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The influence of radiation heat exchange in a crystal-melt system for different (from
the point of view of optical properties) material classes and crystal growing methods (at
constant crystal-melt system thickness and at a constant melt thickness) is considered. The
general approach is based on using of modified numerical one-dimensional crystallization
model at radiation-conductive heat exchange. The radiation heat transfer in a crystal-melt
system provides conditions for faster front movement. In this case, most favorable condi-
tions with large temperature gradients are created in systems with transparent crystal and
opaque melt. At simultaneous crystal and melt "transparency” the temperature gradients
in melt may decrease and cause stability loss of the directed crystallization.

PaccmarpuBaercad BIMAHNE PagUAIlIOHHOTO TeIJIOOOMeHa B CHUCTeMe KPUCTAJJI-PaCIliaB
Ul PasHBIX C TOUKUW 3PEHUA ONTUUECKUX CBOICTB KJACCOB MaTepPUAJOB M METOJOB BHIPAIIIU-
BaHUSA KPUCTAJJIOB: IPU IIOCTOSHHOIN TOJIIMHE CUCTEMBI KPUCTAJJI-PACILIAB U IPU IIOCTOSH-
Ho#l TonmuHe pacmiaBa. OBmIUiT MOAXON MOCTPOEH Ha WMCIOJb30BAHUU MOAUMDUIIUPOBAHHOI
YHCJEeHHOM OJHOMEPHOU MOJeN KPUCTAJIN3AIUN IIPU PAAUAllMOHHO-KOHIYKTUBHOM TEILJIO-
obMeHe. PafaliuoHHBIN TEMJIONEPEeHOC B CUCTEME KPHUCTAJLI-PACILIaB 00ecleunBaeT yCIOBUA
I OoJiee OBICTPOTO IlepeMellleHUus (PPOHTA, IPU 9TOM Hambojee OJATONPUATHELIE YCJIOBUSA C
GOJBIIMMU TPAAWEHTAMU TeMIIepaTyphbl CO3JAIOTCA B CHCTEMaX IIPO3PAUYHBLIM KPUCTAJNI -
HeNpo3pauyHblil paciaas. [Ipu OJHOBPEMEHHOHN ' MpPO3PauYHOCTH KPUCTAJJIA U PaclliaBa rpa-
OUEHTHl TeMIIEPATYPHI B PACIiaBe MOTYT YMEHBIIATHCA U IPUBOJUTEL K IIOTEPE YCTOMUUBOCTHU
HAIPaBJIEHHON KPUCTAJNJIUIAIIU.

Crystal growth from the melt can occur due to temperature field configuration change near to the crystalliza-
tion front. In other methods, the crystal growth occurs by pulling from the melt. The motive power for the directed
crystallization is the temperature gradient directed from crystal to melt. The considerable melt overheat can result
in polycrystal growth, while overcooling, to dendritic one [1]. The temperature field formation in a crystal-melt
system at the directed crystallization is one of the major conditions for growing of high-quality crystals.

Numerical models of heat exchange processes provide study and search for process control ways
for erystal growth and reflect features both of various growth methods and for various materials [2-4].
An essential role of radiation heat transfer is always emphasized in high-temperature processes of
crystallization from melt [4, 5], and the ways to its use for control of processes at the front are consid-
ered [6]. The purpose of this work is to study radiation heat exchange influence on thermal conditions
in crystal-melt system for different (from the point of view of optical properties) materials classes and
crystal growth methods. The general approach is based on using of modified numerical one-dimen-
sional crystallization model at radiation-conductive heat exchange (RCHE) [5].

The various material types are modeled in the work : transparent crystal and melt (for example, halides); sys-
tems with increasing absorption, both in melt and in crystal; transparent crystal and opaque melt (oxides); opaque
crystal and opaque melt (semiconductors). The attempt to generalize and compare the conditions for different
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growth methods is connected with use of two crystals growth models: at constant thickness of the crystal-melt
system and at a constant melt thickness.

Two semitransparent “gray” media are considered in the 1D model: a crystal and melt with tem-
perature-independent thermophysical properties. The directed crystallization process starts from
a stationary mode due to temperature decrease at a hot opaque boundary of the system and at a
cold semitransparent boundary. The non-stationary T-field in a crystal (k= cr) and melt (k=m)
at RCHE is described by the equation:
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where X\, ¢, p are heat conductivity, isobaric thermal capacity, and material density, respectively;
T, time; x , current coordinate; T, temperature.
The Stephan condition (the balance of energy at the front) at RCHE looks like:
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where @) is the volume heat of the phase transititon; 2, the front position.

Within the gap under the lower semi-transparent crystal boundary, the heat transfer is defined
by the heat transfer coefficient besides of radiation. The influence of that gap on the radiation heat
transfer in the system is set by pre-specification of the effective reflection coefficient at the bound-
ary that takes into account the multiple reflection in the gap [7].
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Radiation flux ¢" and radiation flux divergence included into equations (1) and (2), are

radiation intensity of absolute black body I}, (x):
1
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where a is the absorption factor; n , refractive index; |, cosine of angle between intensity vector and growth
direction OX ; I (x) = (o/m)T", the black body radiation intensity in the specified point.

The radiation intensities /™ (x,p) and I~ (x,p) from equations (3) and (4), can be determined
from the following equations (according to [7]):
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where n is the current coordinate along 0X axis. The equation (5) concerns the crystal phase, while
(6), the melt. The first component in right-hand part of these equations describes the incident
radiation in point x from the boundary of the phase considered, the second component is incident
radiation from all internal phase layers positioned between the boundary and the current point.

The radiation intensities on external boundaries of the crystal-melt system I (0), I~ (L) and

on the crystallization front [~ (zf) e (z*) can be determined from the radiation energy balance
on the system boundaries. For a crystal, the equation system is following:

1
[7(0) =ng (1= Ry ) Iy (0)+ 2Ry [ 17 (0.1l
0
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I (z*) = 2Rcr_mjl+ (zf,u)udu+2(1—Rm_cr )jl (z+,u)udu.
0 0

In the first equation of system (7), the radiation intensity on the external crystal boundary is
equal to sum of inherent boundary radiation and reflected radiation from all crystal layers. In the
second equation, the radiation intensity on semitransparent crystallization front is sum of reflected
radiation from the crystal side and radiation which coming from the melt through the interface.
The radiation energy balance for the melt boundaries is written is similar manner:

I (L)y=nd (1-R) L, (T(L))+ 2ij1+ (L.p)ndp
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R, _,, in (7), (8 is the diffuse reflection coefficient of semitransparent interface from the crystal
side, R, , that from the side of melt.

To obtain the equations for radiation heat flux and its divergence in each of the phases, it is
necessary to solve the system of twelve equations, which consists of energy balance equations at
the crystal and melt boundaries (7), (8), formal solutions of transfer equations written for current
coordinate, (5) and (6), and formal solutions of the same equations written for the system boundar-
ies, 1.e. Kgs. (B) written for x =z and x = 0, respectively, and Eqs. (6), for x=L and x=z.

The finite difference method is applied to T-field (1) calculation in each phase. The combined
explicit-implicit scheme with use of dynamically rebuilded coordinate grid is applied for more exact
definition of the front position and temperature conditions. The temperature linearization with use
of Newton method is applied to solve the system of nonlinear equations (because of radiation com-
ponent presence). The partial three-point linearization of radiation flows is carried out, that practi-
cally does not influence the convergence rate of iterative process and allows to keep the equation
systems three-diagonally. The efficiency of 1D model was checked by comparison with literature
data. The results have shown that the calculation error does not exceed 1 %.

A model material with thermophysical properties like BGO, crystallization temperature T, = 1323 K, was
used in the studies. The crystallization versions in the crystal-melt system with different optical properties were
considered, at various modes of system cooling, various temperature drops in crystal and melt. The calculations
have shown that it is just radiation heat exchange that is the main heat transfer mechanism: the radiation part in the
total heat transfer reaches 95%.

The results of stationary temperature distribution calculations in the crystal-melt system at different absorption
factors of crystal and melt and identical total temperature drop in the system are shown in Fig. 1. Let the results
for “transparent” crystal (@, = 3 m™) be considered. The interface is in different temperature conditions at “trans-
parent” melts (@, = 50 m™) and for opaque melts (a,, = 50000 m™) crystallization, the boundary conditions
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Fig. 1. Stationary temperature distribution in
crystal-melt system at different crystal and melt
absorption factors in m-1, accordingly: I — 3/50;
2 — 3/500; 3 — 3/50000; 4 — 50/50; 5 — 50000/50000;
50000 m-1 means opaque melt or crystal. The gen-
eral temperature drop in the system is identical
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Fig. 2. Stationary temperature distribution in crys-
tal-melt system at different crystal and melt absorp-
tion factors in m-1, accordingly: 1 — 3/50; 2 — 3/500;
38— 3/50000; 4 — 50/50; 5 — 50000/50000; 50000 m-1
means opaque melt or crystal. The front position is
identical.

and equal 55 K.

being the same. At low absorption factors, the central melt zone radiation flows are more considerable as compared
to the periphery and, accordingly, temperature gradients are smaller. As the melt absorption increases, the fraction
of through fluxes at the front (which depend on the top boundary temperature) decreases, and radiation flows begin
to depend on the temperature of melt layers near the front. Consequently, the crystal would be cooler, and the front
is located more close to hot boundary. For opaque melt, the radiation flow to crystal is an essential component of
energy balance at the front; therefore, the temperature gradient in melt is maximal.

Comparing the temperature distributions with identical absorption factors of the crystal and
melt, it has been found that increasing system optical thickness results in more pronounced S-shape
of temperature profile at first and, under the considered conditions, in some front displacement to
the bottom boundary. In an opaque system, the temperature gradients ratio is defined by heat con-
ductivity values for crystal and melt.

Taking into account the similar influence of absorption and radiation heat transfer, the front position sensitivity
to temperature conditions change on boundaries was considered. For “transparent” system, the greatest influence
on the front at its various positions is caused by hot boundary temperature change. For system with “transparent”
crystal and opaque melt, on the contrary, the cold boundary influence is stronger. For pure conductive heat transfer,
the stronger influence causes the border which is closer to the front position. Hereinafter, the starting conditions for
the crystallization process analysis are chosen at identical position of front (fig. 2). For different absorption factors,
this was reached by corresponding selection of cold boundary initial temperature.

The crystallization process was considered at identical temperature change rates at the system external bound-
aries. The calculations were carried out at various values of cooling rate and temperature drop. The temperature
profiles at various time moments for “transparent” system are shown in Fig. 3, for system with “transparent” crys-
tal - opaque melt, in Fig. 4. The front displacement in the central part of “transparent” system occurs in conditions
of relatively low gradients, both in the crystal and in the melt, where an unstable directed crystallization zone [5]
arises. To avoid the decrease of temperature gradients below the stability limit, the process should be carried out at
a lower cooling rate. In a system with “transparent™ crystal and opaque melt, the growth conditions arise with the
large temperature gradients in melt, higher movement rate and stability. The front position variation for systems
with various absorption characteristics is shown in Fig. 5, starting conditions see Fig. 2. The greatest front move-
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Fig. 3. Temperature field change in time: absorp- Fig. 4. Temperature field change in time: absorp-
tion factor for crystal is 3 m-1, for melt — 50 m-1, tion factor for crystal is 3 m-1, for melt — 50000
bounds cooling rate is 0.18 K/min.; time moments m- 1(opaque), bounds cooling rate is 0.18 K/min.;
in minutes: I —0; 2 -40; 3 -80; 4 — 120; & — 160; time moments in minutes: 1 — 0; 2 — 40; 3 -80; 4 —
6 — 200. 120; 5 — 160; 6 —200.
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Fig. 5. Crystallization front position change at time Fig. 6. Crystallization front position change at time
at different crystal and melt absorption factors in at different crystal and melt absorption factors in
m-1, accordingly: I — 3/50; 2 — 3/500; 8 — 3/50000; m-1, accordingly: 1 —3/50; 2-3/500; 3— 3/50000; 4 —
4 —50/50; 5§ — 50000/50000; 50000 m-1 means opaque 50/50; 5 — 50000/50000; 50000 m-1 means opaque
melt or crystal; bounds cooling rate is 0.18 K/min. melt or crystal; the melt thickness is constant, cold

bound cooling rate is 0.18 K/min.

ment rate is observed for system with “transparent” crystal and opaque melt where conditions of the maximum ra-
diation heat removal from the front are provided. The least front movement takes place in opaque system. Decrease
of the rate near to hot boundary is connected in all cases with temperature gradients increase in melt near the front.
Similar trends in the front movement rate change are observed under starting conditions according to Fig. 1.

The non-stationary RCHE processes in a crystal-melt system have been calculated at cold bound-
ary constant cooling rate only, starting conditions see Fig. 2. The results for system with “transpar-
ent” crystal and opaque melt practically coincide with the data considered before, received at simul-
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taneous cooling of both boundaries. Under constancy of hot boundary temperature conditions, some
front movement deceleration takes place on a final part of time interval set for systems with high
absorption. The greatest process deceleration is caused by this factor in opaque system.

The model version has been developed where the melt feed is carried out from the hot boundary side in such
a way that at crystal growth, the melt thickness and temperature drop therein are kept constant by the cooling of
the crystal cold butt. The front position change for systems with various absorption characteristics under start-
ing conditions of Fig. 2, as calculated using this model, is shown in Fig. 6. As well as in Fig. 5, the greatest front
movement is registered for system with “transparent” crystal and opaque melt, and the least one, for a completely
opaque system. At the same time, in systems with radiation heat transfer and constant melt thickness, the front
movement rate can be 10 times more than in system with constant system thickness.

To conclude, the radiation heat transfer in a crystal-melt system provides conditions for faster
front movement in comparison with systems with pure conductive heat transfer. In this case, most
favorable conditions with large temperature gradients are developed in systems with opaque melt.
At simultaneous crystal and melt “transparency”, the temperature gradients in melt may decrease
and result in stability loss of the directed crystallization. The considered features of thermal pro-
cesses in crystal-melt system caused by radiation heat transfer influence are reasonable to take
into account, along with data on kinetic conditions of growth, at optimization and new crystal
growth processes development.
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Yopasiaiaaa nporecamMu pagianiliiHO-KOHAYKTHUBHOIO
TEIJIOOOMIHY IIPH KpUcTai3amil 3 po3njaBy

B.1. Jlewro, A.A. Kapsauvrulii, O.B. /lenvkin, I0.B. Jloxmaneub

Posmsnaethcs BIUIMB  pajiallifiHOro TEMIOOOMIHY Y CHCTeMi KPUCTAN-poO3MIaB i pPI3HHX 3
TOUKH 30py ONTHYHMX BIACTHBOCTEH KIaciB MartepialiB i MeTOMIB BHUPOINYBAHHS KPHCTANiB: TIpH
NOCTiliHINM TOBIMUHI CHCTEMH KPUCTAN-pO3MIaB i MpH TOCTIHHIM TOBIMMHI pO3MuaBy. 3arajlbHUM ITiIXiT
OCHOBaHMH Ha BUKOPHCTaHHI MOAUQIKOBAHOI HYHCENbHOI OJHOBMUMIPHOI MOJIeNi KpUCTalizalii Ipu
paziaiifHO-KOHAYKTUBHOMY TemnooOMiHi. PajiamifiHuii TemjomepeHoc Yy CHCTeMi KpHCTal-po3iiiaB
3abe3medye YMOBH JUIS IMBHAINOTO TepeMilleHHs GPOHTY, MpH I[bOMY HalbiMbI CIPUATIHBI YMOBH
3 BENUKUMH TpajicHTaMH TeMIepaTypH CTBOPIOIOTLCA V CHCTEMax MPO30OPUH KpHCTAN - HEMpo30pHit
posmnas. Ilpu ofHOYACHIM «IPO30POCTI» KpHCTala i PO3MIaBy T'pajicHTH TeMIepaTypd y pO3MIaBi
MOXKYTh 3MEHINYBATHCA i TPUBOAWUTH 1O BTpaTH CTabiTBHOCTI TIpoOIlecy HampaBleHOi KpUcTami3alli.
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