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ABSTRACT

A study has been made of the solution variables, crystal constants,
and system parameters which control the growth of large perfect crystals of
refractory oxides from fused salt solvents, A set of formulas have been
develcped for the prediction of growth conditions from these fluxes. Cooling
rates, thermal gradients, stirring rates, and container dimensions have
been considered as system parameters. Solubilities, diffusion constants,
viscosities, interfacial surface energies, solution and crystal densities,
and solute radii have been considered as independent variables, The
formulas have been applied to the prediction of crystal growing conditions
for the production of sapphire and ruby from a lanthanum fluoride-aluminum
oxide flux, The study included experimental determinations of the densities
and viscosities of the lanthanum fluoride~aluminum oxide flux and

experiments upon the solubility of aluminum oxide in this flux,

Results from the program indicate that past and present difficulties
with the fused salt technique of crystal growth have been caused primarily
by hydrodynamic factors which may be overcome by detailed planning of

experimental growth conditions.
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I. INTRODUCTION

This is the final report on Contract No. AF 19(628)-5656. The work
on this contract has been directed to solution studies on fused salt systems
in order to provide information for the growth of sapphire and ruby crystals.
The work included a library search of the available flux systems for the growth
of sapphire, ruby, and spinel, the design and construction of equipment for
measuring the variables on a representative system, and estimates of the
sizes, shapes, and temperature gradients necessary for flux growth from the
system. The research effort reported here has been confined to flux systems
and growth procedures suggested by the AFCRL Project Officer. The flux systems
were chosen from a number which had undergone preliminary evaluation in the

AFCRL Crystal Physics Laboratories.

While the stated scope of the effort was confined to fused salt systems
for the growth of ruby and sapphire, the basic aim of the research effort was
to develiop general methods for defining growth conditions for any single
crystaliine material grown from a fused salt solvent. Such general methods
are needed to utilize the large number of new fluxes (solvents) and new crystalline

materials recently discovered {Ref. 1).

Crystal grower's objections to the flux method are based on its tendency
to produce small crystals having solvent inclusions. These crystals are often
twinned and may be inhomogeneously doped. The program described here
sought .0 understand the reasons for these results and to provide means fcr

overcoming them.
The specific objectives of the study were:

. To understand the controlling mechanisms of growth.




20 To understand and eliminate, if possible, the causes
of multiple nucleation.

3. To determine the cooling rates and temperature gradients
needed for the efficient generation of supersaturation.

4, To determine under what conditions free convective flow
occurred in the growth apparatus.

5. To determine the conditions for crystal growth without

solvent inclusions.

Although fused salt solvents have been used to grow single crystals
of refractory oxides for more than a hundred years, techniques have been
developed empirically and little application of crystal growth theory to the
fused salt method can be found in print. Laudise sumimarized the current
theory and techniques of crystal growth from molten salt solvents in 1963
(Ref. 2) reporting the development of theory almost exclusively in terms of
the temperature dependence of solubility. The theoretical problems of absolute
rates of growth, nucleation, and inclusion formation of solution grown crystals
were not discussed in Laudise's review. Information concerning these

theoretical problems had not been previously published.

In this report, the physical models which have been previously used
to describe and understand crystal growth processes in aqueous and organic solvents
are reviewed and the equations which arise from these models are stated in
terms useful to crystal growth from fused salts. Finally, these equations

are applied to a specific flux system.

The physical data about flux systems which are needed as inputs to
the equations have been sought by recourse to the literature or by direct
measurement. These include the solubility and su~~rsolubility data for the
nutrient liquid, and the properties of the fused salt which control diffusion
and hydrodynamic flow, such as the viscosity, density, and the change of

density with temperature. The effort required to ohtain necessary data for




calculations has been extensive. In addition, solubility data have been

supplied by the AFCRL Project Officer.

The report i3 organized about the theoretical analysis. Crystal growth

theory is discussed in Section II, measurement techniques in Section III,
necessary flux data in Section IV, the results of applying current theory to

a speciiic flux system in Section V, and conclusions and recommendations
in Section VI.

The quarterly progress reports for the entire period of the contract are
given in the Appendix to this report.
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II. THEORETICAL BACKGROUND

2.1 Introduction

Although many materials can only be produced in single crystal
form by growth from fused salt solvents, crystal growers have the opinion that
it is difficult to grow good, large crystals by this method. This opinion is
supported by extensive evidence. The customary result of a fused salt crystal
growth experiment is a large crop of small crystals, some perfect and a few
medium size crystals with flaws. A substantial increase in the size and perfection
of the crystals requires far more time and effort for the fused salt technique than
for competitive growth techniques. Because of this, fused salt methods are often
abandoned when single crystals can be grown by other means. The difficult
character of the fused salt technique is best revealed by the fact that hydrotliermal
single crystal growth can often be accomplished with greater ease and success

than growth by fused salt methods.

The small size and imperfections of fused salt crystals stem from unsuitable
conditions in the crystal growth system. The conditions needed tor good crystal
growth in these solvents must be more limited than the conditions needed for
crystal growth from aqueous and organic solvents but the reason for the limitations is
hard to identify. The unique characteristic of a fused salt solvent is that growth
occurs from a diluted source material with driving forces reduced by the high
temperatures. This is shown clearly by the expression for the free energy available
for effecting crystal growth,

AF =—A—:-f- AT = RTIn ¢/c = RTIns (1)
where °
AF  is the free energy available for effecting crystal growth

( cal/mole)
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AH is the enthalpy of crystallizatfon, the heat of fusion
( cal/mole)

AT is the temperature difference caused by undercooling (OK)

T is the temperature of the solution where crystal growth
is occurring (°K)

T, is the equilibrium temperature of the solution ( °K)

c is the concentration of supersaturated solute ( moles/unit
volume)

<, is the saturation concentration at T (moles/ unit volume)

and
s is the supersaturation ratio, c/co

As To increases, the value of AH/To decreases. A change from 30001( to
1750°K (1477°C) causes this ratio to decrease by a factor of nearly six, lowering
the free energy available for producing crystal growth by the same amount. The
effect of the increased temperature is even more prcnounced in terms of the
supersaturation ratio, c/co , whose logarithm depends on the inverse sJuare of
the temperature. For the growth of aluminum oxide crystals (AHf = 26000
cal/mole) an undercooling (AT) of 1° at 300% (2 7°C) corresponds to a super-
saturation ratio (c/co) of 1.155, whereas, at 1750%K (1477°C) an undercooling
of 1o corresponds to a supersaturation ratio of 1.004. An undercocling of almost
34°C is required at 175001( (1477°C) to produce the supersaturation ratio which
would be produced by a 1° under >ooling at 300K (2700), all other factors being

equal.

This reduction in the driving energy available for crystal growth and the
production of smaller supersaturation ratios by given undercoolings limits the
available crystal growth processes in fused salt solutions. Perhaps the most
significant effect is the preference given to the screw dislocation mode of crystal
growth over alternate growth modes. This in turn fixes the absolute growth rate

and determines the rate at which supersaturation should be generated at the

crystal face.




Other aspects of the fused salt method while presenting practical
difficulties should not cause special limitations in the required crystal
growing conditions. To be sure, the technology is demanding because of the

high temperatures and the corrosive nature of the fused salt solvents. Never-

'theless, a similar technology is required for the Czochralski growth technique

by which excellent crystals can often be grown with only a reasonable research
and development effort. Limitations upon required growth conditions cannot be
attributed,in general, to the nature of the fused salt solvents. Ionic liquids;
which form the majority of fused salt fluxes, are typical liquids not greatly
different from molecular liquids such as water and benzene with respect to surface
tension, viscosity, refractive index, and often density (Ref. 3). Molten salts
generally differ from conventional liquids only in their freezing points and con-
ductivities. The main difference between the structure of molten salts and
molecular liquids arises from the necessity of arranging oppositely charged
particles in nearest neighbor shells in the molten salts (Ref. 3). This does not
apparently hinder the growth of large perfect crystals of these materials 'when
Czochralski or Stockbarger techniques are applicable, i.e., when the molten
salts do not serve as solvents for the crystallizing solid but form single crystals

themselves.

The differences between crystal growth from fused salt solvents and other
methods of crystal growth generate two groups of problems for the crystal grower.
The first contains problems of technique arising from the methods which must be
used to generate the supersaturated state and transfer it to the face of the growing
crystal. The sccond group contains experimental and theoretical problems of
crystal growth such as nucleation, growth rates, and crystal perfection. These
problems of crystal growth are approached thrcugh the concept of supersaturation
as a driving force for the formation of crystalline material. The two major groups
of problems are inextricably entangled for the techniques of generating super-

saturation often control the nucleation and growth rates.
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The establishment of a proper supersaturated state at the growing face
of the crystal i{s the major problem of technique. Supersaturation is an unstable
condition disappearing by either the deposition of solute as bulk crystalline
material, or by the generation and growth of crystal nuclei. In order to grow
crystals, means must be found to ensure a continual replenishment of super-
saturation. In addition, supersaturated solution must be brought through the
solution to the crystal face. The success with which this bulk transfer is
effected also determines the size and quality of the crystals.

Several methods are available for the generation of supersaturation in
fused salt fluxes. They depend on deliberate changes in solution conditions
which take place in times shorter than those required to initiate precipitation.
The techniques customarily employed with fused salts are: (1) growth by slow
cooling allowing multiple nucleation, (2) growth on a seed crystal using slow
cooling, and (3) growth on a seed crystal using thermal gradients to transfer
solute from polycrystalline nutrient to the seed. Each uses the change of
solubility with temperature to create the supersaturation necessary for crystal
growth. The alternate method of producing supersaturation by local evaporation
of solvent is used only infrequently in fused salt growth. Theorics which relate
cooling rates and temperature gradients to the creation or loss of supersaturation
are avallable or can be devised for each of the generation techniques. Theories
which describe the conditions for the bulk transfer of supersaturated solution to
the crystal are not so readily available but estimates of these conditions can be

developed from heat flow considerations.

Absolute growth rates, crystalline perfection, and nucleation form the
subject matter of the crystal growth problems. Models are required which show
how supersaturation affects the formation of stable clusters of precipitating
molecules and the rate of incorporation of solute into a growing crystal. Although
almost no specific information has been reported about the degree of supersaturation

required for crystal growth in fused salt melts, the degree of supersaturation




B i

required for creating fresn two dimensjional monolayers of molecules on a
"saturated" crystal face is said to be at most one percent (Ref. 4) and may

be much less. A larger degree of supersaturation is required for the self-
nucleation of new crystals. The relationships of the supersaturations needed
for growth and nucleation to the other properties of the crystal and the solution,
such as the crystal surface energy and diffusion constant of the solute, is

important in understanding the limits of particular crystal growing systems.

In the following section, an initial attack is begun on the general
problem of using available crystal growth theories to develop better crystal
growth procedures for fused salt solvents. The problems which are discussed
have been limited to: '

1. The relationships between the supersaturation requirements

for crystal growth and the experimental parameters used
to control supersaturation.

2. The rates at which different modes of growth occur and

the cunditions under which growth may be heat limited.

3. The temperature differences and the distances within the

growth chamber which are needed to create convective
flow.

4. The maximum sizes of crystals which can be grown without

flaws under particular experimental conditions.

5. The conditions which give uniform dopant distributions in
the growing crystal.

The fused sait fluxes have been left unspecified in these discussions
but the crystalline precipitates used for sample calculations have been restricted

to sapphire and ruby (aluminum oxide).
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2.2 Practical Rates for the Generation of Supersaturation

The relationship between growth rates and the experimental
conditions used to generate supersaturation has been given by Laudise (Ref. 2)
for the slow cooling metheds of fused salt crystal growth. A similar expression
can be derived for the thermal gradient technique by straightforward changes in
Laudise's equation. These formal expressions state that the information needed
by the crystal grower for designing an efficient system is the change of solute
solubility with temperature, the absolute growth rate of the crystal, the area of

the growing face, and the mass of the melt which is active in the growth process.

For the slow cooling method of generating supersaturation, the rate of
growth of the seed crystal is assumed equal to the gms of solute precipitated
as the solution is cooled. This assumes that all supersaturation will be dis-

charged at the growing face of the crystal. The rate is:

d
() - ri () (45)x,

where

('gf) is the rate of growth of a crystal face (cm/hr) for a
= slow cooling method of effecting supersaturation

A is the area of the growing face (cmz)

%E' is the cooling rate (oc/hz')

dco

";;I'.- is the change in solubility of the solute per degree

( moles/cm” OC)

Pe is the density of the crystal

Pe is the density of the salt and solute melt

F, is the molecular weight of the solute (gms/mole)
and

M is the total mass of the melt (gms)

10
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When supersaturation is accomplished by the thermal gradient method,

the product
y (fig) dr
dT dt @)
is replaced with Aco
B (AT ) AT (4)

where Aco is the finite change in solubility caused by traversing the temperature
drop, AT. The expression for dr/dt becomes:
Ac
m
(ﬂ.) = Q AT F (s)

dt tg A PP AT w

where

(-gf') is the rate of growth of a crystal face for the thermal
tg gradient method of effecting supersaturation

m is the mass of melt swept by the crystal facz per hour

and the other quantities have been defined above.

From equations (2) and (5), it is clear that the cooling and mass transfer
rates required for efficient crystal growth can be calculated if the solubility
curve and crystal growth rate are known. These parameters establish upper
bounds on the rate at which supersaturation should be generated in the crystal
growing system. If supersaturation is generated faster than the crystal face
can grow or bulk transfer can take place, homogeneous nucleation may occur and
multiple growth sites may become available. By distributing the total available
solute over a number of growth sites, the maximum crvstal mass possible for any

site will then be correspondingly reduced.

Information about the change of solute solubility with temperature is best
obtained by measurement. When data are not available the slope of the solubility
curve can be estimated from thermodynamics if the system is assumed to follow
the laws of an ideal solution. The required relation in terms of mole fraction of

solute is:

11
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dT RT?
where
% is the change in the mole fraction of solute per degree
X is the mole fraction of solute (moles solute/moles

solvent and moles solute)

AH;  is the enthalpy of fusion of the solute per mole (cal/mole)

-3

is the absolute temperature of the molten sol rent (OK)

and

R is the gas constant (cal/ %k mole)

This expression can be converted into practical units of solubility

(moles/cm3) for specific systems.

The prediction of crystal growth rates from theory has been reviewed by
a number of authors (Ref. 5, 6, 7, 8) and theoretical expressions for these
rates are available. While the thecry is sometimes incomplete, it can often
be combined with the data from actual growth experiments to predict the
direction in which system parameters should be changed to improve results.

The applicable theoretical expressions for growth rate are reviewed in the next

section.

12
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2.3 The Prediction of Growth Rates

The processes which determine the growth rates of crystals have
been reviewed by both Hilli, and Nielsen {Ref. 5,6). These comprise diffusional
trzansport, surface reactions by which the solute is incorporated into the crystal
(screw dislocation growth, mononuclear growth and polynuclear growth) and the
removal of the heat of precipitation from the growing surface. In crder to
estimate the growth rate for any specific flux and temperature combination, it

is necessary to determine which of these processes is controlling.

The growth rate determined by any of the processes can be calculated
from the physical properties of the crystal and solution if these are known.
Complete data are usually lacking for the crystal growth systems of interest,
but it is often possible to make valid estimates or approximations for much of
the missing information. Usually the most important piece of missing data and
the one most difficult to estimate is the value of the interfacial surface energy
between crystal and flux. The surface energy of the solid which is desired, is

the surface energy which it possesses in the melt, o This is related to the

sl®
surface energy of the solid in vacuum or an inert atmosphere by the relation,

LA L cos § (7)
where
el is the surface energy of the solid in the liquid
Tov is the surface energy of the solid with respect to an
inert atmosphere or vacuum
Ty is the surface energy of the liquid (flux) with respect
to an inert atmosphere or vacuum
and
6 is the angle between the solid surface and the tangent

tc the liquid surface at the contact point

13
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When complete wetting occurs, =0, and equation (5) becomes

= - (8)
csl crsv clv

For most fused salt giowth systems, only the value of L. is available for

use in caiculations.

The uncertainties which come into the calculation of growth rates
because measured data are not available for all the necessary crystal and
solution properties can usually be reduced by computing 'the ratios of growth
rates. If the ratio of the rates for two different growth pr-ocesses is computed
or the conditions unde:. which the rates for the two processes are equal are
compared, unknown but indentical solution constants often cancel. By this

technique, the regions where each rate is controlling can be established and

g the desired crystal growth conditions can be identified when basic data are

lacking.

The expressions for the growth rates as givzn by Nielsen (Ref. 6) have
been used for comparative estimates of the growth rates of aluminum oxide
from fused fluxes. The expressions have been converted to a molar system of
o units by dividing the number concentrations and ionic or molecular volumes

used by Nielsen by Avogadro's number. The expressions for the rates are:

: 1. Screw Dislocation (surface spiral steps)
(d_r) _ Dcg ASZAT2 ©)
dt 200 RT
sd
2. Mononuclear Growth (surface nucleation with one

surface nucleus per molecular or ionic layer)

dr 4Drng AG'* N
(£) = = e (- =) (10)
dt v RT

m

14




where

and

e e T I T W e X~ T I PRI, <3 O T T = T T ST TSy

Polynuclear Growth (surface nucleation with

several intergrowing surface nuclei per layer)

(f’l) - o3 - °o)2/39 N3 exp (_ _M;_*N.)
p

\dt 3RT
Diffusion (the growth rate being controlled by

diffusional transport through the solution)

( dr) DV(c - cy) (12)
D

dt - r

is the entropy of precipitation AHf/TG (cal/mole OK)
is the temperature where the solubility is equal to
the actual concentration ( °K)

is T - To

is the radius of the crystal (cm)

is the diffusion coefficient of the solute (cmz/’».ec)
is the mean ionic volume of the solute (cma/;aole)
is the concentration of the solute (moles/cm3)

is the equilibrium solubility at To (moles/cm3)

is the interfacial surface tension between crystal
and sclution (cal/sz)
is a geometrical constant, B'is = for circular and

4 for square nuclei
g -2y a/3

AG'* = (13)

28 aT NY/3

is Avogadro's number, 6.02 x 1023
is a factor that expresses any activation energy for
transfer of an ion from the solution into the crystal
lattice in excess of normal transport activation energy

in tiie solution
15

e

N A

W

SRR




The factor g as used by Nielsen (Ref. 7), is difficult to identify. Presumably,
it is an exponential correction to the diffusion constant, D, which applies

during the fransfer of solute from solution to solid.

Thus, AF*ls
Dls - D:—;ol ok (— T) (14)
where
Dls is the diffusion constant for diffusion from the

solution to the solid

Dsol is the diffusion constant of the solute in the
solution
AP*ls is the excess free energy of activation for a molecule

or ion of solute diffusing from the solution to the solid

over the energy required for diffusion in the solution

o—————

AF* = AH
»S sol

where AHso is the partial molar heat of solution of the diffusing mzlecule or

1
| icn. Nielsen states that for strongly solvated agueous ions at room temperature

g<<l. However, for fused salt fluxes, the increased temperature where fluidity

=

E occurs act'to drive the value of g toward unity. For a fused sai* flux at 1750°K

Lo

(1477°C) the logarithm of g is smaller by the factor (5. 8), (3001750 equals
1/5.8) from the logarithm at 300°K.

If the value of dr/dt is computed for the screw dislocaticn process
using a value of D of 10-5 cmz/sec which is representative for fused salt
melts (Rei. 9, 10) a value of AS equal to the heat of fusion of aluminum oxide
(Ref. 11) divided by a temperature of 1750°K (147700), a value of ¢ of
2.16 x 10'5k cal/cmz, the value of the surface energy of aluminum oxide in
vacuum (Ref. 8) multiplied by a constant, k, which corrects for the probable

lower value in solution, the value of dr/dt becomes:

2
dr 5.25 cg AT
=) 2 22597 (em/hp) (15)
dt k

sd

T

16




Using the value of the surface energy employed in the calculation of the

|

screw dislocation rate, a value of 4 for B' and a value of V Of 25.5 cms/mole

el

(Ref. 12) the growth rate, dr/dt for a mononuclear growth process on aluminum

oxide at 1750°K {1477°C) is: :
, .
dr 21g - 8390k
— ] = 3.4x10°r°g 10 (cm/hr) (16)
dt/ AT

If the rates for the mononuclear growth process and the screw dislocation

process are equated, it is found that for a crystalline surface energy equivalent

to that of aluminum oxide in vacuum, (k=1) an undercooling of greater than 400°C
is necessary to make the two rates equal for crystals 1 mm or more in radius,
wherecs, an undercooling of about 4° is necessary for eque1 ratec if a crystalline

: surface energy one-tenth that of the surface energy in vacuum is used (k = 0.1).

e o m——— ogrp—_——————-.

The same calculutions applied to the polynuclear growth rate expression
show that if the crystalline surface energy equals that of aluminum oxide ir.

vacuum, (k= 1) the polynuclear grov-th rate will never equal the screw dislocation
rate at any undercooling, whereas, !f the surface energy is one-tenth that of

vacuum, an undercooling of about 6°C makes the twc rates equal.

Finally, if the same values of solution and crystalline properties are

substituted in the data for diffusion growth,

dr g (c-c )
(—-) = 0.92 2" (em/hp) (17)
at )iy r

For a 1 mm crystal, the diffusion rate becomes

dr
<.‘§)D= 9.2(c - co) (cm/hr) (i8)

The value of c - c, is not independent of the undercooling if the values

for ¢ are calculated from the expression

OH.
i

AT = RTIn c/co (1)
o

17
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A value of ¢/c_ of 1.0043 is found for 1°C tndercooling, 1. 043 for 10°C
undercooling and 1. 531 for 100°C of undercooling. A 1 mm crystal of
aluminum oxide growing by the diffusion process has a rate of growth at
10°C undercooling of,

dr

— ) = 9.2x0.043 ¢
\ at 0

19
= 0.396 N (cm/hr) 0l

It may be concluded that the screw dislocation mechanism, if operable,
provides the fastest rate of growth in fused salt fluxes for undercooling of
4°C or less, the mononuclear and polynuciear mechanisms comparable or
greater rates for undercoolings of 5 or 10°C and crystalline surface energies
one-tenth that of vacuum. If the interfacial surface energy is equal to that
of vacuum, then pure diffusion growth is probably the fastest growth process
for very small crystals and the screw dislocation growth rate the fastest for

large crystals and undercoolings up to 100°C.

The rate of growth determined by ‘.eat flow has been calculated for
metals by several authors (Ref. 13,14, 15). A satisfactory approximate
expression for slow steady-state heat flow conirolled growth in a nonmetallic

liquid is given by Hillig (Ref. 5). This is derived from the defining equation

Rate of heat liberated by Rate at which heat flows from
precipitating crystal per = the interface between crystal
unit area and solution per unit area

Using symbols, equation (19) may be w:itten:

(2) o, - o 28
hf

dt v Y

18
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where

(%)h - is the rate of crystal growth (cm/sec)
AHV is the heat of crystallization per unit volume
(cal/cms)
Y {s a characteristic length for the advancing
interface, such as its radius of curvature (cm)
G is a geometrical constant of order unity
K is the thermal conductivity of the crystal if heat
flows away through the crystal,or the solution,
if the heat flows through the solution (cal - cm/
sec cm2 % )
T is the temperature at the interface between crystal,

and solution (OK)

tse

and
T is the temperature of the thermostat in which the

system is placed, the wall of the crucible for

precipitation on a crucible wall (OK)

The rate of crystal growth for a heat controlled process is then,
(%), 7% o)
dt/, . YAH i o (21)

Data on the thermal conductivity of ionic melts is almost completely

lacking (Ref. 16). Values of thermal conductivity for single crystal sapphire
(Ref. 17, 18) indicate that a value of 0.02 cal - cm/ sec cm2 OK will net be
exceeded above 1000°C. Since thermal conductivity in ionic melts and solids
at temperatures between 1000°C and 2000°C is primarily carried out by phonon
conduction processes, the value of 9.02 cal - cm/ sec cm2 OK should also

represent an upper bound for the fused salts in which the aluminum oxide is

dissolved.,
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The value of AHV for aluminum oxide may be taken as:

26,000 3
= 1020 cal/cm

25.5

If the values of K and AHv are inserted into equation (21), the rate of growth,
V, for a heat flow controlled growth process is:
G
dr -5 ( )
=1 = 1,96 x 10 - \T, - T cm/sec
(dt)hf y i~ ) (em/eed

or G (22)

S (T -T ) (cm/hr)
dt )i o Y Vi o

When the rates of growth determined by the two processes, screw
dislocation surface reaction and heat flow, are compared by taking the ratio

of one to the other, the resulting expression is:

dr
dt )hf rate controlled by heat flow
(%‘;— " rate controlled by screw dislocation i
sd
, &
7.05x 10 Y(T-T)
i o
2 (23)
5.25 cg (T, - T)“/k
-2 &
v 1.34x10 k ¥ (Ti-Tm)
- 2
u cg AT

Several growth situations can be visualized which give different values
for this ratio . For example, consider thatG=1, Y= 1 mm (0.1 cm}, and
the temperature difference over which the cooling gradient occurs (Ti - Ta))

is 10%K.

20

et e A st St i st e -
e % g,




.
e
e |

Then, 9
r
(5 e 1.34 k
z — (24)
d -
(&), calr, - 1f

A mole fraction solute of 0.2 aluminum oxide in a fused melt will
-3 3
correspond to a concentration of approximately 5 x 10 ~ moles/cm™. If an

undercooling (Ti - To) of 19K or less is assumed, then the ratio is greater than,

270k
g

and the growth process is clearly controlled by surface reaction since k > 0.1
and g < 1 so that the heat flow controlled growth rate will be many times

the surface reaction controlled rate. All ogher factors remaining equal, this
relationship can change when undercoolings of 5°C (k = 0.1) to 20°¢C (k= 1) or
greater are reached, for then the surface reaction controlled growth rate which is
increasing by the square of the temperature difference begins to exceed the heat

flow controlled rate. The major unknown is the value of g. If it is assumed that

AH
sol
o wo(- )
RT

then using representative values for the partial molal enthalpy of mixing for

aluminum oxide of 4000 cal/mole, equation (25) gives a value of g of 0. 32 at
175001(. A value of 1000 cal/mole corresponds to a value of 0. 75 for g at the
same temperature. At 30001(, these g values would have been 0.001 and 0. 19

respectively.

The analysis shows that no a priori answer is available from theory for
specifying whether heat flow o1 a screw dislocation process will control the
rate of crystai growth in a flux system precipitating aluminum cxide around 147700
If the theoretical models are accepted as valid, the largest uncertainty in the

calculation iz the value of the surface free energy of aluminum oxide in the melt.

21

e ¢

SV A AN Vet DRk el Y ' St e T




The ratio of the actual value of this property to the value in vacuum, k, comes

linearly into the estimate of the comparison of the two growth rates.

The variable ratio of the rates of the two controlling processes illustrates
the difficulty of stating which process will control a particular crystal growth

technique unless actual temperature differences are specified.

2.4 Nucleation

One obstacle to the controlled growth of large crystals from fused
salts is the presence of unwanted nuclei. It is clear that such nuclei are present
in many fused salt growth experiments from the large number of small crystals
produced. The source of these nuclei is not usually known. Nuclei may be
supplied by nucleation sites upon the crucible wall, insoluble particles in the
flux, or by the abrasion of a largjer crystal moving in the melt. Nuclei may also

be generated spontaneously in the flux by the supersaturation.

The control of nucleation requires identifying the source of nuclei.
Theory can help to some extent for theoretical analyses are available which
give the rate of nuclei generation in terms of the solution supersaturation and
crystal properties. Analyses are also available which estimate the rate at
which the nuclei generating properties of the flux respond to a change in

conditions. For molten salt systems, this response time is very short.

The rate of homogeneous nucleation in a liquid solid system composed

of spherical nuclei is,

Number of supercritical Rate at which Number of critical
I = nuclei generated per = | molecules join| . | nuclei per unit (26)
unit volume per second nuclei volume

where the critical nuclei are defined as those nuclei which have attained their
maximum free energy so that any further increase in size will lower their free
energy, and the supercritical nuclei are those nuclei with radii greater than

that of a critical nucleus.
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Under steady state condtions of temperature and supersaturation,

the expressicn for I (Ref. 8) is

N* RT AF g NaF*
I =[ S exp (- )] -[N c exp (- : ) (27)
h N RT RT

where

N*

and

AF*

is the number of atoms adjacent to the surface

layer of the nucleus of critical size

is the gas constant (cal/ °k mole)

is Planck's coustant 1.58 x 10-34 (cal sec)

is the temperature at which the nucleus is forming

in OK

is the free energy of activation for diffusion (cal/mole)
is the temperature of the system in OK

is the concentration of solute per unit volume
(moles/cma)

is Avogadro's number

is the free energy per unit volume produced by the
transformation of dissolved solute into precipitated
solute under the conditions of supersaturation. For

-~

spherical nuclei

16 z(rB
ARt =TT
a/ 3 AF
v
or
16 7703 T
AF* = 2
v

2 2
34H (ro - T)
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In order to estimate the rate at which new nuclei are formed under

steady state conditions at specified amounts of undercooling, it is necessary
to know

Tl the interfacial energy of the solid in the presence

of the melt

APD the free energy per mole of activation for diffusion
and

AHV the heat of fusion per mole of the solute

The problem of identifying the interfacial energy of the solid in the
melt, o1 has been discussed in Section 2. 3.

The free energy per mole of activation for diffusion, AF_, is generally

D
taken as equal in magnitude but opposite in sign to t! e energy of activation
for viscosity. This in turn may be estimated from the 1 ‘onship
AE 3
AF T _—_Vap = 18.9x%10" (cal/mole) (29)
vis 3 ‘

where AEvap is the energy of vaporization of the pure liquid flux (Ref. 9).

The number of atoms adjacent to the surface layer of the nucleus of
critical size can be estimated for aluminum oxide nuclei in terms of the under-
cooling and the ratio, k, of the surface energy of aluminum oxide crystals in
the melt to the surface energy of aluminum oxide crystals in vacuum. The

radius of a spherical critical nucleus is given by the expression

P T (30)
AFV
where
o is the surface free energy of the nucleus
and

AFV is the free energy per unit volume for the formation

of the solid from the liquid phase
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For fused salt solvents, APV may be approximated as

oH (r,-T1)
AFV S (31)

T
o

where

AHV is the heat of fusion of the pure solute per unit

volume at the temperature, 'I‘o

T is the equilibrium temperature of the melt
and

T is the temperature of undercooling

If the value of AHV for aluminum oxide is taken as

26,000

= 1020 (cal/cma)

25.5
TO as 1750%K (1477°C),and the surface energy o as 2.16 x 10'5k. where k
is the ratio between the surface energy of aluminum oxide in the fused sait
solution to that in vacuum
then

r* =741x10-5L( )
ALO, : A7 lom (32)

and the average number of dissolved aluminum oxide molecules which would be
next to such a nucleus would be determined by dividing 4 wr*z by the average
cross sectional area of a molecule in the flux times the mole fraction of

aluminum oxide present.
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Then,

Number of Al_O
273 Area of Nucleus

molecules adjacent

) mole fraction of average cross
to the critical nucleus

Al _O sectional

23 (34)
molecular area
2
= 5.7x10" zk__.
T
AT Xy 0

23

where X is the mole fraction of aluminum oxide in the melt.
AIZOB

If the values for the interfacial surface energy and AHV for aluminum

oxide are substituted in the equation for I, the result for a melt containing

20 mole percent ALO,, at 1750%K is

1.425 x 1041k2 ( 0.865 x 108k3 \
exp -

(35)

2

AT AT" /!

When the value of the interfacial surface energy of aluminum oxide in
the melt is assumed equal to that of the surface energy ¢f aluminum oxide in

] a0 .
vacuum, an undercooling AT of more than 1000 C is necessary to generate

nuclei at the rate of one every ten seconds. For an assumed interfacial energy
one-tenth that of aluminum oxide in vacuum, an undercooling of approximately

o
30 C would generate one nucleus every ten seconds.

The rate of nuclei generation is dependent upon the inverse square of
the undercooling in the exponential factor and decreases sharply with small
: o -

undercoolings. An undercooling of ZOOC at a temperature of 1750 'K (14770(,),

and an interfacial surface energy of one-tenth that of the crystalline surface




.

energy of aluminum oxide in vacuum corresponds to a rate of nuclei production

of

53.6

I = 1x10 nuclei/hr (36)

It may be concluded that at 1750°K, undercoolings up to 20°C should nct
cause rates of spentaneous nuclei generation which will interfere with the

growth of single crystals of aluminum oxide from the fused fluxes.

Knowledge of the rate at which the flux system responds to a change
of conditions is also crucial to achieving controlled growth. An expression
] for the time lag which occurs before the initial distribution of embryoes
adjusts itself to the disfribution characteristic of the supersaturation has

been given by Dunning (kef. 19). This expression is:
2

NC
[(y = I, exp (— --—) (37)
gt

I (t) is the instantaneous ratio of nucleation

Io is the initial rate of nucleation
NC is the number of molecules in the critical nucleus
t is the time

N*s has been defined previously, and g is approximately, gl' where,

k OF 4
g, = N*, - T exp (— ) (38)

h RT

Thus the characteristic time 7 is

2 2.4
N, 1.7x 10" k xAlgO3

I

4
9, AT

(39)
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When the values of Nc anrd 9, are computed for aluminum oxide dissolved
in molten fluxes at 147700. assuming AFd equals 18, 900 cal/moie (Ref. 9), the
value of 7 varies depending on the interfacial surface energy and the undercooling:
for AT = 1°C and k = 1, 7 is 35 seconds whereas for AT = 10°C and k = 0.1
T is 0. 35 microseconds. For crystal growth systems which have cooling rates

measured in degrees per hour, the rate of establishing the distribution of nucleation

embryoes should not influence the growth procedures.

2.5 velopment © ermal Conve

In unstirred crucibles, transport of solute to the growing crystal
can occur by diffusion alone or by a combination of diffusion and corvection.
This last is preferable because the times required to effect crystal growth by
diffusion of solute across a one or two centimeter distance in the crucible
can be extremely long. The characteristic time for diffusion over a one

centimeter length for a typical fused salt is given by the expression (Ref. 9)

h2 (lcm)2
T= = = ——:5—
7D 7 10

4 (40)
3.2 x 10 secs

= 8.8 hrs

This .; a relatively long time for most fused salt growth experiments
where th.e rate of cooling the whole system is in the order of several degrees
per hour. An equilibration time of nearly nine hours for diffusion of solute
over a one centimeter distance coupled with a cooling rate of several degrees
per hour for the system means that only regions of the solvent very close to

the crystal contribute appreciably to its growth.
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Because of the long times required for diffusional transport, it is
desirable to ensure forced transport of supersaturated sclvent past the
crystal either by convection currents, stirring, or the combined use of both
convection and stirring. For most crystal growth experiments, stirring can
be accomplished straightforwardly and the establishment of convection
currents presents the major problem in design. While convection currents
occur in almost all situations where temperature gradients exist and fluid
flow is possible, theoretical solutions to convective flow problems are very
scarce. The limiting ccnditions which will lead to the establishment of
convection can be estimated with some azcuracy but estimates of the magnitude
of the convective flows are more uncertain, and must usually be made through

generalized heat transfer relationships.

The preferred arrangement to initiate convection in a crucible is with
the colder surface on top, the warmer surface on the bottom. Under these
cor.ditions an unstable stratification develops which breaks down to give
convective flow. For the opposite situation, the hotter surface on top and
the cooler surface below, no convection should occur in theory. In practice,

edge effects and non-uniformity of surface temperatures may induce some
convection.

The relationship which relates the onset of convection to the distances,
temperature changes, and solution properties of the fused salt growth system
(Ref. 20, 21) is

NGr NPr > 1108 (41)
where

N is the Grashof number

Gr 3

9,h6 L
N = —@ (42)

Gr 2
v
3
g is the gravitational constant (cm /gm sec)
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where

-390
is the convective modulus; a has the units cm C

Pr

The product N

is the coefficient of thermal expansion

1 74V a(2)
_ g P o.-1
B= = —)F p — (C ) (43)
V \dT dT

is the temperature difference Eetween the top and

bottom surfaces of the melt (OC)

is the characteristic dimension of the system, the

height of liquid (cm)

is the kinematic viscosity, u/p (cmz/sec)

where p is the viscosity (gm /m sec), and psis

the density of the solution (gm/cm3)

is the Prandtl number

v

NPr = -; (44)

is the thermal diffusivity of the fluid, a = s

2 pe
(cm® /sec)
is the thermal conductivity (cal cm /cm2 sec °X),
pgis the density (gm/cms) and cp is the specific
heat capacity of the liquid (cal /4m °c)

Zc 8

£ Bl

N
r "k

Gr Pr

45
= aL39 4
(s 9]

Cfl D (46)
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In the absence of theoretical solutions of the convective flow problem,
estimates of the average magnitudes of the mass flow can be obtairied directly
from heat transfer relationships, if concentration profiles in the crystal growing
system are determined by the convective heat flow and not by mass diffusion,

The heat flow from the bottom of a crucible through the melt to the top surface
of the molten sait takes place by radiation,conduction and convection. If the
convective heat flow, qc , can be isolated and mass diffusion flows are negligible,
the average convective mass flow must be equal to the convective neat flow, q ,

divided by the average heat capacity per unit mass times the temperature drop
through which the flow takes place.

Thus,
v o= K
av cp (TT _ TB) (47)

where

Vay 1s the average mass flow per unit area (gms/sec cmz)

. s the convective heat flow (cal/cm2 sec)

c, is the heat capacity of the liquid {cal/gm °C)

and

TT and TB are the respective temperatures at the top and bottom

surfaces of the melt.

The convective heat flow between parallel surfaces is estimated from

the expression (Ref. 23)

where hc is the convective heat transfer coefficient (cal/cmzsec 0C ).
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Thus the rate of material transport is

q h (TT - TB) h
Vv =] = = = (49)
- TB) c (TT - TB) c

Measured heat transfer data are usually given in terms of a heat

' transfer coefficient combining both convection and conduction. At values of
F the convectiv2 modulus, a, of approximately 1000 or less, heat transfer
between horizontal surfaces is through conduction only. At larger values of

the convective modulus, a, both convection and conduction participate.

In order to estimate mass flows from available data, the reported heat
transfer coefficients must be corrected for conduction. The correction factor

is derived from the relation

K
Teond © 1 (TT - TB) (50)

where

K is the thermal conductivity of the melt

s and
L is the vertical thickness of the melt in the crucible.
i
; Since,
qconv and cond hcond and conv (TT ) TB) (51)
= (h - K -1
9conv = \"cond and conv L T B (52)
Then,
K
v = (hCOnd and conv = L ) (53)
Av
c
p
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Experimental curves are available expressing h for conduction and
convection in terms of the convective modulus, the distance, L, across the
gap and the temperature drop (T,r = TB = 9). Thus, for parallel horizontal
plates (Ref. 22)

K 3 1/4
hcond and conv L 0.208 (172 6) (54)
and the rate of mass transfer is
hcond and conv K 3 1/4 (55)
= 0.208 (17 a g)
“p L “p

The data required to estimate convective mass transfer rates for a
specific fused salt solution must be obtained by measurements. Estimates
for a particular fused salt solvent are made in Section V of this report using

experimental data reported in Section IV,

2.6 Inclusion Formation

Solvent inclusion in flux grown crystals is believed to be
caused by improper solution flow at the crystal surface. If solute is not
delivered uniform!y over the growing crystal face, points of lower supersaturation
are present, growth is slower at these than at adjacent peints of higher super-

saturation and conditions for the development of an inclusion are present.

The prevention of inclusions requires control of the currents which
bring nutrient to the growing crystal face. This can be best accomplished by

forced stirring but well designed convective flow patterns can also be used.

Inclusion formation during stirring has been discussed by Sheftal (Ref., 24)
and Carlson (Ref. 25). The latter gives an expression for the crystal length
which can occur without generating inclusions as a function of the velocity of

solution sweeping past it. This expression is
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3 0.214 vD (c - cC )Z
o)

{ X =
g Pdl/3(i 3) 2 (56)
{ st dt
where
: Xs is the length of crystal face which will be free
; on inclusions (cm)
I v is the bulk fluid velocity of the solvent sweeping
past the face (cm/sec)
: D is the diffusion constant {cm 2/sec)
| Pd is the dimensionless Schmidt number, Pd = ::3
E h p is the fluid viscosity (gm/cms), and Py
' is the fluid density (gm/cms)
Ps is the crystal density (gm/cma)
z gr—t is the rate of solute deposition {cm/sec)
c - ¢, is the difference in concentration between the
4 supersaturation condition in the soluuion and the
; equilibrium solubility, co
and
Fw is the molecular weight of the solute (moles/cm3)

In the expression for XS, there are two variables whose value must
usually be estimated from theory. These are; dr/dt and v. Direct measurement
of either is desirable but difficult since it must be accomplished either through
a yrowth experiment, dr/dt, or through an experimental arrangement nearly
identical with the actual growth experiment, v. Methods of estimating both

dr/dt and v have been given in preceding sections.
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2.7 Distribution of Dopant

Flux grown crystals often contain nonuniform distributions of
dopant ions. This can occur when the molten solvent traversing a crystal face
deposits dopant at a rate which is not ir a fixed ratio to the rate at which it
depcsits the solute which forms the bulk crystal. Such a varying rate can be
caused by a temperature ditference across the crystal, or by a change in the
relative concentrations of dopant to bulk solute in the liquid across the crystal

face.

Correction of inhomogeneous doping begins with ensuring that the faces
where crystal growth occurs are at a uniform temperature. The elimination of
dopant concentration changes in the liquid is more difficult. These can be
reduced by ensuring that a much larger flow of nutrient liquid passes the
growing crystal face than is needed for growth so that the change in dopant
concentration of the liquid from the beginning to the end of the flow pattern

is small.

It is not reasonable to expect uniform dopant concentrations in flux
grown c:oystals if growth svstems are used which depend only on diffusional
transport. The experimental approach which must be followed to ensuvre uniform
dopant distributions is to design the crystal growing system so that stagnant
flow patterns are absent. If either stirring or convective flow is used, tem-
perature gradients and distances must be correctly propnrtioned so that a
smooth steady transfer of supersaturated solvent moves acress the growing

crystal face.
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II1. EXPERIMENTAL

Laboratory determinations of the solubility, den~ity, and viscosity of
the fused salt melts were required to accomplish the objectives of the program.
Since the temperature region of interest (1400°C or greater) was beyond the
limits of conventional equipment, special apparatus had to be designed and
buiit for these measurements. In all, four types of measuring apparatuses
were built although only three were employed during thic program. The four
were: (1) a thermal analysis apparatus, (2) a quenching apparatus for solubility
and supersolubility studies, (3) a fused salt density measuring apparatus, and
(4) a fused salt viscosimeter. Descriptions of the equipment and the methods

of use are given below.

The chemicals used in the experimental program were of reagent grade
quality. Materials for the molten salt solutions were dry mixed and iscstatically
pressed into billets weighing 316 gms. Each billet was broken into two pieces
and melted separately into one crucible. The pressing was found desirable to
reduce the large shrinkage which normally occurred when the mixed powders

were melted the first time.

Early experiments revealed the need for a gas tight furnace chamber.
Extensive hydrolysis of the fluoride fluxes apparently occurred during the
heating up period unless special precautions were taken to eliminate moisture
from the furnace chamber. This problem was solved by using tightly fitting
plates at the ends of the inner tube of the furnace. The seals to the ceramic

furnace lining were made with o-rings, and the plates were water cooled.

During experimental measurements, the furnace chamber was filled
with dry helium and only open=d during the times when an actual measurement

was made.
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3.1 Solubility and Supersolubility Determinations

Solubility and supersolubility determinations were to be accom-
plished with (1) a thermal analysis apparatus based on cooling curve measure-

ments, and (2) a quenching block apparatus.

The thermal analysis apparatus is shown in Figures 1 and 2. Figure 1
is a schematic of the apparatus as used. Figure 2 is a photograph showing the
assembled components of the apparatus. Flux is held in a molybdenum crucible
placed in a machined graphite block. This block has a machined cover through
which a stirrer, inert gas feed, and thermocouple are inserted. The whole
apparatus is heated in a 2" diameter globar furnace lined with a high temperature
alumina tube. Temperature is measured with a platinum-platinum rhodium

thermocouple and an Esterline Angus potentiometric recorder.

The flux is melted by raising the furnace temperature. After a molten
state has been achieved, the temperature of the furnace is held constant for a
quarter to nne-half hour, then the stirrer motor is started, and the power input
to the furnace cut-off. Cooling of the charge begins immediately. The tem-
perature of the charge is recorded on the strip chart of the Esterline Argus
recorder as the furnace cools. At the freezing point, the stirrer ceases turning

and a noticeable arrest is seen in the plot of emf versus time.

The quenching block apparatus for solubility determinations is patterned
after one described by Barton, Friedman, and Tucker (Ref. 25, 26, 27). Changes
in the design were made to facilitate machining. The block of Barton and co-
workers was made from nickel. This material could not be used at the temperatures

required for the present work. Molybdenum was used instead.

A schematic drawing of the gradient quenching apparatus is shown in
Figure 3. A photograph of the molybdenum halves of the apparatus in Figure 4.
The quenching unit consists of a quenching tube filled with the material under

study end an instrumented holding block. The apparatus is designed to locate
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the liquidus teinperature of a fused melt with greater precision than is possible

with cooling curves.

The liquidus temperature is determined by observing at what position
melting ozcurs in the quenching tube. This is accomplished by establishing
a known temperature gradient along the holding block by proper positioning in
the furnace. Temperatures along the block are read by thermoccuples. The
tule containing the flux is held within the block until thermal equilibrium is
established and then dropped from the block into an ©¢il bath by turning the
holding latch.

The quenched tube containing the sample is opened and the condition

of the flux at various temperatures ascertained by direct observation.

The quenching tubes were originally constructed from 1/8" diameter
molybdenum tubes having a 0.016" wall thickness. It was found impossible
to crimp these tubes satisfactorily even at red heat without fibering and
cracking the body of the tube. Later tubes were made of 1/8" platinum having
0.004" wall thickness.

3.2 Density and Coefficient of Expansion Determinations

Densities of the rused fluxes were determined using the Archimedeon
method. Molybdenum bobs were immersed in the fused melts and their buoyancies
measured directly with a balance. Volumes and weights of the bobs were measured
at room temperature and the volumes at the temperatures of the flux estimated from

the volume coefficient of expansion for molybdenum.

The density apparatus is shown in a schematic drawing in Figure S. The
molybdenum bobs are shown in Figure 6. The machined molybdenum bobs were
attached to a standard Troemner chainweight specific gravity balance. The bobs
were hung on molybdenum wires and immersed in the liquid flux by measuring
the length of wire requircd to effect complete immersion in advance of the experi-

ment. Two bobs of different sizes were used to eliminate the effects of surface
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tension. Measurements of the buoyancy were made at each temperature with
both bobs and the density calculated from the expression of MacKenzie (Ref. 29).

B, - B

TR ,) o

where
Pr i3 the density of the fused salt both at temperature, T
B1 and BZ are the buoyancies of the two bobs. The buoyancy is
uefined as the decrease in the measured weight of the bob
on immersion in the liquid. By using two bobs of different
sizes, surface tension effects of the flux upon the wire
! are canceled out when the two buoyancies are subtracted
' '} 1 and Vz are “he bob volumes at room temperature
and

AT is the thermal expansion of the bob metal from room

temperature to the fused salt temperature

The coefficients of volume expansion for the fluxes were calculated from

the slope of the plot of density versus temperature using the expression

v dt)_ "

i l(d_v\_ d_(__%_l (43)

t 3.3 Viscosity Determinations

Fused salts generally have viscosities comparable to that of water
{Ref. 3) (one centipoise). No viscosity data for the fluoride melts of interest

could be found in the literature and the viscosities had to be measured.

Assuming that the viscosities of the fluoride melts were probably in the
order of a few centipcises an osculating bob viscosimeter was constructed.

The apparatus is shown in Figure 7. A molybdenum bob, supported on a tungsten
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wire, is immersed to a fixed depth in the molten salt and forced to rotate by a
preliminary twist of the wire.

3 mirror attached to the wire.

The rotation is observed by reflecting light from

The amplitude of swing was recorded for a number
of successive swings and the fractional derement (x1 / X, ) of the amplitude

was computed for successive pairs of swings. 7Tu2 fractional decrements for a

complete series of swings were averaged and the iR standard deviation computed.

A theoretical expression exists for the relationship between fractional

decrements and viscosity (Ref. 30, 31). Because of the exploratory nature of the

initial fused salt viscosity measurements an empirical calibration procedure was
used as recommended by Yao and Kondic (Ref. 32).

The viscosity apparatus was calibrated at room temperature with solutions
of glycerine and water whose viscosities are known very precisely.
curve is shown in Figure 8.

The calibration
It can be seen that the apparatus as used had a wide
dynamic range and an accuracy of + one centipoise at the smaller viscosities.
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IV. FLUX PROPERTIES

4.1 Measured Properties

4.1.1 Solubility

More than ten attempts were made to determine the

solubility of aluminum oxide in the 80 mole percent LaF,_ - 20 mole percent

3
Al_O, melt using the cooling curve apparatus described in Section III. None

273

i of these experiments produced useful data. Leak tight molybdenum thermocouple
sheaths were not available during the program. Tantalum, platinum, and

% recrystallized alundum sheaths failed to withstand the lanthanum flux long

enough to show arrests or breaks in the cooling curves.

Some supplementary information about solubility was supplied to the
authors by Cortland O. Dugger of AFCRL (Ref. 33) who ran different thermal
analyses upon the lanthanum fluoride-aluminum oxide mixture. Figure 3 shows
a differential thermal heating curve and a differential thermal cooling curve for

the 62 mole percent LaF, - 38 mole percent AlZO mixture drawn from data of

3 3

Dugger.

The solidification temperature of the melt is clearly defined by the large
peaks of Figure 9 as 1424°C (heating) and 1381°%C (cooling) . The temperature
at which aluminum oxide is truly soluble is more difficult to identify since
reactions are observed in the D. T.A. plots from 1400°C to 148000 which could

be interpreted as the evidence of the true solubility point.

Pending further experimental information, the equilibrium solubility
point of the 80 mole percent LaF
(1477 °C) .

- 20 mole percent AlZO was taken as 17500}(

3 3
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4.1.2 Density and Coefficient of Thermal Expansion

The measured density of a 20 mole percent 1\1203 - 80 mole

percent LaF, flux is shown as a function of temperature in Figure 10. The

3
precision of the measurements is estimated to be + 0.5 percent. These data

give a value of 8. 65 x 10_4 for the coefficient of volume expansion for a 20 mole
percent Al_O_ - 80 mole percent LaF

o 2 8
to 1505 C.

3

4.1.3 Viscosity

The viscosity of a 20 mole percent A1203 - 80 mole percent

LaF, flux betwaen 1360°C and 1500°C is shown in Figure 11. The precision of
the measurements was approximately + 2 percent. It can be seen that the
viscosity of this flux ranges from 8 to 10 centipoise. This 1s a factor of four

greater than the viscosity of comparable chloride melts (Ref. 3,9).

4.2 Derived Flux Properties

The extent to which the aluminum oxide molecule is dissociated
in molten fluoride solvents is known c¢nly partially for cryolite (Na3AlF6)
(Ref. 33, 34) and not at all for the fluxes of interest to the current research.
In order to estimate flux properties, it has been necessary to assume something
about the chemical form of the dissolved aluminum oxide molecuie. Accordingly,
the dissolved aluminum oxide has been assumed to exist in the fluxes of interest

as spherical undissociated molecules having the formula .1\1203 .

4,2.1 Diffusion Constant, D, and the Free Energy of

Activation for Diffusion, AFD

An estimate of the diffusicn constant for aluminum oxide
in the flux can be made using the Stokes-Einstein relation for the coefficient

of diffusion. Thus,

kT
6 rrv

v
I
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3

where
D is the diffusion coefficient (cmz/sec)
v is the viscosity of the melt (gm/cm sec)
r is the radius of the diffusing molecule (cm)

and the other terms have been defined above.

A value for D can be estimated from the measured viscosities of the

aluminum oxide, lanthanum fluoride melts using,

-8
r =3.48x 10 "cm
MZOS

9 x 10-2 poises

<
"

and
1750°K
4100 & Jeec

-
n

The free energy of activation for diffusion has bheen assumed to be
approximately one-third the energy of evaporation of the solvent flux (Ref. 9).

That is, if AF_ is the free energy of activation for diffusion,

D
AR AEvag _ AHvap - RT (29)
D 3 3
assuming that the solute AF*D is equal to the solvent AF*D .

For lanthanum fluoride,

AF = Q—OT'—S—Z— = 18.9 K cal/melt

and the value of
APD

exp (- ) = 4.43 x 10
RT

when T is equal to 1477°C (1750%).

3

56




4.2.2 Thermal Conductivity, k, and Thermal Diffusivity, K

The values of the thermal conductivity and diffusivity are

needed for both crystalline aluminuin oxide and the fused melt.

Values of the thermal conductivity for the corundum form of aluminum
oxide are available in the desired temperature range (Ref. 11) as are values of
the specific heat (Ref. 36). Values of the density can be derived from the

density at room temperature (Ref. 12), and the coefficient of thermal expansion

(Ref. 10). For the calculations of this report the following average values

were used,

k = 0.02 cal/cm sec
C= 31 cal/ % mole = G. 305 cal/ °k gm

and the thermal diffusivity, K =
K
K = pC

was taken as,

0.016 cmz/sec

=
n

The corresponding values for molten lanthanum fluoride flux are not
known. The value of k for the 20 mole percent 1\1203 - 80 mole percent La.aF3
flux was assumed to be equal to or less than 0.02 cal cm/sec cm2 . A value
¢’ the heat capacity of the lanthanum fluoride flux was calculated on the basis

of assigning 8.0 cal/gm atom °C to the liquid mixture (Ref. 36). Thus,

_[0.20(2+1) +0.80(1+3)]8
~ 0.20x101.96 + 0.80 x 195.92

( cal/ °C gm)

0.19 cal/°C gm

Q
1"

and Kk = 0.024 cmz/sec




4.3 Summary

The physical properties of aluminum oxide and the molten flux of
0. 20 mole percent 1\1203 - 80 mole percent LaP3 which are necessary for the

estimation of crystal growing parameters are summarized in Table I.
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TABLE I

SUMMARY OF PROPERTIES

A1203
Molecular weight 101.96
Volume per mole (250) 25.5 cm3
Volume per molecule 1.24x10 3 cm®
Thermal conductivity at 1477°C 0.02 cal/cm sec
Estimated heat of fusion at 1477°C 26 K cal/mole
0.98 K cal/cm®
. 255 cal/gm
Density (25°C) 3.99 gm/o::m3
Flux (80 mole percent LaF 3" 20 mole percent A1203)
Density - Figure 10
Viscosity - Figure 11
Thermal conductivity (assumed) .02 cal/cm sec °c
Estirated diffusion constant for AIZO 3 molecules 4.1 x lo-scmz/sec
in 20 - 80 flux at 1477°C
Fstimated free energy of activation for diffusion 18.9 K cal/mole
of AL,0, molecules in 20 - 80 flux at 1477°C

As¢sumed concentrations in flux at 1750°K (1477°C)

c1\1203 = 0.005 moles/cm3
c = 0.020 moles/cm3
LaF

3
Cy = 0.025 moles/cm3
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V. DISCUSSION
5.1 Introduction

The problems which are met in attempting to predict the sizes,
shapes, temperature gradients, and cooling rates needed for the growth of
sapphire and ruby from fused salt solvents were discussed in Section II.
Equations which present formal solutions to certain aspects of these problems
were given in that section. It was stated there that the unique characteristic
of a fused salt solvent with respect to crystal growth arose from the high
temperatures required for liquidity. These temperatures cause the super-
saturation ratio (c/co) which is produced by a given undercooling to be much
smaller than that which would be produced by the same undercoolirg near
room temperature. One consequence of this relative reduction is that growth
phenomena which depend on the difference between supersaturation and
equilibrium solubilities, (c-co), are retarded more in fused salt systems than
in equivalent aqueous systems. The higher temperatures required for fused
salt crystal growth affect other aspects of the growth process in less directly
recognizable ways. When the equations which predict the crystal growth
rates and the condition for homogeneous nucleation were applied to the
precipitation of aluminum oxide (sapphire and ruby) from fused salt sclvents
in Section 1I, it was found that (1) the screw dislocation mode of growth
was probably the fastest process for the growth of large crystals of aluminum
oxide when undercooling was moderate, (2) homogeneous nucleation of
aluminum oxide nuclei probably did not occur for underccolings of at least
?.0°C at flux temperatures of 1477°C, and (3) heat does not normally control
the growth of aluminum oxide crystals from a flux although it can do so under

special experimental conditions.
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In the present section, the equations which predict the proper experi-
mental conditions for the growth of sapphire and ruby crystais are applied to
the lanthanum fluoride-aluminum oxide flux whose properties are given in
Section IV. The results and conclusions of Section II are used directly in
making these estimates. {t will be seen that the reduction in the magnitude
of the supersaturation ratio (c/co), and the consequent reduction in quantity
(c-co) becomes highly significant to the growth of crystals without solvent

inclusions.

The problem of estimating crystal growing conditions is approached
on the basis of how the supersaturation is generated, whether by slow cooling,
or by a thermal gradient. If slow cooling is used, an estimate of the allowed
overall cooling rate for the system is required. If a therm.al gradient is used,
estimates of the temperature differences and the distances across which these

temperatures occur are needed.

In making estimates of crystal growth conditions, it is necessary to
assume that growth will occur upon a seed crystal and that spontaneous
nucleation can be avoided. This is a reasonable assumption in view of the
conclusions 6f Section II. The manner in which the solution is caused to
flow across the face of the seed crystal must also be defined. Forced stirring
must be used for most fused salt solvents. It is clear from the discussion of
Section 2.5 and 2.6, that diffusion processes are not sufficient to effect
solute transfer in the grcwth of large perfect crystals from fused salts. It
will also be clear from the development of the following sections that convection
is alsc not sufficient to effect proper solute transfer. The information about
forced stirring that is needed is the required stirring rate and the radius of the
crystal support.

The results of the discussions and estimates for the lanthanum fluoride-
aluminum oxide system are also used as the basis for a more general analysis

of flux requirements. The interaction between the crystal growth system
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requirements and the fused salt solution properties is shown and the solution

properties which are important to maximizing crystal quality are identified.

5.2 The Generatjon of Sypersaturation for Crystal Growti
from the Lanthanum Fluoride-Aluminum Oxide Flux

Controlled crystal growth by either the slow cooling or the thermal
gradient method requires information about the rate of crystal growth and the
change of the supersaturation with temperature. For the purposes of estimates
upon which to base crystal growth experiments, the crystal growth rate for
sapphire and ruby precipitating from a lanthanum {luoride flux upon a seed crystal
may be assumed to be govermed by the screw dislocation mode of crystal growth.
The temperature dependence of the supersaturation is assumed to be the same
as the temperature dependence of the equilibrium solubility. When this is not
known, the change of solubility with temperature is estimated by means of a

Clapeyron type equation such as equation (6).

5. 2.1 Growth of 1\1203 by Slow Cooling of the Flux

The desired cooling rate for the siow cooling method of

crystal growth can be calculated for the LaF 3" AIZO 3 flux from equation (2).

The expression for dT/dt is:
dT dr Ap p
—_— — -—-9?-5— (59)
dt i mr %

Wodr

Where dr/dt refers to the absolute crystal growth rate, A is the area of
the crystal face, Pe s the density of the crystal, Pg s the density of the solution,
M, the total mass of the solution, Fw , the molecular weight of the solute, and
dco /dT is the change of solute solubility with temperature. These terms have
been defined in Section II.
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The value of dco/d'r , the change in solubility with temperature, may

be estimated from equation (4). In terms of the concentrations,

ix_ - iA_lzil Ep_l (60)
dT dT c ?I'
where
X is the mole fraction of 1&1203 in the melt
and cAl o ° cLaF N cT , are the moles per unit volrme in the melt for aluminum

273 3
oxide, lanthanum fluoride, and the sum of the moles of aluminum oxide and

- lanthanum fluoride.

Substituting this exprecsion in equation ( 6 } and using,

‘ X = _u. (51)

dc c AH
Aios - ALO, e ; (62)
- dT c T Rr?
1 LaF
3
, Using the expression for chl o /dT in equation (59) for the desired rate
273
of cooling, we have
2
dT  dr  Ap_p, cLaP3 RT
ST (€3)
dt dt MFw CT CA1203 AHf
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using the values,

F,, = 101.96

2593
p, = 3.99 |
pg 3t 1477°C = 4.44 :

c (20 mole percent Al,O, - 80 mole percent LaF,) = (. 005 moles/cm3
A1203 273 3
c (20 mole percent Al_O, - 60 mole peicert LaF,) = 0. 020 moles/cm3
Lal:‘3 273 3
CT (20 mole percent A1203 - 80 mole percent Lan) = 0. 025 moles/cm3
R = 1.99 cal/mole % i
{
T = 1750°K
AHf = 26,000 cal/mole
dT dar A
-= T 6550 T T (64)
dt dt M

If the value of dr/dt for a screw dislocation growth process of growth
on aluminum oxide at 1477°C is used, corrected by the charige in the diffusion
constant from the estimated 10-5 cm to the calculated value of Section IV of

0.41 x 10-5 cmz/sec. equation (64) becomes

2!: Zi_gATz_A_

' dt k M

( oC/hr) (65) .

where k, g, AT, A and M have been defined previously.

b If a crucible size equivalent to the standard molybdenum crucible is
assumed (1 1/2" diameter x 2 5/8" height), the value of M is 338 gms when the

; crucible is completely filled with the 20 mole percent A1203 - B0 mole percent

LaP3 flux at 1477°C. A larger crucible, 4" diameter x 6" height, would hold a

melt of 5500 gms of the same 20 - 80 flux at 1477°C. Substituting these values

s

in equation (1), the allowed values of the cooling rate becomes,
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dT

o = 0.209 3 AAT (°C/h) (15" x 2 5/8") tog)
crucible
dT S )
o = 0.0129 - A aT? (°C/hr) (4" x 6%) (67)
crucible

The probable magnitude of g has been discussed in Section 2. 3 where
it was shown that at the high temperatures of a fused salt growth process
(1477°C). g, which at room temperature can be very small, tends to increase

in value. g is believed to range from 0. 30 to 1. 00 at 1477°C.

The magnitude of k, the ratio of the interfacial energy of the aluminum
oxide crystal in the flux to the surface energy of an aluminum oxide crystal at
the same temperature in vacuum or an inert atmosphere, is believed o range
from 0.1 to 1.0.

The magnitude of the ratio g/k can range from 0. 3 to 10 or a factor
of 30.

The direct dependence of the cooling rate on the available growth area,
A, means that the cooling rate should be much slower at the start of a slow
cooling experiment if a seed crystal is not used. Assuming a square face
1 mm x 1 mm the cooling rate should be one hundredth {0.01) as great as that

for a larger seed crystal with a face 1 cm x 1 cm.

For a screw dislocation growth process, the rate of cooling depends on
the square of the undercooling which can be maintained near the growing crystal.
In the derivation of equation (2) and (59), it is assumed that the precipitation of
solute by cooling exactly equals the rate at which solute is incorporated into
the crystal. The derivation assumed nothing about the undercooling, AT, which
could be maintained in a crucible. The analyses of Section 2.4 show that an

undercooling of 20°C should not cause a high rate of spontaneous nucleation
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for the 20 mole percent MZO3 - 80 mole percent Lan flux near 145000.
However, other modes of growth may compete with the screw disloc:.tion

process if undercoolings greater than 5°C are maintained.

Assuming that an undercooling of 5°C can be maintained, a seed

crystal witha 1 cm2 surface area is used, equation (65) becomes

dT g
— - 522 o (%C/m) (1 1/2" x 2 5/8%) L
crucible
dT g
@ 9 o . o (69)
T C 0. 32 " ("C/hr) (4" x 6")
crucible

where g/k may vary from 0.3 to 10.

5.2.2 Growth of AllO3 from the Flux by the Thermal

Gradient Method

The thermal gradient method of creating the supersaturation
necessary for crystal growth operates by transferring solution saturated with

solute at temperature, T1 , to aregion at a lower temperature, T The transfer

2 .
can be effected by exteraal forces such as stirrers or pumps, by the processes

e

of natural convection, or by a combination of stirring and convection. The
liquid which arrives in the lower temperature region can arrive there at the
temperature, Tl and solute concentration, co, or at the temperature, 'I‘2 and a
supersaturated solute concentration (c equal te c, at Tl) or at an intermediate
temperature and/ or solute concentration.

In using the thermal gradient method, the crystal grower must decide
upon the growth temperature, T2 , and the temperature drop, Tl = T2 . The

criterion for making this choice is derived by equating the rate of solute

deposition upon the growing crystal face to the rate of introducing precipitable
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solute into the growth zone. The precipitable solute is supplied from super-
saturated solution and the technique of crystal growth must ensure that transfer
through the temperature drop actually ensures a state of supersaturation at the
crystal.

The defining equation for the thermal gradient method of generating

supersaturation in a fused salt is

A
( 3) . T ‘0 1 f (s
AT w
\dthg  Receg
where
m is the mass of melt swept by the crystal face per hour

Aco is the finite change in solubility caused by traversing

the temperature drop, AT, where AT = T1 = T2

and the other terms have been defined in 5.1.

The information which i3 needed to make useful estimates about the
thermal gradient method is: (1) the amount of supersaturation produced by the
movement through the temperature drop, and (2) the rate at which solution is
transferred. Since this transfer often occurs by the processes of natural convection,
one major problem is to estimate the solution flow which is caused by the tem-

perature differe;xce itself.

When solubility data are not available, the term Aco / AT can be
estimated by assuming it is equal to dco/dT . An approximate expression for
this quantity has been given for aluminum oxide in the lanthanum fluoride melt
in Section 5.2.1. Itis,

dc
s x| (62)

= C ———

dT c T gt
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Substituting the values for cAIZO " c:mr,3 ’ c.r ' AI-!f , and T given in Section

5. 2.1 in this expression, the value of

Ac
oAl O
e B = o
Al,O
AT °™M2¥s

5.32 x 10”3 { at 1477°C)

or, the fractional amount of supersaturation produced per degree is

Ac
oAl O
—_—2 3

AT Z s5.32x10°°

c
01\1203
or about 0. 5% per oC =

In attempting to estimate proper temperatures and temperature drops for
growth from the flux, a number of assumptions must be made. It must be assumed
that the solution traversing the temperature drop is at thermal equilibrium at
2 but that solubility equilibrium is
The total solubility of the solute is assumed

temperature, T. and at temperature, T

|

achieved only at temperature T1 .

to remain constant as the solution temperature drops to, T,, so that cooled

2
solution is supersaturated at a known supersaturation. In practical work, the
success or failurc of a thermal gradient growth experiment depends to a large
extent on the precision with which these conditions can be met and baffling

arrangements (Ref. 40) are often used to achieve the desired equilibria.

In making estimates, the crystal grower must also decide how solution
transfer across the thermal gradient is to be accomplished, whether by stirring
or natural convection. If either stirring or natural convection is employed,

it is usually assumed that the cooler temperature, T, is at a position above

2
temperature, T

1.
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it is assumed

When stirring is used to transfer solution from T1 to 'I'2 .

that the stirrer is equipped with blades that provide a propeller like action, or

that baffles within the container convert rotary solution flow int~ vertical flow.

It is p}actically impossihle to estimate the velocity of vertical solution flow

under these conditions by calsulation. It is fairly straightforward to estimate
soluticn flow from room temperature experiments with transparent apparatus

using Reynold's number analyses to predict the behavior of the fused salts at

high temperatures. Consequently, estimates of required temperature drops for

the thermal gradient :nethod must be given in terms of an experimentally determined

transfer velocity when stiiring is used.

if the mass of nelt swept by the crystal face per hour, m, is moved by

atirring, a relationship between T T, and the velccity can be established

2' "1
from the equation
m = v pSA (70)
where
v is the velocity of solution flow over the crystal face
and

Pg is the solution density at the temperature of the

solution adjacent to the crystal.

If this expression is substituted into equation (5), this becomes

dr v Ac (71)
= 7
dt > ar ATFE,

tg c

If the value of Ac_ /AT is assumed equal to that for dco/dT and the

approximate relation is used, equation (71) becomes
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AT F (72)

Using the value of dr/dt given in Section 2. 3 for screw dislocation
growth on aluminum oxide corrected for the change in the diffusion constant, this

expression reduces to

1k Cy AH F
AT = v - 5 (73)
2205 g e o RT
3
If the value of c./c, . 1is taken as 1/0.8, T as 1750°K, R as 1.99 cal/mole X,
ik
AHf as 26,000, st as 101.96, this expression reduces to
3 k
T -T, = AT = 0.9x10° v — (74)
1 2 g

where v the velocity of solution flow is cm/sec, AT in oC and a screw dislocation

mode of growth has been assumed.

Equation {74) predicts the desired temperature difference should be directly
proportional to the velocity of solution flow. This is primarily because of the
screw dislocation growth mode which predicts growth rate as proportional to

the square of the undercooling.

When crystal growth is attempted with a thermal gradient methoa of
inducing supersaturation using stirring to effect solution flow, velocities of
solution flow greater than those required for a given temperature drop will result
in unused solution being circulated back to the hotter zone. Iif velocities are
less than those required by equation (74), growth will be slower than is proper

and a "starvation" effect may occur at the crystal face with solvent inclusions.

When natural convection is used to accomplish transfer across the
temperature drop, calculated estimates of the vclocity of fluid flow may be

uncertain by as much as a factor of ten. Relations which permit estimates of
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vonvective flow are generally not available for special gecmetrical shapes in
the growing zone or do not consider the effects of stirring. Nevertheless,
estimates of convective flow are useful in establishing working temperature

drops and showing the approximate fluid veiocities that may be expected.

If the mass of melt swept by the crystal faca per hour, m, is moved by
natural convection, it is necessary to first establish whether - =zural convection

can take place before estimates of the flow can be made,

The condition which relates the onset of convective flow to the tem-
perature drop acress a horizontal liquid zone in the growth crucible was given

in Section 2.5 for & static liquid without rotation. This is,

a13s > 1108 {75)
where
is th2 convective modulus of the liquid
is the thickness of the horizontal liquid zone
and

[:] is the temperature difference between the top and
bottom of the liquid layer

If the value of the solution constants are taken as

= 4. 44 gm/cm3
p=9.8x lo_zgm/cm sec
K = 3.02 cal cm/sec cm? %

B=8.65x10"1/%

The value of cp for the 80 mole percent LaF., - 20 mole percent AIZO solution

3 3

is computed from the expression,

) [0.20(2+3) + 0.80(1+3)]8
p 0.20 x 101,96 + 0.80 x 195. 92
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as,
o)
c, * 0.19 cal/gm K
and g is taken as 980. 665 cm/secz.

The value of the convective modulus, a, which is given by the

expression
Zc g IB
N D (46)
TR ¢
is computed to be _
a= 1620 cm S %!

Therefore, a liquid depth, L, of one centimeter and a temperature
difference, 9, of 1°C should be sufficient to ensure the establishment of
convective flow when there is no rotation in the liquid.

Having determined the minimum conditions necessary for the establish-
ment of natural convective flow, the magnitude of the convective flow may be
estimated from equations (53) and (55).

2 K 3 \1/4
Vav (gm/cm” sec) = Le [0.208 <L ao/ 1]
P
or (76)
A K

v_ (cm/sec) = —=2¥ (gm/cm2 sec) = —— | 0.208 L336 1/4-1

av Pg P L cp

The average convective flow created by a 20°C temperature drcp in a
crucible without stirring has been estimated for the 80 mole percent LaFR =
20 mole percent 1\1203 solution at 1450°C for two crucible depths. One, a
depth of 2 1/2" corresponds to the probable depth a andard molybdenum
1 1/2" diameter x 2 5/8" crucible might be filled. The other depth 5" corresponds

to the depth a standard 4" diameter x 6" crucible might be filled. The results
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for a 206°C temperature difference between the bottom and top of the liquid

layers are,
Vav = 0.17 gm/sec cm2
2 1/2" depth
=~ 0.04 cm/sec
9
V., = 0.15 gm/sec cm”
5" depth

0.03 cm/sec

The estimates of convective flow are given first in terms of gm sol/
cm2 sec and then converted to cm/sec because natural convective flow between
horizontal layers tends to occur in cells spread uniformly across the horizontal
areas. Ascending and descending streams are grouped together in each cell.
The actual velocity of an ascending or descending stream may vary over the
cell so that the values of velocity given are averages calc.ilated from the
average mass flow. These values are for an essentially static system without
stirring.

A 20°C difference for T1 - T2 was chosen for the calculation since this
is a temperature difference which is conveniently estabiished experimentally at
temperatures of 1400°C to 1500°C. The values of average convective fluid
velocity estimated for the 20°C drop are small. It can be shown that an even
smaller temperature difference is sufficient to provide convective flow which

satisfies the screw dislocation growth rate.

If a screw dislocation mode of growth is assumed and the rate for this
mode as given by equation (9) is substituted for (dr/dt) tg in the defining

equaticn for the thermal gradient method, the result for a LaF3 - Al 2O 3 flux

solution is,
20m 1 c F ¢
AT T w (77)
A PP c Dg AS

n
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Using the expression for m of,

K
e [0.208(L3aAT)1/4—1:|
L cp

Equation (77) can be solved Ly t:tal and error.

In the trial and error sclution, the value of p, the interfacia' energy
of aluminum oxide in the flux is replaced with the product, k Uo , Where L7

is the value of the interfacial energy of aluminum oxide in vacuum.

The solution for AT depends on the values chosen for k, g, and A, If
the ratio k/g A equals unity, a temperature difference of 5°C across either the
2 1/2" or 5" depth will provide sufficient convective flow to satisfy the screw
dislocation mode of growth provided there is no stirring or forced rotation of
the liquid.

In practice, rotational stirring is essential as will be shown in the
following section. This type of stirring is needed not to effect transfer of
scluticn from T1 to TZ'
crystal face is rapid enough to prevent solvent inclusions. Temperature

but to ensure that the flow of liquid past the growing

differences even smaller than 5°C may be required under these conditions
because, as will be shown, restrictions upon the allowed undercooling are
introduced when conditicns are adjusted to prevent solvent inclusion during

growth.

5.3 The Prevention of Solvent Inclusions

The only microscopic crystal defects for which the conditions
of formation are described by a formal relationship involving growth and
solution properties are solvent inclusions. These are formed when solution

flowing across a growing crystal face becomes depleted of its supersaturation.
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Two crystalline dimensions must be considered in estimating the
size of crystals which may be grown without inclusions. The first is the
length of crystal face parallel to the flow of solution. The second is the
thicknees of the crystal perpendicular to the solution flow. While only the
length of a perfect crystal face which can be grown parallel to the solution
flow is treated by the theory, the face perpendicular to the flow, the thickness,
is of great practical interest, for this dimension determines the total duration

of a crystal growth experiment.

The length of crystal face that may be grown without solvent inclusions
may be estimated by Carlson's equation- This equation relates the rate of
solute depcsition on a flat plate to the velocity and supersaturation of the
solution flowing over it. The rate of deposition is constant over the surface
but the supersaturation cf the solution changes as solute is deposited. The
length of crystal that can be formed without inciusions under these conditions
is

2
0.214vD lc - ¢
o]

X =
s p 1/3 0 & 2 (56)
d < __
(7= %)
SW
where
v is the solution velocity (cm/sec)
D is the diffusion constant (cmz/sec)
c is the supersaturation concentration away from
the plate (moles/cm3)
o is the equilibrium sclubility (moles/ cm3)
P is the dimensionless Schmidt number, P, = k
d d o, D

s
p is the fluid viscosity (gm/cma), and Py

is the fluid density (gm/cma)
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Fe is the crystal density (gm/cma)

and
dr
dt
The product (p /st) dr/dt is the growth rate in the dimensions of gm moles/cm3.

is the rate of advance of the crystal face {cm/sec)

]
- |
o
q

If dr/dt is assumed to be determined by the screw dislocation growth rate and
the increment of supersolubility is expressed in the approximate form,

c_ AS AT

-9

c - c = —— (78)
o RT

Then the expression for Xs becomes

2 2 2 AS AT
85.5¢ VF exp(— —___)
XS = 73 S RT (79)
Pd' Dpczg2 .ASZ ATZ

From equation (56) it can be seen that the smaller the growth rate, dr/dt,
the lenger the crystal face which can be grown without inclusions. If the time
for growth is considered inversely proportional to the rate at which the crystal
face advances, dr/dt, the length of the crystal parallel to the flow which can
be grown without inclusion is proportional to the square of this time. Consequently,
for a given desired crystal thickness, the total duration of the growth period

increases by the square root of the length of the crystal face.

! In the alternate formulation of equation (56), the dependence on the growth
rate becomes a dependence on the inverse square of the undercooling, i.e., the

greater the undercooling, AT, the shorter the crystal face that can be grown.

diffusion constant. Small diffusion constants increase crystal perfection.

§

}' Equation (79) also shows the inverse relationship of crystal length with the

i

i

;' The conditions whicn are required to produce crystal faces of aluminum
oxide free= from solvent inclusions when using the 80 mole percent LaF3 - 20 mole
percent 1*.1203 flux can be estimated from equation (79). In the estimates a tem-
perature of 1477°C (1750°K) has been assumed.
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Por a 1°C undercooling, c, assumed equal to 0. 00512 moles A1203/cm3,
& screw disiocation mode of growth, and the values of p, p, and D of Section

4, 3 a value of xs is computed equal to,
X, =1.7x 103 v (cm) (80)

If the same calculation is repeated for a 5°C undercooling, the value

of xs becomes,

X = 6.8x 1072 v (cm) (81)

The solution velocities which are required to obtain useful lengths of
sapphire crystals from a LaF3 - 11\1203 flux are quite large. La:dise used
stirring rates of 200r.p.m. for the growth of YIG crystals from i RaO - 8203

flux (Ref. 2, 40).

If a rotation speed of 200 r.p.m. is assumed for the stirrer, and a radius
of rotation equal to one-half the diameter of the crucible containing the melt,

the speeds of fiow across the crystal face can be estimated. These are:

1.5" diameter crucible - V = 20 cm/sec

4" diameter crucible - V = 53 cm/sec

When these speeds are used in the expressions for Xs at 1°C and 5°c
undercooling (equation and ) the results are:
xs - 1.5" diameter crucible '
1°C undercooling = 0.3 x 10 ¢ cm

SOC undercooling = 1 x 10_3cm

xs - 4" diameter crucible
1¥lG undercooling = 0.9 x 10_1 cm

SOC undercooling = 4 x 10-3 cm

These results for XS predict that for 1 1/2" and 4" diameter crucibles,
only crystal face lengths of the order of a miliimeter can be produced without

solvent inclusions at 1°C or SOC undercoolings and stirring rates of 200 r.p.m.
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These iengths can be increased if smaller undercoolings can be maintained in
the growth system. An undercooling of 0. IOC, increase the value of XS by a
factor of 100, so that

3 cm (1.5" diameter crucible)

Xs 0. IOC undercooling
9 cm (4" diameter cruciblej

it is clear from the estimates of solution velocities produced by convection
in Section 5.2.2, ~ 0.04 cm/sec, that large crystals without solvent inclusions
could not be produced with even a 1°C undercooling if solution flow across the

crystal face were provided only by convection.

The practical difficuity in using very small undercoclings to grow long
crystal faces free of solvent inclusions is the long time required to increase

the crystal size (thickness) in a direction perpendicular to the solution flow.

If the growth rate by the screw dislocation mode is computed for the

0. 1°C undercooling, the value of dr/dt is:

4

~|la

dr

—= 1.1x10 (cm/hr) (82)
dt

This corresponds to a growth of 0.96 g/k cm/yr. Again the major uncertainty

is in the value of k, the ratio of the crystal interfacial energy in the solution

to its energy in vacuum. If k has a value near 0.1, the rate of growth of perfect

o
crystals could correspond to a centimeter per month at a 0.1 C undercooling.

5.4 Factors which Influence Crystal Perfection

In order to find ne'v fused salt solvents which could lead to the
growth of more perfect crystals or to the growth of larger crystals free of solvent
inclusions, it is useful to examine Carlson's equation (56) in terms of crystal
and solution variables. Such an examination was begun in Section 5. 3 where

substitutions for the supersolubility and growth rate produced equation (79).
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If this latter equation is further modified by using the Stokes Einstein equation
to express the diffusion constant in terms of the radius of the diffusing ion or
mclecule and the viscosity of the solution, the resultis,

. cz(r)2/3p1/3p 1/3 exp (= 2A8 AT) F 2
X = 605 — 52/3 57 RzT ey (83)
AS” AT" T (l—\l ) Pe
where

v is the velocity of solution sweeping along the crystal
face (cm/sec)

[ 4 is the interfacial surface energy of the crystal (cal/cmz)

r is the radius of the diffusing molecule (cm)

" is the viscosity of the solution (gm/cm sec)

e, is the density of the solution (gm/cm3)

Pe is the density of the crystal (gm/cms)

AS is the entropy change on precipitation of aluminum

oxide (cal/ °C mole)

AT 13 the undercooling of the solution ( °K)
is the temperature where growth occurs, (OK)
is the gas constant (cal/ % mole)

P is the molecular or formula weight of the solute

and

N is Avogadro's number

It can be seen that not only is the length of crystal which can be grown
without inclusion directly proportional to the solution velocity, and inversely
proportional to the square of the undercooling but that the crystal length is
proportional to the square of the interfacial surface energy. Consequently,
high interfacial surface energies which lower the screw dislocation growth rate,

greatly increase the length of crystal which can be grown free of inclusions.
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Contrary to most conventional thinking about desired fiux properties,
the solution viscosity itself has little effect on the length of the crystal which
may be produced free of inclusions. The same may be said for the solution
density. Both of these factors affect the crystal length by the one-third power.

The radius of the solute ion or molecule, r, which is not amenabl2 to change

enters into the expression for xs as the two-thirds power.
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VI. CONCLUSIONS ANT" RECOMMENDATIONS

A study has been conducted of the solution variables and crystal
growing parameters which control the growth of large perfect crystals of
sapphire and ruby rrom fused salt solvents. The objectives of the program
were twofold: (1) to identify and understand the dominant variables in the
flux growth of ruby and sapphire, and (2} to provide means for predicting the
sizes, shapes temperature gradients, and cooling rates of crystal growing
systems which woulc lead to the optimum production of ruby and sapphire
from given fused salt solvents. The study contained both experimental
measurements and theoretical analyses. The results of the study are:

1. The development of a set of working formulas for the prediction
of suitable growth conditions from fused salt fluxes. Formulas are presented
for the efficient development of supersaturation by the slow cooled and thermal
gradient methods and for determining the conditicns necessary to prevent
solvent inclusions, the common defect of flux grown crystals. The formulas
have been obtained either from the open literature on crystal growth, by
derivation, or by modification of crystal growing equations for other media.
They include means for predicting the change of solubility with temperature
when measured data are not available, means for estimating the probable
magnitude of convection currents, means for predicting the effects of stirring,
and means fur 2stimating the conditions which may cause homogeneous

nucleation.

2. Specification of the qualities which make growth of refractory
cxides from fused salt fluxes a unique crystal growing problem. The primary
distinction between fused salt fluxes and other crystal growing solvents has
been shown to be due oniy to the high temperatures. These lower the free

energy available for crystal growth with a concomitant reduction in the
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supersaturation possible from given undercoolings.

3. The factors which control the growth rate of aluminum oxide from
fused salt fluxes have been examined. The examination included consideration
of the screw dislocation mode of growth, the mononuclear mode of growth, the
poiynuclear mode of growth, diffusion controlled growth, and heat flux controlled

growth.

4. Experimental determirations of the density and viscosity of an

80 mole percent LaF. - 20 mole percent Al,O, flux as a function of temperature

3 273
have been made and the results reported. Equipment was consuucted to
determine the sclubility of 15.1203 in the same flux but determinations of this
solubility did not prove successful.

S. The formulas for predicting growth conditions have been applied

to the growth of aluminum oxide from an 80 mole percent LaF, - 20 mcle percent

15.1203 flux. Equations are given for the cooling rate to be exipioyed for a slow
cooling method of generating supersaturation, and for the temperature gradients
and solution fiows required if the thermal gradient method of generating super-
saturation is used. The lengths of crystals which could be grown free of solvent

inclusions have been estimated for two crucible sizes, and three undercoolings.
It has been concluded that:

1. The screw dislocation mode of growtn is probably the dominant
growth process for sapphire and ruby at moderate undercoolings in the fluxes
of interest. Limitations upon the growth rate from heat dissipation processes
are not expected to occur during the flux growth of sapphire and ruby except

for special experimental airangements.

2. The rate of homogeneous nucleation of sapphire and ruby nuclei
in fused fluxes between 1400°C and ISOOOC is probably very low at undercoolings

up to ZOOC. The production of batches of many small crystals must occur
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from large undercoolings or from the introduction of heterogeneous nuclei into

the melts.

3. Any batch growth process for the flux growth of large sapphire
and ruby crystals must allow for mass solvent flow within the container
by stirring. Convection and diffusion rates along are not sufficient to produce

good crystals or more than microscopic size.

4, The presence of solvent inclusions and similar defects in flux
grown crystals is to be expected when batch experiments are carried out
without stirring. Such defects are caused by hydrodynamic factors in the
crystal growth system and should not be used as evidence against the exploitation

of a particular fused salt flux.

5. Growth of perfect crystals of ¢apphire or ruby from fused salt
solvents in general will require relatively large ciameter crucibles (4" or more),
high stirring rates (200 r.p.m.), and small undercoolings. Tre major problem
which the crystal grower must face in attempting the growth f large perfect
sapphire or ruby crystals from a fused salt solvent, such as the 80 mole percent
LaF, - 20 mole percent Al_O_ solvent, is caused by the total time needed to

3 23
produce a crystal of a desirec thickness.

It is recommended that:

1. The flux technique of crystal growth be considered a use-
ful working tool for the growth of large perfect crystals of refractory materials.

Present difficulties with the method can be overcome by planned logical effort.

2. The factors which are needed to predict conditions for the
corstal growth of ruby, sapphire and other technologically important refractory

oxides be investigatad. These factors are:

a. Solute solubilities
Measurement of the solute solubilities which

include the densities of the saturated fluxes are required.
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b. The diffusion constant of the solutes in their fluxes
Direct measurements of the diffusion constants

for solutes are desirable but estimates of their magnitude

may be obtained from viscosity measurements upon the

molten fluxes.

c. The interfacial energies of crystalline solutes in the
fluxes
Measurements and/or calculations of crystalline

interfacial energies in fluxes are urgently needed. The

probable mcde of growth in fused sait solvents, the screw
dislocation process, causes the length of crystals which

can be grown free of solvent inclusions to be dependent on

the square of the interfacial energy. The time period re-

quired for growth is directly proportional to the interfacial

i energy.

3. Preliminary appraisals be made for a number of fused salit

solvents which have shown promise for the growth of single crystals of re~

Eaata

fractory oxides now unoitainable by other growth methods. These appraisals
should encompass predictions of probable changes in solubility with temperature,
cooling rates or temperature gradients, and length of crystals which can be

expected to be grown without solvent inclusions.

4, A detailed study be carried out upon the factors which

influence the distributions of dopants in flux grown crystals.
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I. INTRODUCT]ON

Work on Contract No. AF 19(628)-5656 is directed to solution
studies on fused salt systems in order to provide information for the
growth of sapphire and ruby crystals. The program includes experi-
mental measurements and estimates of the sizes, shapes and tem-
perature gradients of crystal growing systems required for flux

growth.

During the first quarter a library search of the available flux
systems for iubv growth was carried out. The initial results of this
study were issued in the form of a technical report, ASE-1100, Syn-

thetic Spinel Flux Growth Survey (Ref. 1). The study covered the
published literature from 1907 to 30 August 1965.

The results of the literature survey and the recent work by

Dugger (Ref. 2) indicate that studies of solubilities and phase equi-

libria for melts of the alkaline earth fluorides and aluminum oxide are

needed before further progress on the growth of large crystals can be
exvected. An experimental program to determine these variables has

been initiated.
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1L, NICAL DISCUSSION

Flux techniques offer promise of producing the most perfect
sapphire and ruby crystals for laser use. Dislocation counts less
by a factor of ten than the best crystals from the Verneuil or Czochral-
ski processes have been produced by flux methods (Ref. 3, 4,5). How-
ever, to date, sapphire and ruby crystals grown Ly the technique have
been small, often contained flux inclusions, and have shown twinning

and inhomogeneous doping.

The defects of flux grown crystals arise from two different sets
of variables. The first of these is the solubility temperature relation-
ships which control nucleation and the total nutrient material avail-
able for growth. The second is the transfer variables which control

the flow of heat and mass to and from the growing crystal face.

Solubility temperature data for aluminum oxide flux systems are
rare. Previous interest has concentrated on those reactions of alumi-
num oxide which are of interest to ceramists rather than those of im-
portance to cr'ystal growth. The systems which have been used for
flux growth of sapphire and ruby have been summarized by Cobb,
Adamski, and Wallis (Ref. 6). Previous work has been almost exclu-

sively confined to lead based systems.

The most interesting unstudied systems with vapor pressures
low enough to allow work with open crucibles are those based on LiF,

MgF,, BaF,_, and MnF,_. These materials have melting temperatures

2’ 2 2
below 1300°C and because of their fluoride anions should be good
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solvents for oxides. Cerous fluoride (Cer), melting point 1430°C.
and lanthanum fluoride, melting point 149 3°C, are additional possi-
bilities.

o T
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It is planned to determine the temperature dependence of the
solubility of aluminum oxide in these fluxes during the next working
periods. The solubilities and specifications of the phases which pre-
cipitate should clarify the usefulness of these fluxes for ruby and

sapphire growth.
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I. INTRODUCTION

Work on Contract No. AF 19(628)=5656 is concerned with studies on
fused salt sysiems with the purpose of providing growth factor data for the flux
growth of sapphire and ruby crystals. The problem includes experimental

measurements of the sizes, shapes, and temperature gradients of systems

used in fiux growth.

During the second quarter, techniques were devised for studying the
solubility and supersolubility relations of aluminum oxide and its compounds
in fluoride based fluxes. These techniques are to be applied to fluxes found
in the AFCRL survey (Ref. 1). The solubility data obtained in the study
should delineate the regions where spontaneous nucleation can be expected
and permit cooling schedules which avoid the onset of single crystal growth

from multiple sites.

Thé rationale behind the experimental approach and the equipment now

under construction is described in Section II.
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I1. TECHNICAL DISCUSSION

A large number of flux systems suitable for the growth of sapphire have

become available as a result of recent work.

Dugger (Ref. 1) has studied 63 flux systems for potential use as media
for the growth of aluminum oxide crystals (corundum). Crystals of corundum
were found in the cooled matrixes of 23 of the fluxes. A substantial number

of the other fluxes produced crystals with a spinel structure.

The technique of growth used for the survey studies, slow cooling through
a 300o temperature range for a period of about 50 hours, produced a large crop
of seed crystals which inhibited the growth of large single crystals. The
occurrence of this excessive nucleation is characteristic of flux growth by

a slow cooling technique.

Multiple nucleation can be avoided by forced growth upon a seed crystal.
An exact knowledge of the solubility temperature relationships of the aluminum
oxide in the flux is needed to acconiplish this. In addition, a controlled
temperature gradient in the growth chamber is necessary. With sufficient
information about solubilities and the establishment of a suitable temperature
gradient in the chamber, growth of large crystals from a flux can be accomplisheu
by either slow couoling in the presence of a seed or use of a constant average
temperature within the crucible and effecting solute transfer to the seed through

convection produced by the temperature gradient (Ref. 2).

Techniques suitable for the precise determination of solubilities in the
temperature regions of interest to the present program (1000o to 1600°C) have
been described by Barton, et al, Friedman, Tucker and Joy (Ref. 3, 4, and 5).

Two types of measurements are required, thermal analysis and quenching studies.

B2
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Thermal analysis (cooling curves) is used to locate the temperatures
of the phase reactions which occur at fixed temperatures. These comprise
eutectic, peritectic and congruent melting reactions. Quenching studies are
used to locate the liquidus boundaries and determine the primary phases

present at temperature.

The thermal analysis apparatus under construction for the flux studies
is shown in Figure 1. Flux is held in a crucible (molybdenum for the fluoride
fluxes) placed in a machined graphite block. The container block has a
machined cover through which a stirrer, inert gas feed and thermocouple are
inserted. The whole apparatus is heated in a 2" diameter globar furnace
lined with a high temperature alumina tube. Temperature is measured with a
platinum - platinum rhodium thermocouple and an Esterline Angus potentiometric

recorder.

The gradient quenching apparatus is shown in Figure 2. A temperature
gradient is established along the block by prior positioning in the furmace.
The temperatures within the block are read by thermocouples. A tube contain-
ing flux with a known compositi.n by weight is placed within the block,
allowed to come to thermal equilibrium and then dropped from the block into
oil. The relationships of the flux and precipitates at various temperatures
are determined by noting the condition of the solidified flux as a function of
its longitudinal position in the tube. The contemplated fluxes and temperatures
necessitate that the initial quenching block be constructed from a molybdenum
rod. To avoid the difficulty of making long holes in molybdenum, thz rod will
be sectioned and the holes cut in each half with a milling machine. The
machined halves will then be fastened together. The quenching block contains
a 1/4" center hole in which is placed the quenching tube. Six side holes
5/32" in diameter lead into the central chamber. These holes are for the

introduction of thermocouples.
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The quenching tubes for the fluoride fluxes will be constructed of
1/8" diameter molybdenum tubing having a 0.016 wall thickness. The
tuhes will be filled with previously fused melts and crimper . approximately

1/4" intervals to allow precise determination of the temperatures where

specific phases occur.
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I11.  DISCUSSION

Seeded growth of perfect corundum and spinel crystals from a molten
flux has never been repoited although technically this should be easier to
accomplish than growth by the methods now employed. The information needed
for controlled growth is (1) a knowledge of the possible fluxes, (2) good
solubility data for the most promising fluxes, and (3) proper growth chamber

des.gn to provide a uniform flow of nutrient to the growth crystal.

The work now underway at the AFCRL Laboratories is steadil:’ revealing
new and more powerful flux systems. The determination of solubilities for
the most promising of these systems will require tedious and lengthy measure-
ments. These measurements are essential to success in extrapolating to

larger growth systems.
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I. INTRODUCTION

Contract No. AF 19(628)-5656 is directed to experimental measurements
of fused salt systems and calculations of the sizes, shapes, and probable
temperature gradients required for the growth of crystals from such systems.
The purpose of both the experimental and calculation programs is to provide
growth factor data for the flux growth of sapphire and ruby crystals. The
solution parameters which are to be investigated by experimental measurement

are solubility, supersolubility, vapor pressure, viscosity and density.

In the first quarter of the program, a complete library search of the
available flux systems for ruby, sapphire, and spinel was performed using
Chemical Abstracts as the primary reference source. The results were issued

as a report (Ref. 1),

In the second quarter, methods for the determination of solubility and
supersolubility in the temperature regions of interest were studied. Equipment
for these measurements was designed, and construction of the equipment

initiated.

During the third quarter of the program, the construction of equipment
for solubility and supersolubility studies was completed. The design of equip-
ment for density, viscosity, and vapor pressure measurements at high temper-
atures was carried out and construction of this equipment begun. In addition,
a method of analyzing the complex differential thermal analysis data now
becoming available for fused salt systems was devised at the request of the

Project Scientist.

The theory behind the density, viscosity, and vapor pressure measure-
ments, and the equipr.ent now under construction is described in Section II.
An example of the method of treating differential thermal analysis data is

given in Section III.
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The parameters which are needed to make predictions about convective
flow and critical length are the density, viscosity, and the variation of density
with temperature. Althcugh the thermal conductivity enters into the equations
as an additional constant, this should be a slowly varying function at the

temperatures of interest. It can be estimated from anaiogous solution data.

Determination of Density = Several methods are available for the deter-
mination of liquid densities at high temperatures (Ref. 4). The Archimedean
method has been chosen for the current program. In this technique a molybdenum
bob is weighed in air, then immersed in the molten salt and weighed again. The
difference in the two weights, the buoyancy, B, is determined by the volume
and density of the bob, the density of the liquid, and the surface tension of the

liquid.

The eguation relating the various parameters is,
weight of bob in vacuum - weight of bob in liquid =
weight of liquid displaced + effective weight of the
liquid column which rises on the supporting wire

from surface tension.

In symbols B = VTPI - 271y cosé,

where B, the buuyancy, is the weight difference,

VT is the volume of the bob and the portion of the supporting

wire which is immersed,

P is the density of the liquid,

r is the radius of the wire,
vy is the surface tension of the molten salt,

and @ is the contact angle of the melt against the supporting wire,

If two airterent sized bobs are used, supported by wire of the same radius

which is immersed to the same depth, the effects of surface tension can be

ok e *ﬂu%'
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eiiminated by writing equations for the two bobs, subtracting one from the

other, and solving for P -

Thus, B1 = V,np1 - 2ary cosé ,
82 = VTZPI - 22ty cosé,
B. -B
pps L2 |
(le Vo)
Since the volume of the bobs must be meaisured at room temperature,

a correction must be made for the volume change caused by
thermal expansion. This can be inserted in the equation as @
multiplying factor, and the egquation written in terms of bob
volumes at room temperature.
Thus, Py = ABI(\; B_zv -
T1 2

where \r’1 and V2 are now bob volumes at room temperature,

and AT is thz thermal expansion of the bob metal from room

te.nperature to the fused salt temperature.

An apparatus patterned after the one used by MacKenzie (Ref. 5) has been
designed for the liquid density measurements of the program. Figure l is a
schematic drawing of this acparatus. A standard Troemner chainweight specific
gravity balance is used for the determination of the buoyancy. This apparatus
nas a specific gravity range of 0 to 2.100 and an accuracy within 2 0.0001.
The range will be extended to 4.0000 for the fused salt systems under study
by using an additional counterweight. The bobs are to be machined from
molybdenum and supported on a tungsten wire. A molybdenum crucible will

contain the melt.

immersion of the bob will be controiled by supporting the crucible on an

alumina pedestal which can be raised or lowered by a iab jack with a pointer

Q
w
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and scale to indicate the distance traveled. Careful elevation of the pedestal
and crucitle is made until a pronounced movement of the suspension is observed.
The position on the scale is noted and the lab jack is raised the required distance

to completely immerse the bob.

The temperature of the melt will be determined either by a thermocouple

beside the crucible or by a airect reading of the surface temperature using a

pyrometer.

Determination of Viscosity - Fused salts generally have viscosities
| measured in centipoises and comparable to that of water (Ref. 6). No data for
fluoride melts could be found however, although Klemm (Ref. 7) has tabulated

all the available data for fused salts. It has been assumed that fused fluoride

melts are similar to other fused halide melts.

The technique which has been chosen for the measurement of viscosities

during the current program is that of the oscillating bob. This method is

recommended for viscosity determinatious when values in the centipoise range

are expectad (Ref. 8).

The pertinent aspects of the method are shown in Figure 2. A molybdenum
- bob supportad on a tungsten wire is immersed to a fixed depth in the molten salt,
f{' and put into a rotational oscillation. The angular swing is observed by light

reflected from a mirror attached to the wire and focused on a galvanometer scale.

The decrease in amplitude during successive swings is noted and the logarithmic

decrement , the amplitude during an oscillation divided by the amplitude

X
at the beginning of the oscillation i{s calculated.

The relationship between viscosity and logarithmic decrement has been

given by Fawsitt (Ref. 9) as,

1/2
3 S
A-2a_ = C, (pr) t Cop + Cypp
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where A and xo are the logarithmic decrements in the melt
and in air respectively,
pu is the viscosity,
p is the density of the liquid,

and C C and C, are constants of the apparatus which

1 72° 3

depend on immersion depth and end c!eararce. They
can be determined by measurements upon liquids of
known viscosity and density such as water, benzene,

and chloroform.

Vapor Pressure Determinations - Several methods are available for
measurirg vapor pressures at elevated temperatures (Ref. 10). The most con-
venient technique, although limited to low pressures, is the determination

of vapor pressure throvrgh weight loss.

Vapor pressures are determined from weight loss measurements by heating
a weighed sample of known surface area for a measured period of time. The
sample is cooled, reweighed, and the vapor pressure calculated from the weight
loss per unit area. The method is considered applicable to the pressure range

o 10 sl (Ref. 10).

Vapor pressure determinations from weight loss measurements are feasible
for the barium fluoride and magnesium fluoride systems of current interest for
fused salt flux systems. These materials have vapor pressures of 10-3 atm at
an estimated 14OOOC for magnesium fluoride and an estimated 1390°C for barium

fluoride (Ref. 11).

The equaticn which relates vapor pressure to weight loss is,

44. 4Pa

Z = —
“YMT
where Z is the rate of evaporation in moles per second per square

centimeter of surface,

P is the equilibrium varor pressure in atmospheres,
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M 1is the molecular weight of the substance in the
gaseous state,
a is the accomodation coefficient,

and T 1is the absolute temperature in OK.

The method is uncertain to the degree to which information is lacking

about the species vaporizing and those present in the equilibrium gases.

The coefficient a, the accomodation coeffieient introduces another
uncertainty. The accomodation coefficient is assumed to be equal to the
condensation coefficient, which is defined as the fraction of the molecules
striking a surface which stick to the surface during condensation. Barring
an alternate method of determining @, it is usually assumed to be equal to

unity in vapor pressure estimations.
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III. _ANALYSIS OF D.T.A. DATA

A method for analyzing the extremely complex D. T.A. curves now being
obtained at the Crystal Physics Laboratories was developed during the quarter
at the request of the Project Scientist.

The problem to be solved is illustrated with the data of Dugger (Ref. 13)
shown in Figure 3 which is taken from an article by that author submitted to
the International Congress on Crystal Growth. Figure 3 shows a typical
differential analysis plot in which the difference emf developed between
thermocouples immersed in an unknown sample and a reference material is
plotted against the average temperature of the sampl:s. The difference emf
developed between the two materials is caused by a steady rate of temperature
increase in the furnace surrounding the samples. The technique and theory

of the method have been described in detail by Dugger (Ref. 12).

The most significant feature of the plot shown in Figure 3 is the large
number of peaks and flats. Each o’ these is believed to correspond to a phase
change or a chemical reaction. The D.T.A. data shown in Figure 3 are for an
equimolar mixture of barium fluoride and magnesium fluoride. Since the D.T.A,
apparatus is extremely sensitive, phase changes or chemical reactions for
magnesium fluoride alone, magnesium fluoride with absorbed water, barium
fluoride alone, barium fluoride with absorbed water, and for solutions and
compounds formed between the barium fluoride and magnesium fluoride may be

present on the plot.

The problem is to match specific peaks with known reactions or phase
changes. It is further complicated by the fact that although the temperatures

at which individuai peaks cccur, when they do occur, are relatively constant,
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many peaks disappear and reappear in successive runs. A number of D. T.A.
tracings are usually made to ensure that a complete study has been accom-
plished.

A metinod of treating the large number of tracings produced by these
studies is shown in Figures 4A, 4B, 4C, and 4D. The data have been supplied
by the AFCRL Project Scientist. In these iiqures, the peaks and flats of D.T.A.
thermograms have been plotted as horizontal lines arranged vertically according
to the temperature at which they appear. Hence, the complex curve of Figure

3 is now represented by a column of horizontal lines.

Figure 4A presents side by side D.T.A. thermograms for eight runs upon
equimolar barium fluoride, magnesium fluoride mixtures. The thickness of the
lines has been drawn equal to the estimated uncertainty in the tempersture

determinations.

The general shape of each perturbation in the D.T.A. thermogram is
indicated beside its line by a letter, as F, for flat; P, for peak; Exo P, heat
evolving peak; etc. The temperatures at which peaks or flats could be expected
because of recorded phase changes, i.e. The melting point ¢f magnesium

fluoride are indicated on the right hand margin of Figure 4A.

The D.T.A. data in Figures 4B, 4C, uiid 4D have been plotted in the same
way to the same scale but have been printed in different coiors on transparent
overlays so that they may be placed over the data of Figure 4A. This is desirable

to allow matching of thermogram perturbations.

Figure 4B (yellow) shows the D.T.A. profile for two thermograms in which
dried aluminum oxide, the customary reference standard, was run against hydrated
aluminum oxide. It can be seen that some of the peaks of Figure 4B match those
of Figure 4A and it is probable that those peaks in Figure 4A which do so match
were caused by the reference aluminum oxide absorbing water between runs on

the equimolar barium fluoride and magnesium fluoride mixtures.
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Figure 4C (blue) shows D.T.A. profiles for so-called "hydrated" 1
magnesium fluoride. Again, some of the peaks match those of Figure 4A |

as well as those of Figure 4B.

Finally, Figure 4D (red) shows D.T.A. profiles for "anhydrous"
magnesium fluorides. The general reproducibility of the apparatus is shown

by the matching of lines with the melting point of magnesium fluoride.

The purpose of the study described here was to develop a simple and
accurate technique capable of grouping large amounts of data into a form
suitable for comparison and review. This has been achieved. The method
is simple. The plots can be drawn by the scientist on transparent drafting
paper and can be printed using a standard drafting room Ozalid machine,

The transparent overlays are made with specially treated Ozalid paper which
is also commercially available. The preliminary analysis already made indicate

that the method is useful. \
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Contract No. AF 19(628)-5656 is directed to experimental measurements
of fused salt systems and calculations of the sizes, shapes, and probable
temperature gradients required for the growth of crystals from such systems.
The purpose of the experimental and calculation programs is to provide growth
data for sapphire and ruby crystals. The solution parameters which are to he

investigated by experimental measurement are supersolubility, vapor vressure,

viscosity, and density.

During the first three quarters the available flux systems for ruby,

e —

sapphire and spinel were reviewed. Methods for the determination of solu-
bility, supersolubility, density, visccsity, and vapor pressure were chosen

and the construction of equipment for such measurements was initiated. During
the fourth quarter the construction of equipment was completed and the apparatus

applied to the study of fused salt systems.

Two systems were recommended for study by the AFCRL Project Officer.
These are a mixture of 80 mole per cent cerium fluoride and 20 mole per cent
aluminum oxide and a mixture of 80 mole per cent lanthanum fluoride and 20
mole per cent aluminum oxide. The results of the mcasurements upon these
systems and the implications of the data to crystal growth from these systems

will be presented in the Final Report “>r the project.

In addition to work upon the measurement of the fused salt solution
parameters discussed above, work was also carried out upon the analysis
of differential thermal analysis data by the method described in the Third
Quarterly Progress Report (Ref. 1). i

D 1.
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ABSTRACT

A literature search was made through Chemical Abstracts from
1907 to 30 August 1965,

The following key words were used for this survey:
Crystals, growth of
Crystallization
Crystallization, apparatus
Fluxes
Fluorides
Ruby
Spinel

This literature search was conducted by J. A. Adamski and
E. B. Waliis. A total of fifty~-six (56) abstracts were accumulated.




1921 - 1943

Artificial precious stones. Hj. Sjocemn. Arksbok Seemshs Vel.-Akad. 1921,
283-313; Mincralog. Absiracts 1, 382.—A review of the fiterature on sstificial gom-
stcoas ‘corundum and spircl) desllng with tleir production on & com. scale, aad the
eriteria for distinguishing them from natu-l stones. E.P H.

Artificlal magnesia spinel. F. J. Tonx. U. S. 1,448,010, Mar. 13. A mixt.
coutg. MgO and AL, and a reducing agent such as coke is electrically smiied at o
temp. sufficiently high to fuse the ores and reduce & poriion of the metallie impurities
to metallic form, the fused product is allowed 1o cool and the metallic impurities age
sepd. to obtsin an artificial spinel for yse a3 & refraciery

Fote on Synthetic Corvaénm and Spined. G. F. Hxmpzar Surru. Mineral
Dept., British Museum., Mineral. Mey., 13, 153-5.~—A description is given of the
mathod wend iz the preparatios of syathetic rulies. An artificial blue stone, called
“Hepe sapphire” by the trade, was shows to be spinel. W. T. Scmatizx.

Recactions on healing sulfides, carhides, silicides, phosphides, silicates and spinels
with alkaline earth oxides. J. A, 1levvatt. Soensk Kem. Tids. 37, 166-73(1923).—
The substances indicated in the title were miixed with alk. carth oxides and heated,
the first 3 groups in the preconce of air or Oy, the others in N;.  BaQ, S0,
Ca0), MgO is the order of reaction intensity excepit with AgS, with which CaO and
Mg are rever ed. BaO stands apart from the others in reacting at & dofi-
nitely lower temp.  This s explained Ly the formation of BaOy. The sulfides are
2uS, Ax:S and CusS and their type reaction is: BaO -+ ZnS 4 20; = BaS0, 4+ Z20.
For a0 reactions with the sulfides in the order given the temps are 321°,312%aud 312°,
rsp. [0 the graphs are shown striking bends in the curves at the eritical temnps. for
B0 and Sri) hut not for CaO and Mg0O. Cu.S ditTers from the other 2 in that the
reactions with the other alk. carth oxides all take place at 377° instead of from 400° to
315°. ‘There is a fundamental change in the Cu.S st this teinp., a coneeption supported
by the sndden reaction with Op at 3%3°%. The alk. carth oxides rzacting with Cr,Cy,
FiSie, CitPy confonin in kind with the salfides and yicld earbonates, silicates and phos.
plates, resp. The temips. are also sicnilar; e. g, for Ba0O 343°, 320° and 331°, resp.
Foe the other alk. carth oxides the temps. are in cxcess of 460°. BaO-FcSis react
ey wively.  The silicates were Ieated in Ny and are represented by wollastonite,
enstaite, silimanite and rhodonite.  The reactions gave metal onides an:d alk. carth
silicates. For Ba0 the tenips. were 354,° 351°, 157° auwd 355°, resp.  The data for
%0 e nearly 100° more than these and for Cat) 200° more. MgO is not ia-
<luded in these or suliscquent tests.  The spiel: were: Zn0-ALO;, CoO-ALO;, CuO--
ALO- FeO-Cri04, Cal-Cry0p. ‘The roasting was in N: and for the chromite also ia Oy,
In the Iatter case the reaction takes jilace at the sane temnp. as in Ny and MCrO, is
formed.  The spinel reactions are simple :lanble decompns. except for the Co compd.
iz Oy, which also gives Co.0.  The temps. are comparable with those for the silicates,
weept in that the tahle shows less difference between SrO and CaO in the Zn spinel
»rics and the mmsially high fignre of 7G0° for a Cu0)-Al0,. A. R. Ross

Uynthetic splnels. Ekbert Lederle and Rodolf Brill
(to I. G. Faibenind. A.-G.). U. S. 2,{22,§ 23
See Fr. R4,GAC (C. A. 32, 0167y, " v 0y June 23.

Production of syuthetic gems. E. H. Kraus. Am.
.\]ineraf. 22, 206(1937) . —A description of certain phases
oi manufacturing processes and thic characteristic proper-
tics of synthetic ruby, sapphire, spinel and emerald.

G.C. P. A

Fluoride as flux. L. Vielhaber. Emaslwaren-Ind. 15,
J11-13(1938).—Because of the scarcity of borax in
(:-«'rllxany, otiwer flux snbstitutes are being tested. Fluo-
rides havea greater flusing action than the alkalies. CaF,
does o have the came tuxing action as Naj,AlFg.  Andrews,
wha stndicd thie effect of fnorides on the deformation temp.,
expliins that (1) the more NayAlliais replaced by CaFy, the
higher 1he deformation temp. becomes; (2) even if resuhis
are dependent on the conipm, of the baich, the hypothesis
Is voreect that it must e possible to obtain a 1eduction m
the deformation point by the simnliancons use of mare
fuorudes: NagAlly, NagSilaand Caliy; (3) the proportian
e which these 3 sibstimees are present is miporiani,
Papavaion, opacity and hatell compn, are  discussed.
Conclwsion: A fosmula wolh iow borax content can be
drtd. which itses flnorides and which will have satisfacioy
1vopertics and be eanilv fusiblc, M V. Condonlc

El
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Effect of ths additien of salt varor on the syathesis and
the crystal growth of spinsl. Tokiti Noda and Masatosi
ilascrawa.  J. Soc. Chem. Ind., Japan 43, Suppl. bind-
ing 72-3(1940).—The formation of spincl (1) Liom powd.
AMg) and AlLLO, by heating in the presence of alkali and
JIk. carth salt vapors in a streamof Ny, at 1300° for 3 hrs.,
was increased f0-24%. Max. yiclds were obtained with
NaCh. MgTh, Cafly and NaCl helped to increase the
crystal size from 1.5 u 102-3 u.  Although All%;, N1,1¥ and
NaF induced large crystal formation, I was not pure, but
was surrounded by laysrs of fluarides.  George Pappa

Resction in ths solid state at highsr temperatures. VII.
The reaction betwsen magmesium exids and aluminum
otide ia the solid statc. Yasuo Tanaka. J. Chem. Soc.
Japan 62, 377-9(1941); of. C. A. 35, 4634%.—Two scrice
of eapts. were perforined: (1) The 3 mixts. MgO:ALO, =
21, 1.1, 1.2 were heated at £400° for 10 hrs.  (2) The
2 mixts. MU ALO, = f:1, 1:2 were heated at fo0o°®
lor 3 hrs.  1n Doth cases the free MgO in the reaction
poducts was duetd, and the x-ray diffraction pattern of the
products was 1uken. The initial reaction product is always
ure spinel irrespecti oo of the ratio of the mixt.

T. Katsurai .
Ths tervary system MgO-ALO~Cri0,. W. T. Wilde
sl W. J. Rees. [lrans. Brit. Ceram. Soc. 42, 1234-54
(1043).—-A comprehensive sindy of thic syster of refrac-
tory oxides, MzO-Al:Or £1:0;, establishuad or confinned!
the following facts: (1) The binary systan AlLO;, Cr,Q),
shows complcte solid soln., with no comypilicating factors.
The precise position of the solidus and liquidits phase
boundarics remains to be detdd. The suggestion that the
usually observed m. pooof 2000-2080° is due to the fornia-
tien of a lowcr oxide has been disproved by thie demonstra-
tion that when rednetion ocenrs, Cr setal is obtained i
«quil. with the sesquioxide.  (2) The binary systemn MgO-
AlOy possesses only onie compd , MgO.ALO,, which can
take a considerabie amt. of alumina into soiid soln. at high
temps.  No evidence has been ohtained of any solid soln.
of magnesia in MgO.ALO,. ft has been shown that alu-
nina is pptd. from spincl-almnina solid soln, when cooling
is slow.  (3) The binary system MgO-CryOp possesses one
compd., MzO.Cr:0, 1t has been shown that whatever
solid solu. of MO or Cry0s does oceur, it is negligible i
furnace-cooled specimens.  Oun the basis of a thorough
x-ray investigation of this pait of the system it has been
concludcd that o stable compd. of the formala 4MgO. -
Cr;0 exists, (4) In the high-and the low-magnesia portion
of the ternary system tlic lattice dimensions of tlie spinel
compds. appear to depend solely on the relative propor-
tions of Cr oxide and Al oxide present.  The difTuse nat
of the pattern of the rhomboliedral phase in thelow- nia
nesia poriion of the system suggests that pyitn. in the sohid
state may be takiug place asin the MgO-ALO; binary, but
thiscannot be taken as fully proved. A coniplete series of
solid solns. is formed between Mg0.A1;O; and MgO.Cry(.
The scries is aot completely regular and suggestions have
been put forward to exBlain the irregularities. No ternary
compda. are formed. Bibiliography. H.F.K.
Active magnesia. II. Adsorption of fluoride from
aqueous solutiona. Alhert 2. Zettlcmoyer, Larl A. Zeitle-
mover, aid Wi, C. Walker (Lehigh Univ., Bethleham,
Pa.). J. .t Chem. Soc. 69, 1L12-15001947); of. .1,
41, 1140, —Studies of the adsorption of duotide ion from
solns. af Nalf on a series of activated magnesias showed
thai the rates of flnoride adsorption and of hydration in-
ereased with increasing surface arca for powdered wag-
nesia.  1lowever, no correlation was fonnd betwean sur-
face areas and the equil. amounts of fluoride ion alsorbed
Pauf H. Emmets

Tne growth of barium titanate crystals. B. M.tihize
{Massachusctts frst. of Technoi., Cambridge). [hvs.
Rev. 73, B08-0(1948); cf. C.l. .2, 13770, -To nrep
BaTiO, crystals, welt { mole HaCi, 0.03 mole R0,
and 0.96 mole TiO, (50, 25, and b g., ey i Ptar Cin
anatin. of N: cool the mie't Trom 1200° to B witlun a
few hirs. Dissolve the Bally in water, and sep. the
excess 13aC0,. With a larger amt. of BaCiy, hexagonal
and monoclinic crystals, besices simall cubic ones, are
obtained. A discoloration causedd by 't s partaly
removed by iicating at 200° for a fow birs.  Reduction of
Ti0; by C gives hluish crystals: the erystals are decolor-
ized by heating in O &t €00-800°, G, M. Petty
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1944 - 1958

Reaction betwees solids. . C. Castcll, S. Diluot and
Mary Warrington. Naitwre153,633—(1944) —Thelorma-
tion of spinel, MgALQO,, frimm MgO aud a-Al:0y was in-
vestigated at tenips. above 1000°.  This reaciion is prob-
ably characteristic of others enconntered in the ceraniic
and refiactory industrics, and of the prodnction of n:ctals
framn thoir oxides by reduction witl: Al. - Tucorctically
spinel shonld be fornied faster in a reducing atm. or an
racuo than in air. Briquets coutg. fiucly powdered
MzO and «-Al;0; were heated 1 b, at 1000-3170°, and the
spinel contrut was detd. hy x-ray (Cu Ka) analysc  The
briquets which coutained 5% Mg (1actal) were heated i
wacuo: they all showed a higher coutent of spinel than
thase without metallic Mg, which were heated in air at
atm. pressure. At 1150°, the spinel formation was 659,
and 209, resp. G. M. Petty

Apparatus for manufacturing synthetic cryatals. Gencral
Llectric Co. Lad. and Keuueth W, Brown.  Brit. 661,606,
Nov. 23, 1931, Anapp. for making malticolored synthetic
crystals ol corundnm i rod form is deseribed and illustrated.
A sep. coutaiuer for cach waterial, e.g. ALO, (1) for white, I
plus Cr oxide for red, or I plus lie aud Ti oxides for blue, is
contained in 4 chimber through which O is fed to an O-H
burner beluw wlhich the crystal is formed  Each container
h.s a e screen 4t the bottom, and feeding from it is ac-
wnited by a vibrator.  In operation 4 change fromn one color
to another is wade without interrupting crystallization.

Edward S. Haneon

Spi uced by the sintering reactions botween basic
ondp::dn’;“dumiu. Goro Yamaguchi (Tokyo Uaiv.).
J. Ceram. Astac. Japan 61, 594-9(1952) .—Various mixts. of
g0, Co0, NiO, Cu0, Zn0, MG, and AlO; were heated
to 900~-1700° and the formation nf spincl was studicd by the
x-ray powder method.  Spinel is most casily fornied in NiQ
und with diliculty in MnO. Intermediate are MgO, CoO,
and ZnO, while CdO and CaO do not fonm spincl.

K. Yamasaki

Tha system Al,O;-Cr;0, and the red color of ruby.  Erich
Thile and Jochen Jander (Humboldt-1"niv., Berlin).
Forschungen w. Forischr. 26, 351950); Chew. Zenlr, 1951,
11, 6849; cf. C.A. 45, 32176, 6973c.—Cr is trivalent in all
Al;0:-CrsO; mixed crystals. Artificially produced mixed
crystals of this kind show the pure red color of ruby only up
to a Cry0; coutent of about R%. As the Cr content s in-

creased above this value, the color gradually changes to-

green.. The lattics consts. lic between @ = 4.76 aud ¢ =
13.00 A. for Al;Q;und @ = 4.93 und ¢ = 13.51 A. for Cr,0,.
The cliange in the lattice consts. begins with the appearance
of the green color.  The d. increises sliarply in the red re-
gion and thercafter increases slowly. Buth the magnetism
curve and that showing the reducibility of the Cr with Hy
show discontinuities at 8% CrsOy.  Up tn 7.2 mol. % CriOy
cach Cr atom is surrounded by Al atoms only, while beyqnd
this concn. Cr-Cr bonds must appear. The break which
the phys. propertics of the mixed erystals show at about this
compn. is thus tricecable to the uppearance of electron
bridges between adjacent Cr atoms,  This must also ac-
count for the color and the cond. of pure CriO..
M. G. Moore

Solubility of a-alumina in flux on firing of corundum ce-
ramica. 1. A. Bulavin. Sborsik Nauck. Rabat. po Khim.
v Tebhnol. Silikatov (Moscow: Gosudarst. Ixdatel, Lit, po
Stroitel. Materialam) 1939, 258-63; Keferas. Zhur., Khim.
1957, Abstr. No. 31472.—Study of the soly. of Al in
niclts of the ternary systems BaO-CuG $10y, BaO-MgO-
SiOy, BaO-SrO- Si04, which constitute tlie basis ol vitreoy.
phiuse of cornndun, clinoeustatite, and other vaneties of
tech. ceramiies. Melt mixts. were prepd. hy fnttug
carbouate salts and pure fincly-ground gnartz, washed wyy
HCI and liaving a particle size of <60 . Addus. of electra
corundum {contg. 88.5%, AlyOs) werc incorporated in anus.
of 10-50,. Primary fusion of the frits and secondury
fusiou with added Al;O; were carried ont in a Silit furnace,
at 1450-1550°, for 7 hrs., the cooling proceeded either i the
furnace or in water. Microscopic and x-ray nicthods were
tised todet. the amt. of Al;Oy satg. the vitrcous phase under
varying couditions of firing and cooling. In fluxes of the
Ba(-Ca0-SiO; system, 10-35% Al;0y can be dissolved witl;.
out sepn. of corundum crystals on slow couling; in the BaO-
MgO-5i0; system, a region of vitreous phascs has been de-
lineated, which underwent crystu. with a 5-10% content of
AlL;Os. ALO, is slightly sol. in Aux of the BaO-Mg0-Si0,
and of the BaO-SrO-SiOy system. J. J.G.

Syatbetic gems. Deutsche Gold- und Silber-Scheidean-
stalt vorm. Rocssler (Gnstav Jaegur and Fnitz Ahren, in-
ventors). Ger. 1,002,299, Fet. 14, 1957 (Cl. 12m, G).
To a pawd. spinel or a wixt. of 67-77 parts Al:O and 33-23
parts MgO, 0.6-5.07. mctal oxides, e.g. CoQ, Fe;0,, Cu0,
MOy, Cr105, MOy, NiO, V404, TiOy, UsO4. or Bi,0,. are
adided. Alter pressing and sintering at 1400-1930°, clear
colored products are obtained. Wilheim Eschenbach

The iataractions in the Na,0-ALO,MgO aystem at
1200°. A. S. German<Galkina.  Trudy Vsesoyus. Nauck..
Issledmuiel. Alyumn.-Magn. Inst. 1957, No. 40, 25-3].—
The inter:iction of the connponents of a niixt. corresponding
to the systein N.yO-AlO, -MgO was studied under isother
mal conditions at 1200°,  Mats. of varions compns. (hav-
ing a ratio of Na and Al oxides correspoading to Na alumi-
natc (1} or spincl) were investigated.  Alter 2 hrs. of cal-
cnation the products were analyzed. In the course of
calciuatiom wt 1200° of mixts. corresponding to the NayO-
AlG3-MgO systein having different arats. of NayO, the
latter reacted with ALy 1o form I. In mixts. with a
stoichiomztric and. of Na:O for I, no spinel was formed,
owing to the reaction of replacement of MgO hy NayO from
the spinel.  Spinel is forined in small aints. at 1000°,
whereas at 1200° the MgO is displaced from the spinel by
NagO.  No termary compds. were found iu the investigated
‘mixts. From Rcferat. Zkur., Met. 1958, Abstr. No.Ll lé%.

K

Liquid sintering of corundum ceramics. P. P. Budnikov,
1. A. Bulavin, and 1. A Zakharov (D. 1. Mendeleev Chen .-
Technol. Inst., Maoscaw).  Nauck. Doklady Vysshel Shkaoiy,
Khim. § Khim. Tekhnol. 1958, No. 1, 168-72. The depend-
ence of the sintering of corundum ceramx. or: the compn.
and the quantity of the liquid phase formed 10 the calcina-
tion process was studied. The fluxing arcais used for the
formation of the liquid phase were takes fromn the systems
Ca0.510;.A1,0; and Cu0.B..0 .S5i0; and were introducel into
the mass in powd. forin, which permitted a uniform process
of formation of the liquid phase. 1t is shown that during &
sintering witheut crystn., 409 of liquis] phase is necessary
in order to obtain corundum cerumics (with grain size fron
0 to 50 ) with a min. porosity, independently of the differ-
ence in the campn. of the initial fluxing agents, in the cal-
cination temp., and in the amt. of AlyO; dissiciating in the
primary fusion. TFor higher valucs of the liquid phase,
when the sintering is continued about 3 hrs., a swclling and
a deformation of the samples occur, which are charicteristic
of the averfiring condition. A min. porosity is attained in
the case of courser-grained corundum (60-80 u) at a 45%
formation of the liquid phase. At >45%, the filtratiun of
the fusion froin the sample to the botiom occurs. It is
shown that 1 rigorously similar eouditions, the rate of pptn.
of the sample from the mass depends on the compn. of the
forming fusion. In all cuses the ppin. begins quite unex-

ctedly, an during the first 10-20 mir. it takes place very
intensely.  The sintering rate of the corundum mass with
different fluxing agents depends on the viscosity of the pri-
mary fusion and the variation of the rckitive viscosity and
the surfare teution upon further soln. of ALO, in the fusion.

Jean Plimondsn

Effact of the addition of barium oxide on the phase coni-
position of basic refractoriea. M. Grylicki and F. Nadac-
howski. Prace Inst. Hulmczych 10, 243-54(1958)X English
and Russian sununaries).—A phase cquil. of the temary
svstein:  2BaQ.Si0;-2Ca0.5i0-2Mg0.Si0y (1) is studiced,
with particular empliasis on the binary systems 2Mg0.Si0s-
2B40.510y, and 2Ca0 Si0:,-2Ba0.Si0;.  Ba0 expells CaO
and MgO from their compds. and fo.ms 5 compds.: Ba0Q.-
IN0.25:104, Ba0.Mg0.5104, Ba0.2Ca0.Mg0.25104, 5Ba0.
3Ca0.4510y, and 2Ba0.Si0;. A discontinuity exiets in the
solid solns. of 2Ba0.5i0y and 2Ca0.Si0;.  Fe;O: dnes not
react with any phas<e of the system 2Ba0.S5i0¢2Ca0.Si0Or
2Mg0.Si0; il there is an overdose of periclase, and combines
only witli MgO, forining a solid soln. MgO + MgO.Fe,0;.
On the contrarv, ALO, partly forms a spinel Mg0.AlLD,,
and partly Ba0.A{0O,. Ten combinations are given of co-
*xisting phases of the system MgO-Ba0O-Ca0-Si0r-AlOs-
FesOy with an overdose of free MgO. The addn. of BaO to
hasic refractories increases their m.p.: BaO.Mg0.Si0; has
a m.p. 130° and 2Ba0.8i0, 300° higher than CaO.MgO.-
Si0y. By choosing a right combination, refractories m.
1820° are obtained. L. G. Manitius
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Minesal formation %m of chreme spintis with
mazaesium oxide at temperatures. L. [. Karyakin
w14 K. N. Repenko (All-Union Sci.-Reszearch Iust. Refrac-
vazs, Kharkov).  Trudy 8-go| Pyatogo] Soveshchasn. E&:{d.i
Jekh. Mineral, s Petrog., Akad. Nouk $.5.5.R., Inst. Khim.
Sihictow, Lensngred 1956, 382-94( Pub. 1958).~A study was
wuic of the reactions occurring upon lhieating of chrome
e.anls ai high tenps. with MgO. Cliromite ore and the
chronee spinel sepd. from it, with and without. addn. of MgO,
were heated to 1600, 1800, and 1870® in an atm. of 2irard N,
.nd to 1900° in an atm. of air. A microscopic examn.
sawed that with an increase in the temp. of heating the
crain size of the chrome spinel and the no. of transparent
s1.iuns increase.  Samnples were prepd. from chrome spinel
withs the adda, of 5, 10, 30, 50, or 79% MgO, and were
euded slowly and rupidly. Microscopic, chem., and x-ray
natbods were also used in studying the alterations occurring
upon heating chrome spine wiin a=d without MgO. 20
sckrences. Gladys S. Macy
Single of ferrites. Paul M. Hamiltoa (to Monsaato
Chemicai ), U.S. 3,115,460 (Cl. 252-62.5), Dec. 24, 1963,
Appl. June 22, 1850; 2 pp. BaO.6FuO single crystals are
grown by slowly cooling, 2 soln. of an Fex(s in noiten BaCl, from
1200-1350° to room temp. Crystal size varies from 0.2 » to 3
mam. depending on the cooling rate. T. C. MacAvoy

1958 - 1961

Some reactions ic the Li.0-B,0;-ALO, system, with
regard to the sintering of corundum in the presence of
lithium boron flux. Miloslav Bartuska. Sdikdty 4, 147-G4
(1960).—~Reactions between Al:O, and lthium-boron flux
for sintering of ALO, in the presence of a liquid phase
were studied. Flux contg. 38.19, B;0; and 41.99, Li.0
melts at 2600°. Whcn H,BO; is fused with corundum at
a ratio 12.7% B,0,:87.3% ALO; a compd. 2B,0,.9Al.0,
is formed at 1200-50*. The compds. Li;0.Al:0; and Li:0.5
AlO, are formed when Li,CO, reacts witk corundum 2t a
ratio Li;O:AlLO, up to 1:5. Spinel is formed pastly from
its conipunents and partly by tne sccondary reaction he-
tween LiyO.ALO, and free ALO, and it is enhanced by the
presence ~f F~. 1In the ternary LiyO-ByOs-ALO; system,
consisting . 80% coruudum and 209 Li-B melt, spinc!
Liy0.5A10, is formed at 850° and the reaction is complcted
at 1000°. A small quantity of a byproduct 2B,04.9A1.0,
is formed at >900°. The samples, pressed at 1130 kg./sq.
cm., sinter 150° lower than would be apparent from the
dekydration curve. The spinel is formed in hypidiomorplic
crystals, free of pseudomorphoses of primary corundum.
The study of the reaction between ALO; and the Li-B flux
indicates thut the Li;O-ByOs-ALO, system is not suituble

as a model for the sintering study in

"
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The interactior. of chromite with magnesium oxide during
(kiln} firiug. S. M. Zubakov. ¢menpory 28, 275-80
(1950); cf. CA S50, 10361f, 16362s, 53, 8560b.—~Results
obtained in the study of the interaction of Saranovik chro-
mite ores of the Kimpersalsk deposits with MgO In coarse
and finely ground conditions at temps. up to 1700°, followed
by slow cooling, are summarized. ln the coarsely ground
mass (the chromite with 1-3 mm. grains and the periclase

with 1-0 mm.) and at high temps., a diflusion process of ex-

change takes place. From the chromite grains to the peri-
clase on the one hand migrate Fe owides and silicates, and
from the periclase to the chromite diffuses MgO. Highly
significant changes taking place during the firing are ob-
served in mixts. of chromite with spinels, oxides, and sili-
cates where the spinel has the formula snRO.R0,.mR,0;
and the ratio of Ry0y: RO lies within the litnits of 1.169 aad
1.777. The difiusion of oxides from the coarse grains of
chroniite to the periclase proceeds with the formation in the
reaction zone of a geries of new comnds.: magnesioferrites,
spinels of complex compn., forsterite, and glass. Out of
contact with the grains of chromite, the periclase luses its
light brown color and ut the same time its n changes from
>1.78 to its norma! value. In the finely ground mass
(grain size <0.06 ram.), the reaction gocs nearly to com-
pletica to form a sinter more chemically and mineralogically
liomogencous than the chrome-magnesite products with
their znnal structure and highly heterogeneous compns.
The principal phases are (a) a modified chrome-spinel with
a heterogenenns cryst. structure whose predoiuinant com-
ponents are the magnesian spinels Mg0.Cr,0, and MgO .-
AlyO4, and lurge amts. of the Fe spincls MgO.Fe 0, and FeO .-
RyOs. (h) periclase with the normal parameters of the cubic
crystal lattice, but with variable ns. New compds. formed
are (a) secondary spiucls with the forinula Mg, Fe* * (Fe***
+ Cr***, Ai)xO,. irom which is developed MgO.Fe 0y, anal-
vgous to the Mg0.CryO, and MgO,Als(h, which are the
basic conversion products due to firing of chrowme-spinel;
(5) forsterite, and glass containing cryst. montecellite and
merwinite, a Ca Mg orthosilicate. H. L. Olin
Single-crystal synthetic garnets. James W. Nielscn
(to Bell Telephone Laboratories, Inc.). U.S. 2,957,827,
Oct. 25, 1960. From a 3-phase systerm consisting of PbO,
Fe,0u, and Y0, ““garncts’’ are synthesized from a mixt. of
PbO RO, Fe 0y 70, and Y104 3.5 g. (heated in a Pt crucible
for 5 hrs. at 1330°). Cooling at 1-5°/hr. is rccommended
before removal from the furnace. Other oaides such as
Stn0y. Gd:On, or ErO; can be substituted for Y:0,.
Crystals ranging irom 1-10 wmm. in size form. Prepu. of
S Fe0y, Ghlie,04, YViFe 01, and Er,Fe,0p is described;
as weil as crystals of a YFe garnet contg. Gs substituted in
part for the Fe. A. E. Alexander

the presence of fluxes. C. Weiner _

Growth of single crystals of synthetic gamets, fertites, and
orlholerptet Wesiern Electric Co. Inc. Brit. 912,799, Dec. 12,
1962, U.S. Appl. May 13, 1940; 8 pp. To thc usual flux of
PbO fur growing single crystals is added B,0.. This increases
the soly. of the oides from which the single crystals are formed,
and thus increases the yield and the size of the crystals obtain-
able. Four max. .sol,v. and min. borate formation, 1 part B0,
to 10 parts PbO is used for gamets and 1 to 30 for spinels and
ortholerrites. . B. A. Landry

Industrial spinals prepaced by the reaction sinter process.

Gustl Strunk-Lichtenberg. Fertsckr. Mineral. 3¢, 49-53

(Iu61); of . Mcyer-Hartwig, Ber. deut. keram. Ges. 33, 85-91

(19&‘.)..—-Prepn. of solid solus. of the scries MgALO-Mg-

Cri0, is described, and a graph is given of the vaniation with

cowpn. of the urit-cell size in the series.

. Michael Fleischer

. Coatrol the conditions of direction of crystallization

in growing Y,Fe,0,; crystals. V. A. Timofeeva and R. A.

Vaskanyan,  Krisiollagrafiya 6, T96-9(1961).—The possi-

bility of control of the direction of growth of Y,IFe;0.

crystals was investigated by thermographic studics of the
system  PbO~PbF=Y,Fe:0i:. In 1:1 mixts. of PbO-

PLF:. 409 ViFe,On dissolved at 1300°. Rapid cooling

crystd. V;Fe, O at 1100°; a layer of fine crystals was

furimed on thc surface of the molten soln. A sisigle-crystal
layer of I auight serve as o crysin. sced. A solu. supersatd.

at 1260-80° by the addn. of V,;FeyO, to a satd. soln.

cooled quickly by 30-40° formed a thin film of cryst. Y,-

Fe;0,.  Continning cooling at the rate of 2-3°/hr. 10

1100* grew crystals only in the rhombic dodecahedron

plane up t¢ 8-10 mm. 1. Bencowitz

Reaction kinetics of solid aluminum and magncsium oxides in
the formation of spinels. Jan llavac (Cliews. Techinal, Hoch-
schule, Praguc). Proc. Intern. Symp. Reactivily Solids, 4tk,
Amsterdam 1960, 120-37,Pub. 1001)(in German). The reactinn
kinctics of the solid oxides were investigated at 950-1300°. The
duta followed the rate equation for diffusion in sohds published
Lv Serin and Ellickson (CA 35, 7782%)., The activation energies
were: a-AlLO, 107 and y-ALC, 82 kcal./mol. The difference in
the activation energies of a- and y-Al;O; were explained on the
basis of the different products formed in these rcactions. The
kinetics data of the reaction in the casc of a simultaneous crystal-
lographic inversion of the v into the a-modification deviated from
the rate law for diffusions into spheres. No increase of reactivity
was observes. Rudolf G. Frieser

Method of growing barium titanate le crystais in
potassium fluoride flux. Shigeru Waku (Nippon Tele-
graph & Telephonc Public Cnrp., Tokyn). Kogyo Kagaksu
Zussiy 63, 2004-2100( 1960). Crystals for matrix memory
clements were grown from a Pt vrucihle of alout 840 cc.
capacity. The no. of butterfly-type twins, the growth
rate of the crystal plate in the a- and c-axis directions, and
the mnformuty of the thickness of the crystal plate were
aflected considerably by the heating conditions of the
crucibie during the melting period. The no. of such twins
and the growth rate in the direction of the ¢ axis increased,
for the same cooling rate, with increase in AT between the
bottom and top of <he crucible and the fluctuation of temp.,

T. 1n the c-axis directien, the rcverse was truc.
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1962 - 1963
Discussion ')ayudmdbu fitanate crystale 6f ozide garaets, erthofesrites, and farvites.
cysial in KF.’.O:x Shigeru \:l‘::u Kew. oihpgh? Rereiks, .(Lo Bell Telephone Laboratories, Imc.).

Commun. Lab. (I‘okyo) 10. Nos. 1-2, 1-19(1902). ﬁtcdn .S. 3,079,240 (C:. 23-301), Feb. 2¢, 1963, Appl. lh{ 13. 1960;
of butterfly twias are found in the residua’ powders of Ba- 5 pp. Smgle ~cystals «f garmets, onholcmtu. and ferrites are
TiOs raw matcerials. The cause of the rapid growth of the grown in a @ux comprising PO and BsOs. The gamets are
[110] dendrite is thie presence of a pair of parallel (111) twin M; M0 or MM} 0.).. M is yttrium or one of the rare
plancs cisely spaced.  The existence of this paic of {(111)  elrmeris of at. no. b .tween 62 and 71 or a mixt. of these rare
twin planes was cunfirmed by orthoscopic observation under elaments with each other or Y; M’ is trivalent iron or trivalent
crossed Nicols in extinction position and chiem. etching of the ir ) mixed in part with Ga, Al, 8¢, Cr, or Co, M* may in

cross-section.  Similarly, the cause of the rapid growth of the be & trivalent meial. To prep. garnets, wdghed amts. of MO,
simall-aigle tierfly twin is the presence of a pair of uarallel M*50;, PbO, and B0, (ratio of BsOy to PHO prdenbly 1:10) are
(111) twin planes parallel to one of the two [111] twi planes heated at 1300° for 8 hrs., cooled at the rate of 2°/hr. to the
of this twin. Eristence of this pair of (111) twin plance was  ro515000n temp., the liquld is poused off, and the crystals re-

confisraed by electron microscopy . C. A. Pinha maining in the crucible are permitted to cool to room temp. ia
Grmhdm—dnh—zwtmhmw R.  about an hr. The flux residue is removed from the crystals by
C. Linares (Bell Telephone Labs., Murray Hitl, N.J.).  dil, HNO,, and the crystals are washed with boiling water and ais- ]
J. Am. Ceram. Soc. 48, 119-20(1982).—Single crystals of dried at room temp. Thus prepd. were Y FeyOu, GdiFe,On, 2
YlMlOu can be grown 'm molten PbO-xByO; solns., where GdyGa,On, Yb,l?e.&., (Y, EshVesOi, and Yo(GasuFeru)Cn. 3
is between 0 and 0.36 mole. The field of slabnhly of Yy The rare earth metal orthoferrites and the ferrites are preferably £
M.O.. widens with increasing concn. of B0, in the solvent. prepd. with a ﬂu, ratio of 1:20. Thus prepd. were YFeQ,,
Fe can be substituted for various pfovorm}- ocf :;1; ?';m LaPReOy, and HoFeO;, NiFe;Os, MgFeO.. and =.(31.;e)o.. 7
usuet
Growth of yttrium izon garnet from molten barium borate. Growing crystals of corundum from solutions of mo'ten lead :
R. C. Linases (Bell Telephene Labs., Murray Hill, N.J.). ﬂ.m,d.""\ A, Timofeeva and K. A. Voskanyau. K rstallo-
J. Am. Ceram. Soc. 45, 307-10(1962).  Y:Fc,0y4 garnet can grofiva 8, 263-6i%3); of. CA 56, 05146, The sdy. «f ALO, EH

bhe grown fram solm of YFe,0pp aml moiten Ba.xB8,0,. in 11 | = \M {r f .,
1]1] At ! o o 4490
T et spsen s o v e o 0o 1 s et s oo uf w et 1 100 b 4
if::l"lﬂil]:l:i:‘:st n;r;:(;:n‘; ?l::”llllh: cr);ld phalsc mulcﬂses e\ nlmul 4 pm.nmld plaise (0001) am! 2 rhombohelral plhawrs
snven a may be replaced (T, and (2021). 1u the presence of Cr0, as an I||Ip||rll) the

;:g: Na, K, Pb, Ca, and Sr; “dmm’rém.}.‘m;:m crystal was red colored.  The pinacoid pline, growing  the

slowest i, absorbot nost of the CriOy, concg. the color in the

Growth of refractery Ol'l“ MM"""I'H l:( & l‘;“"_‘;' center of the erystai.  In rapidly grown crysials 12-faced pyranitls
{Bell Telephone Lab., Incorp v: urray " -l' J i < perpendicnlar to the basal direction were cheasly dudnp\‘:l
Appl. Phys. 33, 174725(1902). Various refractory_oxides Thin pliates, up to 1 sq. cw., formed from the vapor pliew in

can be crystd. from malten P'bO-PbFy and Bi:Or-Bil, the uguwr part of the crucihle or on the cover.  Tlies were
solns. The 'bO-Pbl’ snlvent hasproved successful for the Pincond planes, homogeuzous, free of impuritics, with aa ideally
growth of high-alumina compds. including Al gamncts, rare even: surface. GRJR

earth or.thinaluminates, spincls, magnelaniumbite type Al . oorpyum crysals. General Electric Co., Ltd. (by Eric

mirites, Al oxide, and the bivalent oxides BcQ and MnO. 5 A
The Bi;Or-Bil’y system was used for the growth of the ferrite A. D. ‘\Vhlle).A .m.h:d”o'?”' A"’" 2, 1::3. Awl'u?"'h."“h‘
GaFeO,. The siability ranges o1 thesc various compds. is 1960; W-l A met 85 ":I“" ‘l“ P“l,:; um crys 'w;u:d
discussed in addiz. to problems of doping and aitainment of comprises tne l::e‘ up to Yp W 1. mizing in r’h, s
large single crystals. CA AlOy, m""" l':":‘ "‘: 80~ .l'cwlh "I* 'l ac :‘
evacuated during the heating process, cnoling the woin. at 2 rate
Gmwtl:i of yttrium kf: glmotnonce i"‘ from ldmétll;n of 1-2° per hr. to the m.p. of I'bFy and thereafter more rapidly to
g:;::“ ‘; " T'l I ul::eh' 1 “mam.};l;l N1, nom temp.  The mixt. of PhF; and AiyO: may be colored with
L opel e cpiione ne. AUy chroniate or dichromate ions and may be seeded with 4 corundum

J.Appl. Phys. 33, 1362-3(1062) Y Fe garnet was crystd. ;
an a seed crystal from molten BaO .xB,0;, where x is 0.61. crystal to peoduce relatively larger crsstals. C. J. Anorga

Two methods were used: (1) slow conling cf a melt in which Role of P in growtb of BeO single crystais. . B. ;\ln.l-.:rla'..ul
a rapidly rotating sced was suspended, and (2) growth in a tennies Tatern., - Canoga 1lark, Culif.). N At Encrzy
temp. gradient where excess Y Fe gamnet was maintained Caomm. NAA-SR-8361. Ii pp.(ituid).  BeO singic crystals wers
in a hotter part of the system, and a rapidly rotating seed Frown e micitens L MO0 MeO) as salvent thia. Ao, ot
was suspended in a ennler region.  The geometry of the fur- o ihie fav, i e den Lil'O., np to severad perec

uace, crucible baflle, stirrer, and circalator system required niigue erystal liabit mawatications. The extent of the nie

to preiuce contrelled growth in each of these systems is de- tions depends an s compue, temp., and 19 conen. Generatian
seribed, and the nature of the rate-limitmg step in each of the of inclusons is markedly suppressed. P cntent in cryatals was
systems is discussed.  The dejpendence of growth rate in the detd. by 1racer metinads, Werner 1L Haas
[110} direction on stirring rale, cooling rate, and solvent Preparation of crystaliine BaTiO, ingots from mel’s in en at-
wt. is presented.  Good quality growth with rates as high as nosphere of oxygen. 15, \'. Rursian und N. I*. Smirnavi (A, 1.
50-75 mil/day was achieved in favorable casey. CA wrtwn State Unive, Leningrid).  Knstalicgragive 8(5), T~

Growth of singlecrystal MgGa,O, spicel from molten PbO- . Gl Bigie ol BaTilh wefe pecal. il he il
PbF, solutions. Ldward A Giess (Thomas J. Watson Res.  do-lailt INK® furnaee. i temdeney to furn i single enystal,
Center, Yorktawn Heights, N.V.). J. Appl. Phys. 33, L1943 turuw solislsticitions of Ba'tiOq, rader o lugh temp. gradieat, i

(1062). Siugle crystals weighing 1-2 g. each have been grown  protedmvsl, ainl consequently, ingots of Targe sises are single
by a techingue similar to that developeil by Nielsen (Ca 58,  ristaisor. b higher rates of cooling, gedycrvst. The ditnenswars
wi theindets st 028 X XX T umi) were limited by the di

43c).  ‘The bust spinel-produging compn. is 12 mole 95 MgO, 8 b 1
Ga:0, 4U 1'nO, and 40 by Cryst. products are compesed  wtsras vod e funace itwll. . The somples bl o = 001 =
principally of 0,01, acicwlar Mgls, and octahedral MgGu:0y. = ¥ 11 at i lregueney of 50 eyeles/see. {nr an sptiin ficki
Molten solns. of MgO:Cay0s = 12:8 moles produced crystals vtk 8= S8Ry et at 20°. For haw ficlds (0.1 kv /o),

with ¢ 8.284 A. Solns. of MgO:GasOy = 8:12 mnoles yielded ¢ vertaad by Toader  The Cunie point was (112 x 2% the
crystals with ¢ 8.283 A. Liberty Casali Calie nf;l.l ll||l~ |nl-|ul nea “l( ak nl. li (013 kv /r;ul) Was cq nlllu
- oL 1e vol. cleetrocamnl. of the jingot was of the sane wrder

Kinetics of the solubility of alaminum in molten fluorids o the ccranmies of the sane eompn. Jean Plamondon

salts. P, M. Shurygin, V. N. Boronenkov, and V. |,
Kryukov. Isv. Vysshikk Uchebn. Zavedemii, Tsvetn, Met,
S, No. 3, §50-66(1962). The rate of soln. of a-alumina as
detd. by a rotating sample with equally accessible surfaces in '
molten fluorides is restricted by diffusion. The diflusion
coefl. is of the order of 107 3q. cm./sec.  and changes with
the cornpn. of the melt. Cryolite has the highest diffusion
energy of activation of all the constituents of the elec-
trolyte: Ep = 28,100 cal./mole. The Stokes-Einstein
equation is not applicable for NaP-AlF, meits, but i< suit-
able for the system 3NaF.AIR—CaF,. 17 references.
Evan N. Davidei <o
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of single crystals of yttrium-ires in moltes
TF,-PbV; solutions. Maseo Sato and Shumpei Hukuda (Tokye
Inst. Technol., Japan). VYagve Kyobas Shi 71(1), 5-R(1944,
Saly. data of YOy in V'F, werce obteined by diffciential thenudi
analysis in Ar and those of Fe 0, in PUF; in air by ehiem. analys,
of quenched specimens. Mixts. of ViOy and Fex), were dic
solved in VF- I'bF, 2t 1300-1350° and erystals of the so-callee
Y-Fe . YoFesOn. were cbiained by cocling the soln. ata
rate of 416" /he. K. Yamasaki
Gacnets. James W. Nieleen (to Bell Telephone Labora-
e, Ine.).  U.S. 3,001,540 (Cl1. 106-42), May 28, 1963, Appl.
Mg 25, 1950: 2 pp. Division of U.S. 3,050,407 (CA 87,
1l Single-crystal Ga Y garnets are prepd. in a Pt crucible
at . 140°, by using a Bux contg. PbF; and, in some cases, PbO.
Sunall amts. of certain metal oxides, such as Cri0,, CoyOs, TiOy,
Mic1),, NiQ), er FeyOy, are added to color the garnet. Thus, 24
& Vak, N g. GagD,, 180 g. PoF,, 160 g. PLO, and 2.5 g. CrsOy
ate bwaterd 4 hes. at 1250%, enoled at 1°/hr. to 950°, then al-
bl teenl to room temp.  Contents are leached with a mixt.
o il 1INO; and AcOH to dissolve the flux. Garnet crystals
ale green. R. D. Gillen
Flux grewth of chrysoberyl and alexandrite. 1. F. Farrell
and J. Il. Fang (Mais. Inst. of Uechnol., Cambridge).  J. 1w,
Ceram Sew. 47(31), 274- 1 10id). Crystuls of elirysobery! (Al
BeO (1) andd wdeamdrite * Al BeO), Cr) (11 were grown in lengihs
from 0.1 teo 10 unn. by the Hux-melt method.  Suitable sturting
compus. were, for §ILO 66.6, ALOy 16,7, and BeO 16.7 mole 4,
for 11 LigMuQO,, 4.3 MoQO; 5.6, Al Oy, Cr 4.5, aud BeO 4.5 nole
Te.  More wark is required ta provluce lurge erystals of better erys-
tallograplie quality. J. C. Tallman
A new series of spinels of the selsnides of yttrium, scandium.
and rare earths. Michuline Guittard, Charles Souleau, anc
Wassen Farsam (Fac. Pharm., Paris).  Compt. Kend. 25917 ..
2847-00 193 K Fr).  The formation of spinels of formula M-S,
where M s Mg, Mn, or Fc and L is ouc of the rure carths, V, ot
Se. was investigated.  Contrary to catlier work on MLS.
{Vatric, ¢ al., C.1 60, 13416a), where Yb, Lu, und Sc were o
found to form spineds with all 3 M's, and T with My aud Mz
only, no Fe spincls were founnd with 8¢, Mg formed spinels wai
all bt Ny, Mn only with Yb, Lu. and Sc.  X-ray dita shiow
norinal spinels with & = 0.380 = 0.003. S. Goldwusser ~

Growth of garnet laser crystals. Robert C. Linures (1'erkin-
Elmer Curp., Nuwrwulk, Conn.). Sold State Commun. (X)),
2200 S, Sigle ervstuds of gariets, GAGa, 0 ) and
VALOG (T ctiier pure or diped with oshier rare carts cand Cr,
wite grown by thie Crochraiski technigue at rates of €6 o /hr.
Crystuds «f 1, 10 mm. by 30 nun. long, were casily growi m air
froan Ir crnaibles. Ar-anncating at 2450° for 64 Lese, followed
by cooling to romn tamp. at 100°/hr., ailawed their fabrication.
H woes growat i Ar aten. o avoid Ir vaporization and aancaled in
Ar, vacum, or as O-gas atm. Crystals of 1and of other Ga
gariiets wilen graws in Ar atim. were of poor guality, subject to
severe cracking, and full of cloudy inclusions. 1 melted congru-
ently in air at 1825° x 25; however, in reducing or neutral (Ar)
atnn. it gave wiite fumes onclting, apparently due to redu, of
Ga:0. The gurnets grown were gonerally vory strong aid sui-
fered o sltraviolet dange Qoring eveitatiar, Lasr Ll
wos olsesved i the erystads of Gl WNG L GUO L at bons2 w
Guir). The lawers exhibited very low threshiokd ot low benu di-
vergenee, G Aravamuadan

Growth dafects in flux-grown rubies. K. R. Janowski, E. J.
Stofcl, und A. B. Chase (Aerospace Corp., El Segundo, Calif.).
NASA Accession No. N64-3163S. Rept. No. AD 448447. Avail.
CFSTI, 22 pp.(1964)X Eng). Ruby crystals of exceptional opti-
cal quality were grown from fluxes composed of BiyOs + PbF; or
BisOs + BiF,. Careful control of growtb econditions was re-
quired to minimize the no. of growth defects consisting primarily
of dislccations, eatrapped flux, and growth twins. Slow growth
rates coupled witb the addn. of small amts. of La¢Oy us & fBux
dopent were belpful in producing nearly perfect crystals, Cr
conens. up to 1% were incorporated into these erystals without
adversely affecting their perfection. Crystals up to 10 mm. in
diamn. having as few as 1-10 dislocations per crystal were typical
of thouse produced under optimum growth conditions. Under
these ~ame conditions, entrapped flux was climinated, and
growth twins were cither eliminated or reduced to 1-3 twin
boundarics per crystal. From Sci. Tech. Aerospace Rept. 2(23),

3445(1964). TCSL
Growth of oxida crystals by the flux mathod. Michacl
Scheiber (Harvard Univ.). J. Am. Cerem. Soc. 47(10), 537-8
(1964). Directions are given for the growth of large oxide
crystals by the flux method, with emphasis upon the growth of
Sm,GasOys by using PbO-PbF; as the flux. J. C. Tallman

ES

1963 - 1965

Fluz grewth, Czechralski growth, and hydrethermael synthesis
of LiGaO, suagle crystals. ]. P. Remeika and A. A. Ballma=
(Rell Tclephone Laba., Inc., Murray Hill, N.J.). Appl. Phys.
Letters  $(0), 180-1(1964¥ Eng). Optimwin  couditiens  for
growth from a fiux arc given. Cruchraliki growth mcthads
producing erystals < 1. 9em. indiam. and Scm. long are deseribdd.
Hydrnthermal grow th of Li%a0; by using ag. solus. nf LiO11 and
NaOH as the solvent yields larger single erystals.

P. V. Chency
. Sebstitutien of alumisum sad gallium in single-crystal yttrium
irea garnets. Robert C. Linsres (Perkin-Elmer Corp., Nor-
walk, Conn.). J. Am. Cerom. Soc. 48(2), 68-T0(1965). Single
erystuls of Y-Fe garnet with substiiutions of Al and Ga werc
srowu from fluxes by both the siow cooling and the gradient
tehnique.  Crystale grown by slow cooling were badly segre-
tated with respect to Al and Ge contents, whereas gradient-
grown crystals were very uniform. The gradient method per-
mits holding tbe substitution ccefl. of the substituting ion const.
by kecping growth at a const. temp., by satg. the flux with re-
spect to both the substituent 2nd Pe, and by keeping an excess
of nutrient of the desired compn. J. C. Tallman

Growth of rare earth scheslites by the flus methed. Michsel
Schiebun(l'luvud Univ.). Inerg. Chem. 4(5), 73;;‘!(1905)
(Eng). By using the phase diagrams previously . TAfE
earth-sciieclite single crystals were grova 1n Pt crucibles by cool-
ing from the annealing temp. at 0.5°/hr. The following crys-
tals were grown: StMoO,, transparent, unit cell vol. 343.031 A.;
Sts.4Gde. MoQ),, ycllow shadc, 333.086; Sre.aEne.,MaO,, dark
purple, 332.234; Nue.Pre..MoO,, deep green. 320509,  Niwg-
Tme.o M00,, yellow shade, 303.399; Nas.uDys..MoO,, light green,
307.453; Nae.sDye.sTcOy, yeliow green, 319.811; LiviDyosTeO:,
ycllow green, 309.372; and Lis.yDys.sMoO,. green shade, 299.915.
Charge cempensation in the Sr-Gd and Sr-Eu maserials is ob-
taincd by lower valeney of Mo. The vol. eontraction of the
scheelite crystal increases with the at. no. of the rarz earth ion.

A. Lefller

Single ﬂzltll growth of transition metal ozides from poly-
tungstate fluxes. W. Kunnmann (Brookhaven Natl. Lab.
Upton, N.Y.), A. Ferretti, R. J. Aruott, aud D. B. Rogers
J. Phys. Chem. Solids 26(2), 311-13(1965 1 Eng). Single crys-
tuls of MITCryOy, MY Fe:O4, where M2t is a trausition (or-
alk. cartin) ion, and the garuet Yil'e;01 were grown froui tive fux
systemn (L = x)NaeW:0;=xNa; WO, wlhere'l 2 2 2 0. In
aldie., single erystals of the system Cop,4ViosOf (where 1 32
4 2 0) ware prepd. by electrolysis of CoO--Vy0, wmints. dis-
solved i a suitable Na polytungstate flux. The phasce bound-
aries preseut in the CoCrOy— Nay Wi0;— Nay, WO, system were
detd. and a general discussion is wmade of a soln. process ior
transition metal oxides in 4 Na pyrotungstate flux that is torinu-
lated upoti Lewis scid-base theory, RCRI

Composition diagrams for crystal growth from molteu oxides.
M. Schicber (Marvard Univ.). J. Inorg. Nucl. Cheni. 27.3),
Hx-7(1965 ) Eng). Compn. diagrams showing approx. bouu-
durics i which various crystals can be grown were detd. in
averal systeius $or several heating temps.  These systems in-
dude M00;-Ga0r-Cm:0, PbO/PbFr—Gay05-Sm;0,, PbO/Pb-

F=Fe:05-Smi0:. ByOr-Fes0-Lix0, and MoOr-Gd.Or-)s;:é).

JX

Van Uitert, L. G., CGrodkiewicz. and
Dearborn, E. F., "Growth of Large Cp-
tical-Quality Yttrium and Rare-Earth

Aluminum Garnets. * ]. of The American

Ceramic Society, Vol. 48, No. 2,

February 1965.
a0 improved fux consising of PbO-PofF; and
2.0, was deveioped for the growta of garnets.
Rare-earth aluminum garnet crystals welzhing
in excess of 100 g anc mocifieo yttrium aiun: -
num garaet crystals weighinz v to 60 g were ou-
taized wusing this flux. Lo.. contamination
was reduced to noncritical leveis ia these crys-
tais by working with large excesses of Al,C, in
the melt. Excellent optical quality hus beea
produced as indicated botk by visual examination

and by outstandiog laser periormance.
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