NONSTATIONARY TEMPERATURE FIELDS FOR GROWING
LAMINATED LEUCOSAPPHIRE

Yu. K. Lingart UDC 536.421

The influence of temperature fluctuations of the heater on the temperature field
is investigated in a melt—leucosapphire crystal system. It is shown that the
crystallization front is a thermal damper. The necessary accuracy of the auto-
matic regulation system is determined.

A mathematical model is represented in [1], which was used to perform a number of tem~
perature-field (T-field) calculations in leucosapphire horizontal directional crystalliza-
tion apparatus. Comparison of the results obtained with experiment showed that the mathe-
matical model developed for the apparatus corresponds with sufficient accuracy to the real
physical processes occurring therein. Results were presented there for a computation of T-
fields for the quasistationary heat-transfer regime and different discrete positions of the
container relative to the thermal unit of the apparatus. The influence of the spatial loca-
tion of the container on the T-field being formed in the melt—crystal system is shown in [2].

No less important is the investigation of the nonstationary temperature fields during
crystal growth. ‘

It is known that quite rigid requirements on the stability of the thermal conditions
are imposed on the technological crystal growing regime (and therefore on the crystalliza-
tion equipment) during the growth process. However, the requirements on the stability of
the temperature regime rely, as a rule, on deductions made by means of different indirect
parameters, and do not have a sufficiently clear foundation, and are often purely intuitive
in nature. At first glance, this is related to difficulties in measuring the temperature
generally, and the nonstationary temperature fields during the growth of optical crystals,
in particular. Consequently, the stability of the temperature conditions in specific tech-
nological crystal growth processes remains not studied and the requirements on this parameter
during the development of the apparatus are, as a rule, unjustifiedly exaggerated.

An attempt is made in this paper for a computational investigation of the influence of
temperature fluctuations of the heater on the process of T-field formation in the melt—
leucosapphire crystal system by the method of horizontal directional crystallization (HDC)
during growth. All the computations were performed according to a program described in
detail in [1-3] in application to the thermal unit of serial installations of the SGVK-
"Sapphire" type which areused extensively in our country.

The heater of the apparatus under examination is fabricated from a tungsten bar of 10~
mm diameter, and has significant specific heat;Cpy = 3.5-10° J/(m?-K) at 2500°K, which per-
mits early elimination of high-frequency power oscillations (with a period less than 1 sec)
from consideration, which are related to instability of the power grid. Consequently, hence-
forth heater temperature fluctuations are considered that can be caused by either a time in-
stability in automatic control system operation, or by defects of the thermal unit which un~—
expectedly occur (destruction of the shields, change in heater resistance, etc.). These
reasons can cause temperature fluctuations of a different form at the heater. In all, twelve
different kinds of temperature perturbations were investigated (Fig. 1) for different rela-
tionships between To; Tt; T4 and AT.

The following were the main questions posed during execution of the computations: pas-
sage of the heater temperature perturbations into the melt—leucosapphire crystal system,
change in the crystallization rate under the influence of the heater temperature perturba-
tion, change in the temperature gradient field in the domain of the crystallization front as
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Fig. 1. Nature of the heater temperature perturbations: |-
12) possible kinds of temperature fluctuations given in the
program.

a function of the absolute value of the crystallization front, the influence of the latent
heat of crystallization on the change in the temperature field in the phase transition
domain.

Computations executed for temperature perturbations of the form 1, 2, 5, 6 (Fig. 1)
showed that a new stationary regime sets in in the melt—leucosapphire system after 270-310
sec (1¢) depending on the absolute value of the temperature perturbation (AT varied from 1
to 20°C). The magnitude of the temperature perturbation was 40-60% of the heater AT near
the crystallization front in the crystal and depended on the sign and magnitude of the AT.
It was also established that the 95% change of the T-field from the new stationary regime
sets in in the melt—crystal system after a time period of mr£/5.

Results of a computation of the time change in the T-field are represented as an example
in Fig. 2 for a +20°C heater perturbation, which is 0.687% of its initial temperature level.
The melt—crystal system is in the quasistationary regime shown by the dashed curves (t = 0
sec) up to the time of the beginning of the temperature perturbation. The crystal grew at
the constant rate of~9 mm/h, Precisely the fact that the container was shifted at a very
low velocity during growth permits speaking about the quasistationarity of the process, i.e.,
at each instant there was a quasiequilibrium state (in the thermodynamic sense) between the
melt and the crystal. Despite the fact that the temperature perturbation was realized in
conformity with the mode | (see Fig. 1), the T-field in the melt—crystal system started to
change substantially only after 18 sec and reached a value after 48 sec that comprises 93%
of the new steady thermal mode. The system arrived totally in this state after 308 sec.

The location of the crystallization front shifted during formation of the T-field, and
the temperature gradient field changed along the length of the crystal, where there is a
domain that stands 25~30 mm off from the crystallization front, where the relative change of
dT/dx is maximal (the absolute value of dT/dx also has a maximum here). This domain agrees
with the position of the diaphragm that separates the crystallization and annealing zones of
the apparatus in which the shields are perpendicular to the plane of the container with the
crystal. Such a shield arrangement hinders incidence of direct radiation from the heater
on the crystal in this domain, on one hand, and assures a significant radial heat flux out-
flow from the crystal, on the other, since the diaphragm is a set of narrow deep slots formed
by the shields. The emissivity of such a set of slots is close to 1, i.e., at this location
there is a surface opposite to the crystal that does not, in practice, reflect the radiation
incident on it from the surface from the bulk of the crystal.

The change in the temperature gradient in the crystal in the domain separating the dia-
phragmswill occurwith- a 3-5-sec time delay relative to the beginning of change of dT/dx on
the crystallization front, which is related to the finite heat flux propagation velocity over
the crystal.
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Fig. 2. Change in the T-field and temperature gradient field
upon insertion of the heater perturbation AT: 1) AdT/dx maxi-
mal; 2) the same, crystallization front; 3) heater; 4) dia-
phragm; T, °K; L, mm; dT/dx, Z.

The fundamental results presented in Table 1display the substantial difference in the
changes in the main thermal parameters of the growth process of crystal being formed because
of the action of the temperature perturbations. In the area of small temperature perturba-
tions (to #3-4°C) the greatest relative changes arrive at the magnitude of the temperature
gradient in the domain of the separating diaphragm, andat the locationof crystallization
front for more than 7-8°C temperature perturbations, where the difference in the change of
dT/dx on the crystallization front and in the domain of its maximum value diminishes as the
absolute value of the temperature perturbation grows. For example, dT/dx|max is 3.3-3.5

times greater thandT/dx]| for AT = + 1-2°C, while it diminishes to 1.7-1.8 for AT = +20-

25°C.

cryst

The temperature change at different points of the crystal due to the action of the tem-
perature perturbation *AT is shown in Fig. 3. It can be noted that the T-field in the crys-
tal reacts differently to the increase and decrease in the heater temperature. The diverse
nature of the T-field reaction is caused by the presence of a phase transition in the mate-
rial at which the heat of crystallization is liberated, where this quantityis quite substan-
tial for leucosapphire even for relatively low crystallization rates.

Analogous computations performed for a lower temperature level yielded completely sym-
metric pattern of T-field changes for positive and negative values of AT. It must be noted
that in this case the maximal temperature change at the “hottest" point of the crystal was
*12.8, 7.3, 3.4, 1.42°C, respectively, for the temperature perturbations *20, 10, 5, 2°C.
Therefore, a stronger influence of the heater temperature fluctuations is seen in the crys-
tal in the absence of latent heat liberation despite the lower temperature level (2100°K).
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Fig. 3. Temperature change at different points of a growing
crystal as a function of the sign and magnitude of AT: a, b:
1) 1382°K; 2) 2027; 3) 2368; 4) 2307; 5) 2178; 6) 1697; c: 1)
2368°K; 2) 2307; 3) 2027; 4) 2178; 5) 1381; 6) 1697; I) heater
temperature perturbation; AT, °C; 1, Sec.

Estimates performed showed that for a 25 x 100 mm crystal cross section, from 17.63 W at
Ver = 6 mm/h to 30 W at Vor = 10 mn/h is liberated at the front. The heat flux eliminated
from the crystallization front in the solid phase is around 25 W for dT/dx = 10 K/cm and 130
W for dT/dx = 50 K/cm. Therefore, the crystallization front can exert substantial influence
on the passage of the temperature perturbation from the heater to the growing crystal.

Depending on the magnitude of the temperature perturbation, five different versions of
the crystallization front behavior (Fig. 4) can occur. Let us consider the case when the
velocity of container motion (Voop) relative to the heater and the velocity of crystalliza-
tion front motion (Vgy) relative to the container are opposite and equal, i.e., the crystal-
lization front "stands"” at a fixed location. For an abrupt diminution in the heater
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Fig. 4.
the rate of material crystallization:

v 5
cr
! VCK' < V0011< [t]
| e ]
ey Ve
.
fr Veon
v =ﬂ
z
s .
- .
——
't Ycon
Ver =
V<V 20
I IR
\ —ercon
o
B e e |
4 fr b———————o—v
con |
2
Ver .
‘ Vor=Veos ¥ |
Vr
——p———f
R e |
[ ]
& Veon
Ver !
{ ey
Ve V. >V 0
———
i Veon

Influence of the magnitude and sign of AT on

) Ver > Veons

2) Ver = Veons 3) Ver < Veons 4) Ver = 0; 3) melting
of the crystal.

Thermal Parameters on the Crystallization Front

Influence of Temperature Perturbations on the

Main

- | Change in T after 7} /5 %l Change in 3 <

S _ o - 9 3 &| temp. gradient E E
s o S ‘ g e Ew 2 - asseany f A g

w 8| SE 1 L8 dEg |98 C|ntE |5 W gop g
Saf 950 (B8, | e85 |88 1528 |E EE(E2E| Es
SEL| Es2 ) og8 €8T (39 3|°2: |S BE|EwT| ZE
Toal 825 Sﬁug[.s“a'so 558|888 |geeflaes| =2
+2 | 0,42 0,43 0,27 | +10,74| +1,3 | 42,35 | 308 2381
—20 | 0,4 0,38 0,28 | —9,43 | —1.35 | —2,51 | 29 2337
+10 | 0,22 0,15 0,11 | +4,82 | +0,83 | +1,92 | 287 2378
—10 | 0,21 0,14 0,112 | —4,2 | —0,87 | —2,02 | 280 2358
+5 0,1 0,077 ! 0,06 | +1,8 | 40,47 | +1,56 | 274 2374
-5 0,09 0,073 { 0,063 , —1,51 | —0,51 [ —I1,63 | 268 2363
-+ 0,036 | 0,027 | 0,021 | 40,7t | 40,31 | 1,07 | 257 2370
—2 0,034 | 0,024 | 0,022 | —0,62 | —0,34 | —I,12 | 259 2366

temperature (Fig. 4,

Vfr.

No. 1), a component of the crystallization front motion velocity occurs
due to the change in the temperature conditions (VT), which is directed to the same side as

The crystallization front starts to shift toward the heater and Vqr becomes greater

than Veon, and the heat-of~-crystallization liberation increases correspondingly, tending to

cancel the action of the temperature perturbation.
No. 2), the velocity component VT is also small and Vqr remains practically equal to Vgp,

i.e., the front shift from the initial position is insignificant.

There can be three cases for a positive perturbation +AT.

For a small negative value —AT (Fig. 4,

If AT is small (Fig. 4, No.

3), the component VT is also small, but directed oppositely to Vgr, and the crystallization
rate diminishes (Ver < Veon) 3 here the liberation of the heat of crystallization diminishes

on the front.

Increase of +AT can result in Vg becoming equal to Vfr, and in this case
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crystallization of the material ceases. Finally, the perturbation can be so large that Vr >
Vfr, and submelting of the material being crystallized starts with absorption of the heat of
the phase transition.

Therefore, in all cases the crystallization front exerts a damping action on the origi-
nating temperature perturbations, weakening them significantly. For this reason, positive
and negative AT differently exert influence on the change in the T~field in the crystal.
Checking computations executed at a lower temperature level (no crystallization front) con-
firmed the validity of the statements expressed. In these cases the pattern of the T-field
change would be independent of the sign of AT.

Estimates performed on the power for installations of the type SKBK-'"Sapphire" showed
that in the nominal regime power fluctuations within the limits *0.357 result in a not more
than 0.08-0.1 mm crystallization front shift; here the heater temperature fluctuations are
about +0.85-0.95°C.

The analysis performed on the temperature conditions for leucosapphire crystallization
by the HDC method showed that requirements on the automatic regulation systems are elevated
without complete justification, and existingpower, voltage, and other regulating systems
possess sufficient accuracy for the maintenance of stable temperature conditions in the melt—
crystal system. On the other hand, it can be assumed that the main source of instability in
the conditions on the crystallization front for an installation of this kind is the work of
the container displacement mechanism. Thus, for instance, a change in the velocity from 8
to 7 mm/h results in a 15-17Z diminution in the liberation of the heat of crystallizationm,
which is 5-107 of the internal heat flux from the liquid to the solid phase for small tem
perature gradients. Such a velocity fluctuation turns out to be equivalent to the tempera-
ture perturbation of 30-40°C at the heater, where it must be taken into account that the in-
stability in driver operation is reflected on the crystallization front without any atten-
uating factors. Therefore, it can be considered that the transfer coefficient of the per-
turbing action from the heater on the crystallization front location is 0.4~0.6, and from
the drawing mechanism is equal to one. In connection with this the requirements. imposed on
the stability of maintaining the heater temperature should be matched to the stability of
operation of the mechanism, otherwise the increase in regulation accuracy is unjustified.

NOTATION

Cp, specific heat; y, material density; to, Tt, T4, Tf, time period of the initial sec-
tion, the transition to the new temperature level, the holding, and the termination of the
transient; dT/dx, derivative of the temperature with respect to the coordinate; AT, magni-
tude of the temperature deviation from the nominal value; Ver, Veons Vfrs VT, crystalliza-
tion, container motion, relative crystallization front displacement, and front displacement
rates due to the action of the temperature perturbation.
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