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Hydrodynamical conditions in the melt at the
growth of sapphire and YAG crystals by
horizontal directed crystallization
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Investigated are the hydrodynamical conditions in the melt at the growth of sapphire
and yttrium-aluminum garnet (YAG) by the method of horizontal directed crystallization.
Specific features of the formation of convective structures depending on the temperature
conditions, geometrical parameters of the melt zone and crystal growth stage, are estab-
lished. It is shown that at the growth of massive (= 40—50 mm) sapphire and YAG crystals
the two-layer structure of the melt flow may be formed at the crystallization front.
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HccnegoBannl rugposnHaMUUYeCKUe YCJIOBHA B PacIlaBe IIPU POCTe KPUCTAJIOB caudupa
u urtpuii-anioMmuunesoro rpaata (YAG) MeTogoM roprsoHTANBLHON HAMPABJIEHHON KPUCTAJ-
JU3AIUN. Y CTAHOBJIEHBI 0CODeHHOCTH (DOPMUPOBAHNA KOHBEKTUBHBIX CTPYKTYP B 3aBUCHMOC-
TH OT TEMIIePATyPHBIX YCJOBUI, T€OMETPUYECKUX NapaMeTPOB B0HBI PAcCIJiaBa U CTaAuU
pocra Kpucrtasjaos. [lokasaHo, uTo pu pocTe MaccuBHBEIX (= 40-50 mM) Kpucrtannos camdu-
pa u YAG BO3MO/KHO BOBHUKHOBEHUE JBYXCJONHON CTPYKTYPHI TeUeHUs paciiaBa y (ppoHTa
KPUCTAIIUBATIUA.

Tigpoaunamiuni ymMoBH y posiuiaBi npu BupomyBaHHi kKpucraiais candgipa ta YAG
MEeTOJ0M rOpPH3OHTAJBHOI crpamosanoi kpucraaizanii. C.B.Hixcanroscvruil, A.B.Tanuvro.

Hocaipxeno rizpoguHamiuHi ymMoBH y posILIaBi mig uac pocty KpucraiaiB camndipa Ta
irpii-amrominieBoro rpanara (YAG) mMeromoM IropHM30HTAJIbHOL CIPAMOBAHOI KpUcTAisamii.
BceranoBieno ocobimBocTi OpMyBaHHSA KOHBEKTHBHUX CTPYKTYP B 3aJ€KHOCTL Bim Temmepa-
TYPHUX YMOB, '€OMETPUUYHKX [IapaMerpiB 30HU PO3ILIaBy i craxii pocry xpucranais. Ilokasa-
HO, IO mig uac pocry macuBHux (= 40—50 mm) Kpucraaie candipa ra YAG Mo:KJIMBe BUHUK-
HEeHHS JIBOIIAPOBOI CTPYKTYpH Teuil poamuaasy 6insa GpouTy Kpuctasaiszaii.

© 2015 — STC "Institute for Single Crystals”

1. Introduction

One of the methods most often used for
the obtaining of large-size sapphire (Al,O3)
crystals is horizontal directed -crystal-
lization (HDC). This method was used to
develop a technique for the making of sin-
gle-crystalline sapphire windows with re-
cord dimensions — 3850x500x30 mm3 [1].
The method of HDC is also promising for
the growth of large crystals of rear-earth
aluminum garnets ReAG and of their solid
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solutions (Re =Y, Ce, Pr, Nd, Yb, Er, Lu,
etc.) which are widely used in laser and
scintillation engineering [2]. Moreover,
YAG:Ce crystals may be utilized as lumines-
cent converters for high-power white light
diodes.

The main problem which arises at the
growth of large-size multi-component acti-
vated crystals is the obtaining of high opti-
cal quality and uniform distribution of their
functional characteristics in the crystal
bulk. This is mainly caused by non-uniform-
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ity and non-stationarity of the hydrody-
namical conditions, mass transfer in the
melt near the crystallization front (CF)
leading to non-uniform distribution of the
activator, matrix components and point de-
fects, formation of second-phase inclusions
in the crystals [3, 4]. Therefore, optimiza-
tion of the conditions of mass transfer in
the melt is one of the main ways for raising
the crystal quality.

Direct experimental investigation of the
hydrodynamical processes which accompany
the growth of high-melting oxide crystals is
greatly complicated, since their melting
temperature is ~2000°C. Therefore, the
main means for studying such crystals is
simulation. At present there exist a large
number of papers devoted to numerical
simulation of convection of the melt at the
growth of oxide single crystals by the Czo-
chralsky, Kyropoulos and HEM methods
(see e.g. [3—6]). While studying the condi-
tions of the growth of sapphire and garnet
crystals by the HDC method the melt mix-
ing was neglected, or a convection was con-
sidered only qualitatively [4, 7, 8]. It is
natural to assume that the approximation of
immovable melt may be disturbed at the
rise of the melt volume and the growth of
large-size crystals. It is also known that, in
contrast to the classical Rayleigh problem
of convective stability of horizontal liquid
layer in the field of gravitational forces, in
the real case of horizontal directed crystal-
lization there take place thermocapillary
Marangoni convection and thermal convec-
tion of the melt caused by the presence of
non-uniform temperature field [9, 10].

The method of HDC is characterized by
asymmetry of the thermal conditions with
respect to the horizontal plane of the cruci-
ble containing the melt. Therefore, there
may arise a wide variety of hydrodynamical
phenomena and structures which lead to the
formation of inhomogeneities in the compo-
sition and structure of the crystals, non-lin-
ear temperature distribution and the pres-
ence of blocks in the crystals.

The main goal of the present work is
numerical simulation and comparative
analysis of the hydrodynamical conditions
in the melt at the growth of sapphire and
yttrium-aluminum garnet (YAG) crystals by
the method of HDC.

This will allow to establish the main fea-
tures of the hydrodynamical conditions and
to optimize the technology of the growth of
large-size sapphire and garnet crystals by
the method of HDC.
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Fig. 1. Scheme of HDC method: I — starting
material, 2 — melt, 3 — crucible, 4 — ther-

mal shields, 5 — heater, 6 — crystal.

2. Problem statement

The essence of the HDC method sche-
matically shown in Fig. 1 is the following.
The starting material to be crystallized is
placed into a boat-shaped crucible which
moves through the zone of heating where
the material is melted and then crystallized
on a single-crystalline seed mounted in the
front part of the crucible.

Experimental investigations show that
for the HDC method the crystallization con-
ditions are not stationary. In the process of
crystal pulling accompanied with the rise of
heat withdrawal through the crystal, grad-
ual increase of the melt overheating degree,
change in the length and height of the melt
zone. Under such conditions there will be
also observed changes in the hydrodynami-
cal conditions, which character can be esti-
mated by analyzing the similarity numbers:

Ra- — 8BATL? (1)

VX
Ra' = gBATH3
vy
do ATL
Ma=- 22222
dT py

For the analysis it is convenient to intro-
duce the "horizontal®™ Ra  and “vertical”
Ral Rayleigh numbers [11]. The character
of thermogravitational convection of the
melt under the action of the horizontal tem-
perature gradient taking into account the
melt length L is defined by Ra~. Taking
into account changes in the height of the
melt h is defined by Rat. Ma, the Maran-
goni number, characterizes the possibility
of the formation of convective flow in the
liquid under the action of thermocapillary
forces on the upper free surface of the melt.

In these relations g is the free fall accel-

eration, B, the coefficient of volumetric ex-
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pansion of the melt, AT, the melt overheat-
ing, v, the kinematic viscosity, %, the tem-
perature conductivity, %, the melt height,
o, the surface tension, L, the characteristic
length estimated as the half-length of the
melt zone: L, /2.

The calculation of the similarity numbers
made on the base of the experimental re-
sults obtained while studying the growth
conditions (the width of the melt zone, the
temperature gradients, the melt overheating
degree) for sapphire and YAG crystals with
the length 2 =50 mm and the melt zone
length L,,=0-200 mm shows that the
character of the melt flow changes in the
process of crystallization. The latter may be
considered to have three stages: initial
shouldering, main and final — crystal-
lization of the melt in the back part of the
crucible (Fig. 2).

At the initial and final stages of the
growth characterized by the least values of
the melt zone (L,,<100-120 mm) and of
the similarity numbers, the melt flow may
be considered quasi-stationary [12].

At the second stage, due to the increase
of the melt zone width and the melt over-
heating degree, the intensity of convection in
Al,O3 melt reaches its maximum value (the
similarity numbers may run into ~ 106-107),
and there occurs the change-over from
quasi-stationarity to turbulence. Turbulent
convection is characteristic of the growth of
massive sapphire crystals with relatively
large values of 2 and L,,,.

Convection in YAG melt essentially dif-
fers from that in Al,O; melt. For YAG the
values of similarity numbers lie within the
limits of 105, convection in YAG melt is
stationary and stable (Fig. 2).

In the process of crystal pulling the
characteristic height diminishes. This is
connected with different densities of the
melt and the crystal: for Al,O3 and YAG the
melt height at the final growth stage de-
creases by ~24 % and ~12 %, respectively,
and this also influences the character of the
melt flow.

The duration of the growth stages is de-
fined by the lengths of the crucible and the
melt zone.

Thus, the hydrodynamical problem in the
stationary formulation can be solved for
Al,O3 melt for the first and the final
growth stages, whereas for YAG melt it can
be solved for the whole growth cycle.

As follows from consideration of the gen-
eral scheme of the thermal unit for the
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Fig. 2. Change in the values of similarity
numbers depending on the stage of Al,O5 and
YAG crystal growth.

growth of crystals by the method of HDC,
the temperature conditions have the mirror
symmetry with respect to the vertical plane
the crystal growth direction. At rather low
radial gradients this allows to confine the
consideration to the two-dimensional prob-
lem [13]. In this case the influence of the
crucible walls is neglected.

The hydrodynamical problem of the melt
convection in a boat-shaped crucible was
solved in the Boissinesq approximation.
Thereat, there was used the linear approxi-
mation of the temperature dependence of
the melt density:
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Table. Physical characteristics of Al,O; and YAG melts, crystals and starting materials

Physical properties Al, 05 [14, 15] YAG [16 — 18]
Melt
p, kg/m? 3030 — 1.08(T — 2327) 3990 — 0.29(T — 2240)
A, W/mK 2.05 4.0
Cps J/kg-K 1260 800
B, 1/K 3.56.1074 1.8.10°5
n, kg/m-s 0.0000067-exp(21079/T) 0.46
0, N/m 0.67 — 3.1073(T — 23227) 0.781
Crystal
o, kg/m3 3980 4560
c,, J/kg’K 760 800
) Starting material
0, kg/m? 3500 4160
p, W/m-K 10-20 8
Cpo J/kg-K 700 700
— the temperature conditions at the
p(T) = po(1 — BT). 2 upper free melt surface (7,) and at the cru-

Here py is the melt density at the melting
temperature T, T, the deviation from T,,.

The hydrodynamical equations for incom-
pressible liquid in two-dimensional formula-

tion:
v, v 10P V[a2vx . azvx],

1. The Navier-Stokes equation:
+V, ===
Podx dax2  oy?

1 9P [32Vy
+ V|

aZVy
=_p08y ot ” + BTg. (3)

2. The heat conduction equation:

or, or_ (T o) @
Vagx T Vg = ax2+ay2}

3. Equation of incompressibility:

LA ®)

ox dy
where V is the field of wvelocities in the

melt; P, the pressure; v, the kinematic vis-

cosity, A, the thermal conductivity.

The boundary conditions:

— the condition of sticking at the crystal-
lization front and at the crucible walls: V = 0;

aT aT
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cible bottom (T,) were assumed to vary ac-
cording to the parabolic law from a certain
maximum value, T, and T, respectively, to
the melting temperature at the CF, Ty.
There were considered two cases of over-
heating: (T, — T}, > 0) and (T, — T}, < 0);

— the condition set for taking into ac-
count the thermocapillary force and the Ma-
rangoni convection at the free upper bound-
ary (melt — vacuum):

Ve Ma 0T (6)
ox Pr ox
V,=0

where Pr is the Prandtl number:

Pr= 4!

xR |<

For the length and height of the melt
there were used the fixed values charac-
teristic of the process of crystal growth by
the method of HDC: the height 7 = 20—
100 mm, the length L,,=100-250 mm.
The physical characteristics of sapphire and
yttrium-aluminum garnet used in the calcu-
lations are presented in Table.

Since sapphire crystals do not possess
sufficient transparency to thermal radia-
tion, for them one can introduce the effec-
tive coefficient of thermal conductivity —

Functional materials, 22, 2, 2015
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Fig. 3. Geometry, boundary conditions and
mesh of the computational domain: crystal,
melt and starting material.

the sum of the phonon and radiation con-
ductivity components:

}"eff = }"ph + }"rad' (8)

In the direction along the crystal axis
thermal radiation transfer is predominat-
ing. According to [19], for sapphire

%i: 10(at T = 2323K). ©)
‘ph

The melting temperatures of sapphire
and YAG (2323 K and 2240 K, respectively)
and their optical absorption spectra are
close enough. Therefore, the condition (8)
was also used for the garnet.

The problem was numerically solved by
means of finite-element analysis using the
program [20]. To build the general finite-
element model we used the regular mesh
with triangular elements (Fig. 3). The opti-
mum value of the calculated grid density
was determined on the base of 8 test calcu-
lations at different meshing of the area into
finite elements. According to the calcula-
tion results we built the dependence of the
required value (i.e. the flow velocity) for
the given point on the quantity of the ‘par-
tition elements and chose the optimum grid
density.

Thereat, there were taken into account
the bulk and surface forces acting in the
melt. The bulk forces are caused by local
changes of melt density in the gravitational
field and "switch on” the mechanism of free
thermogravitational convection. The tem-
perature gradient on the free melt surface
leads to nonuniformity of the surface ten-
sion, the appearance of tangential capillary
forces, and, consequently, thermocapillary
Marangoni convection.

3. Results and discussion

The performed simulation makes it possi-
ble to establish that the convective struc-
tures formed in Al,O; and YAG melts con-
tained in a boat-shaped crucible are defined

a)

b)

c)

Fig. 4. Types of quasi-stationary flows of Al,O; and YAG melts: a, c) single-vortex, b) double-vor-
tex, d) cellular convection, e) "two-layer” motion in the vicinity of the CF.

Functional materials, 22, 2, 2015
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Fig. 5. Flow of Al,O; melt in the vicinity of the CF at the increase of the melt zone length (from

the left to the right): /L, = 0.3; 0.2; 0.15; 0.12.

by the extent and direction of overheating
(from the upper or from the bottom crucible
part), the value of the thermal flow passing
through the solid phase (the crystal, the
starting material) and the aspect ratio
h/L,, (the ratio of the melt height to its
length). There were established the follow-
ing types of convective structures: single-
vortex (Fig. 4a, c), double-vortex (Fig. 4b,
e) and cellular (Fig. 4d). Double-vortex con-
vection has two variants: the vortices may
be arranged in series (Fig. 4b), or one of
them may be located above the other, thus
creating a "two-layer” motion of the melt at
the crystallization front (Fig. 4e).

At the initial stage of the growth of sap-
phire crystal the single-vortex convection is
dominating in the melt when overheating is
directed from above (AT =T, - T, > 0),
whereas double-vortex convection occurs at
overheating from the crucible bottom
(AT < 0). In YAG melt single-vortex convec-
tion is observed within wide A/L,, range
irrespective of the direction of overheating.

At the main crystal growth stage two-
profile or cellular convection are primarily
realized at overheating from the crucible
bottom and #/L,, , < 0.1-0.2.

At the final growth stage a noticeable
contribution to the formation of the flow
structure may belong to the back wall of the
crucible. Under certain thermal conditions
it creates additional disturbances of the
flow, leads to the appearance of convective
vortices and changes the flow intensity
(Fig. 4c).

Simulation of convection in Al,O; melt
shows that at A/L,, <0.1-0.15 and pre-
dominant overheating from the upper part
of the crucible the prime mover is thermo-
capillary force leading to the formation of
sufficiently effective Marangoni convection.
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As show the simulation results, on the
whole the said convection exerts a stabiliz-
ing action on Al,O3 melt flow and impedes
the formation of vortices.

Thermogravitational convection is clearly
seen to be dominating in YAG melt, which
temperature dependence of the surface ten-
sion is weaker than that of Al;O3 melt [17].
Such a distinetion in the two main mecha-
nisms of convection also influences the ap-
pearance of the vortex in the area adjust-
ment to the crystallization front: in Al,O4
melt the vortex center is shifted downwards
by thermocapillary convection (Fig. 4a),
whereas in YAG melt it is shifted to the
melt surface due to thermogravitational
convection (Fig. 4b).

In comparison with the convection in
Al,O3, the one in YAG melt is more stable.
The average flow velocities are lower by a
factor of ~1.5-2 than those in Al;03. This
may effect the quality of the crystal at
overheating of the melt from above, due to
the condition of sticking at the crucible bot-
tom there may be formed a stagnant area
where the melt motion is weak. The values
of dynamical viscosity of Al,O; and YAG
melts differ insignificantly, therefore, the
flow of YAG melt is stabilized mainly by its
high density and physical characteristic de-
pending on it. For YAG melt a stationary
flow is realized at all the crystal growth
stages within the whole range of the melt
overheating values < 100-120 K. Only dur-
ing the growth of the crystals from a large
melt volume and the aspect ratio /L, , ~ 1
nonstationary convection may occur.

As mentioned above, under certain condi-
tions for Al,O3 and YAG "two-layer” motion
of the melt may occur at the crystallization
front (Fig. 4e). This is most characteristic
of the growth of massive crystals (=40-

Functional materials, 22, 2, 2015
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50 mm) at #/L, , > 0.2-0.3. The appearance
of such a convective structure is unfavor-
able for the growth of the crystals and may
lead to the formation of defects and their
aggregations [21].

The causes of the formation of the said
"two-layer” motion of the melt are bound
up with high thermal conductivity of the
crystal and different mechanisms of motion
of the liquid. In particular, in the upper
part of the melt the thermocapillary Maran-
goni flow is mainly observed, in the lower
part of the melt bulk gravitational forces
and the buoyant Archimedean force are act-
ing. In the vicinity of the CF the melt is not
"captured” within its bulk by thermocapil-
lary convection, and there occurs stratifica-
tion into two flows: buoyancy-driven con-
vections at the crucible bottom and the
thermocapillary flow in the upper part of
the melt. Calculations show that the inten-
sity of the lower vortex also strongly de-
pends on the thermal flow passing through
the crystal. The double-vortex structure of
the flow near the crystallization front may
disappear when the melt length rises
(Fig. 5). As the free melt surface increases,
the flow in the upper part of the melt
caused by the thermocapillary Marangoni
convection rises, too. Under the influence of
such a flow the vortex in the lower part of
the crystallization front gradually weakens.

The two-layer motion of the melt at the
crystallization front is more pronounced for
Al,O3 melt. Thermocapillary convection in
YAG melt is much less developed in com-
parison with that in sapphire. Therefore,
the formation of double-vortex flow of the
melt during the growth of garnet crystals
may take place only at rather high values of
the ratio A/L,, and temperature gradients
in the melt.

mz

4. Conclusions

The analysis and simulation of a convec-
tion based on experimental studies of the
conditions of sapphire and YAG -crystal
growth by the HDC method show that the
main distinctions in the structure of the
flow of Al,O5; and YAG melts are bound up
with different contribution of thermogravi-
tational and thermocapillary convections.
The convection observed in YAG melt is
characterized by higher stability than the
one in Al,O3; melt. Therefore, the crystal-
lization front of garnet is less susceptible to
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temperature fluctuations in comparison
with that of sapphire. On the other hand, a
slower convective mixing of the melt near
the crystallization front of garnet may give
rise to accumulation of excessive compo-
nents of the melt and the formation of the
region of concentration overcooling in the
second phase inclusions.
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