apparent in shifting Cy(1/V,,)
graph towards the concentration axis. How-
ever, the literature does not offer any ex-
perimental proof of this conclusion.
According to [4], the main reason of the
experimental errors in plotting Cy(1/V,,)
graph is a popular notion that the pulling w
and the crystallization V rates are the same
things. We perceive the crystal pulling as
any temperature redistribution in crystal-
melt system, resulting in crystal growing.
In order to obtain a most accurate
Co(1/V,,) dependence, Morris and Weingard
[6] carried out the following experiment.
They had the melt crystallized by moving
the heater along the growing crystal with
acceleration ~0.1 um/min? so that w and V
were almost equal. However, the Cy(1/V,,)
dependence they obtained (Fig. 2 straight
line 1) did not hold neither CO criterion
(line 2) nor its improved analog (line3).
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Fig. 1 Longitudinal cut of Pb-Sb crystal
(175ppm) grown by means of a slow accelerat-
ing heater. The interface border lost its
smoothness (breakdown moment) at a grow-
ing rate V=0.56 mm/min [5].

They explained the reason of such an incon-
gruity (alas without referring to Mallinz
and Sekerka theory) by the presence of re-
sidual impurity, forgetting the fact that re-
sidual impurity reveals itself in distorting
Co(1/V,,) graph but not in shifting it to-
wards the inverse rate. Indeed, the decrease
of controlled impurity C, will lead to the
increase of V. until the uncontrolled impu-
rity begins to count. In that case, V. will
not depend on C; and the graph will be a
vertical line.

The solution to this problem can be
found in the paper of the same authors [5].
While growing a crystal at a constant rate
that leads to a cellular structure (Fig. 3a),
they sharply doubled the growing rate,
which according to the literature [1] should
almost halve the size of the cells. Neverthe-
less, islets of smaller cells began to appear
only in 10 min after the change of the rate
and their area grew with time (Fig. 3b).

The authors [5] explained this phenome-
non by some special stability of cellular
structure. It is strange that they did not
take into account the heterophase fluctua-
tion theory that is quite popular in solidifi-
cation science. The explanation suggests it-
self. It is similar to that one which can be
found in all textbooks on solidification of
melts. The islets of smaller cells will appear
and disappear until an isle of a critical size
forms in the result of some fluctuation. It
took about 10 min for such a fluctuation to
arise. This fluctuation mechanism can gov-
ern other transformations at the interface
as well as the damage of the smoothness.
Thus, we can put forward a hypothesis
about a fluctuation nature of structure
transitions on the interfacial surface.

Based on this hypothesis the events in
the experiment of Morris and Weingard [5]
can be interpreted as follows. At first just
before the moment of breakdown
(V=0.56 mm/min) the heater reached Tiller
rate (for instance, V=0.52 mm/min), that is
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Fig. 2 Antimony concentration CO in lead
crystals vs. reciprocal values of the critical
rate V, : 1 — experiment [5], 2 — calculation
by criterion CO, 3 — surface tension calcula-
tion.

the rate at which CO zone forms in melt.
Then the heater reached Sekerk rate (for
instance, V=0.54 mm/min), that is the rate
at which a smooth CF becomes unstable.
After that, while the heater kept moving,
the crystal-melt system was getting ready to
jump, waiting for a suitable heterophase
fluctuation. Therefore it is quite probable
that the value plotted on Cy(1/V,,) graph
has nothing to do with either Tiller or Sek-
erka theory.

It is easy to explain within the frame-
work of this hypothesis that at a rather fast
acceleration of the crystal pulling rate a
smooth CF becomes a cellular one without
being in any transitory structure. Ovsejenko
at alias observed through a microscope such
an abrupt transition on tin with different
impurities at cooling of a half-melted sam-
ple [6].

Fig. 4 shows a swift almost uniformly
accelerated movement of a smooth CF for a
pure sample (line 1) and a rather lagged one
for samples with impurities (lines 2 and 3).
This nonmonotonic dependence of the crys-
tallization rate on time for tin with impuri-
ties was explained [6] by a usual accumula-
tion of impurity in front of CF. As for the
jump of the rate when a smooth border be-
comes a cellular one, it is caused at the
moment when CO zone forms in melt.

Even an approximate evaluation gives
evidence for the outstanding observations
carried out by Ovsejenko at alias. Taking
into account the fact that tin-base alloy is
rather well known, it is worthwhile analyz-
ing deeply the phenomena discussed in
paper [6]. Such an analysis was carried out
by means of a numerical modeling of the
cooling of a half-melted sample.

We estimated the diffusion of indium in
tin melt at pulling a crystal with a rate
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Fig. 3. Structure of Pb-SB crystal (350 ppm)
at a growing rate 1.5 mm/min (a) and in
13 min after the acceleration of the heater up
to 3 mm/min (b) [5].

w(t). The simulation of the cooling of the
sample was carried out at the following con-
ditions: the pulling rate was uniformly ac-
celerated w(t)=at, temperature gradient on
CF, the values of G(f) were selected to en-
able the curve of crystallization rate V(t) go
through the experimental points. The accel-
eration value a was estimated by the slope
of V(¢) line for pure tin (Fig4. line I).

In spite of all the assumptions in the
model, the result of the calculation proved
to be impressive [7]. CO zone formed in
Sn-In melt in the 11th sec after the begin-
ning of the cooling of the sample. In the
24th sec the crystallization rate was 5 times
higher the critical one, which according to
the literature should result in a developed
cellular structure. If one takes into account
that the interface surface remained smooth
for almost 100 sec (Fig.4, line 3) it is diffi-
cult to imagine the value that CO reached in
this experiment.

The calculation proved the supposition
that the fluctuation mechanism governs the
transition from the smooth to the cellular
interface surface. It also stimulated a fur-
ther verification of the supposition on a
sapphire-melt system that is much more im-
portant from a practical point of view. The
Institute of Single Crystals has an advan-
tage in carrying out experiments with sap-
phire for it has facility to grow it by hori-
zontal directed crystallization that enables
the observation of CF with a video camera.

Sometimes during its growth, sapphire
may develop cross strips visible to the
naked eye or bubbles that deteriorate its
marketable style. Although the bubbles
seem to be distributed chaotically, N.P. Ka-
trich managed to see in this chaos some
order (Fig.5) that testifies a close relation-
ship between the capture and the cellular
formation.

Fig. 6 demonstrates the results of grow-
ing a sapphire crystal from Nikolayev alu-
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Fig. 4. Time dependence of crystallization
rate V at cooling of partly melted sample: 1 —
Sn, 2 - Sn+Bi (1%), 3 — Sn+In (1%) [6].
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Fig. 5. Bubbles on cell borders in sapphire
(photo by N. P. Katrich).

mina with a pulling rate about 5 times
higher the conventional one. As we can see,
each capture on a longitudinal section of
the crystal (Fig. 6a) corresponds to a peak
on the videogram of interface border coordi-
nate (Fig. 6b), forming a strict periodicity.

The pulling of a crystal with a variable
rate is an obvious remedy against the peri-
odical strips that form under a constant
pulling rate. Here is a fact to support this
idea.

The last peak on the videogram was not
caused by the capture, for the pulling
mechanism had been off for several seconds
before its appearance. Naturally, CF moved
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Fig.6. Cross strips formed in sapphire at a
growing rate 42 mm/h (a) and dependence of
the interface border coordinate x, on time ¢
(b); t =0 and ¢ = 1640 sec (dot line) — the
moments of turning on and off the pulling
mechanism, correspondingly.

towards the screen and the coordinate was
read off from its edge. CF appeared to cover
4 mm in less than 500 sec, which amounts

to 30 mm/h. The conventional growth rate
of sapphire from metallurgical alumina
however is no more than 8 mm/h.

This fact confirms the hypothesis about
the fluctuation nature of the transition
from a smooth CF to a cellular one. The
sapphire-melt system was not allowed to
reach the region of the critical growth con-
ditions, which prevented it from the cap-
ture since the heterophase fluctuation did
not have time to affect the system.

Therefore, the best proof of this hy-
pothesis would be a crystal grown faster at
a variable pulling rate with a smooth CF
than at a constant one.
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IIpo MOKIUBICTH OLIBII IMBUIKOTO BUPOILYBAHHS
KPHMCTAJiB 3 po3ILJIaBy 0e3 MOPYMIEHHS TIaJKOCTi
Mik@a3HOI rpaHUIi

B.M .Kaniwes

Hagepeni miteparypni BizoMocTi mpo HecTalioHapHy KpHUCTanisaliro 6iHapHOTO PO3NIIaBYy,
fAKI TOBBOMAIOTHL BUCYHYTH rimoTesy nmpo QuyKTyalniinmnit MexaHisM CTPYKTYPHUX IIepexo[iB
Ha Miskdasuifi noBepxui. Ha xopucrh rimotesu, 1m0 3anpoloHOBAHO, CBiUaTbh pPes3yJabTaTU
cIocTepeskeHb 3a (GPOHTOM KpHcTamisamil mpy BUPOITYyBaHHI candipy MeTOJ0M ropu3oHTANb-
HOl HampaBJyeHol Kpucrainisanii. BucioBiaeno mpunymienss, 1mo y pasi kpucrasnaisamii pos-
nJaaBy 31 3MIHHOI0 HIBUAKICTIO, MOKHA IIIBUAINIE OTPUMATH KPUCTAJ 3 TJIAAKOI0 T'DaAHUILEIO
poszxiny das, Hik 3a yMOB Kpucranisarnii y cramioHapHOMY pesKUMi.
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