ISSN 1027-5495. Functional Materials, 22, No.3 (2015), p. 380-386.

doi:http://dx.doi.org/10.15407/fm22.03.380

Influence of melt convection on the dynamics
and capture inclusions for growing oxide
crystals by HDC

S.V.Naydenov, S.V.Nizhankovskiy, A.V.Tan’ko,
L.A.Grin’, V.V.Baranov

Institute for Single Crystals, STC "Institute for Single Crystals”™ National
Academy of Sciences of Ukraine,
60 Lenin Ave., 61001 Kharkiv, Ukraine

Received March 6, 2015

The main properties of motion of gas-vapor bubbles and impurity inclusions in hydro-
dynamic flows are considered. It is founded the criteria for the formation of the defective
areas for crystal growth of oxide crystals by horizontal directional solidification which is
depended on the hydrodynamic and geometrical parameters of the melt convection.
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PaccmorpeHBl OCHOBHBIE 3aKOHOMEPHOCTH [IBUIKEHHSA IIAPOTa30OBBIX HY3bIPEd M IpHUMec-
HBIX BKJIIOUEHUH B rHAPOIMHAMHUYECKHX HOoTOoKax. Halimenbl KpuTepuu obpasoBaHusa gederT-
HBIX 30H IIPW BBIPAIMBAHUU OKCHUIHBIX KPUCTAJJIOB METOAOM I'OPU3OHTAJIbHOM HAIIPABJEH-
HOMl KPHCTANIMUB3AIMYA B 3aBUCHUMOCTH OT T'HIPOSMHAMUYECKHX W FeOMEeTPHUYECKUX I1apamer-
POB KOHBEKIIMM pPacIliaBa.

BnauB KoHBeKNii po3dmiaaBy HAa JHHAMIKY i 3aXOIIEHHS BKJIOYEHb IIPH BHPOLLYBAHHI
oxcuaganx kpuctaxis merogmom I'HK. C.B.Haiidvonos, C.B.Huxicaurigcvruii, A.B.Tanvko,
JI.A.I'puus, B.B.Bapanos.

Posrisguyro oCHOBHI 3aKOHOMIPHOCTI pPyXy HaporasoBux OyJabbaIIOK Ta LOMIMIKOBUX
BKJIIOUEHb y TiApoguHAMIUYHHX IIOTOKAX. SHAWIeHO Kpurepii yrTBopeHHs medeKTHUX 30H IpU
BUPOIIYBAHHI OKCUIHNX KPHCTAJIB METOLOM I'OPHU3OHTAJBHOI CIPAMOBAHOI Kpucraiaizamii B
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3aJIeMKHOCTI BiA rizpogmHaMiuHMX Ta reOMeTPHYHHX IIapaMeTPiB KOHBEKIIil posmiasy.

1. Introduction

One of the major defects in crystals
grown from a melt is various inclusions:
vapor-gas bubbles and impurity phases (the ma-
terial of the crucible, impurities, etc.) [1, 2].
The mechanisms of their formation and cap-
ture by the crystallization front is deeply
studied, but practical ways and methods for
producing crystals without inclusions still
insufficiently developed. This problem is
particularly actual in growing crystals of
refractory oxide (sapphire, yttrium alumi-
num garnet, etc.), suitable for the manufac-
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ture of large windows and laser elements of
high optical quality. The main ways to re-
duce the probability of formation of inclu-
sions in crystals are using of high-purity
raw materials with low porosity, optimiza-
tion of the growing atmosphere, tempera-
ture and convection conditions in the melt
for effective removal of the gaseous compo-
nents.

As shown by our experiments, and the
results of mathematical modeling of the
growing conditions of sapphire and garnet
(YAG) by horizontal directional crystal-
lization (HDC), formation of the two-vortex

Functional materials, 22, 3, 2015



S.V.Naydenov et al. / Influence of melt convection ...

diffusion
layer

Fig. 1. Two-vortex motion of the melt and
the diffusion layer near the crystallization
front.

flow structure of the melt near the crystal-
lization front is possible [3, 4]. This hydro-
dynamic structure leads to a local increase
in thickness of diffusion layer, formation of
stagnant zone in the area of contact of the
vortices with solidification front (Fig. 1),
accumulation of impurities and subsequent
capture of the inclusions (vapor-gas bub-
bles, impurity phases). As a result the de-
fective zone in the crystals having a
domelike shape and is located along direc-
tion of the crystal growth ("longitudinal
capture”) (Fig. 2). Concentration of the de-
fect region the inclusions in reaches values
of the order 105-107 cm™3.

In this article the physical laws of influ-
ence of the two-vortex melt convection on
dynamics and capture of the inclusions dur-
ing growing oxide crystals (sapphire, yt-
trium aluminum garnet) by HDC method
are investigated.

2. Hydrodynamic model of
formation of the non-uniform
distribution of inclusions in
crystals

Let’s consider the theoretical model of
segregation of inclusions by hydrodynamic
vortex structures in the melt. We begin
with analysis of the segregation of vapor-
gas bubbles. Profile of their distribution in
the melt is formed as a result of compli-
cated dynamics and growth of the bubbles.
The bubbles growth in the melt can be con-
sidered independently from their dynamics,
which depends on the total hydromechanical
motion of the bubbles taking into account
both the convective hydrodynamic fluxes
and mechanical motion of the bubbles under
influence of wvarious hydrostatic forces
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Fig. 2. a) Longitudinal section of sapphire
crystal containing inclusions, b) 3D-model of
longitudinal aggregation in the crystal, c) cross
section of sapphire crystal containing inclu-
sions.

(gravity, buoyancy, force of viscous resis-
tance). It is convenient to decompose the
resulting dynamics of the bubbles on spe-
cific components of the motion and sepa-
rately assess the role of each of them.

It should be distinguished three basic
types of the bubbles motion: 1) hydrostatic
bubble floating (the Archimedes force ex-
cluding viscosity); 2) hydrostatic floating
with the forces of viscosity (the Stokes
force); 3) hydrodynamic motion along the
lines of the vortex flow. According to these
motion types the characteristic times can be
introduced: 1) the hydrostatic floating time;
2) the hydrostatic floating time taking into
account of viscous resistance; 3) the time of
removal under the action of hydrodynamic
convective flows.

We assume a small effect of the change
of hydrostatic pressure on the bubble size.
This assumption is acceptable during crystal
growth from the melt under pressure, e.g.,
under inert gas and small thickness of the
melt, which common conditions for the HDC
method, when the height of the melt does
not exceed 50-60 mm.

It is known [5] that the force of viscous
resistance for motion of the bubble with di-
ameter from 0.01 cm (up to 10 um) is very
well depicted by the Stokes law (directly pro-
portional to speed). In the bubble size up to
100 um the Stokes law is also carried out
with sufficient accuracy. Our studies have
shown that size of the impurity inclusions in
the longitudinal capture is about 1-10 um
and captured gas bubbles is 10-50 um (Fig. 3).
Therefore, to describe the viscous resistance
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Fig. 3. The bubbles in the horizontal grip.
The size distribution of inclusions in the
cross section of capture uniform.

in the melt the linear Stokes approximation
can be used.

It is also known [5], that form of the gas
bubbles remains nearly spherical (i.e., the
bubbles behave like “solid balls™), when
they floating or moving in a hydrodynamic
flow at low or moderate Reynolds number
of order of Re < 700—-800. This is well per-
formed in our case.

Let us estimate the number Re = ul/v,
where u is characteristic speed of the ob-
ject; | — its characteristic size, namely the
diameter d of the bubble; v=1n/p — kine-
matic viscosity (measured in the Stokes,
[St] = [em2s71]), i.e. the ratio of dynamic
viscosity M and density of the fluid p. The
characteristic rate of the bubble motion, as
will be seen below, of the order of magni-
tude does not exceed 10 cm-s~1, that is of
the order of the hydrodynamic flow charac-
teristic speed. Characteristic diameter of
the bubbles does not exceed a hundred mi-
crons, i.e., d <10 2cm. The melt density for
sapphire or garnet: p ~ (3+4) g-cm 3; the typi-
cal dynamic viscosity of the melt: n = 0.5 P.
Kinematic viscosity is of the order of
vo 1071 gem™1/10! g.em™3 o« 1072 em2.s71
= 10"2St. Hence we get typical assessment:
Re o< 10. Therefore, the bubbles hydrody-
namics is associated with the moderate
Reynolds number, and conditions for pre-
serving of their spherical shape are exe-
cuted. The bubbles radius variation can
occur due to mechanisms of the diffusion
growth of the new-phase nuclei, coalescence,
etc. Along with that the growth of the bub-
ble itself can be considered regardless of
their dynamics, as it follows from the as-
sessments provided.
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Let us estimate characteristic time 7, of
the hydrostatic floating. We define the time
of the bubble transfer from the bottom of
the volume to its middle, that is, before the
bubble reaches the intermediate layer be-
tween the macroscopic vortices. For volume
height H in the case of the two-vortex con-
vection this layer is located approximately
at ¥ = H/2. We assume that the bubble is
transferred in the horizontal direction by
fluid flow with a constant rate. In the ver-
tical direction it is affected by the gravity
force Fg=myg =pyVe, directed vertically
downward and by the Archimedes lift force
F, = p,Vg, directed vertically upward. Here
p; and py — densities of the liquid (melt) and
the floating body (gas); V — volume of the
gas bubble; g =9.81072 cm-s2 ~ 107! cm-s™2
— acceleration of gravity.

The motion is uniformly accelerated with
acceleration equal (in magnitude) to

azw{ﬂ_l},. )
m Po

Let us assume that the vertical compo-
nent of the initial velocity of the bubble is
zero (the bubble is pressed to the bottom
volume by the vortex roll).

Then the time of uniformly accelerated
motion for elevation from height 2 =0 to
height A% = H/2 is

\/ 2h* \/ 2h* Py (2)
’[a = = _— = — -,
a (P1/pg—1)g g pq

since the gas density is much less smaller
than the liquid one, py << py.

For H =5 cm characteristic time of the
"Archimedes” floating can be calculated by for-
mula 1, < VH/g\py/p; = V5 - 103Vp,/p; (in
seconds). Let the density of the liquid be p; ~
3 grem™3 (melt of sapphire Al,O3) or py ~
4 g-em 3 (the melt of garnet Y3Al50,5), and the
density of the bubble be py ~ 1.97-10°3 g.cm 3

(carbon dioxide CO,).
Hence, we obtain the desired estimation

1, ~(1.58 - 1.83) - 10735 « 10ms.  (3)

As one can see, if we neglect the liquid
viscosity, then the gas bubbles have to float
from the bottom to the surface of the liquid
(molten) with a sufficiently great rate. The
floating time is about a few milliseconds. In
this case, in stationary regime the bubbles
distribution (or the impurity inclusions, for
which the similar estimations can be pro-
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vided) of the melt height or the trapped
bubble distribution of the crystal height,
grown by HDC method, should be homoge-
neous. However, according to our experi-
mental data, the maximum driftage and the
subsequent capture of the bubbles occurs in
the region between the convective vortices.
This means that other important factors
should play also essential role in hydrody-
namic pattern of the bubble distribution. In
particular, it is necessary to take into ac-
count the viscous resistance to motion of
the gas bubbles or inclusions of impurity,
since the viscosity of the crystal melt
greatly exceeds the viscosity of usual liquid
(e.g. water).

We estimate the characteristic time 1, of
hydrostatic floating with the forces of vis-
cous resistance. As previously mentioned,
the strength of this resistance obeys the
Stokes formula [6], F, = —6mnRv,, where 1
— dynamic viscosity of the fluid, Vg=V —
velocity of the bubble. The minus sign indi-
cates that the Stokes force Fj is always di-
rected against the velocity of the moving
body. We neglect for simplicity of estima-
tion of curvilinear motion of the bubble.
Then the force F, is directed vertically
downwards against the Archimedes force.
This corresponds to a simplified model of
the bubble surfacing without twisting its
trajectory. The rate of vertical ascent bub-
ble varies according to the Newton’s law
mo(dv/dt)y =F, + F, = (p; — p)gV(t) — 6mnR(t)v,
where mq = poV(t) and V(t) = (41/3)R3(¢),
and R = R(¢) indicated by the bubble ra-
dius, which can be changed with the bubbles
growth during the ascent.

The equilibrium condition dv/dt = 0 cor-
responds to the achievement of a critical
speed v, at which the viscous ascent:

_2P1=Pg) o, 2 9
U, = ﬁgR = §(p1/ﬂ)gR .

(4)

We estimate this rate. To melt Al,O; and
Y3AlgOq5 viscosity of the order, where taken
the Poiseuille and 1P =1 g-em s 1. In par-
ticular, for the melt of Al,O5 it is valid empiri-
cal formula mn = 0.000067-exp(21079/T) of
which for T = 2327°K we receive 1 = 0.58P.
For the melt of Y3Al;O4, under T = 2240°K
certain experimental value is 1 = 0.46P. The den-
sity of the melt is p; ~ (3—4) g-cm 3.

Then formula (4), recorded in dimension-
less variables for the critical velocity v is

expressed in units ecm-s~1, we obtain the re-
lation:
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v, ~ R2, (5)

where the numerical value of dimensionless
radius R should be expressed in centime-
ters. If the size does not exceed the gas
nuclei R << 1072 ¢m (100 um), the critical
speed is reached at v.<< 1074 cmsl,
which is very small compared with all other
typical speeds in the hydrodynamic system.

The characteristic time of the order will
be viscous ascent

2.5 (6)
R(cm)?’

Ty(cm/s) =

For the bubble of radius R = (1-5)-1073 em
here we get T, o< (10°-106) s o 102 hours,
i.e. the free float would have to continue
several days. Practically, this means that
the movement in the vertical direction (the
bubble floating) is going at a constant and
very small velocity (less than (at most) tens
of microns per second) compared with the
hydrodynamic motion of the bubble (about
several millimeters or centimeters per sec-
ond). In such a case, the gas bubbles are
nucleate on the bottom surface of the cav-
ity, are captured by the vortex roller and
carry out of them in an intermediate layer
between the convective rollers located ap-
proximately at half-height of the cavity.
Thus during this movement themselves bub-
bles continue to grow in size as one of the
physical mechanisms of nucleation. This
mechanism for removal of the gas bubbles
inside the intermediate layer between the
rollers is the initial cause of the following
capture and characteristic nonuniform by
the height profile of gas pores in the crys-
tals growing by the HDC.

We estimate the characteristic time 1, of
hydrodynamic displacement of the bubbles
that are involved by hydrodynamic flow.
Such movement occurs similarly to if the
bubbles were "frozen” in the line of the
vortex flow and moving along them with a
fluid flow during convection. Obviously, if
here we ignore the viscous resistance, the
characteristic velocity of the bubble would
be the order of the characteristic velocity of
the hydrodynamic flow in the place where
situated the bubbles. In estimation the time
of hydrostatic floating of bubbles it is as-
sumed that the movement in horizontal di-
rection is, as it was at the same velocity
(uniform motion). Of course, this is strong
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approximation. In fact, the gas bubble is
drawn in a circular or geometrically more
complex motion of the vortex. When the
lateral dimensions of the vortex are of the
same order of magnitude, it can be consid-
ered that the convection vortex formed is
cylindrical with the circular cross section.
This is movement occurred with a constant
angular velocity ® at a given distance r
from the axis of the vortex. In this bubble
the usual centripetal (be in force) force acts
with acceleration a, = o?r, and trajectory of
the bubble in the cross section of the vortex
is circular. If the bubble is emerging due to
buoyancy force, its path becomes different
from a circular (or more exactly, the trajec-
tory of the vortex flow). As a result, the
distance from the bubble to the axis of the
vortex changes, and with it the centripetal
force and the respective component of the
velocity of the bubble change. But, if the
change of centripetal acceleration is slow
enough, i.e., radial displacement of the bub-
ble, which trapped vortex, is small com-
pared to the vertical displacement (ascent
by the Archimedes force), the said trajec-
tory complication bubble can be neglected.
The characteristic time of the hydrodynamic
motion (lift by circular rotation) of the bub-
ble, trapped with liquid vortex, is defined as
a half- period of the vortex, i.e, 1, =m/0,
where o = v/r — angular velocity of rota-
tion; v — regular velocity that can be taken
as an average or typical fluid velocity v*
and is typically of the order in the experi-
ment v* ~ (1-5) em-s™1; r — rotation radius
(distance from the axis of the vortex),
which is an order of magnitude r ~ H/4 for
the case where the melt is placed only two
convection rollers (height of the melt is
equal to twice of diameter of the vortex).
Then

H 7

In the case H ~5 cm we get an upper
estimation

7. = 101, )

i.e. time of vortex removal of the bubble is
in the range from seconds to fractions of a
minute.

Evaluation (7) can be taken in the case
when the vortex section differs from circu-
lar, e.g., when the longitudinal dimension L
in the direction of pulling crystal is much
greater than the height H. At the same
time the velocity of the "Archimedes” sur-
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facing bubble for such a system will be of
the order 1, < 1072 s in the absence of vis-
cosity and order T, 105 s taking into ac-
count the latest. Note that it is always
very good, up to two or three orders of
magnitude, the relation of the characteristic
times:

1, ~1072s <<, ~10ls <<1;, ~10%s. (9)

The first one ensures that the dissipa-
tion-free ascent of the bubble, it almost
does not feel the effect of convection. The
second, on the contrary, it speaks about the
near "freezing” of the trajectories of bub-
bles in the line of vortex flow in the pres-
ence of strong viscosity. That second condi-
tion 1, >> 1, is a necessary condition for the
formation of the hydrodynamic structure of
gas pores. Returning to arbitrary parame-
ters of the system, we write down the gen-
eral expression for the characteristic time
scale

_ /2 (10
- 1 1/221/2 0y (10)
a 2 n P1 —Pa >
o ~(2 REARACE
* 19 n | B2 || py —pg

= E(HYL

cl2n |y

where indicated by the number n of convec-
tive rolls that fit in the vertical direction
within the height H and the kinematic vis-

cosity of the fluid v =mn/p;.

The absolute sign |...| indicates the unit
taking the absolute value.

The necessary condition for accumulation
of the inclusions and formation of inhomo-
geneous spatial structure of inclusions, hav-
ing the density ps and the characteristic
size (radius) R in the case of gas pores, and
in the case of impurity inclusions, will form

- 11
T >> T, —> U* >> (g/9)(nR2)w. (b

Interestingly enough, what in this condi-
tion it does not include the geometrical di-
mensions of the system, and includes only the
hydrodynamic parameters (velocity, density,
viscosity) and the size of the inclusions.

For the gas pores with p; >> p,y this con-
dition is reduced to the restriction on the
characteristic velocity v* of hydrodynamic
flows in which dominates the removal of
bubbles is convective rolls:
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v*(em/s) > (RTRZJ -102, (12)
wherein the values indicated tilde written in
dimensionless form, the radius R must be
expressed in centimeters [em] and the kine-
matic viscosity units [em/s] = [P/(g/cm?3)].
For micron bubbles R~ 1074 cm relation
(12) performed extremely well for almost
any hydrodynamic flows in a sufficiently
viscous liquid (melt).

For the impurity inclusions in molten re-
fractory crystals it may perform p; ~ py or
even p; << py (for example, sapphire or
garnet p; ~ (3—4) g/ecm3 inclusions and mo-
lybdenum or tungsten py ~ (10-20) g/cm3).
Inclusions with the density ps =p; would
have to not to float and sink into the melt,
slowly sinking to the bottom, with the vis-
cous resistance of the medium. In this case
you should use a common condition follows

from (11):
v - 13
< (V ~1202] . ‘lv)*(CII]./S)’ ( )

_P2
P1

1

wherein the magnitude R should take the
characteristic dimension on or wvalue R ~
V1/3 where V — typical volume of one in-
clusion.

Note that in the case where the density
of the inclusions close to the density of the
melt p; = pgy it does not have to wait for the
condition (18). In the case p; << py when
the condition

(14)

P2, (V : JOZ] . T(em/s)

Py nR2

the heterogeneous structure would be absent.
But the melt viscosity of the order n ~ 1071P

and with the density p; ~ 3 g/cm3 and size

of the inclusions R ~ 103 em for the condi-

tion (14) leads to a very weak restrictions

P2 (15)

—=>107 . 5¥(cm/s),
P1

which is not realized in the experiment,
even with very slow convection at velocity’s
0" of the order of several millimeters per
minute. For disorders of forming inclusions
inhomogeneous structure distribution is neces-
sary that the size of the inclusions was more
about a millimeter R ~ 107! mm, and the melt

viscosity was very low before m ~ 1073P.
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Thus, we can make a clear conclusion that
for the micron inclusions in the reasonably
viscous melt their heterogeneous structure
is almost always obtain.

3. Comparison of the theory with
experimental data

The resulting picture of “freezing” of
the gas bubbles and microinclusions in the
line of hydrodynamic flow explains the ap-
pearance of crystal zones with bad optical
properties. These zones can be precisely lo-
cated exactly in the intermediate layer and
decorate the boundary between convection
rollers. If we assume that the gas nucleus
or impurity inclusions are formed in a thin
zone near the lower and upper limits of the
molten volume, that subsequent bubbles and
inclusions are carried by hydrodynamic flow
and accumulated in the zone between the
convective rolls and the crystallization
front. Form layer replicates geometry the
surface touch the convective rolls (Fig. 1
and 2). Zone of inclusions concentration can
be slightly wider due to influence of other
mechanisms of removal of bubbles (e.g.,
buoyancy force with accounting the viscos-
ity), which change almost “frozen” trajec-
tory inclusion, shifting it away from the
specified line of the hydrodynamic motion.
However, over time, the dynamic equilib-
rium establishes, i.e. inclusions and come,
and go from the area between the rollers,
but there is some balance and there is char-
acteristic distribution of the bubbles in the
melt, and subsequently captured by the
crystal gas pores (Fig. 1b).

Moreover, the bubbles of the intermedi-
ate layer can be trapped in the upper roller
and move toward the free surface of the
melt, thus widening in size in comparison
with bubbles near the bottom (lowest size)
in the intermediate layer. Therefore, the
upper limit of the melt may form the zone
enriched by the gas bubbles of the largest
size. With such a mechanism in the crystal
regions in an area between rollers, in the
zone of nucleation of the bubbles (at the
bottom or near the surface) and in the re-
gion of removal of the bubbles on the sur-
face of the melt accumulation of the gas
pores is maximized. Important condition for
formation of such a heterogeneous distribu-
tion of the inclusions in the structure of the
crystal pulled is the condition that velocity
of pulling is less than velocity of bubbles
removal in the intermediate layer and the
velocity of setting of the equilibrium distri-
bution. Indeed, taking it for specific times
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we get {y = L/vy << 1,, where {3 and v, —
the characteristic time and the velocity of
crystal pulling, and L — characteristic lon-
gitudinal size of the convective roller.

Typically, L ~ 10! em for the pulling ve-
locity with (8) we obtain the relation

vy <<L/7T. = lem/s « 10*mm/h. (16)

It is performed with a large margin in
practice.

4. Conclusions

Analysis of inclusions dynamies in the
melt flow showed a significant effect of hy-
drodynamic flows in the capture and sub-
sequent formation of the inhomogeneous
distribution of inclusions in the crystals.
Emerging defective areas reflect not only
the unfavorable conditions at the crystal-
lization front, but also provide important
information on the hydrodynamic conditions
in the melt, which should be optimized dur-
ing the crystal growth.
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