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Unsteady numerical analysis of heat transfer and phase change dur-
ing crystal growth process
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Abstract: - Controlling the melt-crystal (m-c) interface during Kyropoulos crystal growth and understanding
the origin of re-melting phenomenon are challenging tasks for sapphire crystal growers. In this paper, a tran-
sient model is used to investigate the evolution of the melt-crystal interface in Kyropoulos crystal growth of
sapphire. Internal radiation in semi-transparent sapphire is modelled with the discrete ordinates model (DO)
and the phase change with the enthalpy method. During crystallization, the maximum convexity of the m-c
interface coincides with the development of an angle on the m-c interface near the free surface leading to the
appearance of re-melting zone that affects the sapphire single crystal quality and reduces significantly the
ingot diameter. This simulation also shows that the m-c interface shape and the crystal length obtained at
different growth stages agree well with the experimentally grown crystals including re-melting zones phe-
nomenon.
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studied this phenomenon and proposed solutions to

1 Introduction delay its onset. S.E.Demina et al. [9] have found a

large vortex in almost entire melt and a secondary
There is a growing interest on sapphire single crys- vortex of lower intensity near the free surface that
tals since they are widely used in a variety of mod- changes the m-c interface shape and leads to re-

ern high-tech applications as commercial optical ~ Melting-zone.

C. Chen et al. [10] have noted that a particular
shape may delay the onset of re-melting phenome-

systems, high power laser components and as excel-
lent substrates for silicon-on-sapphire wafers. Czo- )
chralski (Cz) [1-3], heat exchanger method (HEM)  0on and reduces the convexity at the last stage of
[4-6], edge-defined film fed growth (EGF) [7] and growth process. Internal radiation at different stages
Kyropoulos method [8.9] are among several growth of Kyropoulos sapphire growth and their effect on

techniques of sapphire crystals. The phenomenon the m-c interface and remelting-zone have been in-
vestigated by H.S.Fang et al [11]. They have con-

known as "remelting-zones" is the main problem
cluded that both natural and thermocapillary con-

encountered during Kyropoulos process inducing
vection in early growth stage influence the

occurrence of re-melting zone.

defects that can degrade the crystal quality and af-
fect their mechanical properties. Some authors have
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Demina et al. [9] have shown that during the sap-
phire crystal stage growth, the maximum value of
thermal stress is located along the crystallization
front and close to the seed. W. J. Lee et al. [12]
considered that a crucible with curved bottom re-
duces the convexity of the melt-crystal interface
and the maximum velocity near the crystallization
front than that of cylindrical crucible. Chun-Hung
Chen et al. [13] have numerically simulated the
thermal distribution and the von Mises stress in
sapphire during the whole cooling process in a Ky-
ropoulos furnace. They found that the highest stress
appears in the near region of the seed crystal, the
center and at the outer surface.

However, although there have been many studies
on steady and quasi-steady simulations, as men-
tioned above, there has no report on transient com-
putation on Kyropolous process and the origin of
the re-melting zone occurrence is not well known.
Hence, the main goal of this work is to have an in-
sight into the time history of the m-c interface evo-
lution in Ky process and the re-melting zone ori-
gins. Time-dependent finite volume method is used
in computations, enthalpy porosity formulation for
the phase change and discrete ordinates for radia-
tions.

Results for growth front, crystal length and convex-
ity during the whole growth process are presented.
Melt convection and temperature field in melt and
crystal are reported for the earlier growth stages.
Comparison to previous experimental and numeri-
cal results is given when it is possible.

2 Numerical modelling

Schematic diagram of the whole Kyropoulos fur-
nace is depicted in Fig. 1. The crucible and molten
sapphire are heated through radiation, and cooled
by the seed as well as support by conduction. This
heat arises from three zones: upper, side and bottom
heaters. Insulation shields are surrounding the cru-
cible walls and heaters to avoid heat loss from the

E-ISSN: 2224-3461

78

S. Zermout, F. Mokhtari, F.Haddad, A.Merah, |.Lasloudji

chamber furnace. In the liquid sapphire heat is
transferred by convection and internal radiation.

Seed rod
Top shield
Aliddle shield

Seed crystal
Top heater,
Side shield.

Melt
Aliddle heater

Bottom shield
Chamber.
Tnsulation

Fig. 1. Schematic diagram of Kyropoulos fur-
nace

The melt sapphire is assumed to be laminar incom-
pressible and Newtonian fluid satisfying the Bous-
sinesq approximation.

The unsteady governing equations for the problem
can be expressed in the following form:

V.ui=0
(1)

a ~ - _, —
pa—L:+pu.Vu = —Vp+V.(,u(VU ))+Pgﬂ(T T )/Cp —Sq

(2)
oT _
£C, E+pCpu.VT =V.(kVT)+V.Graq — St

)

WhereU, T P and Uare velocity, temperature, pres-

sure and time. © , H , B , C , Kand 9 represent
density, dynamic viscosity, thermal expansion coef-
ficient, specific heat, thermal conductivity and
gravitational acceleration vector, respectively.

S St and V.G are source terms.

The model used for solving the phase change is
based on the enthalpy formulation [14-16].

The growth interface is a porous region of a porosi-
ty equal to the liquid fraction fl. The relationship
between the liquid fraction and temperature is de-
fined as follows:

LT>T,
0,T<T,

melt

' crystal

“)

Where T, is the melting temperature of sapphire.
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The term source in the momentum equation is,

Su = Anush (1— fI)U‘

It serves to block the velocities in solid cells. The
mushy zone constant Amush characterising the
melt-crystal interface quantifies the loss of speed in
the phase change zone. The enthalpy method
[15,16] takes into account the latent heat of solidifi-
cation L corresponding to the cell temperature in
the following source term,

df

St =pC,L—
T P p dt
©))

Choosing the right model of internal radiation in
semi-transparent oxide crystals is of great im-
portance for an accurate simulation of advancing m-
¢ interface and the predictions of the temperature
field.

In our work, the DO method is used for the internal
radiation. Radiative heat transfer in the semi-
transparent sapphire is calculated by the divergence
of radiation flux defined by Eq. (6) in a particular

direction S :

V.(1(F.5)8)+al (F.§)=an’l,,

(6)

I'is the radiation intensity at position Tin direction

S, s the absorption coefficient, n is the refractive

index and Ly is the black body intensity given by
Planck function. The 4n solid angle domain is di-
vided into10x10 discrete, nonoverlapping solid an-
gles and the partial differential equation for the ra-
diative intensity in the discrete direction spanning
the solid angle is obtained in Eq. (7). As a result,
the radiative heat flux is as follows:

Grad :Zwm.(flm.ﬁ)lm
m

(7)
where ®m is the angular quadrature weigth which

sums to the surface area of the unit sphere, '™ is the

O and

N is the unite normal vector. In this work, all walls
are considered as opaque diffuse-gray boundaries.

radiative intensity for the discrete direction
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Double precision solver of the finite volume meth-
od is used in simulation. The second order upwind
discretization for convection, PISO algorithm for
pressure-velocity coupling and the Pressure Stag-
gering Option (PRESTO) scheme for pressure in-
terpolation are employed.

3 Results and Discussion

The crystallisation front plays a great importance in
the crystal quality. This is why we conducted tran-
sient simulations of the sapphire crystal growth
process in a Kyropoulos furnace.

3.1 Melt-crystal interface morphology in time

Crystal-melt interface evolution versus time from
the shouldering to the equal diameter until the end-
ing growth stage is depicted in Fig. 2.

Fig. 2: Evolution of melt-crystal interface shape
at different growth stages: Time interval be-
tween two successive cases is 2 hours.
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The m-c interface morphology is conical down-
wards at the early growth stage (Fig.2a); the growth
occurs mainly in the axial direction (z). This shape
agrees well with experimental and numerical results
[8,17,18].

Fig. 2b indicates that m-c interface shape becomes
nearly hemispherical. At this stage, the growth aris-
es in the radial and vertical directions. Thereafter,
the interface loses its hemispherical shape and an
obtuse angle (e = 96°) directed towards the sidewall
of the crucible appears, Fig. 2c. Reduction in melt
volume and thus increase in crystal length charac-
terise this growth stage.

The e angle decreases over time to (90°, 81°, 74°),
corresponding respectively to cases d-f. It orients its
tip slightly toward the crucible wall up e = 63° (Fig.
2g). At this growth stage, we notice that a small sol-
id-spot appears on the sidewall of the crucible (Fig.
2f), which has no connection with the solid part.
Gradually, this solid spot increases in size and
meets o angle (Figs. 2g, h). It appears then a liquid
portion in form of a ring at the free surface near the
sidewall. This sapphire liquid ring is isolated from
the remaining melt inducing then the re-melting of
the crystal portion in contact with the ring. Conse-
quently, the irregular sapphire ingot shape resulting
from remelting-zones appearance is probably
caused by the unexpected formation of this molten
sapphire ring at the free surface during the shoul-
dering growth stage.

At intermediate stages, where the m-c interface ad-
vances downwards, this ring in turn decreases until
it disappearance indicating the onset of the equal
diameter stage (Figs. 2i-k). A wavy m-c interface
shape results from the solidification of this ring.
However, we observe in Figs. 2m-o that the m-c in-
terface becomes almost flat with slight undulation
close to the sidewall. Gradually, these undulations
flatten throughout the bulk (Figs. 2p-t). At the end-
ing growth stage (figs. 2u-x), the advancement m-c
interface is faster at the central part than the side
part, leading thus to the loss of the interface flat-
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ness. Fig. 2w shows that stagnation region appears
in the crucible corner. A curved crucible bottom
shape has been proposed to avoid the formation of
this dead fluid region [12]. Stage x corresponds to
the fully solidification of the sapphire melt.

The growth interface convexity is among the most
important parameters affecting the crystal quality.
Small convexity of the m-c interface is required to
obtain good ingot quality. The convexity of the m-c
interface defined by Chen et al [6] is expressed by:

C = maxZh - minZh

Zh is the height of the m-c interface in the z direc-
tion.

Evolution of m-c interface convexity versus crystal
length (H) is illustrated in Fig. 3a. We note that the
convexity increases rapidly until a crystal length H
= 186 mm and reaches its maximum value at point
g, the stage just before the molten sapphire ring ap-
pearance.

Thereafter, the convexity decreases until the point p
then remains almost uniform corresponding to the
flatness of the growth interface during the equal-
diameter stage. At this growth stage, the ingot part
has a better quality than the shouldering stage [19].
At the end growth stage, a slight linear increase of
the convexity is reported corresponding to the
change from flat interface shape to slight conical
(point, u). Afterwards, the convexity decreases fast-
er while the crystal length remains fixed (u-x).

Volume 14, 2019



WSEAS TRANSACTIONS on HEAT and MASS TRANSFER

100
90 | 9

| [ ]
8o |
0k
60 |
50 |

40 f |

Convexity (mm)

30 |

2 F

[ )
I a
10/ qui/
0

150
Crystal length (mm)

200 250 300 350

Fig. 3: a) m-c interface convexity evolution ver-
sus crystal length b) Crystal length evolution
versus time at different growth stages

Crystal length evolution over time is presented in
Fig. 3b. The growth process can be partitioned into
three zones I, II and III following the different
curve slopes.

The first growth stage (part I) corresponds to a fast
increase of crystal length. At the atomic scale, such
growth rate at the shouldering stage prevent the at-
oms to arrange themselves in a periodic array. This
lack of a systematic atomic arrangement induces
defects in the crystal [19]. At the equal diameter
stage (part II), the crystal length increases linearly
at a growth rate of about 4.19 mm/h. This small and
uniform growth rate allows atoms self-organize fol-
lowing well-defined crystalline lattice resulting then
in a good quality of this part. At the part III, a linear
increase in length is reported before it approaches
the crucible base.

3.2 Flow and temperature field

Isotherms and flow motion in the melt and tempera-
ture distribution in the sapphire crystal at the six
earlier growth stages are depicted in Fig. 4.

The temperature evolution in the crystal indicates
that heat is conducted from the melt to the crystalli-
sation front by convection and internal radiation.
Then transported from the hot m-c interface to the
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as-grown crystal by internal radiation and conduc-
tion, both of which are responsible for the quite
convex isothermal lines in the crystal. However, the
isothermal lines are distorted in the melt. This can
be explained that the melt convection strongly af-
fects the temperature field due to the high Prandtl
number of the melt flow (Pr = pn.Cp/k = 40).

The streamlines direction in the melt shows that
under the buoyancy effect, the hot fluid particles
move upward along the crucible sidewall, and then
move radially along the melt free surface. Arriving
at the growth interface, they become cold and heavy
and under the gravity effect, they move downward
along the centreline forming thus a vortex in the
sapphire melt. Natural convection in the melt flow
is mainly driven by the radial temperature differ-

ence. Grashof number (Gr =P EBRAT, iy / 1 ) rep-

resents the strength of natural convection in the
molten sapphire, where R is the crucible radius.
This number is approximately 4700. The low value
of Gr indicates that the flow motion in the melt is
laminar.

At the first growth stage (Fig. 4a), isotherms are
concentrated near the m-c interface and have a con-
ical shape. They appear sparse in the rest of the
melt, which indicates that the temperature gradient
is weak and more than half of the molten sapphire
in the lower part of the crucible is almost at the
same temperature.

This temperature distribution resulting from the
transfer of heat by radiation and convection is re-
sponsible of the formation of an anticlockwise ro-
tating vortex with a small intensity (Fig. 5a). Its
center is located at the upper part of the melt and
streamlines are closer together under the melt free
surface.

At the second growth stage (Fig. 4b), isotherms be-
come hemispherical near the m-c interface and
slightly wavy in the rest of the melt and push to-
wards the sidewall. This change in the temperature
profile moves the vortex center to the molten sap-
phire center with a considerable increase in its in-
tensity as shown in Fig. Sa.

From the third growth stage (Fig. 4c), sinuous iso-
therms induce an intensification and a moving
downward of the vortex center. Then, streamlines
become closer together near the bottom.
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Gradually, as the crystallization front increases in
size much more fluid becomes in contact with the
m-c interface leading thus to the intensification of
convection. Increasing the cold exchange surface,
decreasing the melt free surface size and increasing
the radial temperature gradient are among the ori-
gins of the intensification and the displacement of
the vortex centre over time. Figs. 5a and 5b show
that the vortex intensity and the center position sta-
bilize for stages (c-f) where the melt free surface
and the solidification front sizes remain almost the
same.

Figs. 5¢ and 5d show that at the first growth stage,
the axial temperature gradient is greater close to the
m-c interface and decreases gradually as the growth
process advances, while the radial temperature gra-
dient decreases near the m-c interface and increases
away from the m-c interface.

Let us now discuss the thermocapillary convection
effect during the six earlier stages (Fig. 5). We ob-
serve that isotherms push to the sidewall inducing
thus a decrease in the axial temperature gradient at
the early growth stage of the process as shown in
Fig.6a. This effect on the thermal gradient drops
during the process (figs. 6b and 6¢). Marangoni
number,

Ma=- ( dY/dT ) (1/11(’“) R2 (TFree,max 'TFree,min )

represents the strength of Marangoni convection
caused by the surface tension gradients; it changes
from 2500 to 1600.

Fig. 5b shows that Marangoni effect induces a re-
markable increase of the vortex intensity at the be-
ginning of the growth with a slight shift of its center
(fig. 5a). This increase is estimated at 43% for the
first stage and 5% for the second.

For the stages (c-f) in Fig. 6 corresponding to a
small melt free surface size, the intensity of the
buoyant vortex occupying practically all the melt
and its location center remain unchanged. However,
a secondary vortex of lower intensity induced by
the surface tension gradients arises near the melt
free surface. The formation of this second vortex is
among the origins of the occurrence of remelting
zones that significantly affect the ingot quality and
size.
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Fig. 4. Evolutions of temperature in the crystal,
isotherms (left-hand side) and Streamlines
(right-hand side) at the six earlier growth stages.
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Fig. 6. Evolutions of isothermals (left-hand side)
and Streamlines (right-hand side) at the earlier
growth stages.

4. Conclusion
This investigation focuses on the analysis of the

phase change phenomena during sapphire crystal
growth process.

s} The m-c interface changes from conical to hemi-

spherical morphology at the early growth stages
then takes an undulate shape at the shoulder stage
and gradually the m-c interface flattens at the equal
diameter stage.

2331

2330 |

2329 |

Temperature (k)

Growth rate corresponding to the equal diameter

- stage allows obtaining a good sapphire ingot quality

comparing to the other stages. In addition, more

2327 L L L . than 45% of crystal was grown with average rate
0.04 0.06 0.08 0.10 0.12

Free surface (m) about 4.19 mm/h. = (Growth rate corresponding to

the equal diameter stage allows obtaining large part
and good sapphire quality comparing to the other

Figure. 5 : Effect of Marangoni convection part of ingot).

Convexity of the m-c interface shape reaches its
maximum value when the hot liquid ring appeares
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near the melt free surface and begins to decrease as
it decreases. This convexity causes the development
of a wavy interface shape on crystal surface periph-

ery.

The temperature distribution predicted by this simu-
lation shows that the isotherms accumulate in the
crystal-solidified part. Isotherms in the melt are dis-
torted by buoyancy and strongly affected by Ma-
rangoni convection.

Liquid sapphire ring appearance near the free sur-

face at the shoulder stage increases the convexity of
the m-c interface and causes the development of a
wavy interface shape. When the remelting-zone oc-
curs excessively, a significant portion of the ingot
has a strong possibility of having microscopic and
macroscopic defects that affect the crystal quality
and subsequently translate into a loss of mass and
energy during polishing.

Conical interface shape at the early growth stage,
crystal length evolution over time and remelting oc-
currence show a sufficient agreement with available
experimental works.

Finally, we believe that our work will be useful to
clarify some points related to Kyropoulos crystal
growth.
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