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To the reader:

_.,.

This translation is in two parts. Part I is a complete

translation of twenty-one selected articles from the book.
(‘\ Part II is an absiract of six additional articles. A table

of contents precede each part,
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EFFECT OF DIFFUSION OF IMPURITIES IN A MELT ON THEIR DISTRIBUTION IN

R

THE CRYSTAL DURING DIRECTED CRYSTALLIZATION

by
A, I.Landau

Formulation of the Problem in Partial Derivatives, and Methods of Solution

R L O O

The principle of directed crystallization from the melt is widely used today
for artificially growing large single crystals, and also for the preparation of
ultra:-pure substances. There are a number of experimental methods based on this
principle: those of Obreimov and Shubnikov, Bridgman, Kyropoulos, Stoeber, Stock-
barger (Bibl.l, 2), the method of zone melting (Bibl.3), and others. Since, in the
existing experimental methods of directed crystallization, the rate of advance of
the interface between the liquid and solid phases is slight, the process of crystal-

lization is quasi-stationary, and the liquid melt is always in equilibrium with the

f
i
4

|
1

solid phase at their interface, i.e., at the front of crystallization. Here, as is

well known, in accordance with the equilibrium diagram, the liquid melt will become

enriched with the impurity, provided only that the solubility of that impurity in

R VR B

the solid phase is lower than in the melt (which is what is, for the most part, ob-

served)*, The impurity driven into the melt will be distributed variously in it,

depending on the rate of diffusion,on the convection currents, and on other factors.

In many cases the natural convection in the liguid phase may be neglected. Thus,

for example, in the Stockbarger method, the crystal grows in the vertical direction

e T B S X b i L Lkt

" when there is a higher temperature toward the top and the lower temperature toward

. the bottom, the melt, enriched with the impurity, has a higher specific gravity than

*In the present work we are considering this case, but all the results obtained by
us may be easily extended to the case where the solubility of the impurity in the _

solid -phase is higher than in the melt. . =

e e P i
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the melt with the lower content of impurity, the interface between the phases is
close to horizontal, the rate of crystal is low, etc. All these factors hinder
natural convection. In this case, the distribution of the impurity in the melt, and
consequently, in the single crystals as well, will depend primarily on its rate of
diffusion in the liquid phase.

In connection with the fact that the diffusion coefficient D of impurities in
liquid melts of salt or metals at temperatures close to the melting point is very

low (D = 10~% - 105 cmz/sec), the impurity driven into the liquid melt is irregular-

1y distributed in it, accumulating at the boundary of crystallization. To find the

distribution of the impurity along the length of the single crystal it is necessary,
in this case, first to find the distribution of the impurity in-the Tiguid-phase-at--
each given instant of time, i.e., to find the function cy1jq = cliq(x, t), where Cliq

is the concentration of the impurity in the melt#*. Then the value of °liq(x’ tl),

c1iqlx, t
colx) = llq( ) l)

g
Here ¢ is the concentration of the impurity of the solid phase, v the rate of

taken at time t3 = -%— , will give us the relation cq =

growth of the crystal, and g is the purification factor, equal to the equilibrium
ration ca/cliq on the boundary of crystallization. The calculation of the function

€1iq = cliq(%, t) must be carried out by the aid of the diffusion equations

(1)

with a bourdary condition orn the boundary of crystallization of the following form
(Bibl.4, 5):
(2)

ac,;
(i—g)vc,‘.’-{-D —aT"i= 0

x~= vl

#Here x is the length of the sirgle crystal in a fixed system of coordirates, rigid-
1y bound to the container (the origir of coordinates being selected on the front
wall of the container, at the initial point of crystallization). Hereafter we shall
also use a moving system of coordirates Y, where the origin of coordinate will be
selected on the moving boundary of crystallization. In both cases the coordinates
will be measured in the direction toward the liquid phase. The statemerts here made
about the moving and fixed coordinate systems relate to the figures in this paper.

STAT
2
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The second t;onnda.ry conditi;)r{, on _t;ix;?i)-izési‘t;e-side ;f the column of the _melt, and
the initial condition, have the following forms:

%-oz-l, o (3)

(&)

Cyq(7, 0) = Chig
where L is the length of the container (i.e., the original length of the column of
melt), Thus, in this case, one of the boundary conditions is assigned on the non-
stationary (moving) boundary. This kind of problems, if they are solved in the
general form, are among the most difficult in mathematical physics. It is most con-
venient of all to perform the numerical solution of the system.(l) - (4) by the aid-
of the method of finite differences. Let us pass to the moving coordinates Y, the
origin of which has been chosen on the boundary of crystallization. In this system

of coordinates, eq.(l) will have the following form:

e, a'c; 3ch~
8:1___1) ay;:_*_v ayl' (5)

The derivatives acliq/at, acliq/ay and a2cliq/ay2, written in finite differences,

will be, respectively, of the following form:

(=), (5" )

Tk ok ol k
c-;-:l - zch" +cl;q .
h.

i

Here | is the interval in time; h is the interval in length; k is the m]mber of

the cell along the t axis; i is the number of the cell along the y axis. Let us

choose the following relation. between the time and space interval:

6)

With such a choice of the dependence between 1 and h, the error of the calculation

is-of the same order of magnitude as hk (Bibl.6, 7), while eq.(5), written in fé:l'_x_le

3
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differences, takes the following form:

) e S U

' tahr_ (1 b ‘i—l,k 1 kv \ 42,k
L% = (7)™ + (3 +45) dgm*

The boundary conditions (2) and (3) and the initial condition (4) will then read re-

spectively as follows:

. X 2h{1 — , 5
I dyf = PRt

(8)

L—wlk—h)jh, & L—vik)ik, k 9
I el NIk (Lestb K (9)

? -

for all values of i (10)

Results of Solution and Fundamental Equations

Calculations performed by the method of finite differences by the aid of
eqs.(7)' -~ (10) yield the distribution of the
impurity in the liquid phase which is shown
by us in Fig.l.

These calculations also show that in the

initial period of time the concentration

Fige.l -~ Distribution of Impurity barrier of the impurity in the melt rapidly
in a Melt Close to the Boundary
of Crystallization, Calculated increases, Then follows its gradual stabili-
for D = 104 cm?/sec, v =
= 3,6 mm/hr, c:‘l’__.Lq =5%dand g = zation, and the distribution of the impurity
= 0,1 at time t = 53 hr after
Beginning of the Growth of the
Crystal; the Origin of Coordi-
nates is Taken on the Boundary
of Crystallization; A is the
Characteristic Thickness of the
Concentration Barrier

in the liquid phase approaches a certain

asymptotic curve resembling that shown in
Fig.l. The equation describing this curve is
easily found from the following considera-
tions. First of all let us assume that the concentration barrier has already become
completely stabilized and that the distribution of the impuri:_by in the melt is de-
scribed by eq.(5) at acliq/at = 0, i.e., by the equation

F D +vg =0 (1)

4
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We note further that, as will be seen from Fig.l, the characteristic thickness A of

the concentration barrier of the mixture close to the boundary of crystallization is

L o T o nrmsemor o e et o

not great and is smaller by one order than the dimensions of the container (L ~ 10 -
~ 20 cm or more). For this reason we may consider the freat of crystallization on

the opposite side of the container as being at infinity. The boundary conditions in

this case takes the following form (the origin of coordinates being chosen at the

boundary of crystallization):

de,*
i — o i —
( g)vcllq ‘i‘ D 3y U-.D . (12)
and
c,;,(y)—» c,';’ at y—oo.

Solving the system (11) - (13) by the usual methods, we get:

Crg(¥) = CZA[“—T‘) C‘B‘"_H] . (18)

It follows from the asymptotic formula (ll,.) that, in the stabilized concentration

barrier, the concentration, c?_gq, of the impurity at the boundary of crystallization,
is connected with the quantity °Z<I)iq by the following relation: c}])_gq = cg’_i q/g"-". In
this case, the impurity will enter the crystal in the concentration cg = gcg’_‘ijq =

= c'fl)_iq’ i.e. ,' in a concentration equal to the initial concentration of the impurity
in the melt (cf.Bibl.5). The characteristic thickness A of the concentration barri-

er may also be evaluated from eq.(14):

=2 (15)

At D = 104 cm?/sec and v = 3.6 mm/hr, we shall have A =1 cm (cf.Fig.1); at the

0 S .
*Obviously, however °lig < gcb._q < g must obtain (or, expressed as a percentage
<g * 100%), where ciiq is the eutectic or peritectic concentration. Otherwise,
before the stabilization of the concentration barrier sets in, the eutectic will be

thrown down or other processes substantially changing the physical picture under

sonsideration will begin.

STAT
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same rate of growth and D = 10~5 cm?/sec, we get A = 1 mm. We note that eq.(15);
expressing the evaluation of the characteristic thickness o6f the concentration barri-

er, found by us from eq.(14), agrees with the analogous formula found by different

methods by other authors. N

After finding the distribution of the impurity in the melt at each instant of

time by the method of finite differences, we can construct a graph of the distribu-

- - tion of the impurity along the length of

the single crystal, which is shown sche-

3
%

!

matically in Fig.2.

)

D

5”%?¢: It will be easily seen that this dis-

4

tribution is substantially different from

ol

that obtained under the assumption of an
Fig.2 -~ Distribution of Impurity .
infinite rate of diffusion of the impurity
along Length of Single Crystal ) .
in the melt (cf.Bibl.3). The region A on
Grown by the Method of Directed .
Fig.2 corresponds to the appearance and
Crystallization, Found Taking

stabilization of the concentration barrier.
Account of the Finite Rate of

Region B corresponds to the position where
Diffusion of the Impurity in the

the concentration barrier has already been
Liguid Phase; the Origin of Coordi-

stabilized, and is described by the asymp-
nates is Taken on the Front Wall
totic formula (14). In this case the im-
of the Container
purity enters the crystal uniformly along

its length. Finally, region C corresponds to the period when the concentration
barrier moves up to the rear wall of the container, and the stability of the process
is disturbed. Obviously region C has dimensions of the order of the characteristic
thickness A of the concentration barrier.

The evaluation of the linear dimensions of the region A is of the greatest
interest. Figure 3 shows the curve of distribution of the impurity in the single

crystal in the region of stabilization of the concentration barrier A, obtained by

STAT
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the aid of calculations by the method of finite differences for D = 10~4 cmz/sec,
v = 3.6 mn/hr, g = 0.1, and °§iq = 5%,

It will be seen from Fig.3 that the characteristic length A of region A with
the given choice of the parameters D, v, and g = 20 cm, Let us find how A depends
on the quantity D, v, and g (it is easy to convince oneself that A does not depend

on ogi )e

0% Consider the case when the coefficient
of diffusion D of the impurity in the melt
has changed by a certain factor (for instance

by a factor of a) with unchanged v and g,

& T2 I 78 20

Zc i.e., the new diffusion coefficient Dt is

connected with the previous relation:
Fige3 - Distribution of the

D* = aD, If in this case we select the new
Impurity along the Length of a

space interval h' = ah, then, as will be
Single Crystal in the Region A of

easily seen, the difference equations will
Appearance and Stabilization of

undergo no change whatever and the numerical
the Concentration Barrier Obtained

values of the computation net will remain the

by the Aid of Calculation by the
same as before, It follows from this that if
Method of Finite Differences at
in the previous calculation the stabilization
D = 10~& cm?/sec, v = 3.6 mm/hr,
~ of the concentration barrier took place in
c®. =5% and g = 0.1; the Origin
liq the computation net at intervals of a defi-
of Coordinates is Chosen on the
nite number of lines along the time axis,
Front Wall of the Container
then in the calculation with the changed

values of the quantities D and h, the stabilization will also take place after the
same number of lines. But one of the same number of lines of the computation net
along the time axis now corresponds to a differsnt time interval, since the spacing

of the net has changed in accordance with eq.(6). The new spacing

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/07 : CIA-RDP81-01043R004200090004-8
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=al,

— ~ - [ -
where | is the previous space interval.’ Consequently, the stabilization of the con~

centration barrier with time will now occur 1/a times more rapidly (more slowly).

Since the rate of growth of the crystal v remains unchanged, the rate of stabiliza-
tion of the concentration barrier with time is directly related to the rate of its

stabilization along the length of the single crystale Thus we reach the result:

’ <= j(g, v)-DilﬂdA:F(g! v)-D,

where 1 is the characteristic time of stabilization of the concentration barrier,
and f(g, v) and F(g, v) are certain functions of g and v. We may consider by

analogy the dépendence of the quantities T and A on the rate of growth v. Let the

rate of growth vary by a factor of a: vt = av, with the quantities D and g remaining

unchanged. If in this case we choose a new space interval: ht = h/a, then, as in
the preceding case, ‘the difference equations undergo no change whatever. The new
time interval will be:

Pt

20 =z = ¢ %'
where | is the previous space interval. Herce, by analogy to the foregoing, we con-
v:'ane ourselves that the stabilization of the concentration barrier with time will
now take place more rapidly by a factor of a2 (more slowly), i.e., the relation

= g, D) -;12— will hold. However, since the relation A = vt holds, the charac~

teristic length A of stabilization of the concentration barrier along the axis of

the single crystal will be related to the velocity v, not by a quadratic dependence,

but by the linear depend_qr}ce:-
. . i

A= ®(g, D) -

where the ®(g, D), just like the o(g, D), represent certain functions of the quanti-

ties g and D. Combining the relations so obtained, we arrive at the following funda-

mental equations:
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A=R@OZ=R@N. 15)

«=R(g) 3 =R, N (17)

where R(g) is a certain dimensionless coefficient depending on g. By passing, at the

limit, from egs.(7) - (10) to eqgs.(l) - (4), we may easily convince ourselves that
the relations (16) and (17) obtain not only for the difference equations, but also

for the exact equations (1) - (4).

The dependence of the coefficient R(g) on g may be determined with a sufficient
degree of accuracy by the aid of the asymptotic formula (14). By its aid we may
find the excess quantity of the impurity M which will be consumed in forming the

stable concentration barrier:

M=p fenw)—af] dy =

=P‘§’ % —e) e—,,ivdy___pc,?g(i—s) D

[ 4 [ 4 v’

where p is the specific mass per percent of impurity.

We note for future use that the distribution of the impurity along the length
of the single crystal (Fig.3) very exactly obeys the law B(1 - e~ 'X) where B and v

are certain constants. To verify this proposition, we calculated the function

Wlg [dy—ce @]

whose graph (Fig..) is almost a straight line, except for small values of x, where

the difference equations permit of considerable errors.

Thus, for the region A (Fig.2) we shall have:

e (@)= gt clp (1 —g) (A — ™). (19)

Let us assume arbitrarily that the stabilization of the barrier takes place when the

quantity 1 - e~YX reaches the value 0.9 at a certain x = A

: ————

: (20)

i‘ e o e b

{—e7Am=(,9,

STAT
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During the period of growth and stabilization of the concentration barrier, the flow.

of impurity entering the boundary layer of the melt at each given instant of time £~
is of intensity equal to pv[c?_iq - ca(vt)].
After the time 7T, in which the erystalli-
zation boundary advances a distance equal
to A in the fixed coordinates, the follow-
ing quantity of impurity will be trans-

Aand

hd | 2 1 i 1 3 1 L
g 2 66 8m27 15 ;8_2[ ported by this flow into the boundary
. &

layer of the melt:

Figes - Graph of Function W =

t=AfD
= log _.;-_. [c'.?.iq = ca(x) ], where S pv [cz;l-—c.(vt)]dt =

[ ]

¢ (x) is the Distribution of the t=Alv

= S pvc',’-(i—g)e‘“?"‘dt-
Impurity along the Length of the P gl

Single Crystal Calculated for = pco'_'q__' d— (1—evA)m
Y
D = 104 em?/sec, v = 3.6 mm/hr (22)
’ ! =091ge- Apch (1 —g).
cii = 5% and g = 0.1 [Fig.3
a On the other hard, up to the instant when
gives a graph of the function

co(x)]

the coefficient 1 - e~YX reaches the value
0.9 (at x =), the concentration barrier

reaches about 0.9 of its stable value. Thus:

0.91ge-Apcl, (1 — g) = 0,91 = 0,9 ﬁoﬁ""—"% (23)

Hence:

Am_ti_D (2)
T glge v

Equation (24) is true for all values of g except g = 1, since in the latter case
the cancellation of the factor 1 - g from the right and left sides of eq.(23) is im-

possible. Obviously, at g =1, A = O, If we neglected the quantity pvca(vt) on in-

tegration of eq.(22), then after the necessary transformations we would obtain the

STAT
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following evaluation of the.minimum value of A:

- - =8 = (25)

results:

ffd ~ 1 (26
TE<R@O= i )
By the aid of egs.(21) and (24), we are also able to find the value of the con-

stant y, which has the dimension of em~L:

Thus for the regions A and B of increase and stabilization of the concentration
barrier (cf.Fig.2) we are finally able to write:

eal®) gk G —g)U—e D). (28)

In conclusion, I avail myself of this opportunity of expressing my profound
gratitude to Professor L.S.Palatkin, Instructor V.I.Startsev and Senior Scientist

B.S.Aleksandrov for their joint discussion of the questions touched in the present

paper.
Conclusions

1. The distribution of various small admixtures of impurities along the length

of single crystals grown from the melt by the method of directed crystallization has

been investigated as a function of their initial concentration, the value of the

diffusion coefficient of these impurities in the melt, the rate of growth of the

crystal and the value of the equilibrium purification factor has been investigated.

We have written the partial differential equations (1) - (4), giving the distribu-
tion of the impurity in the melt at each given instant of time, and we have indi-

cated a method of solving them.

2. “;I‘he asymptc;gi;: formula (14) has been obtained, describing the stabilized
ST T T TS TAT
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2

concentration barrier of impurity in the melt near the bounda:ri' of ér’}rrsté]liz"étiﬁi._"
By the aid of eg.(14) we have evaluated the characteristic thickness of the concen<
tration barrier, and have found that in the case of formation of a stable concentra-
tion barrier, the impurity enters uniformly into the crystal in a"concentration ™
equal to the initial concentration of the impurity in the melt. 4

3. We have shown that the formation and stabilization of the concentration
barrier does not take place at one time, but during a certain characteristic time,
and that during this time the crystal is able to grow by the definite length A.
When the crystal attains length A, the impurity enters uniformly into the crystal.

L. Equation (16) has been obtained, expressing the dependence of the value of A
on the diffusion coefficient of the impurity in the melt, and on the rate of growth
of the crystal. In addition, we have approximately evaluated the dependence of the
length A on the equilibrium purification factor egs.(24) and (25). .

5. We have shown that the distribution of the impurity along the length of the

single crystal very exactly obeys the law B(1l - e'Yx), where B and Y are certain
constants. As a result, eq.(28) has been obtained, which describes with a consider-
able degree of accuracy the required distribution of impurity in the region of

growth and stabilization of the concentration barrier.
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ON THE NUCLEATION OF CRYSTALS IN BINARY ALIOYS
by
ia.V.Grechniy

In this paper the results of a study of the formation of crystal nuclei in
binary alloys of a number of transparent substances will be reported. All the start-
ing substances are metalloid with respect to supercooling, i.e., at any attainable
rates of cooling they crystallize, and cannot be converted into a glass. This is
the consequence of the continuous increase in the rate of nucleation with increasing
supercooling, and also of the higher velocity of growth of the crystals.

I have investigated the kinétics of formation of crystal nuclei in alloys form-
ing either a continuous or a limited sepaes of solid solutions, and likewise in al-
loys of the eutectic type with absence of mutual solubility of the original sub-

stances in the solid state. The original substances were purified from impurities

by repeated recrystallization and distillation.

To find the rate of nucleation, we experimentally determined the ™waiting time"
to the appearance of the first nucleus at a given degree of supercooling. The tech-
nique developed by V.I.Danilov for pure substances (Bibl.l) was applied to this work.
The melt investigated was placed in thin-walled glass capillaries sealed at both
ends., The specimen was rapidly transferred from the thermostat to a temperature
above the liquidus curve to another liquid thermostat, where a temperature below the
liquidus curve had been established, and observations on the crystallization were

..made through a 12 X power lens. The appearance of the first crystal was also ob-
served by the aid of a microscope provided with a heating or cooling stage a:nd an
attachment for measuring temperatures,

In this case the alloy under study was placed between glass plates (cover

glasses). In determining the incubation period & of crysta.]liz.a.’c.ion from the "wait-

ing time"™ v, the thermal inertia t of the specimen and the time required for the
STAT
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nucleus to grow to visible size was taken into account. That is:

a-z—(z—--’l),

4
where v is the velocity of growth of the crystals, and R the minimum size of a crys-
tallite distinctly distinguishable under a lens or microscope. To determine the
mean value of &, a frequency curve of the values ai a given isothermal holding time
was constructed.

The rate of rucleation I was determined f{ror the relation

I = '—:V- cm™ sec™,

where W is the volume of the melt in the specimer.,

Formation of Crystal Germs in Melts Forming a Continuous and Limited Series of Solid
Solutions

a. Melts of camphor with borneol. The relation between the incubation

period & cf crystallization for a series of melts of camphor with borneol and the
supercooling AT is given in Fig.l. It follows from an analysis of the curves given
in Fig.l that the minimum tendency to supercooling is exhibited by pure camphor and
the maximum tendency by borneol. The solid solutions possess an intermediate ca-
pacity for supercooling, which increases with the content of borneol in the melt.
The tendency of the melts to supercooling largelr depends on the content of borneol
in melts with borneol content up %o 204, ‘'When the borneol content increases beyond
20%, the supercooling tendency increases slowly, but in melts containing 50 to 1003
of borneol, the tendency to supercooling is no longer, in practice, dependent on the
composition of the melt. Common to all the melts is the presence of a relatively
narrow interval of temperatures (supercooling), within which the length of the incu-
bation period rapidly decreases to zero. »

The boundaries of this interval of supercooling are the upper (UBM) and low-
er (ILBM) boundaries of metastability of the liquid.

The minimum degree of supercooling at which crystallization takes place without

STAT
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incubation was taken as the LBM. The degree of supercooling at which the length of
the incubation period of érystallization is great (the rate of nucleation being cor-
respondingly low) was taken as the UBM, Thus, for instance, the supercooling at

which nucleation begins in 30 min was taken arbitrarily as the UBM. It follows from

what has been said above that melts of camphor

.;

l\ ﬁ\ ¥ 4 /6’}-” with borneol are characterized by a narrow in-
' terval between the UBM and the IBM of the liquid;
the width of this interval varies slightly with
variation of the melt composition for .melts con-
taining less than 20% of borneol; at a higher
borneol content, this width is already practi-
cally independent of the melt composition.

be Melts of camphor and hydroquinone, and

of parachloronitrobenzene with parabromonitro-

benzene. In the former case I studied melts

-~
~
4
e J
~
o
~
L4
¥ )
f

with a hydroquinone content up to 62.5%, in the

latter case melts with up to 60% parabromonitro-

Fig.l - Curves of Relation

benzene, i.e., melts within the limits of the
between Incubation Period

region of formation of solid solutions. Fig-

and Supercooling for Melts
ures 2 and 3 give the relation of the incubation

of Camphor with Borneol

period of crystallization and the supercooling
(the Figures over the Curves .
for these melts,

Indicate the Content of
The following results from an analysis of

Borneol in the Melt in %)
- these curves (Fig.2): 1) the supercooling tend-

ency of melts of camphor with hydroquinone, i.e., the interval between the tempera-
tures corresponding to the liquidus and to the UBM increases with increasing camphor

content (and the interval between the UBM and the LBM also increases in this case);

2) the supercooliné tendency of melts of parachloronitrobenzene with parabromonitro-

STAT
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benzene (f‘i,g.-B) increases with increasing content of "parabromoniti'oiaex{i'ene_iﬁ the

melt, while the interval between the UBM and the IBM of the liquid in this case de-_ ~

creases; specific for the melts of this system is the change in the cﬁaracter of the

e e bt e —— 1 Ptie ——r———— - on = =

PR S D - . ‘... ~

&
s .
E

T

EEREERY
EENEEEN

T

LY
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[ F )

Fig.2 - Curves of the Relation Fige3 - Curves of the Dependence of
between the Incubation Period the Incubation Period on the Super-

and the Degree of Supercooling cooling for Melts of Parachloronitro-

for Melts of Camphor and Hydro- benzene and Parabromonitrobenzene
quinone (the Figures on the (the Figures above the Curves Indi-
Curves Indicate the Hydroquinone cate the Content of Parabromonitro-

Content of the Melt in %) benzene in the Melt, in %)

relation between 8§ and the supercooling AT in the range of temperatures between

the UBM and the LBM,.

Beginning with thz UBM (with increasing supercooling), the duration of the in-
cubation perioci falls rapidly until a certain value of the supercooling has been
reached, This value is greater, the higher the parabromonitrobenzene content of
the melt (the regions ab, cd, ef on the curves of Fig.3). With further increase of

supercooling, the incubation period decreases at a lower rate than on the first

regions.

\\ =
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These peculiarities in the character of. the relation between the duration of
the incubation period of crystallization and the degree of supercooling for each
system may be explained if we use the diagrams of phase equilibrium and take account
of the general propositions of the fluctuation theory of phase tx.'a.nsformations.

Figures. 4 - 6 are diagrams of phase equilibrium for the systems under study, on

TN N W N H W o N
% Borneol

Fige.s - Crystallization Diagram for Melts of Camphor with Borneol;

Curve I - UBM of Liquid; 2 - Curve of LBM of Liquid

n w

'l
% Hydroquinone !

Fig.5 - Crystallization Diagram for Melts of Camphor with

Hydroquinone; Curve - UBM of Liquid; 2 - IBM of Liquid

which the UBM and the IBM of the liquid have been plotted. As will be seen from
Figel, the UBM and IBM of the liquid in the melts of camphor with borneol are-lo-
I
g‘ - cated below the solidus. ~I\la:l'.ur.'a.'l."l:y' the formation of crystal nuclei in these melts

STAT_ -

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/07 : CIA-RDP81-01043R004200090004-8



Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/07 : CIA-RDP81-01043R004200090004-8

T

.

is possible on the basis of phase fluctuations, bui the presence of concentration

fluctuations is not necessary for the formation of crystal nuclei, since the compo- ...

sition of the nucleus may be the same as the composition of the original liquid.

" The conditions of nucleation in the otheér two systems are different. In the

melts of camphor with hydroquinone, beginning with the melt containing about L% of
camphor, the UBM and the IBM of the liquid on the diagram are located above the
solidus (Fig.5). For this reason the formation of a crystal nucleus in these melts
involves the formation of concentration and phase fluctuation, since the composition
of the germ must differ from that of the liquid. It is obvious that the minimum
quantity of hydroguinone.in the composition of the germ is described by the points
of the solidus. The degree of concentration fluctuation necessary for nucleation at
the temperatures corresponding to the UBM and LBM of the liquid for melt I (Fig.5)
are described respectively by the segments ab and atb?, and for melt II, containing
more camphor than melt I, by the segments cd and ctd?, i.e., the degree of concen-
tration fluctuation necessary for the formation of a nucleus increases with increas-
ing camphor content of the melt. It results from this that with increasing content
of camphor in the melt, other conditions being equal, the probability of nucleation
decreases. It is therefore clear that the supercooling tendencies of melts of cam-"~
phor with hydroquinone, i.e., the distance of the UBM and LBM of the liquid from the
temperature of the corresponding liquidus must increase with increasing camphor con-
tent, and this is in fact observed. }

In melts of parachloronitrobenzene and parabromonitrobenzene containing over
90% of parabromonitrobenzene, the UBM is higher than the solidus on the diagram,

while the LBM is lower than the solidus (Fig.6). With such a mutual position of the

solidus line, the UBM and the IBM of the liquid, the rate of decrease of the incuba-
tion period with increasing degree of supercooling in the limits between the UBM and

the LBM must vary. In the temperature region I (Fig.6) an increase in degree of

supercooling leads to easier nucleation for two reasons: owing to the decrease in

18 STAT
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6 — - .
the critical nuclear size, and owing to the decrease in the degree of necessary con-

centration fluctuation. In region II of temperatures (Fig.6), the increased ease of
nucleation with increasing supercooling is due only to the former circumstance.

Apparently the change in the character of the dependence of & on AT observed in

x &
% CqHgBrno,

Fig.6 - Crystallization Diagram for Melts of Parachloronitrobenzene
with Parabromonitrobenzene; Curve 1l - UBM of Liquid;

2 ~ IBM of Liquid

melts of parachloronitrobenzene with parabromonitrobenzene (Fig.3) is a consequence
of the fact that the solidus in these melts is located between the UBM and the LBM
of the liquid.

It is necessary to dwell on the peculiarities of structural formation d;1ring
the crystallization of solid solutions - pecul;iarities due to the character of the
mutual position of the solidus, the UBM and the ILBM of the liquid.

In melts of @phor with borneol, regardless of the concentration of the ini-
tial melt and the’ conditions of its' f:ooh'.ng, the;. phenomenon of intercrystalline
ﬁquation is nc-rb observed. 'l;his is due to the fact that the crystallization of
melts begins and proceeds at. temperatures below the solidus, at which the crystalli-
zation takes place without diffusion, i.e., without redistribution of the component
between the ﬁquid a.r'1d crystalline phases. Crysta]iiza.tion takes place similarly in

quinone if the.composition of the melts is within the
STAT
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1imits in which the UBM and the IEH ave below the solidus, and in meits of para-
chloronitrobenzene with parabromonitrobenzene if their crystallization begins and

proceeds in region II of temperatures, i.e., below the solidus. In the other melts
of camphor with hydroquinone,.in which crystallization under any cooling conditiom;

begins above the solidus and therefore takes place under conditions of diffusion re-

distribution of the components between the liquid and crystalline phases, the phe-

ZENNE NNRNIUNNRRYE
e AT

‘4

waNnnN N

2 IONE NARZENNNLE
ATT L%

Fig.7 - Dependence of Incubation Period (a, b) and Rates of
Nucleation (¢, d) on the Degree of Supercooling for
Melts of Camphor and Naphthalene, The figures on
the curves correspond to the molar percentages of

camphor (a, ¢) and of naphthalene (b, d)

nomenon of intracrystalline liquation is observed, and is the more distinct, th;
poorer the conditions for diffusion, i.e., the more rapidly the heat is removed dur-
ing the crystallization of the melts.

In melts of parachloronitrobenzene with parabromonitrobenzene, the phenomenon

of intracrystalline liquation is observed only in cases where the crystallization of

20 : STAT
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the melts begins in region I. For this reason, in these melts, an accelerated cool-
ing, assuring the supercooling of the liquid in region II without nucleaiion, leads
to the diffusionless crystallization of the melts to form a homogeneous solid solu-

tion, while, on the other hand, slow cooling, leading to nucleation in region I of

125521
I5(525)
7= 08(8:0)
1~ 083(5:30)
7 iz E) P I T—

P A w40 0 60 70 &

» a)

Fig.8 - Isoprobability Curves Fige9 ~ Crystallization Diagram for Melts

of Formation of Crystal Nuclei of Camphor with Naphthalene:
in Melts of Camphor with 8! - Incubation period of crystalliza-
Naphthalene " tion of camphor; &% - Of naphthalene;
a) Mole % of naphthalene 8 — Of eutectic

a) Mole % of naphthalene

temperatures, favors the formation of an inhomogeneous solid solution, that is,

the formation of intracrystalline liquation.

Formation of Crystal Germs in Melts of Eutectic Type

Melts of camphor with benzoic acid, camphor with naphthalene, camphor with
orthochloronitrobenzene, and camphor with paradibromobenzene, were investigated.

All these substances are metalloid, and their crystals do not exert a mtually
STAT
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5

nucleating influence during. crystallization. The dependence of the incubation period
of crystallization of the melts in these systems on the degree of supercooling is of
the same character as for melts of camphor with hydroqt1in6ne (Figs.2), which is en-
tirely natural, since in eutectic type melts the nucleation of ‘each of the com-
ponents involw..'es the formation of concentration fluctuations. As an example, Fig.7
gives the curves of the dependence of & and T on AT for melts of camphor and naphtha;
lene.

_ Figure 8 gives curves each of which corresponds to a single value of & and to
the crystallization of camphor (the curves on the left side of Fig.8; or oi‘ naphtha-
lene, the curves on the right sidé). This curve may be regarded as a curve of iso-
probability for the formation of nuclei of camphor or of naphthalene.

Figure 9 is a phase equilibrium diagram for the system camphor-naphthalene, on
which the three isoprobability curves corresponding to 8 =1 hr, &= 1 min and 5 =0
have been plotted. Each curve, like the liquidus, consists of two branches. The
left -branches are the isoprobability curve for the crysté.lliza‘bion of camphor, the
right branches are the curves for the crystallization of naphi}halene. It is obvious
that the points of intersection of the branches of each isoprobability curve corre-
spord to the conditions of equal probability of formation of nuclei of the two com-—
ponents. The curve EY Ef? (Fig.9), which may be drawn through the points of inter-
section of the branches of the isoprobability curve, will be the equiprobability
line. The points on this line describe the conditions corresponding to the equal
probability of the formation of nuclei of the two components. The line of equal
probability must begin at the eutectic point E (Fig.9), since the point E corre-
sponds to the condition of equal probability (equal to zero) of nucleation of the
two components.

It has been established experimentally that the line of equal probability of
formation of the two components on the phase diagram is located in the region of

hypereutectic concentrations (the systems camphor-naphthalene, camphor-benzoic acid)

22 STAT
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or in the region of hypoeutectic concentrations ( camphor-paradibromobenzene), or
else this line is located both in the region of hypoeutectic concentrations and that
of hypereutectic concentrations (camphor—orthochloronitrobenzene). All these cases
are schematically represented in Fig.10.

In the former case (Fig.lOb), nuclei of the second component appear first in
the melt of eutectic composition, and these nuclei then initiate the eutectic trans-

formation. In the second case (Figel0a), camphor is the initiator of eutectic de-

N\ Y

£'

Y d
3

Fig.l0 - Various Cases of Mutual Position of the Eutectic Point E
and the Line of Equal Probability of Formation of Nuclei of the

Two Components Et, EY

composition. In the third case (Fig.10c) we observe equal probability of the forma-
tion of the germs of the two components in a melt of eutectic composition, but only
at a definite supercooling AT (Fig.10c), corresponding to the point of intersection
of the vertical passing through the point E with the Yequiprobability™ line. At
degrees of supercooling iess than AT, the eutectic transformation is initiated by

camphor, and at supercoblings greater than AT, by orthochloronitrobenzene. From

this it follows that the so‘_—called principle of equal probability of formation of

nuclei of each of the two phases during a eutectic transformation.(Bibl.3) is un-

sound. . . -

Conclusions

_ We have considered three cases of the formation of crystal nuclei during the
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1) The upper (UBM) and lower (1BM) boundaries of metastability of the liquid -

are located below the solidus line; in this case, nucleation and crystallization
proceed without diffusion, and without redistribution of the Eoﬁpoﬁé}ﬁ‘sﬁéﬁéﬁé the
liquid and solid phases. The phenomenon of intracrystalline liquation is not ob-
served in these melts, under any cooling conditions whatsoever, during th.e period of
erystallization. .

2) The UBM and the IBM are located above the solidus 13fne; in this case the
formation of germs takes place on the basis of phase and concentration fluctuations;
the degree of concentration fluctuation necessary for the formation of nuclei de-
pends on the initial composition of the melt; intracrystalline liquation in these
melts cannot be avoided by rapid cooling, since the formation of nuclei will un-
avoidably begin at temperatures above the solidus line, and during crystallization
there will be redistribution of the components between the liquid and solid phases.
' 3) The solidus line is located between the UBM and the LBM; in this case, crys-
tallization proceeds in the temperature range between the UBM and the solidus lire,
as in the second case, but in the range between the solidus and the ILBM it proceeds
as in the first case. The influence of intracrystalline liquation in these melts
can be avoided by accelerated cooling of the liquid in the region of temperatures
below the solidus.

Besides this, for a series of systems of eutectic type, we have established the

conditions corresponding to equal probability of formation of the germs of the two

components., The equiprobability line on the phase diagram is located either in the

region of hypoeutectic or hypereutectic concentrations, or in both these regions.

In a melt of eutectic composition, in the first case, the eutectic transformation is
always initiated by the second component, and in the second case, by the first com-
ponent; and it is only in the third case that equal probability of the formation of

nuclei proved to be possible at a definite degree of supercooling, above which the
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first component is the initiator of the eutectic transformation, and below which the

second component is such initiater.
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PO

A CONTRIBUTION TO ;II{E_QUESTION OF THE FORMATION AND CROWTH
OF NEGATIVE CRYSTALS (PORES) An:tsmé FROM SUPERSATURATED
SOLUTIONS OF VACANCIES IN THE CRYSTAL LATTICE ~—
by . -

Ya.Ye.Geguzin

It has been shown by many exﬁerimenta.l works (Bibl.l, 2, 3, 4) that in mutunal

diffusion in substitution solid solutions, when the diffusion is primarily of wni~  ~
polar character (the case of ine;;uality of the partial coei‘ficiénts of 'diffusion
Dy, >Dgias evaporation of volatile components from an alloy, etc.), the metal
from which a larger number of atoms have been 1ost than have arrived in it, becomes
enriched in vacancies. The concentration of vacancies in this case exceeds the
equilibrium value, i.e., € > & = e-/KT (y being the activation energy of the pro-
cess of hole formation), and the system so formed may be regarded as a supersatu-
rated solution of vacancies in the metal (Bibl.3). Owing to the supersaturation of
the solution, the phase corresponding to the vacancies nerystallizes out™ of it,
i.e., negative crystals or pores (Bibl.3, 5) appear, whose shape, according to the
Curie-Wulff rule, is determined by the anisotropy of the coefficient of surface ten-
sion on the boundary metal-vacuum. _

Tn this connection, the question naturally arises as to the mechanism of the
formation and growth of negative crystals. Of interest, thus, are the questions of
the existence of a Meritical® nucleus of the negative crystallite, of the comnection
between the supersaturation of the solution of vacancies in the metal (88 =& = Zo)
with the kinetics of growth of the negative crystallite. Starting out from the
analogy between the process of precipitation of a supersaturated phase in ordinary
solutions, and the process of appearance of negative crystals, it is natural to ad-
dress ourselves to the question of the effect of foreign Mimpurities™ on the appear-

ance of the nucleus of a negative crystale

26
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" In this paper we shall consider some of the above-enumerated questicns.

The Critical Nucleus of the Negative Crystal

Starting out from primitive model ideas, it may be postulated that the appear-
ance of negative crystals does not involve the formation of a critical (viable) germ,
which may become a center of crystallization, since even the coalescence of two
vacancies, from among the excess vacancies, leads to an energy gain, due to the fact
that the coalescence of a pair of vacancies leaves only 11 uncompensated bonds in-
stead of the original 12 (2 x 6 = 12 for the coordination number z = 12) since one
bond is now saturated. It is easy, however, to show the existence of a critical
nucleus, and estimate its size. Let us consider the question of the nucleus from
the point of view of the kinetics of its appearance and growth. It is well known
that, near the surface of a drop of radius of curvature r, the equilibrium vapor

pressure P, is increased by

a* 1
AP=2 krp (1)

where a3 is the volume of one molecule in the condensed phase (a is the lattice

parameter), and o is the surface tens:.on. Since, in the case of dilute solutions,

z
1 B

4§.<A%

-

Figel - Concentration of Vacancies as a Function of the Distance

from the Surface of a Pore

AP and P,.are proport:.onal to the concentrations, and since eq.(l) does not contain

the mass of the particles, this formula may' be used to determlne the equ:.llbrn.mn

STAT. _
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denote by %, VU
At =2 Sk,

In connection with the dependence of AE. on r, the istribution of concentrations in

the region adjoining a pore situated in a supersaturated s:olution of vacancies will -
differ substantially for different values of r. Indeed, when Ag, > 8E (Fig.1a), the.
distribution of the concentrations of vacancies will be such th'at there will be a
flow of vacancies from the surface of the pore, which corresponds to the process
of Msintering™ the pore, or to a decrease in its size. When A%, < AY (Figelc), the
distribution of the concentrations of vac':ancies near the por'e will assure their flow
to the pore, i.e., the pore will grow. Obviously the critical size of a viable nu~

cleus will be determined by the condition (Fig.lb):

A%, = A, . (3)
from which, taking eq.(2) into account, we can obtain the following expression for
the radius of a critical nucleus:

r’ TE'.;— -2¢ T.I.‘— . (&)
The size of a critical nucleus has been determined by the ratio between two‘opposing
tendencies: the tendency to "sintering" of the pore and the tendency toward its
growth. We note that eq.(4) may be obtained by minimizing the value of the change
of free energy of the supersaturated solution due to the appearance of a pore of
radius r.v Indeed, the change in the thermodynamic potential of the supersaturated

solution in connection with the appearance of a nucleus of radius r will be equal to

A® = S.0—VAg, (5)

where S = lnr? is the surface of the pore; V = —gnr3 is the volume of the pore; and

Ap is the change in the thermodynamic potential of the system on the replacement of

unit volume of the supersaturated solution by a pore. Obviously 8¢ = % (um™ - ut),
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where -:3— is the number of Lattice sites in umtt volume, u" and Bt are reapectively
the chemical potentials of the vacancies in solutions with the respective concentra-
tions E and .. Since (Bibl.7), pl = T 1n €2 + ¢(P; T), where ¢(P; T) is a certain

function of pressure and temperature, then:

A,—%ln%=-§— (1+ ) :T:: (6)

Substituting eq.(6) in eq.(5), it is easy from the condition  __ (ag) = 0, to find
q 3T ’

an expression for the radius of the critical nucleus in agreement with that Zound
previously [see eq.(2)].

The expression found for r differs from the well-known expression determining
the radius of the critical nucleus .in ordinary supersaturated solutions by the fact
that the surface tension of the substance jtself enters into eq.(4), a surface ten-
sion which is approximately two orders greater than the surface tension on the
nucleus-matrix interface in ordinary solutions (Bibl.8). For this reason, at the
same deviations from equilibrium (determined by the value of the supersatura.tion),
the appearance of a nucleus of a negative crystallite presupposes a substantially
greater fluctuai".ion, (cfoinfra). ‘It is easy to show that the work of formation of a
negative crystallite in solution characterized by a given degree of supersaturation

is written as follows:

16 m‘c'E:
AD, = T nr'tc = ———————3 T (R

Supersaturation of the Crysta.l Latt:\.ce w.Lth Vacanc:Les

After observing the kinetics of growth of negatlve crysta.ls s We may experl-
mentally estimate the linear dmensions of the critical nucleus by determ:.nmg the -
" value of the supersaturation for this. Indeed, according to Zener (Bibl.9), the

" time dependence of the linear dimension of a precipitate growing out of a super-

; s_a.tur.{at_edjolution (in the solid phase) is determined by the relation:

o= A o o e et ik s 8
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_.'

L(t)_;k (-:—.‘;':-;;-)%(D.t)"', . - (;); -

i

where k = 1, n_'is the concentration of the supersaiurated phase far from the pre- ..
cipitate, np is the concentration of the supersaturated phase close to the ;T
precipitate-matrix interface, and no is the concentration of the supersaturated

phase in the precipitate. Bearing in mind the existence of a critical nucleus of

radius r# for the case of negative crystals, when no ®>np; ng=E; nr = Ep, €q.(8)

may he written in the form:

A,.__,‘__ L . . (9) SR

L() =27+ (AD* D0,

where Dy is the diffusion coefficient of vacancies, (AE)Z'= E-En It follows from

eq.(9) that by extrapolating the experimentally

found relation L = q;(tl/ 2) to gzero time, the dimen-

sion of the critical rucleus may be estimated. We

note, however, that such an extrapolation is ordy

legitimate if the value of AE; is constant during

the entire time of growth of the precipitate, or

varies only slightly with time,

An alloy from which a volatile component is

separated at high temperature might serve as an ob~

ject for the study of the time dependence of the

linear dimension of a negative crystallite. For the

[/

P, F; t ¢z experimental determination of L = {t1/2) we staged

- the following experiments., Plane-parallel strips of
Fig.2 - Relation N = o(T) g oxpe P P

at 7500C: a-brass containing 30% of zinc and 1 mm thick, were

2 5 ;;;chini b go’“mzn annealed in a vacuum furnace at 650, 750 and 820°C
for various periods, with the object of partially
removing the zine, which leads to the supersaturation of the brass with vacancies

and, in consequence, the formation of negative crystals. After annealing, the
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specimen was examined metallographically, as a result of which the distribution curve
of the pores visible in the field of the polished section by linear dimension T was
established, Figure 2 gives curves obtained in experiments run at 750°C. The value
of T corresponding to the distribution of the maximum on the curve of N(L) was taken
as the mean size of the pores and the specimen given that particular anneal. In
connection with the fact that the

pLi distribution of pores, not through-

4
/ p out the volume but on a plane pol-

Y
/ ished surface is considered, the
v

L~ maximum on the curve will be some-
"]

A
" what shifted toward lower values

of T (Bibl.10). Figure 3 gives data

£ 2 & & & N 12 K % obtained by this method%* in the form
. ¢ min
_ 1/2 of graphs of L = o(t/?),
Fig.3 - Relation L = p(t™ <):
Strictly speaking, these graphs
1 - at 650°C; 2 - 750°C; 3 - 780°C
are not straight lines, since the
(Bibl.11); 4 - 850°C
quantity AL . entering into eq.(9)

likewise depends on the time, for in comnection with the increase in the radius of
the pore, the concentration of vacancies close to its surface (Er) decreases, The
deviation from linearity is substantial only at the beginning of the growth of the

crystallite when L = 2r; at longer times, taking account of the errors of measure-

ment, the relations L = w(tl/ 2) are well described by straight lines. The graphs of
the relation obtained in experiments on evaporation of a volatile component must not

(with the object of finding *) be .extrapolated to the region t = 0, since at such

#During the time this work was being performed, the paper of Accary (Bibl.11l) ap-

peared, report‘i.ng experiments similar to those described and run only at 780°C. The
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a distance from the surface of the specimen, at different temperatures, supersatura-
tion is established in differcnt times. For this reason, jn-evaluating r*, we must
first determine the value of the supersa:t.uration from the slope of the straight line

L = ¢(t1/2) , and then estimate r#* by eq.(4).  According t6 ‘eq.(9), we may write
‘ ‘ - = s .
— L{t .
- ()] ,

g, = Le B . Obviously Af, = € - &, = (E - £,) - (Bp - &) = 8% - AE
Smce AE ~ %*’ ‘Hhile AEr ~ ﬂ%, we may pu‘t AEZ = AE for L )r*. Ta.king this

into account, and bearing in mind that D, = EoDy, where D; is the coefficient of

diffusion of .é.toms; we write .
- -(‘ - en e

(30)

In calculating —é—g— by eq.(10) we use the well-known data (Bibl.lhi) on the tempera-
0

ture dependence of the coefficient of diffusion of

a-brass, likewise found in experiments on the

evaporation on the volatile component. Figure 4

gives data on the values of 8% . To find the
%o

/ absolute value of the supersaturation, it is neces-

. y .
7 sary to know the equilibrium concgntration of

-l
173 F 250 vacancies £,. Since there are no direct measure-

L%

- ments of the values of &, or of the energy of
Fig.4 - Temperature Depend- .
vacancy formation in alloys, and especially, in
ence of the Value of the
a-brass, at the present time, the value of §  can-
Supersaturation
not be reliably determined.

The Role of ™Impurities™ in the Formation of the Negative Crystal

The evaluation of the linear dimension of the eritical nucleus, originating by

fluctuation, based on experimental data on the value of .%L , indicates the necessi-
o
ty of very great fluctuation; a nucleus so appearing must consist of about 107 vacan-

]——'_—_"‘\
cies, which appears highly improbable. At supersaturations 'Lég-zio , nuclei consist-

STAT
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ing of several vacancies would be viable, but, as shown by experience, in any case

in an a1l oy from which a volatile component is evaporated, such supersaturations do

not occur. It should te noted that, in general, supersaturations _éE__ ~ 10 at which
o

excess vacancies are uniformly distributed through the entire volume of the specimen
jn the highetemperature region when r¥ is small, could hardly be realized, since
such an excess of vacancies might lead to the destruction of the crystal lattice.
Indeed, if we used the rati:o established (Bibl.1ll, 12) between the energy of hole
formation and the energy of activation for self—diffusic;n Q, according to which u =
] ._3_ Q, £, may be determined. Since for copper at a temperature of 1000°C, &o

=2 X 10'3 then for ‘!L = 10, AF = 2 % :LO"2 which leads to a relative change of
volume of - = 2% 10‘2 a value close to that preceding melting.

In connection with the above it is natural to assume that the nucleation of

negative crystals in a supersaturated solution of vacancies in a crystal lattice may
take place, not on nuclei originating fluctuationally (which, in prmc1ple, speaking
genérdly, is not excluded), but on various kinds of foreign Mmpurities", whose
presence might substantially decrease the work of nucleation. Discussing the ques-
tion of the possible effect of impurities on thé formation of germs of negative
crystals, two substantially different types of Mimpurities™ must be kept in mind.
Various kinds of interfaces between adjacent elements of metal structure (grains,
mosaic bloclés) characterized by the boundary surface tension G, might be included
in the first type of “impurities™. Speaking of the surfaces of separation between
adjacent élements of the metal structure, we assume that they are free of discon-
tinuities, which, for instance, in deformed objects, very often arise, and precisely
l”between grains or mosaic blocks. In this case the surfaces of separation become

. Mmpurities™ of the second type. The second type includes microscopic fissures,
which may exist in the specimen either as a result of its earlier history (appear-
ing during cryst@zdtion, or fissures originating in deformation), and also those

;ppoar:!.ng during the process ‘of diffusion as a result of the —s{:i';sses ar:i;i;_g‘in the

— - R [ s ...-«:‘- e e = i S e

e _.MSTATu .
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diffusion zone. It is well known that these stresses are great and 1ead to the pro-
cess of polygonization. - R -';,w-_' T o SO

The influence of various Mmpurities™ on the process of the nucleation of nega-
tive crystals may be evaluated by a comparison of fhe minimum work of Tormation of a
nucleus under different conditions: spontaneously, and close to the interfaces be-

tween structural elements of the metal. It is obvious that the appearance of a nu-

cleus of radius r¥ on an interface characterized by an interfacial surface ten-

sion o5 is connected with the disappearance of an interface of area m'*z i.e.,
with a decrease in the work of nucleation by a quantity of the order of mlzoik.
Comparing the work of formation of a three-dimensional nucleus close to an interface
[ef .eq.(7)] with the work of formation of a three-dmensional nucleus in the jmmedi-
ate p::fmity of the boundary, A<I>‘;" = A@‘; -7y 2°1k’ and considering the quantity

o

K= = , we convince ourselves that the existence of interblock
Ad#r © O = B/I’ci.k

boundaries (o3 ~ 0~3 - 10~%0) (Bibl.8) and of intergrain boundaries (CH ~10-10)

(Bibl.8) cannot substantially affect the value of the probability of spontaneous
nucleation.

Let us now consider the question of the role of microsc.opic fissures. For a
fissure having a boundary characterized by the surface tension of the metal itself
to be able to becom'e the nucleus of a negative crystal, its area would have to ex-
ceed the area of that viable two-dimensional nucleus L#2, which must be formed for
the growth of the fissure to be possible. By minimizing the change of free energy
connected with the appearance of a two-dimensional nucleus, we easily find its
critical linear dimension: L* = R

= FL
Taking account of the value previously found for the relative supersaturation,

where of, is the Minear" tensiomn.

_lé_E_ = 10"1, and putting o; ~ aog, we get * . 10’6. Thus, tiny fissures with a

L
o
1inear dimension of the order of 10-2u may be nuclei of negative crystallites.
Indirect evidence of the important role of free boundaries possessing a gresat

surface tension in the nucleation of negative crystals is furnished by the absence
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of crystallites near the surface of the specimen, and near microscopic fissures aris-
Qi; ing in the surface layer at an early stage of evaporation of the zinc. The follow-
ing observations are likewise evidence of

this. Very often a group of pores oriented

in the same way with respect to the pol-

ished surface [i.e., in the same grain
(Bibl.5)]1, are regularly arranged, forming

a certain chain along which, apparently, a

fissure has extended (Fige5). The posi-

tion of the pores shown on Fig.5 would be

very improbable if we consider their ori-
Fige5 - Arrangement of Negative
gin to be due to fluctuation.
Crystallites in a Chain. 350 X
Thus, on the basis of the experimen-—
tal data obtained on the value of the supersaturation arising in brass on evapora-
tion of the zinec, it may be assumed that the spontaneous nucleation of negative
crystals is very improbable; the negative crystals observed are apparently the re-
sult of the development of microscopic fissures existing in the specimen.
In conclusion 1 express my thanks to Ye.S.Borovik for his valuable advice dur-

ing the discussion of this paper, and to N.N.Ovcharenko for his help with the

experiments.
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THERMAL AND DIFFUSIONAL PROCESSES DURING THE GROWTH OF CRYSTALS

by

G.P.Ivantsov

The role of heat in the process of formation of a metal ingot is well known to
metallurgists. By regulating the removal of heat from the molten metal, the metal—
lurgist is. able to obtain the desired ingot structure.

In an effort to formulate a more profound idea of the laws of formation of a

metal ingot, I found myself forced to examine the role of héat removal during the
growth of the individual crystals, as the elementary unit of the aggregate consti-
tuting the ingot jtself. This study was initiated with an analysis of the growth of
a single crystal of the simplest form in a supercooled melt of a pure substance.

A ™iable™ crystal nucleus arising in such a melt is somewhat larger than the

equilibrium crystallite; as the nucleus grows, latent neat of crystallization is
liberated on the phase jnterface. It is consumed in heating the crystallite and the
melt adjoining it. A heat flow arises from the heated crystallite into the melt
surrounding it. The rate of growth is determined both by the rate of removal of
latent heat from it, as well as by the power of the given substance to crystallize
at one linear velocity or another under the given conditions (at a given temperature
and orientation of its surface).

For small sizes of the crystallite, and at very low rate of growth, the system
will be almost isothermal, the influence of the irregular temperature field will be
negligible, and the crystal will acquire a polyhedral form close to the equilibrium

" shape.
However, if the substance in question has a high linear rate of crystallization

and there is intense heat removal from the crystal, then a temperature difference

will appear, and the nonisothermicity of the system will exert substantial influence

N

=

on the. shape of the crystal formed - nirregular" forms of growth will appear -

STAT
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needles, dendrites, stc.
Thus, in this case, the shape of the crystal will be determined both by the
kinetic patterns (the dependence of the linear rate of crystallization on the tem-

perature at the crystallization front and on the orientation of £he crystal) and by

the patterns of heat transfer, the role of the latter factors becoming very substan-
~ tial, and ;aften even decisive. ‘
In investigating the formation of an alloy, the simplest schematized kinetic
conditions have been assigned, but the phenomena of heat removal (and of diffusion
in the analysis of. the crystallization of two-component systems) ha‘ve been fully

taken into account.

1, The Growth of a Crystal of Spherical Form at Constar.ﬂ': éﬁrface Temperature

Formulation of the question: in a supercooled, motionless melt, a crystal of
spherical form grows; the latent heat of crystallization liberated on the surface of
the crystal is propag.ated into the surrounding melt. Required, to determine the
temperature field of the system and the law of growth of such a crystal. An exact
solution of this problem has been obtained (Bibl.l). It has been found that in this
case, as in crystallization on a plane wall, the dimensions of the growing crystals
are proportional to the square root of the time. For slight degrees of supercooling
(in the case of a metallic melt, not over 5°C) the rather complex mathematical rela-

tions are replaced by the following formula:

e e = =
t,—¢
r, = l/ zﬂ_i_f__:)_ ,
,C
where T is the radius of the crystal;
c, a = the heat capacity and temperature conductivity of the melt;

qc is the latent heat of crystallization;

tes t, are the temperatures on the crystallization front and in the melt at a suf-

ficient distance from the crystal;

D — . -
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"¢ is the time.

The following case is of considerably greater interest.

2., Growth of a Crystal of Spherical Form at Constant Rate

Pormulation of question: in a supercooled motionless melt, a crystal grows at
the constant velocity w; the latent heat of crystallization liberated on the surface
of the crystal is propagated both jnside the crystal and into the surrounding melt;
the thermophysical constants of the crystal on the meit are the same, and both media
are isotropic. Required, to determine the temperature field of the system. The
exact solution of this problem is expressed by a very complicated formula. For the

initial stage of growth, however, the very simple expression obtained is:

0=T. (2)

v

~ _ c(tf - tm) . . . .
ere 3 = ———a:—-—-— is the dimensionless temperature (in this expression the vari-

able is tg, while the other quantities are constants); T = -‘%’— is the dimension-
less time; and the other notation is as before.

Solving eq.(2) for the excess temperature of the crystal over that of the melt,
we get

9, wit q, pwit ( 3)

—_—t =~ ~ ,

ty— b=

where ) is the coefficient of thermal conductivity.
Tt will be seen from eq.(3) that the temperature of the crystal likewise in-
creases at a constant rate.

The problem then became more complicated.

3, Growth of a Crystal of Cubical Shapve at Constant Velocity

The formulation of the question differs from the preceding by the assumption

that the crystal grows.at a very low velocity. The exact solution of this problem

shows the following picture of the phenomenon: the surface of the crystal is non: '

39
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iSothermal; the highest temperature is at the centers of the faces, and the lowest |

at the vertices, where the outflow of heat is greatest, The rate of increase of -

their temperatures is expressed by the following relations:

— - (L
91,5546 T ()

‘center of face

Vertex ’ -
8~1,2204T, (5)

where . !
e —I ",
9.

The temperature diﬁ";;'efxce between the center of the face and the vertex, being

the maximum temperature difference on the surface of the crystal, is

o 60,344 T. ) (6)

This expression, after transformations, takes the following form (the substitu~-
tion b = wt was performed, b being half of the transverse dimension of the crystal

at the given instant):

i (7

t | ~=0,344 —,

ed Lyer
The crystal evidently maintains its shape until the nonisothermicity of its
surface becomes so small that it does not prevent the regular growth of the crystal
by the formation of two-dimensional nuclei on its faces.
V.I.Danilov and V.I.Malkin have investigated the relation between the rate of
growth of crystals of salol crystals of regular shape from supercooling at very low
velocities of growth (Bibl.2). The salol crystal has the shape of a rhombic dipyra-

mid, and therefore the application of the relations derived to this case is purely

arbitrary, although the order of magnitudes yielded by calculation do, beyond all
possible doubt, correspond to reality. The calculation of the temperature drop by
eqe.(7) for a rate of growth of 0,006 mm/min = 10~° cm/sec for a crystal 0.2 mm in
dimension (b = 0.01 cm) leads to the following value (here and below the dimensions

of all quantities are expressed in the CGS system): c -
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At = 0,346 g s = 0,026°. \

According to other data (Bib .2), a temperature change of 0. 026°C corresponds

to a change of about 5% in the rate of growth, wtile the crystal maintains its shape
during growth - this drop is nsurmounted! by the crystal.

Tt would be a very interesting problem to determine the temperature drop at
which the shape of the crystal begins to change.

Experimental studies of this question, coupled with the appropriate theoretical
calculations, would permit one to find the quantitative laws of transition from
regular to irregular crystal growth. It may be asserted that without analysis of
the temperature field of a system, these laws cannot be establ:.shed (for a crystal

of a one-component system).

L. Acicular Crystal

At high velocities of growth, acicular, lamellar and dendritic forms of crystals
are formed.

It has long been .known that the acicular form of crystal facilitates the re-
moval of heat from the vertex of the needle. This has now been confirmed by mathe-
matical analysis as well (Bibl.l). An exa:ct solution for the following problem was
obtained: in a supercooled motionless melt, an acicular crystal, on the surface of
which rules the constant temperature tg, grows at constant velocity w. Required, to
determine the shape of the crystal.

It was found that under these conditions the crystalline needle should have the
shape of a paraboloid of revolution. The isothermal surfaces in the melt around the
crystalline needle are a system of coni'ocal parabolon.ds of revolution (Fig.l). The

temperature field of the systen is expressed by the following equation

t—t, E (—;!?— 8)
et
f " Ei (—-__

o e e TR T TR

Ak
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Fig.l - Temperature Field around Acicular Crystal Growing at Constant
Rate in a Supercooled Melt., The upper graph is for a slight degree
of .supercooling (= M = 0,0156), the lower at a high
degree of supercooling (Q = 0.5). z/p is plotted on the abscissa
axis and rp on the ordinate axis, p being the radius of curvature

of the vertex of the crystal
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where Ei is the tabular jntegral exponential function of the expression in the paren-
theses, w is the velocity of growth of the needle in the direction of its axisy p is
the radius of curvature of the vertex of the needle; t is the current temperature;

r, ¢ are the cylindrical coordinates; and the other notation is as beforee

The complex ;: is connected by the following single-valued relation with the
C(tf - 'hm) .
q

complex

c(tl— ‘m) wp !‘, . we \ (10)
——L’—c——-——z—.-e’ El(——z—‘f} .

Consequently; in a melt with given physical properties and with a given degree
of supercooling, either thlunt " needles may grow at a low velocity or "sharp"
needles at a high velocity (wp = const).

The actual velocity at-which the needle grows will o‘ov:.ously be the maximum
velocity peculiar to a crystal of the particular substance at the given temperature
on a front of crystallization, and in the given direction.

The upper graph on Fig.l relates to the case of a low-degree supercooling (a=

o(ts = tm) : .
—f _ m _ = 0,0156) and the lower graph to a high degree of supercooling

qc
(2 = 0.5)s The numbers of the curve denote the relative temperature, i.e., the

t - tn
te - t
the layer of the melt in which a temperature change takes place (the higher the tem-

value of . The graphs show that, the greater the supercooling, the thinner
perature gradien.s in the melt at the crystal surface). The express:.on for Q1is the
same in outward form as the expression for 8 in eq.(2), but its physical meaning is
different. The quantity Qis the para.meter, the dimensionless supercooling, which

remains constant during the time of the process, while 8 is the dimensionless tem-—

perature of the crystal, varying with tme. Tt may be asserted on the basis of the
above_ that if an ac:Lcular crystal has a shape d:.ffering from a paraboloid _g‘ij__xlg‘:.rt_)-‘-_“

. intion. then its surface is nonisotherma.l

D — . -
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" ¥f the shape of the acicular crystal is Known (for instance, by photographic
recording), together with the rate of growth and the thermophysical parameters, then

the temperature distribution on its surface may be found. Iet the shape of the__-, STy e

acicular crystal shown on Fig.2 be assigned by the empirical equation R = £(L). Then

the temperature at the arbitrary point A(x, y, z) may be calculated by the aid of
the following expression, derived under the assumption that the thermophysical para-

meters of both phases are the same and that these phases are isotroplc:

ta— b, = T 4:). .& S%( ) -—lL-l-(x_:)]d d(.

L=ﬁ— O+ v— "1)’+(8—-C)’

The calculation by the aid of eq.(].l) requires a large amount of time, but with

the appearance of computers, this problem has become solvable in practice.

If the needle has the conical shape shown in
Fig.3 (the dashed line showing the shape of the
needle after a short time interval) then, putting
x=y=2=0and -%= tan a = const, eq.(11)
may be integrated and the following equation ob-
tained for the temperature of the point of the

needle:

_(1-—0033)[1 — (1 ] (12

If the growth velocity of the needle is high

or the length of the conical portion is great, so
Fig.2 - Crystalline Needle that the exponent takes a value >4 and the expres—
of Arbitrary Shape sion in brackets becomes equal to unity, then

this expression takes the following simple form, which no longer contains the ve-

locity of growth of the needle:
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tn —% =4 —cos«x. 1

The last expression may be put into the following form:

e(f . — &) «® !
. =
where w is the solid angle of the cone of the needle.

If in a supercooled melt there grows at constant velocity w a prismatic needle

Fig.3 - Shape of Acicular Crystal Assumed in Calculating the

Temperature of the Point

‘(l
8 L._’,

Figels - Shape of Prismatic Crystal on which the Calculation

was Based

of constant square section 2b x 2 (Fig.L), then at low velocities of growth we have

the following temperature distributions on the front face:

center of face o
T ' - (15)

vertex T i ' ) .
. (16)

tempera.ture difference_‘ o - :
A8 =122, | a7

]

e '"”“""1

L 2805———. \
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The solutions for the simplest case of crystal growth have been obtained by the

aid of the classical methods of mathematical physics. The application of modern
methods of mathematical analysis, and the use of computers, which effect an extra- _
ordinary expansion in the field of practical applica.t:.on of analytlcal methods, wi'.ll
permit the solutions' for more comple)'c and interesting cases to be given.

5, Growth of a Crystal of Spherical Shape at Constant Surface 'I‘empera.ture in a
Supercooled Melt of a Binary Alloy

The phenomenon of crystallization of alloys, it is well known, is determined by
the combined action of the processes of diffusion and heat transfer. Since the’
regularities of the 1atter are expressed by the same differential equations, it has
proved possible to apply the above regularities to the analysis of certain cases of
crystallization of a binary alloy taking account of both the phenomena of heat trans-
fer and of diffusion. ‘

In an unbounded supercooled binary melt of a binary alloy, let one crystal of
schematized, spherical shape growe. Let us assume that the melt and the crystallite
in it are motionless, that the densities of both phases are the same, and that all
thermophysical parameters are constants, and let us consider that the thermal and
diffusion phenomena proceed independently (i.e., let us neglect the thermodiffusion-

al phenomena). Assume that the process proceeds slowly, and that the concentrations

on the phase boundaries correspond to the equilibrium diagram and remain constant
during the course of the entire process, like the temperature on the surface of the
crystale )

The state of the supersaturated melt at a sufficient distance from the crystal
is assigned (point A on Fig.5)e

In contrast to the case of crystallization of a pure substance, the value of
the temperature on the phase boundary tg cannot be assigned, but must be determined
as a result of calculation. - e I

Required, to determine the law of growth of the crystal, the temperature tf and

STAT
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the concentrations cyo and cgo on the phase boundary, and the expressions for the
temperature and concentration fields.

As result of an exact solution of this problem, the following picture of the

] CogCm [ !

Fige.5 - Equilibrium Diagram of Binax-'y AJ:loy and Path of the

Figurative Point of the Melt (A - B) during the Growth of a
Spherical or Acicular Crystal; the Figurative Point is

Shown on the Right on an Enlarged Scale

L

CTIRUARRRRARTNNY

l .

7&

' r x

Fig.6 - Temperature.and Concentration Fields during the

Growth of a Spherical Crystal of a Binary Alloy

phenomenon was obtained (Bivl.3).

. e € e P e m e

As in the case of crystallization on a plane wall, the law of crystal growth 3 SSTAT
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determined by the expression r¢ = VY ., Figure 6 shows the temperature and concen-
tration fields at a certain instant of time. _ e

Let us trace the variation of temperature and concentration of the melt at a

“certain fixed poi.n:l'., for inét‘;ance‘a'..‘b distance r = ro,‘_ as the cst:télﬁ'z—a-izéf front
approaches it. A1:. this point, at first, the temperature will increase at the same
concentration, and, consequently, the figurative point of the alloy on the phase dia-
gram will be displaced upward. In order to indicate clearly the path of the figura-
tive point, a section of the phase diagram is shown on the right side of the figure
with the temperature scale many t',i.mes enlarged. As the front approaches the element
of the melt under consideration, the concentration of the latter begins to change

and the path is rotated leftward.

c(t, =t )
The relative temperature drop, i.e., the quantity ch M__  is thousands of

-c
times smaller than the concentration drop zm i‘l’ , and their ratio is defined by
so ~ Clo

the following relation (obtained from eq.(13) of reference (3) as u *0):

c(t[—t.)

% .g (19)

Cm™ Cre

Ce— Clo

It follows that the process of growth is limited by diffusion. For small di-

mensions of the crystallite, the law of its growth is defined by the following ex=

pression, analogous to that previously given (it follows from eq.(6) of reference (3)

-
Te = ‘/ 2a‘t————c"'_c'° . (20)
S0l

Owing to the high thermal conductivity of metals, a slight temperature drop

as g » 0):

tf - tm is required to assure the necessary removal of the heat of crystallization

(and can be determined from eq.(8) of the work cited).

6. Crystallization of a Binary Alloy on a Plane Wall

1et us consider the case of crystallization of a binary alloy under the condi-

48
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tions of the famous classical problem of Stefan on the freezing through of the soil.

On a plane wall, a thin crust grows on a binary alloy. On its outer surface
the constant temperature t, is maintained. The melt is motionless and superhea.ted,
and its initial temperature tp is assigned (at a great distance from the front of
crystallization - theoretically, at an infinite distance). The other general condi-
tions of the problem and notation are the same as those in the problem discussed
above.

The exact solution of this problem yielded the law of growth of the thin crust,
the temperature and phase concentrations at the interface, and expressions for the
temperature and concentration fields (Bibled).

The law for the growth of the fine crust remains the same as in the case of a

single-component system:

t=BV=~

For a very slow process, B is defined by the following expression [obtained
from eq.(6) (Bibl..) as u »+0]:

g2Vl ‘m"t0 (21)
Vx S0

The variation of temperatures and concentrations at a certain instant of time
are represented by the heavy line on the graph of Fig.7, while the lapse of a cer-
tain interval of time is represented by the dashed line. '

Thus, the temperature and concentration curves are elongated in the positive
direction of the abscissa axis.

The. concentration of the high-melting component in the melt falls ;.oward the
front of crystallization. This takes place as a result of the fact that the crystal,
as it were, sucks out of the melt the high melf;ing component necessary for its own
construction, -as a result of which the concentration of the high melting component

in the melt decreases in front of the crystallization front; this, in turn, causes

diffusion of the high melting component from the deep layers of the melt toward the

- e ——— —— j—— it e vemr e s el

crystal.

e e o A ——————— £
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" At ‘the same time the concentration of the low melting component at the front of

crystallization increases, as a result of which it diffuses into the melt.

The layer -of melt in which there ic a temperature drop, ahead of the crystalli-

zation front, is many times as thick as the layer in which the concentration varies.

Let us consider the variation of temperature and concentration in a fixed ele-
.-I o N “

a— L
T ety

Fig.8 -~ Path of the

Figurative Point of an

3 — Alloy on the Phase Dia-
Fig.7 - Fields of Temperatures and Con- gram during Crystalli-
centrations during Crystallization on a zation of a Binary Alloy

Plane Wall on a Plane Wall

ment of the melt as the front of crystallization approaches it .(Fig.S).

At first the temperature of the melt falls with its concentration remaining
constant, and the figurative point is displaced downward along the vertical straight
line, intersects the liquidus, and passes over into the region of supersaturation.

The variation of concentration begins in immediate proximity to the front of
crystallization, and as a result the path of the figurative point sharply turns to
the left and passes over into an almost horizontal straight line.

The slope of this straight line (more accurately the tangent) toward the path

at the point of its encounter with the liquidus line (tan a on Figs.8 and 9) is de-

fined by the following expressions for the extreme cases of the process:

50
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. _ |
infinitely slow process Y e '"'_'f_] /2 (2)
[ 3

j €y —Clq

4, tw—2t; D

infinitely rapid process g—0: T ™ e —cy & l (23)
[

For nommetallic substances, —g— is of the order of 102, for metals 5 X 10k,
Consequently, on the crystallization of binary systems of any substances, this part
of the path of the figurative point is an almost horizontal straight line.

Thus,ahead of the front of crystallization, a layer of supersaturated melt

A

Fig.9 - Paths of Figurative Point Fig.10 - Paths .oi‘ Figurative
of Melt in the Case of the "is- _Point of Melt during Relatively
placement of the Liquidus Line Rapid and Relatively Slow Pro-
(Under Supercooling on the Front cess of Crystallization of a

of Crystallization) Binary Alloy on a Plane Wall

arises, in spite of the fact that the melt is superheated over a considerable dis-

tance fron.x the front, and that the equilibrium state is assigned on the phase

boundary.

The shape of the path of the figurative point of the melt, however, remains un-
changed if supercooling of the phase boundary is assumed. Figure 9 shows such a
case, the dashed line representing the liquidus under the conditions of a real pro-

cess during supercooling on the phase bounda.ry.

DU PLUI I UPSEDES S SV S SR £y ——— [N - P

The value of the maximm supersa.tura.t:.on depends on the 1ntens:.ty of the pro-
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cess. Figure 10 shows schematically the path of the figurative point of the melt
for a relatively rapid and a relatively slow process..
With a rapid process, a plane front, of course, cannot exist, since the crystal-

lites ahead of it are necessarily thrown down.

To solve this question with respect to the slow process, the time factor must
. la.lso be taken into accoﬁnt. Considering the curves of temperatures in concentra-
tions before the front of crystallization on Fig.7 and the paths of the figurative
point on Fig.8, we see that its maximum departure from the line of the liquidus is
observed where a change in the concentrati‘cm begins in the melt ahead of the front
(the coordinate x, on Fig.7)e
The boundary of this layer in which a variation of the concentration takes
place is easily determined from eq.(6) (Bibl.h); as B + O we get the following ex-

pression

(28)

The value of the maximum supersaturation cp = cio which is attained in the

cross section x, is easily found from eq.(21):

Cm— Clo = 2‘:/;— (cs0 — ¢10) B-

Thus the value of the maximum supersaturation cp - Cio is directly proportional
to B, i.e., it decreases with decreasing intensity of the process, while the dis-~
tance X, at which this occurs is inversely proportional to B, i.e., it increases
without limit as p decreases. At the same time the duration of this process sharply
increases, and consequently, the probability of the precipitation of crystals even

in a slightly supersaturated melt also increases.

o v A g SRS IE ST T IS T

Consequently there are still no grounds for holding that on a sharp slowing of
the process, it is possible to obtain a stable plane front of crystallization. This
question may be answered if we know the rates of nucleation of centers of crystalli-

zation for binary systems as a function of the degree of supersaturation,

52
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"~ We note once again that all that has been set forth above relates to the case

of crystallization with removal of heat across the crystallization front.

Such a pattern of temperature and concentration fields, however, will also be
observed in the case where the formation of a crystal surrounded by melt on all
sides is accompanied by a slight rise in the temperature of the melt. In consequence
of this a heat flow toward the crystal arises, and the region of greatest supersatu-
ration is shifted toward the crystal surface.

The phenomenon of the precipitation of crystals ahead of the crystallization
front has long been known, but up to now there was no satisfactory explanation for
it. .

Modern researches show that the crystallites arising at a certain distance from
the front of crystallization sometimes even cover a layer of the matrix ahead of the
front, as a result of which a layer of matrix is formed in the crystal. This is ob-
served with the relatively rapid growth of the crystals from the solution in the ab-
sence of mixing of the solution [see reference (5), pp.135, 163, and also refer-
ence (6), pp.180 and 372].

And, finally, the unusually extensive occurrence in nature of globular crystal-
lization, by which the crystals are formed ahead of the front, shows that under real
conditions the formation of crystals ahead of the front is more probable than the

growth of crystals on the front of crystallization itself.
Conclusions

1. The surface of a crystal of polyhedral shape, growing in a motionless,
supercooled melt, is nonisothermal; the temperature drop at the surface of a crystal

of cubic shape is determined by eq.(7).

2. A crystalline needle grown at constant rate in a motionless supercooled melt

at constant temperature has the shape of a paraboloid of a revolution; if it does

not have this shape, then :l:ts surface is nonisothermAI.
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"3, 0n crystallization of a binary alloy on a plane wall, a layer of supersatu—

rated melt appears before the front of crystaliization, even if the melt is super- - *

heated at a sufficient distance from the front, while equilibrium concentrations are :

'

realized on the phase boundary.
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THE INFLUENCE OF MODIFIERS ON THE PROCESS OF INGOT CRYSTALLIZATION
by
V.Ye.Neymark and A.I.Dukhin

One of the principal problems of metallurgical production is improving ingot
quality. Investigators are faced by the problem of decreasing surface defects and
shrinkage holes in an ingot and increasing its uniformity in both structure and com-
position. The existence of surface defects, shrinkage holes and chemical inhomoge-
neity, as well as inhomogeneity of structure, are connected ‘with the rate of forma-
tion in growth of crystals. By changing the rate of solidification, one may influ-
ence the deformation of the crust formed, which, to a considerable degree determines
the quality of the ingot surface. By varying the direction of the heat removal
along the height of the ingot, the depths at which the shrinkage holes lie may be
reducec{. By increasing the rate of crystallization, the chemical inhomogeneity of
the ingot may be decreased.

In plant practice one must often find ways to eliminate the coarse structure
during crysf;allization of an ingot. It is particularly desirable to avoid the ap-
pearance of a columnar zone, whose presence leads to the formation of cracks during
the rolling of the ingots. The thicker a columnar crystal, the larger the quantity
of impurities that are forced out by the crystallization front towards its bounda-
ries, and the greater the danger of the occurrence of cracks along the boundaries
between the- crystals. In this connection, the work in search of methods of produc-

) ing ingots with a finely crystalline and uniform structure is very timely and urgent.
- The ingot quality may be improved by various influences on the crystallization
process. The-' ﬁodification of the .melt with smgll amounts of additives has a sub-

stantial effect on the parameters of crystallization.

.. Four kinds of modifiers are distinguished: 1) insoluble additives, activated

in the solid metal; 2) insoluble isomorphic additives activated in the liquid metal;

STAT
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3) additives soluble in the 1iquid metal and insoluble in the solid metal; &4) addi=’

tives soluble in both the liquid and the solid metal. A1l these types of modifiers

should decrease the work of formation of the crystal nuclei, which will help to in-

créise the mumber of centers of crystallization in the supercooled melt, to limit
crystal growth.and refine ingot structure. S

V.I.Danilov and V.Ye.Neymark (Bibl.2) have shown that insoluble additives, for
example lead oxides, increase the rate of formation of centers of crystallization in
bismuth and tin. On superheating a melt, oxides of lead are deactivated and the
rate. of nucleation in these metals decreases. The purification of bismuth and tin
from the active additives by filtration of the melt in vacuo leads to the same re-
sults as deactivation does.

Lead oxides that had not been in contact with the solid phase of bismuth and
tin were not active with respect to the process of crystal nucleation. When in-
corporated in a melt, they do not decrease the capacity of the melt for supercoolinge
Tt is only after bismuth and tin containing lead oxides have commenced to crystal-
lize that the additive is nactivated® and on remelting can decrease, tens of times,
the region of metastable existence of the.melt.

After .the metal has begun to crystallize, the additive %grows into"™ the solid
phase, and on the boundary between the crystals of the principal substance and of
the additive, ™nolecular contact™ arises, accompanied by noverpacking® of the mole~
cules in accordance with the jnteraction between the molecules of additive and the
solidified material. In the boundary crystalline layer, during its formation, ele-
ments of structural correspondence with the crystal of the principal substance must
be present. Tt is also possible for such a crystalline layer to fail to melt above
the melting point of the base metal, as a result of the great molecular interaction
between the additive and the substance being crystallized.

A melt containing activated insoluble additives does not begin to crystallisze

at the equilibrium temperature, since in this case the thermodynamic poten-i‘.:.lals";:f.
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the }.io_phases are equal. The rate of growth of one phase at the expense of the
other will be zero, In order for crystallization to begin, the system must be
brought out of equilibrium: the temperature of the melt must be lowered, i.e., the
liquid must be supercooled. Since in the supercooled melt, the thermodynamic poten-—
tial of the crystalline layer on the activated additive is less than the thermody-
namic potential of the 1liquid, centers of crystallization will be formed on these
crystallites, if they are larger than the critical nucleus. The rate of their forma-
tion, in spite of low degrees of supercooling of the melt containing activated addi-
tives, must likewise depend on the degree of supercooling, as in the case of an un~
modified melt.

Danilov and .Neymark (Bibl.3) have proposed the introduction of a Tseed" in a
melt that is not strongly superheated, in order to decrease the work of nucleation.
Activated insoluble additives are used in the seed. On these additives, in the
supercooled melt, a large number of centers of crystallization are formed, leading
to refinement of the ingot structure.

Danilov, Kazachkovskiy and Lc';bkovskiy (see Bibl.4) investigated the activation
of insoluble impurities in salol. These authors have established the following
regularities: the activation of impurities proceeds in contact with the crystals of
galol in a definite temperature range and increases with increasing time of this
contact.

Lesnik and Danilov (Bibl.5) have found that an insoluble additive, rock salt,
is isomorphic with p-salol, The activation of rock salt takes place in liquid

’ g-salol, The superheating of salol 70°C above its melting point does not decrease
the rate of formation of crystallization centers in the supercooled melt, but, on

the contrary, increases it.

Danilov and Kamenetskaya (Bibl.6) have established that the modifier potassium,

which is soluble in liquid mercury and insoluble in solid mercury, increases the

rate of formation of centers of crystallization at optimum concentration of the -
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_ Kogan, Neymark, Piletskaya and Entin (Bibl.7) have studied'the influence of‘ the
soluble modifiers boron, titanium, aluminum, vanadium and zirconium on the processes
of crystallization and recrystallization of steel. These studies have shown that -
ingots without additives, 50 mm in diameter, are of columnar structure. Additions
of boron in an amount of 0,003 - 0.004% ref-ix}e the structure of the ingot. With in--

creasing boron concentration in the steel, the colummar crystals again appear, and
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Fige.l - Size of Austenite Grain of Fig.2 - Re}ation between Rate of Forma-
Primary Crystallization of Steel as a tion of Centers of Crystallization of
Function of the Content of Boron, Fe;rrite Grains and the Boron Content -
Vanadium, Titanium, Aluminum and Zir- (the Figures Near the Curves Indicate
conium in the Cast (Unworked) Steel the Holding Time in sec)

a) Size of austenite grain of primary a) Rate of formation of centers of
crystallization, p; b) Concentration crystallization of ferrite grains,

of additive, % 1/mm> sec; b) Boron concentration, %

at concentration 0.05 - 0.08%, the columnar crystals become thicker than in ingots

without additives. Aluminum and vanadium have the same action, but at concentra-

tions about 10 times as high as boron. The effect of additions of titanium on ingot
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- strncture is scmewha.t different.
2

! ' gradual structural refinement of the ingot. Additions of zirconium in the same con-

4..

.. centrations as aluminum have no effect on the primary structure of the ingot.
6.

The modifiers boron, vanadium titanium, aluminum and ‘zirconium refme the

Q
. austenite grain of primary crystallization, boron showing the greatest refinement,
17—~
T and zirconium the least (Fig.l). Alumimm, titanium and vanadium, restrain the
1.

. growth of the secondary austenite grain, while small additions of boron increase its
1

- growﬁh.

The additions of boron at optimum concentrations (Bibl.8) at the same time

increase both the rate of nucleation and the rate of growth of ferrite grains on

their segregation from austenite (Figs.2 and 3). On recrystallization of steel in

o0t

20
WL

oy I -

]

QO Q0% 4007 Q008
b)

]
Fig.3 - Relation of Rate of Growth of Ferrite Grains to the
Boron Content (the Figures Near the Curves Show the Hold-
ing Time in sec)

a) Rate of grain growth, mm/sec; b) Boron concentration, %

the temperature range 600 - 1,00°C, small additions of boron decrease the rate of

- rormatlon of pea.rlite gra:.ns.

S:mce boron, even a.t very low concentra.tlons, exerts a considera.ble mfluence
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0.

on the pa.rameters of cryst.al]:lza‘blon, studi.es were e made to eluclda.te the question o:r

Z
tho state in which boron is. present in- steel, whether-as-a- soluble or- insoluble in-
4

f(i - purity. By measuring the mcrohardness of the ferrite segregated from austenlte, it
¢..

The fact that boron increases .
the growth of ferrite and austenite crystals, decreases the rate of formation of
pearlite grains, and decreases the hardness of the ferrite, shows that the boron is
in solid solution. Measurements of the diffusion of boron in steel show it to be
soluble up to 0.01% in the solid steel. At higher boron concentrations, a boron-
containing phase is precipitated along the primary crystallization austenite grain
boundaries, and it is this that probably retards its growth. Chemical analysis also
proved boron to be present in solid solution. - - —-— -

These studies indicate that boron is a modifier soluble in both 1liquid and sol-
id steel, and that it must affect the surface tension between the old phase and the
new one being formed. The formatic;n of a critical nucleus R, strongly depends on
the surface tension o between the old phaée and the new phase, since R; is directly

6 ‘ propc;rtiona.l. to o3. When boron decreases the 0, the rate of formation of centers of
crystallization of the new phase in the old phase is increased (transition from
licuid to solid state, formation of grains of ferrite in the austenite). When, how-
ever, the boron increases the value of o, then the rate of formation of centers of
crystallization decreases (the formation of pearlite grains in austenite, and of
austenite grains in pearlite). .

The case when boron,at concentrations higher than optimum, décreases the rate
of formation of centers of crystallization, is probably connected with the tendency
of boron to increase the energy of activation during the transition of the steel
atoms from the liquid state to the solid (Bibl.5). Small additions of boron show
a favorable effect on the properties of steel as well. 0.003% of boron increases
the hardenability of the steel. The rela.tlve :Lnfluence of such an addition ia a-

bout 100 - 150 times as grea.t as the act:.on of the same quantity of manganeae or
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Fig.5 - Macrostructure of Ingot of
St.3 with 0.005% of Boron
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nickel.

In connection with the results obtained on the influence of boron, titanium
and aluminum on the growth of columnar crystals in an ingot 50 mm in diameter, it
appears to te of practical interest to investigate the effect of these modifiers on

the structure of a larger ingot (120 * 120 mm), approaching the cross section of the

Fig.6 - Macrostructure of Ingot of St.3 with 0.1% of Titanium

ingots produced on continuous casting machines.

Neymark and Dukhin studied the influence of modifiers on the structure of car-
bon, ferrite and austenite steels. In an St.3 ingot without additives, three zones
were found: on the periphery, a finely crystalline zone; then a columnar zone; and
at the center, an equiaxial zone (Fig.h). Additions of 0.003 - 0.005% of boron
sharply refine the structure of the ingot (Fig.5). On introduction of 0.02% of
boron into steel, the structure obtained was inhomogeneous and somewhat coarser than

in an ingot with lower concentrations of the additive. In larger ingots modified
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with titanium, the structure is entirely different. The addition of titanium yield-

ed a homogeneous structure with fine crystals (Fig.6). This characteristic struc-

ture is obtained on incorporation of 0.08 to 0.3% of titanium with the steel. The
addition of aluminum in quantities
from 0.03 to 0.1% results in no appre-
ciable ingot structure refinement.
Larger additions (up to 0.2%) even in-
crease the width of the columnar crys-
tals.

The influence of boron and titani-
un on the structure of ferrite and
austenite steels was also investigated.

Fig.7 - Dendritic Structure of Ingot
The addition of boron and titanium
(Diameter 90 mm) of Austenite
limits the growth of columnar crystals
Steel 1Kh18N9T. 200 x
in ferrite steel on casting the melt at
a temperature close to the temperature corresponding to the liquidus line. By heat-
ing the modified melt 100°C above the temperature corresponding to the liquidus
line, columnar crystals are obtained in the ingot. The structure of an ingot of
austenite steel 1Kh18N9T could not be refined either by addition of boron, or by
seeding; only finer columnar crystals were obtained.
Measurements of supercooling showed that the modifiers exert a slight influence
on the boundary of metastability of Khl8N9 austenite steel. This is evidence that
the work of formation of the eritical nuclei, even in modified steel Khl8N9, is very

great, and that deep supercooling is required for its appearance. But ingots of

austenite steel Kh23N18 may be refined by modification with boron or titanium, fol-

lowed by low-temperature pouring of the melt. The dendritic structure in the ingot

so obtained was investigated. In the austenite steel the dendrites are easily de-

tected. In ferrite steel, however, the dendrites are not revealed by electrolytic
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action. The modifiers boron and titanium show no appreciable effect on the dendritic
structure of ingots of steel 1Kh18N9T (Fig.7) and steel Kh23N18 (Fig.8) crystallized
in a chill mold 90 mm in diameter.

To increase the supercooling on the front of crystallization, we employed a
technique permitting the casting of
specimens in copper tubes 3 mm in diam-
eter. The steel was drawn, by the aid
of a rubber bulb, into a tube with its

lower end submerged in the melt

(Fig.9). This technique was used to
prepare specimens of austenite steels
Kh18N9 and Kh23N18 with additions of

boron and titanium.
Fig.8 - Dendritic Structure of Ingot
In the specimens of Kh1l8N9 auste-
(Diameter 90 mm) of Kh23N18 Austenite
nite steel, a narrow zone of small un-
Steel with 0.5% of Titanium. 200 X
oriented dendrites was formed on the

periphery. When the heat removal is so rapid, the branches of the dendrite become

finer and change their shape. The addition of 0.01% of boron to steel Kh18N9 re-

fines the dendrites in the central zone of the specimen as well (Fig.9). The re-
finement of the dendritic structure in the specimen is also obtained by the intro-
duction of 0.5% of titanium into the steel. An increase in the rate of crystalliza~-
tion of Kh23N18 austenite steel leads to a strong structural refinement. The addi-
tion of 0.005% of boron produces a still greater refinement of the dendritic struc-
ture of this steel (Fig.10). The photograph presented, shows that the modifiers
have a more effective influence on the rate of nucleation of centers with increasing
supercooling on the front of crystallization.

The influence of the modifiers boron and titanium on the size of the austenite

grain revealed in the specimens by destruction of the liquation during diffusion
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annealing, was less than it was on the size of the dendrites. The refinement of the
dendrites by modification and by increasing the heat removal, may lead to a decrease
in the chemical inhomogeneity of the ingot, since with decreasing dendrite size, the
diffusion paths of the liquated elements during diffusion annealing are shortened.
The modifiers boron and titanium have less of an effect on the ingot structure

when the steel is cast at high tempera-

tures. The fact that the temperature
of the melt does have an influence on
the structure of an ingot modified by
soluble additives speaks for the view
that this phenomenon is due to the de-
activation of the insoluble additives
and the change in the degree of super-
cooling on the front of crystalliza-
Fig.9 - Dendritic Structure of
tion.
Kh18N9 Steel with 0.01% of Boron
We have established that if one

Crystallized in a Copper Tube
first superheats aluminum, 5% aluminum

(3 mm in Diameter). 200 *
bronze, or Kh-27 ferrite steel, thus
deactivating the insoluble impurities, and pours them at low temperatures through a
stopper, a columnar ingot structure will result. If, however, the melt was not

superheated above the deactivation point for the insoluble additives, then a finely

crystalline structure is always obtained on low-temperature casting.

The same phenomenon is also observed in a modified metal. The modifiers only
increase the superheat temperature at which deactivation of the insoluble additives
does not take place (Bibl.10).

In casting the superheated melt into a chill mold, the supercooling on the
front of crystallization will be low until the heat of superheat has been removed

from the melt. A decrease in the supercooling on the front of crystallization leads
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to a decrease in the rate of formation of critical three-dimensional nuclei, and in
this connection the probability of the growth of columnar crystals due to the ap-
pearance of two-dimensional nuclei will be increased, since the work of formation of

two-dimensional nuclei is far less than that of three-dimensional nuclei, and the

columnar crystals can grow even at a slight supercooling on the front of crystalli-
zation. )
Danilov and Neymark (Bibl.2) have proposed a technique of determining the de-
activation of insoluble additives. The
technique of deactivating insoluble

additives is based on the determination

of the relation between the original

3
-at

structure of the finely crystalline

<

v

-

Zids
A

cast specimen and the final structure

et
.-“v

after its melting and beginning of

Jgg -

N

crystallization in one and the same

crucible. The study of deactivation is
Fig.l0 - Dendritic Structure of
conducted on the original finely
Knh23N18 Steel with 0.005% of Boron,
crystalline small ingots, and it de-
Crystallized in a Copper Tube
termines the superheat temperature at
(3 mm in Diameter). 200 %
which all relation between the original

and final structures disappears. The study of the activation of insoluble additives
is conducted on the original coarsely crystalline specimens. If the structure after
melting, and a certain superheating is refined, then this is evidence that activa-
tion of the additives in the solid state took place. If, however, the structure is
refined after a high degree of superheat, then there are grounds for considering
that the isomorphic insoluble additives in the melt were activated.

On melting and superheating a finely crystalline small ingot of Kh27 steel

without an additive, to a temperature 5 - 10°C above the liquidus, the relation be-
STAT
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~'tween the original ard final structures is maintained. On a superheat of 30 - I;.OOC,
2

'this—rela.tion is lost, and a partial deactivation of the insoluble additives takes
4.

— place. A superheat of 100°C leads to almost complete deactivation of the insoluble
€

additives. The addition of 0.25% of titanium to steel Kh27 increases the tempera—
Fo

- ture of the activation of the a:iditive, and the heating of the melt to LO°C above
10 -~

e the liquidus does not lead to the disappearance of the relation between the original
t. and final structures.
A finely crystalline small ingot of Kh23N18 steel after melting and slight
. superheat (2 - 3°C) above the liquidus, becomes coarsely crystalline, and a deacti-
vation of the insoluble additive takes place. If 0.5% of titanium is present in
_ - Kn23N18 steel, the deactivation temperature is raised by about-100°C. The heating
T of the original finely crystalline small ingots of Khl8N9 steel 5 - 10°C above the
liquidus led to almost total deactivation of the insoluble additives.

The increase in the deactivation temperature of Kh27 steel with 0.25% of

titanium a.dded,.and of Kh23N18 steel with 0.5% of titanium added, may be explained

by the formation of insoluble impurities in the steel, which, after solidification

of the melt, become activated in the solid steel. When steel is melted together
with titanium, the activated insoluble impurities, even on superheating of the
liquid 100°C above the liquidus, still do not lose their activity and serve as

, = centers of crystallization in the supercooled melt.

The activation of impurities was observed on melting a small ingot of Khl8N9

, ~-steel with a columar structure, and superheating the melt 150°C above the tempera-.

, —ture corresponding to the liquidus line. The structure in the solidified specimen

. — was finely crystalline. This phenomenon is evidence that isomorphic impurities, on
. “which additional centers of crystallization were formed, were activated in the
superheated melt.

These results show that by modlf:.catlon of a melt with small amounts of addi-

M

- tlves, the structnra.l and chemlcal uﬂxomogenelty of the :Lngot may be decreased. A

k
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- further investigation of the mechanism of modification by measuring the supercooliné

2

; of the steel, the linear rate of-crystallization,- and -the -surface-tension-on-the—
i .

- 'interface between melt and inert gas, will provide an opportunity for scientific

4

¢

8. ;approach to the problem of selecting the optimum modifier concentration for one

. steel or another.

1

10 -4

17 "Conclusions

1 1. The modifiers boron and titanium differently affect crystal growth in an

1
s

ingot of carbon steel: additions of boron limit the growth of columnar crystals,

while ad;iitions of titanium encourage the growth of very fine columnar crystals.

2. On crystallization of the melt in chill molds 50 mm in diameter, the modi-
fiers boron and titanium retard the growth of columnar crystals of Kh27 ferrite
steel and show no substantial effect on the growth of crystals of Khl8N9 austenite
steel.

3. The increase of heat removal, i.e., the increase in the degree of supercool~

ing on the crystallization front, leads to a more eff:ctive influence of the modi-

fiers on the rate of formation of centers of crystallization in austenite steel.

L. On increasing the temperature of a melt modified with soluble additives, the
growth of columnar crystals is increased. This phenomenon may be explained by two
causes: the presence in ferroboron and ferrotitanium, of active insoluble impuri- ’
ties that are deactivated on superheating of the liquid steel; and by the decrease
in the supercooling on the crystallization front.

5. The modifier titanium increases the temperature of deactivation of insoluble
impurities in Kh27 steel. This is evidence that the ferzjotitanitm contains activa-

ted insoluble impurities encouraging the formation of centers of crystallization.
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STUDY OF THE PROCESSES OF CRYSTALLIZATION-FROM -A-MELT

by

H

I.N.Fridlyand

t

In the post-war years, the continuous casting of iingots, with the intense cool-

ing of the crystallized metal characteristic of that process, has become widespread.

In this connection, the study of the effect of the rate of cooling dn' the ﬁré;:ess o
of crystallization from a melt acquires not only theoretical significance but also
great practical importance. In particular, it must be more.precisely determined
what properties can be obtained by the aid of continuous methods of casting, the

possibilities of the new casting methods must be studied, and the mechanism of ac-

tion of high rates of crystallization on the structure of the metal must be investi-

gated.
For this purpose , we staged the investigation on alumimm alloys, and, in a

number of cases, on organic transperent substances as models.

1. The Influence of the Rate of Crystallization on the Structure and Properties of
Aluminum Alloys

D.K.Chernov (Bibl.l) noted the substantial influence of the rate of crystalli-
zation on the structure and properties of ingdts. The influence of supercooling on
the form of crystal growth is discussed in the works-of A.A.Bochvar (Bibl.2),
A.V.Shubnikov (Bibl.3), in the work by H.Buckley (Bibl.}), in the works of )
D.A.Petrov (Bibl.5), D.D.Saratovkin (Bibl.6), and by others. A.G.Spasskiy (Bibl.7),
V.A.Livanov (Bibl.8), V.I.Dobatkin (Bibl.9), and V.V.Gulyayev (Bibl.10) call atten-
tion to the fact that with increasing rate of crystallization, the internal struc-
ture of the grains is refined and the strength and plasticity of the metal are in-
creased.

Various rates of crystallization had been previously obtained by me-(Bibl.11)s
in one case by using a thin-walled copper chill mold bathed with water;—and-in-the—
STAT
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other case, a mold inserted in hollowed chamotte brick. The rate of cooling of the

metal crystallizing in the copper chill mold, as shown by measurements with the aid

of a string galvanometer, was 70%/sec.

The properties of rapidly and slowly crystallized aluminum alloys differ sub-

stantially, whether in the as-cast or heat-treated states. The siowly crystallized
alloys have a decreased tensile strength
and zero plasticity in the as-cast state.
After heat treatment, the yield point and
the ultimate strength of these alloys in-
crease considerably, But in absolute

value still remain very low, even after

prolonged holding at high quenching tem-

peratures.

The yield point rises more rapidly
than the ultimate strength, so that, as

a result of heat treatment, these quan-

3
]
[
}
%a

Fig.)l - Aluminum Alloy D16, Cast-
tities approach each other almost to co-
ing in Chamotte. 115 %
incidence. Consequently, slowly cooled
alloys are not capable of taking even a very small plastic deformation (over 0.2% of

the elongation set) and fail prematurely.

From the extension curves of specimens of alloy Al + 4% Cu, likewise, the
immense difference in the work of deformation during the tests of rapidly and slowly
crystallized alloys will be clear. The fractures of slowly cooled castings are
brittle and coarse, with accumulation of gas bubbles, shrinkage holes, inclusions
of intermetallides and nonmetallic films. During the process of quench heating, the
fractures blacken and show clear signs of burning.

Alloys crystallized at high rates of cooling have, even in the as-cast state,

a relatively high resistance to deformation and a higher plasticity. Heat treatmentSTAT
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shows an exceptionally favorable influence on these alloys. The general improvement
of properties is such that the ingots after heat treatment approach the deformation
strength of heat~treated alloys. The principal strengthening of water-cooled ingots

after heat treatment is attained after a relatively short (1 hr) quench heating.

After heat treatment, specimens cut out of water-cooled ingots preserve a bright
surface. The burning temperature of
these specimens rises 15 - 20°C above
that of the slowly crystallized alloys.

The differences in the mechanical
properties of castings, the type of frac-
tures, and the burning temperature for
rapidly and slowly crystallized alloys
are due directly to the change in charac-
ter of the grains and dendrites (Fig.l
and 2). With increasing rate of cooling,
the number of secondary dendrites strong-

Fig.2 - Alloy Al + 10% Mg; Cast-

ly increases, and the principal and
ing in Water-Coocled Chill

secondary axes of the dendrites become
Mold. 115 X%

thinner; the distance between the second-
ary dendrites and the individual primary dendrites decreases; the impurities (sol-
uble and insoluble) have no time to be driven toward the grain boundaries and are
deposited between the secondary dendrites in the form of small segregated round
inclusions; the dendrites become elongated. During heat treatment, the impurities
disseminated through the solid solution do not come in contact with the air, and
are not oxidized, but are rapidly dissolved. The composition of the grain becomes
equalized, the dendrites are converted into grains in close contact with each other,
and with narrow boundaries.

During slow cooling, equiaxial dendrites are formed, with wide cavities appear- STAT
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- ing betweon 'them. The impnr:l.ties (soluble and insoluble) are almost completely dis-
2

- plaeed-toward the grain boundaries, and are deposited there in the form of coarse

6~ inclusions. Alternating with the intradendritic cavities, they form a continuous

—' fringe, making the metal brittle. The structure of the alloy after heat treatment

o

- is little cha.nged and only the grain boundaries are appreciably ondlzed.
1.

- Th» general increase in the density of the metal, and especially the disperse-
i

1.

Fig.3 - Continuous Casting of Thin Sheet Workpiece of
Aluminum Alloys by the Method of I.N.Fridlyander
and V.G.Golovkin
1 - Furnace; 2 - Liquid metal in furnace; 3 - Liquid metal; '
L, - Notch of furnace; 5, 6 - Rollers; 7 -~ Screen; 8 - Solidi-

fied metal; 9 - Water cooling

ness of the structure at higﬁ rates of cooling, favors the radical improvement of
the properties of the alloy. Thus, high rates of cooling during crys%al_lizatioh
exert an influence which to a-certain extent is. analogous tt; the influence of de-
- -formation. From this point of view, D.K..Cher.nov"s forecast that high casting skill
; - would be able to make fundamental improvements in the properties of the casting,
) and lead to the replacement of forging by casting, has been justified. It must,
; - however, be noted that the plastlclty of cast metals after heat treatment is still
_* below the values characteristic of these same a.]loys in the deformed and heat treat-

R -

od sta.tes.
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2. Continuous Casting of a Thin Sheet Work Piece of Aluminum Alloys

The maximum improvement of cast metal is attained on continuous casting of thin
strips or wire, when a high rate of cooling can be realized.
Let us consider, as an example, the continuous casting of a thin sheet work

piece of aluminum alloys according to the system proposed by the author and

V.G.Golovkin (Fig.3).

Fig.4 - Fibrous Crystals in Upper Part of Strip; View from

Top (Natural Size)

The liquid metal is delivered in a smooth flat jet, through a notch having the
form of a thin slit, onto a moving screen, washed from below with a vigorous stream

of water passing through the screen. The solidification of a thin layer of 1liquid

 metal (6 — 10 mm) in direct contact with the water when it reaches the screen, takes
STAT
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place at extremely high speed. Two zones are clearly found in the cast strip
through its thickness (Bibl.12): in the lower part, small vertical crystals grow
upward from below; in the upper half, fibrous crystals are formed, growing in a
horizontal plane with the strip moving at 12 - 15 m/hr. The fibrous crystals may
have a length measured in meters. As they develop they gradually widen and occupy

a considerable part of the surface of the strip, which confirms A.V.Shubnikov's idea

of geometrical selection during the process of appearance of a columnar zone
(Fig.4). The fibrous crystals are formed by individual fibers in more or less

linear arrangement (Fig.5). The impurities are drawn out in short lines along the

Fig.5 - Fibrous Crystals, 200 x

fivers. The crystals grow from a common center; after long annealing the fibers

merge with each other. But the impurities maintain their short-line arrangement,
evidencing the forms of crystal growth and resulting in a difference of properties
in different directions.

On the surface of the strip, ahead of the main crystallization front, small

equiaxial crystals are sometimes formed, and are rapidly surrounded by better ori- STAT

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/07 : CIA-RDP81-01043R004200090004-8



Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/07 : CIA-RDP81-01043R004200090004-8

eni.ed "i’brous crystals. But, as the temperat.ure of the casting decreases, the num- i
l

ber of_small equla.xla.l crystals increases, and may become predom.na.nt._lﬂ'la_t.ransi-_. ’

"tion from one form of crystal growth (and from grains of immense size) to the other |
~ form (and to small crys{{als) is accé;t;ﬂ;ﬁe_gb;;r a relatively small fall in temper-

= ature. This temperature threshold has different values for different alloys. The

1( - 'transition from equiaxed dendrites to fibrous crystals is, in all probability, due

" to the increase of the temperature gradient in the zone of the liquid adjacent to
l"

the crystallization front (and perhaps, to a certain extent, also to the deactiva-

tion of the impurities during superheating).
The strength of the zones of fibrous and equiaxial crystals of a thin cast
strip in the longitudinal and transverse directions; reaches high values, even in the

as-cast state, and increases still more after heat treatment (Table 1).

The direction of cut of the specimen in the zone of equiaxial crystals has no
effect on the value of the elongation. In the zone of the fibrous crystals, the
longitudinal specimens have elongations of 12 and 19%, and the transverse speci-
mens 5 and 8%, respectively, in the as-cast and heat-treated states. While the cast
metal is not inferior in strength to heat-treated rolled sheet, its plasticity in
the cross direction is insufficient. The elongation depends to a greater degree on
the disperseness and character of distribution of the second phases and impurities
than does the strength. After the imposition of a certain deformation, however, the
plasticity of the metal does improve to a sufficient extent. In exactly the same
way, cast wire of very high strength and elongation in the longitudinal direction
will not rivet if it is not subjected to drawing. In this case, as well, the dashed
arrangement of the impurities adversely affects the transverse plasticity. It is
understandable that in the case of pure aluminum, or of very soft alloys, the plas-
ticity in the cross direction will be adequate even in the as-cast strip or cast
wire.

The method of cast:mg a thin sheet work piece (Fig.3) may be used to produce

»
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- sheet, 'sld.pping the ingot stage.
2 - r
i ____Jt is well known that the method of direct slabless rolling of sheet, proposed
4_
--'by H. Bessemer, and extensively tested in pra.ct,lce by Hazelett (B:Lbl 13), in spite of

€. - —— - - - -

€ - Table 1

Mechanical Properties of Zones of Fibrous amd Equiaxial Crys-

tals of Cast Strip and Rolled Sheet of Aluminum Alloy D1

Type of | Direction of Tensile Elongation,
V)

Condition of Material| Crystals | Specimen Cut Sg%gb

Cast strip Fibrous Longitudinal 31,8
Fibrous Transverse 31,2

Equiaxed Iongitudinal 2,1
Equiaxed Transverse 29,7

Cast strip after Fibrous Longitudinal
quenching and aging Fibrous Transverse

Equiaxed Iongitudinal
Transverse

Rolled sheet after Iongitudinal
quenching and aging Transverse

its outward simplicity, proved to be unsuccessful. The metal is poured between two
rotating rollers, and during crystallization is subjected to pressure; squeezing

- out the low-melting components and leading to extremely strong reverse liquation.
The irregular arrival of the solidifying metal at the jaw of the rollers causes ex-
cessive pressure, and in combination with the high temperature and the direct action

of the liquid metal on the surface of the rolls, leads to the rapid wear of the

G

equipment.

The method of the thin sheet workpiece is more promising, especially in cases

where it is possible by its aid to obtain essentially new properties. Thus, in

casting strip of aluminum-manganese alloy (AL + 2.0 - -3.0% Mn) it is possible to ob-
: STAT
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- tain an unusua.lly low temperature coefficient of electrical resistivity (with a high

2— ] - =

4j electrical resistivity). After such a ma.terial-is-annealed—or--quenched;——ita -elec—
___1

trn.cal resistivity falls, while the temperature coefficient of electrical resistiv- -

6

6 :Lty increases considerably A study of the lattice parameter of the alloy (staged
1(-“‘ by the present author in collaboration with V. A.Konstantinov and N.I.Zaytseva)

L ' shows (Fig.6) that in the cast specmens (curve a) the manganese content of the
1“::‘ ) sohd solution reaches 3% by weight, i.e.,

. - ! :'{ considerably higher than the maximom
2

e eaen

eéuilibritm solubility. The concentration

of the solid solution does not increase

under our conditions of casting when the

total manganese content in the alloy is

jncreased up to 9%. For alloys of the

408 : nor compositions studied, quenched in the

01 29465878778 solid phase from a temperature close to

the melting point (curve b), one and the
Fig.6 - Variation in the Crystal
) same parameter, corresponding to about
lattice Parameter of Alloys After . -
1.4% Mn in the solid solution, is main-

Various Forms of Heat Treatment
tained, indicating the segregation of a
(I.N.Fridlyander, V.A.Constantinov,
supersaturated solid solution from the
and N.I.Zaytseva)
liquid state during the process of quench
a — As-cast state; b — Quenched in

heatinge.
water after heating to 650°C .
The formation from the liquid state
a) Weight ¥ Mn
of a supersaturated solid solution with a

concentration of the second element exceeding the maximum equilibrium concentration

should in our opinion be treated as an effect of quenching from the liquid state

(Bibl.]h), i.e. s the f:utation in the solid state of that concentrat:.on that is

——— - —— - ——

cha.racterlstlc of the l:.quld solutlon, or as a retardation of the decomposrblon of

78 STAT
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the solution during the pr&?e%é of c_z:y;%;liiz-atl—x;n. The effect of quenching from
2

- tthc_liquid st.a.te.may be obtained on intense cooling of the crystallizing metal, for
4

' example, during continuous ca.sting of a thin sheet workpiece.

€. - . -

- 3. Study of the Forms of Crystal Growth Depending on the Rate of Cooling

1. — As a result of the opacity of metals, it is inconvenient to study the mechanism
L of crystallization in them.
1 For this reason, in work performed by the author in collaboration with
. N.B.Kondrattyeva and S.A.Yudina (Bibl.15), we used a transparent substance, camphene,
_ in our observations on the growth of crystals at various rates of cooling (Bibl.16).

The processes of crystallization was studied by the aid of motion-picture

photography under a microscope. This

technique was first applied in the USSR

by G.Be.Ravich and V.A.Voltmova. Camphene,

which always contains a certain quantity

J of impurities, was placed in a thin layer

of the order of 0.1 mm thickness, between

Fig.7 - Displacement of Sphere by

object and cover glasses. With the very
Growing Crystals Depending on the
slowest cooling, when the temperature of
Rate of Cooling )
the heating stage was maintained close to
a) Displacement; b) Rate of water
the melting point of camphene, small round
flow, ltr/min
crystals are formed. The small crystals

are spherical, but as they grow they lose their shape, still keeping their round
. ;)utlines. At the same time as large crystals grow, the small crystals may melt. The
_ roundness of the crystals and the melting of the small crystals is probably con-
s nected with thé action of surface tension.
If air bubbles are present in the melt, the crystals shift them during very
slow growth, a.nd #low around them at accelerated growth.

An-increase in the cooling rate leads to the elongation of round grains, and to
STAT
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C.. - R - —_ -
- the appearance of the first branches. The crystals, on approaching impurities,

g

branch without intergrowing. The change in the ability of the crystals_to.displace.
4.

impurities suSpended in the melt, depend:'uig on their rate of growth, has been quan- .

€. e -

titatively shown in our exnerments with N. A.Vysotskaya (Bibl.17) (Fig.7) and in the

& works of A.G.Spasskiy and associates.
i‘ - A.A.Baykov (Bibl.18) has found that every molten metal contains a mass of sus- |
l‘ . pended insoluble particles. At iow rates of growth, the crystal disp]acés these .

. . particles. During the process of displacement, or further diffusion, the particles

d)

.

Fig.8 - Diagram of Influence of Rate of Cooling During Crystal-
lization (7elocity of Crystal Growth) on the Structure and
Properties of the Metals

a) Diameter of impurity particles; b) Distance beiween secondary

branches of dendrites; c) Thickness of branches of dendrites;

d) Strength of metal; e) Elongation of metal; f) Density of metal;

g) Velocity of crystal growth

coalesce, intergrow with each other, and become consolidated. With increasing rate
of growth, the crystal is more and more often compelled to flow around the par-
ticles, retreating frcun the secondary branches, which become finer and finer, and

more and more numerous. In this case, the disperseness and d:.stribution of the
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- pa.rticles in the solid metalapproaches more and more closely to their dlsperseness
in the liquid metal. e e e e e e e e
Tt is therefore incorrect to say that the impurities are refined with increas-
- M?;ate of cooling. In rea.llty, they do notwl—:.ec;n;;’cons;in-dated dur:Lngmr.apld .
crystallization, and do become consolidated during slow crystal growth.

Naturally, there is a definite relation between the velocity of crystallization,
the size of the particles, the thickness of the secondary branches of the dendrites,
the distance between them, and the mechanical préperties of the cast metal (Fig.8).

When solidified camphene is held close to the melting point, the dendrites are
converted into grains, one grain being formed from each dendrite. The process of
conversion of a dendrite into a grain reduces down to the equalization of the chem-
ical cmnpositibn within the boundaries of the same crystal, and to the homogeniza-
tion of the grains., The distribution of the insoluble impurities within and along
the grain boundaries. is completely determined by the initial forms of growth of the
crystals.

The same phenomena, as during the crystallization of camphene, take place in
all likelihood, in the crystallization of aluninum alloys as well. When cooling
becomes more rapid, the crystals go around the impurities more and more, without
dieplacing them, and the branches are put out more and more often; the distribution
of the impurities acquires a more and more disperse character; and the branches of
the dendrites become finer and finer. During the process of homogenization, the
branches of the dendrites become intergrown; the chemical composition of the crys-—
tals ‘oecou{es~ gc_;ll;_ali_._zgd; and the dendrites are transformed into grains, which inherit
from the dendrites the character of the distribu‘bic;n of the impurities, one density

or another, and one level of properties or another. .

L. Study of the Dependence of the Temverature on the Crystallization Front on the
Deggee of Sugercoollng

In this work we repea.tedly noted the dependence of the structure of the metal

STAT
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and of its properties on the velocity of crystal growth, but not on the supercooling.
In metallurgical practice, the increase in the velocity of crystal growth and the
corresponding improvement of the structure is obtained precisely by accelerating the

heat removal from metal superheated above its melting point (for example, by transi-

e

Fig.9 - Variation of Temperature on the Crystallization

Front of Benzophenone, First Supercooled to 13.2°C

tion from the cast—-iron chill mold to the copper water-cooled chill mold, and then
still further to the continuous casting of ingots with water supplied directly onto
the crystallizing metal). Tamman's experiments determined the dependence of the
linear crystallization velocity on the supercooling of the melt. It still remains
unclear, however, how the degree of supercooling of the metal varies during the
process of crystallization.

Attempts have been repeatedly made (Bibl.l9 - 23) to establish the relations of

STAT
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0. —
) '-{the temperature on the crystallization front to the initial supercooling.
‘ .

R 4"
- -- that when the crystallization front passes across a thermocouple junction there is
€

——A11 investigators -who have ever worked with salol have reached the conclusion

.- an actual rise of temperature, which rise increases with the preliminary supercool-

I
H

' ing of the melt, reaches a certain maximum value, and does not thereafter increase.
i - The temperature on the crystallization front over the entire range of supercooling
. investigated, remains considerably below the melting point of the substance. In

- this case (Bibl.22, 23), the excess temperature of the crystallization front above

l the temperature of the thermostat remains constant over the entire range of super-
coolings corresponding to a constant linear crystallization velocity. In collabora-
tion with Z.G.Filippova and M.S.Model? (Bibl.2}), I have investigated the tempera-
ture conditions on the crystallization front of salol, which has a relatively low
linear crystallization velocity (maximum value 3.46 mm/min) and of benzophenone,
which has a réla.tively high linear crystallization velocity (maximum 55.5 mr/min).
The principal difficulty was to obtain a congiderable supercooling of the melt with
the hollow-junction thermocouple introduced into it.

After numerous experiments, we succeeded in supercooling tenzophenone with the
thermocouple junction by 35.3°C (down to a temperature of 13.2°C). On passing the
crystallization front, we noted a sharp local temperature rise, approaching the
melting point of the substance, 48.5°C, and then a more or less rapid fall in tem-
perature (Fig.9). This rise is considerably higher with benzophenone than with

salol. The rise increases proportionally to the degree of initial supercooling

.~ '(Fig.10) while the temperature on the crystallization front of the benzophenone over

- a wide initial supercooling range remains constant, close to the melting point, even
. -in the region with constant linear crystallization velocity. It is necessary also

. -‘to take into account the purely methodological causes responsible for a certain

“lowering of the upper point of the temperature peak, that is, the consumption of

heat in warming up the thermocouple junction, and the inertia of the recording sys- '

STAT
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0 - — o .

- tem. Consequently, the true sup;rcooling on the éfystallization front, over a very 5
2— .

! . -
. lwidcs- initial supercooling range, varies only little, and. is very mll.-It-dou,vf—;

4

N .however, constantly .fluctuate, decreasing on the formation of a regular crystalline ..

1
i

F7 4

-~
o -

$ WX 2NN T
B)

Fig.10 - Rise of Temperature on the Crystallization Front
of Benzophenone as a Function of the Thermostat Tempera-
ture for Four Series of Experiments with Different Diame-
ters of the Thermocouple Wires.
Diameter of thermocouple wire was: 1 - O.1 mm; 2 - O.l mm;
3 - 0,05 mm; 4 - 0.045 mm. The dashed lines show the variation
of the linear crystallization velocity as a function of the

thermostat temperature

a) Temperature rise, °C; b) Thermostat temperature, °C

layer, and increasing with the decrease of the local temperature rise that takes
place in this case.

Analogous phenomena are also observed on crystallization of pure aluminum at
both low and high velocity ratio of cooling (casting into a heated chamotte chill
mold and onto a screen washed from below with water). After a certain supercooling

preceding the beginning of crystallization, the temperature of crystallization of

S —————ETI T
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pure alminm “in both cases rema.lns one and the same, pra.ctically equal to the melt-

"ing point. Naturally enough, there is some supercooling, but it is within the

limits of the accuracy of measurement.

Oonsequently, crystal growth requires a very small degree of supercooling,

often within the range of errors of measurement. The velocity of crystal growth is

‘regulated by the intensity of heat removal from the crystallized layer, in particu-
lar by the temperature gradient in the solidified layer.

A decrease in the temperature of the thermostat accelerates the lowering of the
local temperature rises and intensifies the heat removal from the crystallized sub-
stances, i.e., it acts just like a change from a cast-iron chill mold to a copper,
water-cooled chill mold. For this reason, the form of crystal growth may be con-
nected, with sufficient grounds, with the rate of cooling of the crystallized sub-
stance, or with the velocity of crystal growth.

In those cases where the true supercooling on the crystallization front reaches
considerable levels, the crystal growth‘ proceeds under hindered conditions, and the
effect of a quenching from the liquid state is possible, as has been descrited above

for rapidly cooled Al - Mn alloys.

Conclusions

1. With increased rate of cooling during the process of crystallization of
aluminum alloys, the bran-ches of the dendrites become finer, the spaces between the
branches decrease, and the inclusions of the second phases are segregated, taking

- positions mainly between the dendrite branches. The refining of the impurities and

---of the secondary dendrite branches may be connected with the decreased power of the

~crystals to displace the impurities suspended in the melt, as the velocity of crys-

- 'tal growth increases.

. 2. Corresponding to these changes in structure, the strength of cast alloys

increases, and in the heat-treated state reaches the level of strength of forged

3. alloyss —The elongatlon also increases, but remains below the values characteristic
STAT =
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1.
1.
“.

- ‘'of forged heat-treated alloys..

;
1
!
.
i

-~ -3+ The maximm improvement of the properties of the cast metal is-achieved-by—
continuous casting of a thin layer of liquid metal on a moving screen washed with
;l;ter. 1'1—1—1: methoci ;na.y be used for ;h-e —;i—i:;;:;—sl;;]—.;as- -;c:]jl‘ing of metals :!n;;—s-l;e;;'.
‘ L. Over a wide range of initial supercooling range, the temperature on the
2i'rom: of crystallization, within the limits of accuracy of the ordinary methods of
measurement, approaches close to the melting poini_; . With a substantial decrease in
the true temperature on the crystallization front, one may expect the appearance of
a metastable structure and of new properties. o

5. By means of contin'uous casting of a thin sheet work piece of an alumimm-
manganese alloy, it is possible to obtain an unusually low temperature coefficient
of electrical resistivity.

-
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The optical glasses that are widely used in instrument building, have-a sub-

1
stantial shortcoming: their insignificant transparency for rays lying beyond the

visible region of the spectrum. The working region of the most widely used grades

of optical glass is confined to a narrow range of wavelengths \(i'rom a'r‘:ou1§'0:33 -
" to 2 p), and therefore their use in instruments working in the ultraviolet/infrared
regions of the spectrum is practic.ally impossible.

Very pure crystals of certain natural minerals, as well as artificially grown
crystals of a number of substances, are used as optical media for both the invisible
regions of the spectrum. The total number of such crystalline materials is exceed-
ingly small (apparently not over twenty), and this fact greatly restricts the wide-
spread use of a very important group of optical instruments designed to operate in
the ultraviolet and infrared regions of the spectrum.

A particularly acute shortage is felt in the optical media for the region of
wavelength shorter than 0.2 p (the Schumann region). Only three optical materials
with a sufficiently high and uniform transmission in the shortwave ultraviolet part
of the spectrum are known: crystals of sodium fluoride, lithjum fluoride and
fluorite. The first of these substances is inadequately water-resistant and there-

fore if can be used in optical instruments only in special cases. Lithium fluoride,

et s = i e

owing to a group of optical, mechanical and other properties, is a very valuable
optical material.
And finally, fluorite is an exceedingly valuable optical material that is
difficult to replace. Only lithium fluoride can compete with it.
The peculiar properties of fluorite include , above all, it's high and uniform.
%‘ transparency in a wide range of wavelengths, from 0.125 p in the Schumann region of
)

g8 STAT
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-—‘ithe spectrum to 9.5 - 10 p in the infrared, i.e., over a range of 6.5 octaves. For
2~
--!tho—ultraviolet rays, fluorite has a rather great dispersion and a rather high
4
- transparency in this region, which permits its use for building prisms for vacuum

spectral instruments (spectrographs, monochromators, etc.). In the visible region

- of the spectrum, the dispersion of fluorite is very small. This property offers
10—

--wide possibilities for the design of achromatic systems. Fluorite also possesses
1

greater hardness and moisture resistance than many other crystals, except quartz. -
1

) The almost total lack of natural resources of colorless and uniform crystals of
l large size has prevented the widespread use of fluorite in optical instrument build-
ing. Crystals of natural optical fluorite, from which plates or lenses 25 mm in

diameter could be made, are already a great rarity today.

Tn this connection the urgency and great current interest of the protlem of

preparing artificial crystals of optical fluorite becomes obvious.

1. Main Prerequisites for Choice of Method

In its chemical and physical properties, fluorite differs sharply from all the
materials for which the methods of growing crystals were previously developed (for
instance, from rock salt, sylvine, scda saltpeter, and many others). Its high
melting point (13780°C), the high chemical aggressiveness of fluorine at these tem-
peratures, and finally, the relatively low chemical stability of fluorite itself at
high temperatures, require the establistment of special physicochemical conditions,
using other apparatus, very greatly differing from those previously employed, for

- growing crystals of optical fluorite.
“ The attempt of many investigators to grow single crystals of fluorite by the
¢ generally known methods of Kyropoulos, Stockbarger or Tamman, inevitably led to
5 fajlure. In all cases, white porcelain-like, completely opaque, finely crystalline

i . conglomerates were grown, and were strongly contaminated with unknown foreign sub-~

) stances. "~ ) - - T/ T N ot T - -

—-@ertain investigators, including D.Stockbarger (Bibl.l) established the fact

STAT
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- that when fluorite is melted in the ordinary atmosphere, it becomes partially

2 —

hydrolyzed under- the action of- atmospheric and -adsorbed moisture.—-This-process-is---

. accompanied by loss of fluorine and enrichment .of the melt with calcium oxide:

€. e e —

‘
t]
1
- - e — :

g

H
'
1

CaF, + H,0 = CaO 4 2HF 1.

10—

Calciﬁm oxide is not isomorphous with the principal substance being crystal-
1. -

lized, CaF,, and during crystallization it is precipitated in the form of a sepa-
1 rate, finely crystalline phase, differing sharply> in refractive index.from fluorite
(for Ca0, Np = 1.837; for CaFp, Np = 1.43L). As a result, the crystals that are
grown show high internal scattering of light.
The practical possibility of growing optically perfect single crystals of
fluorite depends primarily on the possibility of carryi;'lg out the process of growing

the crystals in a space.free from water vapor. In practice, such conditions can be

attained if the process is conducted in a vacuum. Experience shows that at high

rate of exhaustion of the gases liberated during heating, it is possible to melt
fluorite and subsequently grow the crystal without appreciable decomposition of the
material.

By growing the crystal in a vacuum at high temperatures, it is not possible to
accomplish the usual visual observation of the growing crystal from outside, nor
:bo correct the process of growth. \I‘t. is necessary for the very method of growing
selected, to permit the automation of all the separate operations. For this, first
of all, the number of such operations must be extremely small.

Among the well-known classical methods of growing crystals, these conditions

are best met by the method of I.V.Obreimov and L.V.Shubnikov (Bibl.2), or, more

accurately, by its improved version described by Bridgman (Bibl.3). It was this
version, used later by D.Stocktarger (Bibl.l), that was used by us as the basis for

developing an apparatus for growing fluorite crystals.

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/07 : CIA-RDP81-01043R004200090004-8



Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/07 : CIA-RDP81-01043R004200090004-8

0

-'2, The Vacuum Apparatus for Growing Single Crystals
2 . 1
: i

4. The primary requirement that apparatus for growing crystals of fluorite (ard a

€ number of other crystals) in vacuo must meet is the possibility of obtaining, and

f  stably maintaining a temperature in the range of 800 - 1500°C in a vacuum of the

order of 2 - 5 x 1074 m Hg. The simultaneous satisfaction of these two conditions,
so difficult to reconcile, gives considerable trouble in the design and practical
operation of such a plant.

When fluorite is melted in a vacuum, there is an appreciable evaporation of
that substance, accompanied by th;e simultaneous dissociation of certain impurities
accompanying the fluorite. The presence of chemically aggressive vapors of fluorine
compou.rxi.s at high temperatures in the vacuum space still further complicates the
solution of this problem, since it greatly limits the range of materials suitable
for building the parts of the high-temperature vacuum unit.

The production of high temperatures and a high vacuum was accomplished by us,
by means of the simultaneous:

1) extreme decrease of the entire vacuum space, by placing outside of it all
the auxiliary units or parts whose presence in the vacuum space is not strictly
necessary;

2) removal from the vacuum space, as far as possible, of all forms of materials
with a hindered liberation of gas: ceramics, mica, fibrous and powdered heat in-
sulating materials, ‘as well as all materials with a vapor pressure over 107 mn Hg
at their working temperature;

"3) bringing outside the vacuum space all units or parts of units with semi-
closed cavities, hindering the exhaustion of the gases (for example, threaded con-
nections, deep openings, slits, etc.); all surfaces in the vacuum space must mﬁ,
a;s far as possible, a simple "streamline®™ shape;

——Ilg}-the-application of intense water cooling of all parts, whose normal func--

ot demand elevated temperatures (for example, the vacuum cap, plate,

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/07 : CIA-RDP81-01043R004200090004-8



Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/07 : CIA-RDP81-01043R004200090004-8

0

- letc.) , to eliminate the liberation of gas by large masses of metal when heated. -]
9. . ; . !
‘ Without going into details relating directly.to the work of finding heat-re-___i

" gistant and, at the same time, fluorine-resistant materials, we note that tungsten, :
€

tantalum, molybdenum, “iron and nickel prow;é_ to be the best. All these met&, {mi'l;a;:
t

" the conditions of vacuum and high temperatures, are entirely resistant to the action

-
of vapors of fluorides and melts of fluorine salts. The upper temperature limit for

v the use of one metal or. the other is determined, not by its melting point, but by
1 the lower temperature at which its vapor pressure does not exceed 10~% mm Hg. Thus,
for example, tungsten and tantalum may be used up to. temperatures of 2500 - 2600°C,
molybdenum up to 1700°C, iron and nickel, up to 1050°C.
It may seem unexpected, that, for example, such a generaliy recognized heat-and_
fluorine-resistant material as platinum should prove unsuitable for vacuum work.
At 1650°C, the vapor pressure of platinum is close to 5 x 10~% mm Hg, and it is only
at 1500°C that it approaches 10> mm Hg. Obviously, as a result of the intense
vaporization, the service life of the platinum crucible (for crystallization), and
in particular, of the platinum heater, would be measured only in several hours.
In the experiments on growing fluorite crystals in a vacuum, we used crucibles
built of thin sheet molybdenum (0.15 - 0.2 mm thick), When this was done, no corro-

sion of the inner surfaces of the crucible could be detected, even after melts of

pure caleium fluorite had remained for 70 - 80 hrs in them.

Figure 1 gives a general view of the design of the high-temperature apparatus
for growing crystals out of a melt, developed by I.V.Stepanov and M.A.Vasiltyeva:

1 - Steel water-cooled vacuum plate; for cooling, a copper tube lined with
lead, is placed in circular grooves bored in the lower side of the plate, and cold

water is passed through this tube (shown separately on Fig.l in the upper right-

hand corner);

2 - Steel vacuum cap with a cooler, soldered onto it with tin solder, in the

of a steel cyi:inder for storage an.d

form of a spiral copper tube (the upper part
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‘tra.nsportation of compressed gases being used as the cap);

9.4
—J, .— 3 - High-temperature non-ceramic electric furnace with molybdenum heater wound
4._.

- in the form of a bifilar spi.ra.l and mounted on three corundized supports (A - the

€. U

- upper "hot" chamber of the fuma.ce, B - the lower Mcold™ chamber, and D - the dia-

- phragm separating them); in its electrical characteristics, this furnace is of the
l.

- type of low-voltage furnaces designed to take heavy currents. For example, at a

working power of 3 kw, the furnace draws a current of about 120 amp at 25 v. At
higher feed woltages for the furnace, and on an accidental vacuum breaking, a
voltaic arc self-ignites in it, leading to serious damage.

The heat-insulating baffle screens, made of sheet molybdenum 4, and sheet
nickel 5, polished on both sides; these baffle screens are assembled in the form of
two separate multilayer blocks;

6 — Electric terminals (two of them) water-cooled from inside, serving to sup-
ply current to the heater of the furnace;

7 - Lead-in ducts for the electrical terminals of the furnace with removable
airtight packings, electrically insulated from the plate (their arrangement is
shown separately on the right side of the figure);

8 - Oil-vapor diffusion pump (type MM-4LOA); the forevacwum pump (type RVN-20)
is not shown in the figure.

Crucible with conical bottom 9, placed in the holder 10, which is water-cooled
from' inside;

11 - Sylphon (metal bellows) to transmit, from outside, into the vacuum space,

H--,the vertical displacement of the crucible in the furnace for crystal growing;
- 12 - Screw of automatic device rigidly attached to the crucible holder 10; the
. automatic device (not shown on the figure) serves for the automatic lowering of the

crucible from the upper "hot'™ chamber of the furnace into the lowér "cold™ chamber

through the molybdemm dlaphragm D whz.le the crystal is be:.ng grown.

The glass tube 13, with sea.led upper end and a mllhmeter scale engraved on

STAT
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;it- the iron armature 11;., can be displaced freely in the glass tube in the vertical

2.
@ - dirootion- the molybdenum rod 15, at the upper end of which is attached the iron
3 4_

— armature 14. The lower end of the rod passes into the crucible through a small

€. —— — -

- ’opening in the crucible cover. By the a.id of a powerful electromagnet seated on the
€.

~ glass tube, the iron armature may be released and the molybdenum rod lowered with

the crucible until it meets the stop. From the scale divisions on the glass tube,
it is possible to determine what is happening in the crucible: melting of the

material, growth of the crystal, etc.

3. Starting Materials for Growing Fluorite Single Crystals

Two materials have found use as the-raw material for growing optical fluorite:
technical fluorspars from certain deposits of the Soviet Union, and also artifi-
cially synthesized calcium fluoride of a very high degree of purity, produced by a
special method.

The use of natural fluorspar became possible only after methods were found for
removing contaminations of foreign minerals from it, not only those on the surface,
but also those present in the form of minute internal inclusions.

The surface contaminations may be removed either chemically, by dissolving
them in various acids (hydrofluoric, hydrochloric, nitrie) or mechanically, by re-
moving the upper layer from the lumps of fluorspar in revolving drums.

The removal of the inter;lal inclusions involves first of all the possibility
of detecting them and making them accessible for subsequent removal by chemical
treatment. Simple mechanical crushi-ng of the fluorspar does not attain this aim,
since the destruction of the crystal takes place not at the site of the inclusionms,
but along the planes of cleavage. For thé most part, however, the inclusions, as

.before, remain concealed inside the fluorspar grains. Almost complete detection
can be accomplished by using thermal crushing. It is well known when natural
fiuoritris;heated (at 300 - 350°C) there is an intense disintegration (splitting)

ofthese crystals into small fragments. It has been found on specimens with vary-

STAT
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ing degrees of growth that owing to the difference in the coefficients of expansion,
the crystals fracture first of all at the site of the inclusions, and not along the
planes of cleavage.

Subsequent chemical treatment of the thermally comminuted material may be
brought to a high degree of purity. The best single crystals of artificial fluorite
are grown from natural materials treated by this method.

The use of artificially synthesized preparations of calcium fluoride as the raw

Fig.2 - Finely Crystalline Calcium Fluorite (the Rolled Shape
of the Crystals is Due to Dissolving During Subse-

quent Chemical Treatment). 600 *

material has its own peculiar features. As far back as 1949, D.Stockbarger re-
ported (Bibl.l) the complete unsuitability of synthetic preparations of CaFp for
growing pure single crystals of fluorite. A little later we also ran experiments in
growing crystals from reagent CaFa (both USSR produced and that of the best foreign

companies) of the grades "pure", "purissimum", etc. These experiments invariably

gave the worst possible results. As a whole, we grew porcelain-like white or

colored blocks, which were opaque even in thin fragments (1 - 2 mm).

L

T Aol S o i 2 e s

|
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A chax:acteristic feature of reagent calcium f.lu;ride is its exceedingly high
- :diapnrseness. Under the microscope at 600 X magnification, the particles composing

j-l the preparation cannot be detected. The high disperseness, and the greatly devel-
" oped surtace
8'- and as a result, the failures of attempts to grow pure crystals from it.

1‘ N The use of a special method of synthesizing CaFp permitted us to obtain this

of the particles of til-é’mat;riﬁ, inﬁy explain its strong contémijnation,

. preparation in the form of fine (0.1 - 0.3 mm) and very pure crystallites. The
peculiarity of this method is that the CaFp is precipitated, not from solutions of '
the starting salts, as it usually is, but from their melts. Figure 2 is a photo-
micrograph of the finely crystalline calcium fluoride obtained by this method. Pure

single crystals of fluorite were grown without trouble from such preparations.

L. The Growing and Annealing of the Crystals '

If the apparatus is in good adjustment, the process of growing, itself, is
extrémely simple.

The finely crystalline starting calcium fluoride, with an addition of 0.25% by
weight of lead fluoride, is charged into the crucible. Experience shows that even
under intense exhaustion of the gas and slow heating of the original material, an
insignificant part of the CaFp is still hydrolyzed under the action of the small
quantities of water adsorbed by the grains of the material, and the fluorite crys-
tals ultimately obtained, as a result, grow slightly turbid. The lead fluoride is

4 . jntroduced in order to saturate with fluorine the small quantity of calcium oxide

L B =s . FRETO
1

44 _lthat is. formed: ; ‘ R CTUUT L LD
" 5:—1 o o 3 - :

:'CO -+ PhF, = CaF, + Pb0 4.

B i -t — e

The Pb0 formed, and the excess PbF, at the melting 'points of fluorite, are com-

5 ~'pletely distilled off, and even Jead cannot be detected, even in traces, in the

N

=P lcrystai!:s grown.— - . T = -

i

5 ... _mhe-crucible with-the starting material is placed in the stand 10 (see-Figsl)-
.S
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- in the upper chamber of the furnace, in euch a way that the cone of its bottom ahe]l'

4

'be 20— 25 mm above the diaphragm. The appa.ratus -is-then aesenbled,-.and-the-gu ie»‘
4.

pumped out. The furnace is slowly heated making sure by the ma.noneter that the

i

gL

'pressure doee not rise above 10-3 m Hg, and the materla.l is then brought into the*’ ‘i
| s

l

8_._-

‘completely melted state. Varying the heat:.ng of the furnace, the power a.pplied is
10—

. so selected that the crystal begins to grow very slowly in the cone of the crucible.
b As already mentioned, this instant is determmed by a magnetic probe. 'I'he cryetal :
is grown at a furnace power level 100 -~ 120 watts above the value eo Iound. '
To grow the crystal, the crucible wrbh the melt is slowly lowered 'by the aid of

the automatic feed (at a lowering speed of 10 mm/hr) from the upper "hot" chamber of

the furnace into the Mcold™ chamber. When fluorite crystals are grown at higher
velocities than this, single crystals often do not result. At velocities of 10om/hr,
nongingle crystals grow very rarely. The crystal after growing is cooled just as
slowly in the upper chamber of the furnace.

The crystal is removed with relative ease from the crucible after growing, by
means of gently tapping the inverted crucible on the table.

The crystals of fluorite so grown, have very high internal tensions, which are
manifested in the form of anomalous refraction. To eliminate these tensions, the
crystals are finely annealed in a special gradient-free annealing furnace. The
annealing is conducted at 1100°C, followed by very slow cooling to room temperature.
In order to prevent the crystals from cloud.i.ng owing to hydrolysis during the proc-
ess of annealing, they are placed in a-large platinum crucible, and covered with
powdered fluorite barely moistened wlth hydrofluoric acid. The crucible is then
tightly closed with a platinum cover. When heating in the annealing fumace, the
hydrofluoric acid is almost completely volatilized, but the very small amount of HF
still remaining in the crucible is sufficient to prevent the crystals from clouding.

By this method, we have grown ma.mr thousands of single erystals of optical

fluorite of two sizes: one l;.O m in dlameter, weighing 200 gm, and the other 60 mm

STAT
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-in diameter and weighing abozxt 800 gm.

5. Physical Properties of the Artificial Fluorite Crystals

- In a number of principal physical properties (refractive index, dispersion,
mechanical properties) , the artificial fluorite crystalé show practically no differ-
ence from the natural crystals. The heat resistance of artificial fluorite is con-
siderably higher than that of the natural substance. While natural crystals disin-
tegrate into small fragments when heated to 300 ~ 350°C (apparently on account of

_the presence of liquid inclusions), artificial fluorite withstands heating up to the
melting point. ‘ '

A substantial difference between the artificial and natural fluorite crystals
is observed in the magnitude and character of internal scattering of light. In
natural crystals, scattering is due to the relatively large foreign inclusions (so1id,
liquid and gaseous), to microfissures, etc. In good natural crystals the scattering
in the spaces between the defects is negligible. In artificial fluorite, internal
scattering of light of two types takes place: 1) isotropic scattering due to the

‘ extremely minute particles which fill in disorder the entire volume of the crystal;
and 2) anisotropic scattering, due to the finely crystalline particles about

.10 - 20 p in size, in the form of hexagonal platelets, which are regularly oriented

- with their base in the (111) planes. The regular orientation of these particles
- _may be easily observed from the periodic appearance of light refracted by these

4;:pa.rticles when: the crystal is rotated about the axis of the cylinder.

R Scattering of the first type is naturally connected with various nonisomorphic
1

ié_particles, including Ca0, which is formed, as already mentioned, as a result of the

-'.3:hydrolysis of CaFy. The crystal particles causing scattering of the second type

53—,a.re apparently formed as a result of the decomposition of the solid solution during

-
52—the process of slow cooling of the single crystal. The chemical nature of the
-t

5¢_microcrystals-so-thrown.down,-still remains unelucidated. .. .. .. e

- i

.

56 greatest_difference was observed in the spectral transmission of natural

STAT _:-
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and artificial fluorite. The best natural crystals are transparent down to 125 mp in

the ultraviolet region, and up to 10 p in the infrared part of the s'pectrm..‘ The -

v o

" artificial fluorite crystals were completely transparent in the infrared rbgion,_ o

ha—;ing th-e-s;!:{e i-o-ngwa.ve boundary of transmission as the natural ;:rystals, and dif- =~ .’
. fered, advantageously, from the natural crystals, in the absence of the absorption
102 - . . .

2/
727, .
7

N 20 Jx 0 & v w o L
Fig.3 - Spectral Transmission of Fluorite Crystals in the
Visible and Ultraviolet Parts of the Spect;nm (Schematic)

1 - Artificial fluorites with visible color centers; 2 - Artifi-

cial fluorite with centers of shortwave absorption; 3 - Natural

fluorite

-

bands of water and hydroxyl at around 2.8 and 6.0 p. In their transmission in the
shortwave part of the spectrum, however, they were substantially inferior to the
natural crystals, since the boundary of transmission in them was located as a ;'ule,
around 210 mp In the vacuum ultraviolet (Schumann) region, the crystals were com-
pletely opague. Moreover, the crystals often had an intense red-violet color, which
made them unsuitable not only for the ultraviolet, but even for the visible part of
_ the spectrum (Fig.3).

. Another distinctive feature of these crystals was their high photochemical

sensitivity. They tecame colored under the action of short-wave ultraviolet radia-

O v i e e e« <Pk i e e 2

. tion, and also under the action of X-rays and radioactive radiatic;ﬂs.

—
-
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This'dif.ference in the properties of natural and artificial crys‘.tals of fluorite .
. is.connected with the complex physicochemical processes that take place when the

- crystals are grown under the conditions of vacuum and high temperatures. As a result

- of thase processes, structural defects arise in the crystal lattice, which are con-
nected with the deviations from stoichiometric composition and cause the coloring of
the crystals, their opacity in the shortwave part of the ultraviolet spectrum, and

their photochemical sensitivity.

) A study of the properties of the centers causing visible coloration of the
i -

- crystals show that these centers are close in nature to the electronic color centers
_ —which have been well studied in crystals of alkali halides. A study of the polarized

luminescence found by us in crystals containing color centers (Bibl.4) permitted us
to identify these centers with the so-called Fo-centers, i.e., with electron pairs
localized in adjacent anionic vacancies. In this way we established that the ab-
sorption of light by artificial fluorite crystals is connected, not with the presence
of foreign impurities in them but with structural defects, whose formation is en-

| - tirely natural if we bear in mind the immense difference in the velocity of growth

, — of artificial and natural crystals.

- The establishment of the electronic nature of the absorption centers permitted

.. us to assume that, to reduce the possibility of formation of these centers when

j Jp—

-

-- growing crystals, foreign impurities should be introduced into the melt, which, re-
4 .

m—maining in the crystals, could serve as electron acceptors. Trivalent ions of the

‘—-rare'earths , which are capable of entering the fluorite lattice and isomorphically

4k
l h M -

—'substituting calcium ions, might serve as such acceptors in the crystal lattice of

F0—1 . -
—‘fluorite, whith contains divalent calcium ions. The closeness of the ionic radii

\J

of ca** (1.04) and RE*** (1.04 - O. 80), which are in the same isomorphic heterova-

'

5 —&ent series, favors the isomorphic introduction of rare-earth ions (RE) into the

|
""?crysta.l la.ttice. The hypothesis of the possible mfluence on the process of color- .

o e et

center forma.tion that might be exerted by the mtroductlon of electron-a.cceptor ad-

e e e . ¢ et st b
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ditives was based not only on general consideratlons, but also on the work of
Schulmann et alias (Bibl.5), who have established the desensibilizing action of :
additlons of trivalent cations on the photochemical sensit:wlty of salts of the d:!.va-

1ent metals

In thls connection we staged experiments in grow:mg crystals of fluorite with
the addition of small amounts ( ~10-2%) of rare earth fluorides (1a; Ce, Pr, Nd, Sm,
Eu, Gd, Tb, Dy, Ho, Er, Tu Yb). A study of the propertles of the crystals s0 ob-
tained confirm the correctness of our hypothesls. The crystals, as a rule, grew
colorless and photochemically insensitive, with a higher transparency in the short- ~

wave part of the spectrum than the crystals grown without additions of the rare

earth elements™. There were, however, exceptions to this rule. Individual crystals
or parts of crystals still remained photochemically sensitive and of low transpar-
ency, in spite of the presence of rare-earth ions in the ecrystal lattice.
We attained understanding of this difference in the behavior of the crystals as
a result of a study of the luminescence spectra of the rare earths in the artificial
fluorite crystals. This study showed that each rare earth element, capable of
—yielding a line spectrum of luminescence (element from praseodymium to thulium), dis-

play luminescence spectra of two sharply different types in artificial fluorite

crystals (Bitl.6). The existence of two types of luminescence spectra (and accord-
ingly, of absorption spectra) indicates that the nearest-neighborhood structure of
the luminescent ion may vary. It was found here that there is a one-to-one corres--
pondence between the type of luminescent spectrum and the photochemical sensitivity,
and consequently, also with the transparency of the crystals. The rare earth ions

may manifest their electron-acceptor properties only with an entirely definite near-

est-neighborhood structure. To obtain this structure stably, it proved necessary to

grow the crystals in a strongly reducing atmosphere, by adding powdered graphite to

T ——————————

¥The absorption of the rare-earth ions themselves at these concentrations-is——--

negligible,-since-the corresponding transitions are forbidden. - - -
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the charge in a.; amo;.n&,“;f ;.!;out 0.1$—6f the weighi: of the; crystal to. -be grown. It
was.found here that if the growing is conducted under these conditions, then, to
create electron-acceptor centers preventing the formation of color centers, it is, in
most cases, sufficient to have the same content of rare earths that is usually found
in natural fluorite. It is only in jndividual cases, when the growing is from syn-
thetic calcium fluorite or from natural fluorite originating in deposits very poor
in rare earths, that the addition of graphite does not give favorable results, and
the introduction of the rare earths themselves is required to obtain photochemically
. jnsensitive and transparent crystals.

When roasted in air at 900 - 1000°C, the crystals lose their transparency in

Fig.h - Structure of Luminescence Center (Right) in the Case
of Compensation of the Excess Charge by an Oxygen Ion (Center,

Unable to Capture an Electron); the Segregation Direction

(me=e=) Coincides with the Third-Order Symetry Axis;

: - Iaft Unactlvated Crysta.l

s . . T : ~

l;—fthe shortwave part of‘tile -spectnxin and become photochemically sensitive. In this

—case, the structure of the spectrum of ra.re-ea.rth luminescence changes sharply.
"'—X
5__"% The difference in the structure of the luminescence centers is evidently due to

:_—":bhe difference in the method of compensa.tlon of the excess poslt:.ve cha.rge mtroduced

"?into the crystal by the isomorphic substltution of the blvalent ca**t ions by the
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Fig.5 - Spectral Transmission of Natural (1) and Artificial (2) Fluo-

rite (d = 5 mm) in the Ultraviolet and Infrared Parts of the Spectrum
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Fig.6 - Spectral Transmission of Crystals of Barium Fluoride (d = 5 mm)

in the Ultraviolet and Infrared Parts of the Spectrum

Fig.7 - Artificial Crystals of Optical Fluorite (Right) and Optical

Parts Made of Artificial Fluorite (Left)
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~Ttrivalent RE*** joms. Tt is natural to assume that, in crystals roasted in air, or

a

fy;f _ grown under insufficiently reducing conditions, this compensation is effected by the

L isomorphic substitution of one of the F~ jons (ionic radius 1.33) in the first co-
ordination sphere surrounding the RE*** ion by an 0™ ion (1.36) (Fig.h).

This idea of the structure of the luminescent centers in crystals roasted in air
is in complete agreement with the data on the orientation of rare-earth ions in the
crystal lattice of fluorite, obtained from studies of the polarization of the Ilumi-
nescence (Bibl.7). It follows from these data that in the fluorite lattice these
ions are subjected to the action of fields directed along the third-order symmetry

_ axis. As will be seen from Fig.h, in the case of compensation of the charge by
oxygen ions, the segregation direction in the nearest neighborhood of the RE*** ions
likewise coincides with the third-order symmetry axis.

Thus, in the case of compensation of an excess charge by an oxygen ion, the
structure of the luminescence center proves stable, and the rare-earth ion cannot
manifest its electron-acceptor properties. On the other hand, in crystals grown
under strongly reducing conditions, compensation on account of the oxygen is im-

__possible, and the electron-acceptor levels that can be formed in the crystal are
deeper than the levels of the F- and Fy-centers. In this case, the electrons with
the F-levels will migrate to the RE*** ions, thus compensating the excess charge.

_ This may prevent the localization of the electrons on levels where their presence

causes the appearance of relatively long-wave absorption.
-Pl_ A study of the mechanism of electron processes that take place durin_g the grc;w-
4_—t:mg of art.’x.ficia.l fluorite crystals has thus permitted a conscious direction of
¥ j:hese processes ’ a.nd has yielded crystals approa.ch:.ng, in their most valuable prop-
o :erties (t.ransparency in the far ultraviolet part of the spectrum), the best speci--
j__mens of natural fluorite (F1g 5)

Single crystals of barium fluoride, which also has a fluorite-type cubic lat-

_t:.ce, may be grown in the same way "In the spectral transmission in the ultra.nolet
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region, BaFg crystals are somewhat inrerior to fluorlte, but they havc a longer wave

boundary in the infrared region of the spectrum (Fig.6). The lack of any corres-

pording natural m:meral makes it neccssary to use spec:.a.lly prepared synthetic prep-

o to—— - a— .- [ SO e e s et e

arations as the starting ma.terlal for grmnng barim fluoride.
The technique of growing single crystals of optical flworite develéped by us is
used in industry, and the optical parts of many instruments being produced today

are made of artificial fluorite (Fig.7).
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THE GROWING OF SINGLE CRYSTALS OF LITHIUM FLUORIDE
AND SODIUM FLUORIDE WITH A HIGH TRANSPARENCY IN THE
ULTRAVIOLET AND INFRARED REGIONS OF THE SPECTRUM

by
M.A,Vasiltyeva

In the USSR and foreign literature, there are references to the {rery valuable

. properties of single crystals of lithium fluoride as an optical material. Such
properties include its high transparency in a wide range of wavelengths, which goes
far beyond the limits of the visible regions of the spectrum, more specifically,

- from 110 mp in the ultraviolet, to 6.5 - 7 u in the infrared regions of the spectrum.
In the shortwave ultraviolet region, lithium fluoride transmits further than any
other known optical material, not excepting even fluorite, which is transparent down
to 130 mp. It may be thought that lithium fluoride in general has the furthest
transmission boundary of all possible ionic crystals, since it contains the lightest
of the alkali and halogen elements.

“ In the longwave region below 300 mu, the dispersion in lithium fluoride crys-

X - tals increases strongly. This property, together with its high transparency in the
entire ultraviolet region of the spectrum, and especially in the shortwave ultra-

u—vio_let, puts lithium fluoride crystals in the category of the best optical material

—for vacuum spectral instruments with a working range in the far ultraviolet (shorter

4 than 250 - 200 mp). . " B T V . .

-.__,

- Lithium fluoride crysta.ls also possess other va.luable propertles. Thus, for

4.

o
TN —

. example, they are rather resistant to the action of atmo3pherlc reagents (arxi con-
)

59 sequently, optical parts made of such crystals do not require special protection),

hey are very heat resistant, and in hardness they are only shghtly inferlor to

—fluorite.
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Crysta.ls of lithlum fluoride are not encmmtered among the natural m.nerl.ls.
They can be obtaired only artificially. With a well adjustod procedure for growing,
single crystals of lithium fluoride may be produced in large s:.zes, weighing sewra.l
kilograns (Bibl.l, 2). T

In the Soviet Union, the growing of lithium fluorldc crystals has long been
mastered (in the years from 1937 to 1939). Since then, i.e., during almost 20 years,
our laboratories and industry have produced a large number of such crys‘bals,- of

rather large sizes. But the quality of the crystals that have been grown has proved

in most cases to be unsatisfactory.

The Stcckbarger and Kyropoulos methods, which have been utilized and consider-

ably improved by us, have permitted the growing of entirely satisfactory crystals ci‘
rock Jsalt, sylvine, and several other alkali halides. However, until recently, we
have not succeeded in growing good lithium fluoride crystals by the same methods.
They were opaque in the Schumann region of the spectrum, that is, for wavelengths
shorter than 200 mp, frequently colored yellow, and had several deep absorption
bands in the infrared region of the spectrum.

The suspicion arose, already in the initial stages of the work, that the poor
quality of lithium fluoride crystals was primarily related to the insufficient
purity of the raw material. This assumption was subsequently completely confirmed.

+ was found that to obtain pure lithium fluoride crystals requires a considerably’

higher ciegree of chemical purity of the starting material than in growing crystals

of rock salt, sylvine, etc.

The attempts of various laboratories and plants to prepare the reagent grade of
the high degree of purity required by us were unsuccessful for many years. The
specimens of lithium fluoride at our disposition, produced by the best foreign’
companies (Merck, Riedel de Haen, grades "rein", "reinst") likewise proved to be

o unsu:.table for the preparation of hlgh-grade llthlum fluoride cryst&ls

The question arose whether the procedure for growing crystals cou]d not be

--108-
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modified so as to grow oniically perfect lithium fluoride crystals from the a.vailable
starting material of average quality.

A regularly conducted chemical and spectral control of the starting lithium
fluoride showed that, regardless of the origin of the preparation, the principal con-
taminations were Si, Al, Ca, Mg, Pb, Na. Cert:;.in other impurities were also present,
for example, Mn, Zn, Ag, Cu, Tl, etc., but either in insignificant quantities, or as
an exception.

It was of interest to trace the distribution of the impurit:"uas, during the
growing of the crystals, between the pure parts of the crystal, its strongly con-

) taminated parts, and the residue of the melt in the crucible after the crystal had
been grown.

The following tavle, compiled on the basis of many analyses, gives the answer:

to this question.

Specimen

Original LiF
Transparent part of crystal
Cloudy part of crystal

— As will be seen from the Table, the purest and the most contaminated parts of

. —the crystal contain about thé same impurities that were present in the original

_ —preparation. Their quantitative content in the pure and contaminated parts of the

,.—crystal, however, differed sharply. As a rule, the contaminated parts of the crys-
—tal proved to be particularly enriched in Si, Al, very often Ca, Hg, and Pb, and
—sometimes with small quantities of Mn, Zn, etc.

The presence of these contammat:.ons in the sta.rtlng lithium fluoride made it

—Tery difficult to grow single crystals ’ a.nd when thelr content was very high, it was
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not possible to grow single crystals at all. Single crystals of 1ithium fluoride
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grown from not very badly contaminated material, proved to be more or less cloudy -and

colored. Moreover, the presence of impurities spoiled the spectra.l transmission of

the crvstals, as a rule, completely cutt:mg

off all the shortwave, and part of the
longwave ultraviolet region of the spec~
trum, and badiy affected the transmission
in the visible and infrared regions of the
spectrum, constant absor.ption bands being
observed in the infrared region at about
2.7 p, coinciding with the absorption band
of OH™ ions (Fig.l).

It was found that the presence of
hydroxyl absorption bands in the infrared
region was due to the presence of small
quantities of free alkali in the starting

- lithium fluoride (about 0.5%) and to its

Fluoride in Infrared Region of the

presence in considerably greater quantities

Spectrum; This Crystal was Grown

in Air

(about 5 - 6%) in the badly contaminated

parts of the crystal, and especially in

the residue of the melt after growing the crystal. And, finally, aqueous extracts

of the finely ground pure parts of the crystals likewise showed an alkaline reac-

- tion.

Neutralization of the original preparation with HF yielded no appreciable im-

provement - the contents of free alkali in the crystals and residue of the melts re-

mained approximately the same.

The appearance of la.rge quantities of free alkali in the melt s in quantltles

- many times greater than its content in the original preparation, is explained by the

STAT
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- read; k‘:&;iroluysis of LiF during its heating for melting as a r;sult o}.’ thé interac—~
tion of LiF with the atmospheric moisture. The loss of fluorine and the enrichment

of the melt with OH™ ions proceeds according to the equation:

LiF + H,0 = LiOH + HF 1.

This reaction becomes marked at 350 - L00°C, and its velocity strongly in-

creases with increasing temperature and with increasing concentration of water vapor

over the surface of the lithium fluoride.
During the time of growth of an LiF crystal, the hydroxyl ion isomorphously

aubstitutes the fluorine ion in the crys-

tal lattice of lithium fluoride, yielding
as a result, an entirely homogeneous mixed
crystal containing 1iF and LiOH.

I+ does not appear possible to prevent
rydrolysis when the crystals are grown in
ordinary air. It has been found by ex~
perience, however, that the process of

hydrolysis proceeds most intensely not in

the melted material, but at temperatures
Fig.2 - Distribution of Contamina-
. somewhat below the melting point, when the
tions in Lithium Fluoride Crystal

surface of the powder grains is still
- Grown in a Vacuum
- rather great. It has also peen established

4. -
_that if, after melting the material, it is saturated with hydrogen fluoride, then

= .
—lithium fluoride crystals, without appreciable absorption bands of water in
4T

T —

—the 2.7 p region can be grown from such a melt. We accomplished the saturation of

—+the melt with hydrogen fluoride in a very simple way - at the end of the melting of
—the lithium fluoride, the last additions were made with powder slightly moistened

d

e - = o — ———— - —

_with hydrofluoric acid.

. - 04'8
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This procedure pemitted us to grow 1ithium fluoride crystals with improved
transmission in the infrared region of the spectrum, but it showed no appreciable

effect on the transmission of the crystals

before, the crystals were colored, and were transparent in the ultranolet region

" only down to 200 mi.

A 1955 experimental project on growing lithium fluoride crystals in a vacuum

was staged on apparatus developed by us for growing crystals of optical fluorite

(Bibl.3). The process of growing 1ithium fluoride differed only in the temperature
range in which the operations of melting, growing, ebc. were conducted.
Let us attempt to explain the principal processes taking place during the melt-

ing and crystallization of 1ithium fluoride in a vacuum during continuous and in-

tense exhaustion of the gases.

In the initial stage of the heating up to 150 - 200°C, there is intense elimina-

tion of the adsorbed water and other gases. This process is accompanied by a strong

but temporary breaking of the vacmm. On further heating, the pressure of the gases

remains almost constant up to LOC - L50°C. Near these temperatures a second decline

in the vacuum is observed, apparently connected with the dehydration of LiOH and its

|
|
\

conversion into Lig0, as well as to the conversion of the other hydrated compounds

in the material.

The process of decomposing the hydrates proceeds in a wide temperature range,
and ends only after the entire mass of lithium fluoride has been melted. From this

moment, the gas pressure falls to 2 = 6 X 10‘1* mm Hg, and remains approximately con-

stant until the end of the growing process. Parallel to these chemical processes,

there also proceed processes of simple distillation of a number of substances with

high vapor pressure. Such substances include, first of all, a group of fluorine

compounds, for instance, the fluorides of Si, Al, Mn, etc. Their vapor pressure at

) tmnperatures as low as 100 - 200°C ranges from several mm Hg up to many atmospheres

the vapor pressure of SiF) is about 2 atm at a temperature as low

" (for instance,

A2

D a— . -
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723456'78.9/0”/213

1 - Lithium fluoride; 2 ~ Sodium fluoride; and 3 - Fluorite
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- as 80°c).

As a result of this distillation, a consn.derable pa.rt of the impurities -in the

lithium i‘luorlde is removed fran the melt.

W . z ]

‘Even when 11th1um fluorlde crystals are grown in vacuo, :rb is still not posai’blo

to obtain a high-grade crystal from poor raw material in a single step. Cloudy re-

gions, in which the contaminations are

concentrated, are likewise formed in them.'-

i
'

These regions usually occupy a volume in

the crysta:l in the form of an inverted

70 cone, with the vertex at the bottom

& - (Fig.2). Most of the crystal, however,

74 grows without color, but with a faint

“ opalescence, and of moderaté transparency
az

in the shortwave pait of the spectrum.
2

It was found during the work that the

b4
0' 2 Jd & & & 7 & tals do not contain silicon nor aluminum,
k0

Fig.lh - Transmission (T) of Lithiwum

contaminated parts of vacuum-grown crys-

as is the case in crystals grown in the

ordinary atmosphere. This is explained by
Fluoride Crystals
the ease of distillation of their fluorine
The crystals were grown: 1 - In
compounds in the vacuum. The principal
the air; and 2 - In vacuo
contaminant of such parts is Lij0, a com-

pound which is nonisomorphic with I1iF. In crystals grown in the atmosphere, how-
ever, Lis0 cannot be detected. They do, however, contain a certain quantity of
LiOH, which does enter isomorphously into the LiF crystal lattice. Thus, on heating

and melting lithium fluoride in vacuo, it is freed from the principal isomorphous

impurity (L: (L10H) and becomes genuinely pure.

The crystals 80 grown were broken up into la.rge lumps, from which the clomiy

I STAT
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: ;:a..rts mre; ca.remlly—r;ovad. The transparent parts, however, were then utillzed as
raw material for regrowing.

. The regrown crystals already differ markedly in their optical indices from the
cr;st;ls grown in vacuo after the first crystallization, and still more from crystals
grown from the same raw materials under ordinary atmospheric conditions (by the

Kyropoulos or Stockbarger method).

Figure 3 gives the curves of spectral transmission of lithium fluoride crystals

twice grown in vacuo, and of sodium fluoride, also grown in vacuo.

For a final conclusion as to the quality of lithium fluoride crystals grown in
vacuo, we give in Fig.3 a transmission curve of a good specimen of optical fluorite.
It will be seen that lithium fluoride transmits further in the shortwave ultraviolet
regior; than the best specimens of fluorite, namely down to 105 mp, while the best
fluorite specimens are transparent only down to 125 - 130 mp. Figure 4 shows the
transmission of lithium fluoride crystals in the infrared regions, grown in the at-
mosphere and in vacuo. The vacw:mm-grown crystals have a higher total transmission

. (almost 10% higher); and also have no absorption bands of water in the 2.7 u region.

Another practically important result of this work is the possibility, demon-

strated by us, of using certain base metals as a material for crucibles employed for

. growing lithium fluoride and sodium fluoride crystals. The following base metals
w:Lth a high melting point were tried: Fe, Ni, Mo, W, Tl. Experience showed that

- all these materials are entirely resistant to the action of melts of llthl’lm and Na

_ =fluoride, ard also of calcium fluoride (fluorite), provided water vapor and oxygen

—are absent from the surrounding medium. The single crystals of lithium fluoride and

s

_—sodium fluoride that are vacuum-grown in crucibles of these materials have no spe-
+ D

-,

clfic tinge due to the presence of these metals. More prec:.se spectrophotometric

tudies likewise failed to reveal their presence in the crystals grown.

— It should be noted that the upper lmlt of the tanperatures at which the utili-

T

zat:.on of one base metal or a.nother is possible, lies below its melting point, and is

i

et STAT
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determined by the beginning of its intense vaporization in vacuo.

Another remarkable property of the metals so tested was the unwettability of
their surfaces by melts of fluorides (except for tantalum). The crystals grown do
not intergrow with the walls of the crucibles, and are removed from them with perfect
freedom. This property advantageously distinguishes these metals even from platinum,

so widely used, which is very difficult to separate from the crystal: the crucible

Fig.5 — Lithium Fluoride Crystals

must te broken and the crystal removed from it in small parts. By comparison with

metal crucibles (iron, nickel, and molybdemum), crucibles made of the pure grades of

artificial graphite have great advantages. Their shape does not change under ther-

mal and mechanical influences taking place during the growth of the crystals. Many
tens of lithium fluoride or sodium fluoride crystals can be grown in a single
graphite crucible. The manufacture of graphite crucibles is considerably simpler
than that of metal crucibles, especially those of molybdenum.

The possibility of replacing platinum by base metals opens up wide possibili-
ties of industrial manufacture of lithium fluoride crystals of large sizes and high
quality, using vacuum technology.

Thus, we consider the possibility of growing lithium fluoride crystals with the

STAT
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widest transmission in the Schumann region of the spectrum, and without selective

absorption bands in the infrared region, to have been established. For growing

high-grade lithium fluoride crystals (Fig.5), starting material of average quality

may be used.
The possibility of avoiding the use of the noble metals considerably simplifies

the problem of industrial preparation of these crystals.
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METHODS OF GROWING LUMINESCENT CRYSTALS FOR SCINTILLATION COUNTERS

e '.‘-._‘._e".bm,
L.M.Belyayev, B.V.Vitovskiy, and G.F.Dobrzhansiiy

The use of crystals of a number of llminescent substar;ces in physical instru-’_-

" ment building began in 1947 - 1948. The widely known method of reglstration of
nuclear radiation by the aid of scintillations (Bibl.l) has been coua:.dera.bly im--

- proved in recent years. The visual method of counting the scintillations has been

- replaced by photoelectric registration by the aid of what are called electron multi-

— pliers (Bibl.2). A zinc sulfide screen, and a considerable number of ccrystalline,
plastic and liquid phosphors are being used. The combination of a photoelectronic
-multiplier, a crystalline, plastic or liquid scintillator, and a special radio-
circuit counting device has received the name of scintillation counter (Bibl.3).

% Such a scintillation counter is finding wider and wider application for the registra- .
tion of nuclear radiation and in studies of the radiations emitted during operation
of varione particle accelerators. The scintillator (crystalline, plastic or liguid
phosphor) plays an important role in such instruments, for it serves as a peculiar
transducer of the invisible nuclear radiation int:o visible radiation. This trans-
formation takes place at the instant of interaction of the radiation with matter.
The character of the interaction of various forms of radiation with matter vari:es.

) Taking these differences into account, the requirements for scintillators are now
formulated, and a rather broad class of substances used for these purposes has been
found. We shall discuss only the crystalline scintillators.

For crystalline scintillators to meet the demands made on them, the crystals

. __must possess:

1) Rather high density, and the presence of chemical elements and isotopes

whlch are most reactive for the glven form of radiation;
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. : 2) High p}&sic;]_. effectiveness (the proportion of the absorbed -en;;g-y cc—)n;rer—ting

- into-light must be high) and low transparency for its own radiation; the region of

-

~ its own radiation must, to the maximum degree, correspond to the region of spectral

- a;n.;it;v':i.ty of the photocathodes of the electron multiplier;

-~

3) Short quenching time, i.e., low inertness;
L) Good mechanical properties, good heat and moisture resistance, so that they

can be used under various conditions.

We present a list of the crystals used in practice as the most effective scin-

Table 1

Melting Point
oC

Radiation
Spectrum, A
Characteristic
Absorption
Maximum, }
Luminescence

Maximum of

Dcnsigy,

gn/cm

6.10-
3.10-*
§8-10-*

Naphthalene CjgHg 80
Anthracene CI%H:LO 216
1H10

it
f X
88

&

Phenanthrene
Chrysene CygHjo 254 3 4.10-

Dibenzyl Cmﬁm 52 1,5-10-
Stilbene Cy,Hj2 124 8-10-*

Tolane Cy,H10 62,5 6.10-
Terphenyl CygHy), 213 1,240~
Quaterphenyl C%Hls 318 8.10~*

A i
T Commn

_tillators. These substances are conveniently divided into two groups, organic and
i

- —dnorganic. The two groups differ not only in chemical composition, but also in the
48 ’ :

_mechanism of the luminescent processes that take place in them (Bibl.4). Table 1 is

53—

—a list of the most effective organic substances, and their physical and chemical
52— ) = "

—characteristics. : : SRR S CooT TR
5o : o . . G el e e e

_: Table 2 lists the inorganic substances, and gives their physical and chemical
56_ e : .

"
—_ i
i

-9

!
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- characteristics. .
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"It-will be seen fram Tables 1 and 2 that the use of various methods is required

for growing crystals of these substances. It must be added that the specific nature

v e ot et i = —— b e o o e i 3 2 et srnm et

Table 2<% U T

’

n

Luminescence
Decay, sec

Substance

o¢

T

Melting Point
Refractive
Index
| characteristic
rptio ‘
Maximum, }

L1 Abso

|

LiBr(TI)
LiX(T) >10-¢
KKTI)
>10-¢
Nal(T}) 2.10-7+3.10-7
. 2,5-1077
CsF 5-10-*

CsBr(T))

CsY(TI)
5-10-1+11,1.10-

~10-¢
6-.10-¢
8-10-¢

of the application of crystalline scintillators demands crystals of rather large

size. To solve certain problems, single crystals of diameter uwp to 250 mm, and
height up to 100 mm, must be used in scintillation counters. In other cases, very
thin plates (down to 0.1 mm thick), but of large area, are used. Taking account of

these demands, the methods of growing crystals were, in fact, worked -out.

1. Growing Organic Crystals
"'7 Naphthalene has a melting point of 80.2°C, and crystallizes in the prismatic—-

\% class of ‘the monoclinic system. Tolane, or diphenylacetylene, has a melting point
e

120 STAT
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- of 62. 59¢, and crystal]izes in the same class as naphthalene. The distinctive fea-

- tm of these substances, from the point of view of the production of single crys-

- tals, is their high volatility, which prevents the use of the well-known methods of

crystallization. The methods of crystallization of naphthalene desc;-ibed 1n the
- lterature (Bibl.5, 6, 7, 8) make it possible to obtain only crystals of small size.
Taking account of the physical and chemical peculiarities of these substances, we
- have proposed the method and apparatus that is being used at the Kharkov chemical
reagent plant. The crystals are grown in crystallizers th:_at can be taken apart, and
: ~have a cooled bottom. The crystal seed is mounted on a special stage, and the grow-
‘ ing crystal is withdrawn from the crystallizer by the aid of the same stage.
We give a description of the apparatus below. For convenience of production,
three crystallizers are installed together (Fig.l).
The three~unit crystallization apparatus consists of:
a) A water bath (1), in the form of a rectangular copper tank 730 x 270 x 140 mm
é in size;
b) The two heaters (2), located at the bottom of the copper tank, one of t.:hem
- designed for continuit\li_ﬂ)_gration, while the second (emergency) heater is turned on

- only if the first one goes out of commission; each heater draws about 2 kws the

heaters consist of a nichrome spiral enclosed in a copper tube and insulated from it
"~ by special insulators and a filling of alumina; the ends of the spirals are connected
P—to the terminals (4) mounted on the block (3);

s c) The three cylindrical brass crystallizers (5) s U5 - 150 mm m dlameter,

—soldered into the bottom of the water bath (1); the cooler (6), with the two copper

-
G —

(- tubes (7) for supplying and m.thdraw:mg cold water, is soldered to the bottom of

N“‘each crystallizer;

—

d) The three stages (8) which are placed in the crysta]lizars » and on which,

52—

these stages the grown cryst.a.l is nthdra.wn from the crysta.lhzer-
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"

e) The three heated covers (9) , covering the crystallizer- in these covers is

installed the nichrome spiral (10) , the ends of which are attached to the termi-

: nals (Jl) on the block (12), which is i‘astened to the cover; the power of each heater

<

is about 40 - 50 watts' the hea.ted covers are necessary beca.use the heating of the
t.

-\ -

melt from above, provided by these covers s prevents parasitic crystallization on the

- am'i'ace ;
o -

f) The wooden case (13), in which the bath is instauod-

o

g) The heat msulation (W), of asbestos shreds; :-

s

.-

h) The getinax cover (15) for the entire apparatus, on which are mounted:
1) the type DT-75 motor (16) (2100 rpm, 220 v, clockwise rotation). ' Through a pair
of conical gears, the motor is connected with the turbine-type stirrer attached to

the same cover for mixing the water in the bath. The stirrer is so designed that

the water collects in a single space and is distributed in three directions, thereby

assuring thorough mixing of the water through the entire bath; (this stirrer is not

shown in the Fig.); 2) The contact thermometer (17); the control thermometer (18);

the float level indicator (19) for the water in the bath; the opening for filling
the water bath, closed by the plug (20);

i) A rotameter which registers the amount of water arriving in the cooler; (in
this way the process of crystal growing is standa.rdq’.zed); depending on the water
temperature, its consumption is determined individually for each substance.

The crystallization apparatus is ciesigned for operation from a 220 v two-phase

electric line. It draws about 3 - 3.5 kw. The overall dimensions of the apparatus

are 860 x 450 x 300 mm3. The water consumption does not exceed 20 ltr/hr.

A manufacturing process was worked out for this apparatus. We present the

sequence of the main operations of the process of growing mixed crystals of naph-

* thalene and anthracene.

1. The bath 1s filled with distilled water through a special opening in the

" cover, and is heated to 85°C. :

l

L.
. e IO T R Y I TP Y ™ A T 7AW N A b S T
o
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2. A l:h;-glle. crystal seed about 10 mm thic;lé, oriented a.lo;xg the (001) face, and
filling the entire surface of the stage, is placed on the stage and, together with
the stage, is heated in a drying cabinet to 70 - 75°C.

Fig.l - Schematic Diagram of Apparatus for Growing Naphthalene
' ard Tolane .

1 - Water bath; 2 - Heater; 5 - Crystallizer; 6 - Cooler; 8 - Stage;

9 - Cover with heating device (detailed description given in text)

3. A melt of naphthalene heated to 859°C is poured into the cerystallizer,
and 0.5 weight % of activator (anthracene) is added.

L. The platform with the seed is placed in the crystallizer; in a few minutes

. ~the seed is slightly melted and lies tightly against the platform.

. 5. The cover of the crystallizer is closed, and at the same time the water

{
|
!
£
?
|
|
{
i

., cooling is turned on; the bath temperature is somewhat decreased.

1s 6. The growth of the crystal begins and proceeds at the approximate velocity

.« of 0.5 mn/hr (perpendicular to the surface of the seed)¥.

o - 7. After the crystal has reached the necessary size, the cooling is stopped,

30 and as a result a certain melting of the crystal takes place at the side walls and

) '
5,,:3.1; the bottom of the crystallizer, and the stage with the crystal lying on it is

5¢—-%As-the-thickness-of the crystal increases, the cooling must be intensified, i.e., )

53 _the-quantity .of running water must be increased.

{

1
123
!
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withdrawn from the crysta]]izor.

8. The crystal is transferred to the thermostatic cabinet for slow cooling. -

The industrlal process of growing mixed crysta.ls oi’ nanhthalene a.nd ant.hraceno
has.;e;_g.;s;;ibed a'bove on]y in outline. And, of course, in cases where crystala
of pure naphthalene, tolane or dibenzyl are grown on this apparatus instead, the
principal temperature points in the rate o.f growing will be di.fi‘erent.

This crystallizing appa.ratus may be used to crystallize, not only hlghly vola-
‘blle substances, large crystals of which cannot be grown by other methods, but also-
a number of other substances. By replacing the water in the bath with some other
liquid having a higher boiling point, crystals of substances with a melting point
exceeding 100°C may be grown. The apparatus is also convenient because. it permits
the growing crystal to be kept under observation. The removal of the cover from the
crystalllzer, for a time that is not very long, does not disturb the processes of
crystamzatlon. This fact is of very substantlal importance, since in some cases,
one can intervene in the process of crystallization. 1In erystallizing volatile sub-
stances, especially with a high velocity of growth, a gas bubble may appear on the
surface of the crystal. Adhering to the surface, this bubble will move together
with it during the period of crystallization, leaving a space beneath it unfilled
with solid substance. For this reason, if such a bubble is detected on the crystal
surface during the process of growth, it is necessary not only to remove it, but to
proceed so the cavity formed shall be filled by the growth. For this purpose, some
thin pointed object is introduced for an instant to a certain depth, thus helping to
£i11 the channel with melt. '

The shortcomings of this melt include. the fact that owing to the low thermal

conductivity of erystals, they grow with high internal stresses, which cannot always

_be removed by annealing.

We have developed a procedure for crysta.lliz:ing stilbene. Stilbene, or di-

phe;nylethylene 1ikewise belongs, with respect to its symet.ry, to the prismatic class

STAT i
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of the monoclinic family (its melting point is 124°C). The procedure for producing
stilbene-crystals was based on two methods: the Obreimov-Shubnikov method (Bibl.9),
and the Bridgmann method (Bibl.10). Of the modern methods of crystallization, this

I technique comes closest to the method
proposed by B.V.Vitovskiy and A.B.Zemtsov

(Bibl.11), crystallization from a melt with

. an isothermal surface of crystallization
AW

withdrawn from the zone of heating.

The furnace built for this work con-~

sists of a quartz tube 55 mm in diameter,

and 700 mm high, with an outside winding

of nichrome wire 0.5 mm in diameter

(Fig.2).

The corners of the winding are dis-

tributed irregularly along the entire

tube, producing a certain temperature gra-

! dient assuring the necessary conditions
VAN

for crystal growth. The turns of their
Fig.2 - Furnace for Growing

maximm density in the middle part of the

Stilbene: -

. tube produce a zone of maximum heating in
1 - Quartz tube; 2 - Heater wind-
this place; above and below this zone, the

ings 3 - Heat insulation; 4 - Test

] spacing of the turns is considerably less,
tube with melt; 5 - Cover; .
and consequently, the heating is also sub-

6 = Clockwork mechanism; 7 - Peep

T . stantially less.
Tv— - hole
= . ) . For thermal insulation, the furnace

=
v~

S‘?-is wrapped with asbestos fabric on the outside, and is tiglitly closed with covers on

i

ISTAT

"" .. [PUP, . [
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. beginning of crystalhzata.on and observing the qua]ity of the crystal during the
process of growth. - Rp— U O

The power drawn by such a furnace is only 47 watts. To avoid sharp tempera.tnre

jtmps :Lnside the furnace, whlch might result from JJ.ne voltage fluct.uationa, the

current is supplied through a voltage stabilizer. In addition, an LATR-2 autotrans-

former is connected in series with the stabilizer, making it possible not only to

'adgust the furnace at the beginning, but also to use the furnace for crystalhzmg

substances with other melting points. -
The operating conditions for the furnace are so set as to bring the isothermal
surface of crystallization outside the zone of maximum heating (Fig.3).: Owing to

this fact, the substance in the test tube is in the molten state over a wide range

of test tube heights. Close to the isothermal surface of crystallization, a temper-
ature drop of 10 - 15°C is observed. This both encourages deformation of the crys-
tals and at the same time protects the crystal already formed from disintegration.

Owing to such a design of the furnace, we succeeded in growing crystals at a
high velocity, without very carefully maintaining temperature stabilit'y throughout
the process.

-

When the conditions in the furnace have already been established, and the posi-

tion of the zone has been noted, the preparation for crystallization begins. To ob-
tain stilbene crystals, one uses pyrex glass test tubes with a hemispherical bottom.

The stilbene is grown on a seed. The seed is so prepared that its lower part has

the same shape as the bottom of the test tube, and its upper part has the same

diameter as the test tube. The seed is first oriented. The most successful orien-

tation for stilbene is attained when the upper surface of the seed coincides with

e~

the plane of cleavage.

The test tubes in which erystallization is to be performed, are preheated and

’ fllled with the substance, alrea.dy melted, which permits effective ut:.lization of

. ~T"their volume. A preheated seed is next, lowered into the test tube. In this case,

-~
€

L Ty T Voo T e e e Y
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it is necessary to have the seed lie regularly against the test tube bottom. The

test tube is then closed with the moving cover, suspended on a thin string with a

TN Sy $ten vwm it et ACH

hook, and lowered into the furnace. The other end of the cord is attached to the

shaft of a clockwork mechanism making one revolution a day. The test tube is so
placed in the furnace that the upper surfact of the seed shall be above the isotherm

of crystallization. It is very important to put the test tube at the center of the

furnace. The furnace is then closed by means of the cover, and the crystallization

begins.

The crystallization proceeds during the process of lowering the test tube with

A

.—"/

w0 20 H0 40 SW s 68
- )

Fig.3 - Graph of Temperature Distribution in Furnace

for Growing Stiltene

a) Distance from copper furnace, mm

- the melt in the furnace space. In this case, the test tube is gradually lowered

. —from the hotter furnace space into a less heated space, passing through the zone of

.~ maximum heating and the isothermal surface of crystallization, at which the melt
. .—Tcrystallizes out. It has been experimentally found that to obtain a high-grade
.. “stilbene crystal 38 mm in diameter, the optimum velocity of growth must be

\,:36 mm/day. Such a rate of crystallization likewise encourages the additional puri-

-_,-fication of the substan;:e, since the impurities it contains are displaced to the

< - “upper part of the test tube.
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On completion of crystallization, the crystal remains for a day.in the lower

part of the furnace for annealing, after which the furnace is shut off.-- The-test

tube with tﬁe crystal, cooled in the fuméce, is taken out, inverted and wrappéd nn ’

cloth for slow cooling to room temperature. After cooling, the test tube is broken

P,

by cautiously tapping it with a hammer on the bottom, and the crystal is then re-

1

-- moved.

It is harder to grow large crystals of anthracene. One of the causes of this

difficulty is the difficulty of preparing anthracene of the necessary degree of
purity. Anthracene, obtained from coal tar, is difficult to purify from such hydro-
carbons as naphthacene, tetracene, carbazole, etc. Even the chromatographic method

does not always permit it to be freed from the impurities. Anthracene prepared

synthetically from anthraguinone, likewise contains various intermediate products of
photochemical reactions. The presence of impurities in anthracene not only hinders
the process of crystal growing but also modifies the physical properties of the
crystal: the crystals ottained have a yellowish tinge and the luminescence spectrum
is modified. The second cause which b.a.dly complicates the growing of anthracene
crystals is that additional products of the decomposition and oxidation of anthracene
are formed during the process of growing crystals in ihe melt. Insufficient study
has been devoted to the chemism of this process. .

In the absence of light, anthracene crystallizes out of freshly distilled ben-
zene, and the moist benzene product is charged into a vessel for crystallization.

The vessel for crystallization is a wide-necked Wurtz flask of fire-resistant

glass, 50 — 100 m1 in volume. The wide neck of the flask is necessary for more con-

venient charging of the product. 4n Svshaped capillary, l.5 - 2 mm in diameter,
é.nd 15 mm long, or a capillary terminating in a ball, is sealed to the lower part of
the flask. The function of this capillary is to initiate crystallization at its

" end, as far as possible, in a single point. As a consequence of the law of geomet-

. " rical selection, out of the several crystallites formed, only one, with the orienta-

_1=8
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~tion most favorable to growth, will survive.

. After filling the flask, the substance is cooled until the benzene is completely

13
&

solidified, the wide mouth is closed by sealing, the flask is exhausted, and when a
vacuum c;f about 10'1" mm Hg has been reached, it is sealed off. The vacuum system has
a trap with paraffin.

Anthracene is crystallized in a tube furnace. The furnace is provided with a
contact thermometer and a control thermometer, a relay, and a clockwork mechanism
for lowering the flask. The flask is lowered at the rate of 15 mm/day, and the

- growth of the crystal then takes place during such lowering. The presence of im-
—purities and the progress of chemical reactions in the melt makes the single crystal
growing out of the capillary ™split up" and do its further growth in the form of a

clump.

As a result of the crystallization of all the specimen on hand, clumps consist-
ing of several transparent yellowish or almost colorless crystals were formed. It

was noted that the purer the original product, the weaker the phenomenon of

fgplitting! was.

2. Growing Inorganic Crvstals

- Crystals of lithium bromide and iodide, with relatively low melting points, are

> grown in sealed quartz ampules by the Obreimov-Shubnikov method (Bibl.9). The com~-

7 plexity of preparing highly effective crystals from these compounds is explained by

2

~ - the difficulties of obtaining original reagents, and of the selection and dosage of

““—the activator.

—$="" - grystals of the iodides of potassium, sodium and cesium may be grown by the

i':—Kyropcmlc:s method (Bibl.12), but with the introduction of certain modifications

“-—which are necessary because the crystals of potassium, sodium and cesium iocdides are

)

:‘:grown for scintillation counters with the addition of an activator. Thalium iodide,

5;“u‘s;ﬁai[ﬁ"ﬁ‘s‘ed‘ for that purpose, has a lower melting point, and a higher vapor pres-—

S
2
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sure, and as a result, it volatlllzes out of the melt during the process of crystal-

- lization, —- - - e — e et e it e

Tak:.ng account of this fact, we have mtroduced design modlflcatlons in the

apnaratus for growing crystals by the Kyropoulos method. Figure L; show:; th:.s appa-
ratus, It consists of the airtight furnace (1), the cooler (2) s and a lifting mechan-
is;n consisting of two independent parts, the guiding mechanism (3) and a reducer with
motor (5). The guiding mechanism serves to raise and lower the cooler. These opera-
tions may be handled either mechanically or manually. The mecham.cal Lift is ac- |

- complished by a 15-watt motor through a reducer. The mechanism allows the rate of
1ift to be uniformly varied from 0.5 to 40 mm/min, which is particularly important

for experimental work. The guide mechanism is connected with the reducer of the

Cardan telescopic shaft (4). The lifting mechanism is mounted on a bracket which is
attached to the wall on wall brackets® and may be rotated about its vertical axis.
The cooler of this apparatus is shown in Fig.5. It consists of a shell on
which a 15-watt electric motor is installed, and rotates the crystal holder through
a worm reducer at the rate of 2 rpm. The crystal holder is cooled with water, which
is fed to the feed tube and is drawn off through the drain pipe. The crystal holder
has interchangeable tips of various sizes made of copper or nickel, which are con-
nected with threaded connections using tin solder. The dimensions of the end pieces
depend on the volume of the crystal being prepared. The part of the crystal holder
and the end piece in the furnace space are subject to the action.of iodine and
thallium vapor, which is highly destructive and partially contaminates the melt. In
the cooler design proposed by us, the crystal holder and the end piece terminate in

@ quartz tube. The air barrier between the cold crystal holder and the quartz tube

is so calculated that the tube shall be heated in the furnace space over the level

"_of the melt, to above the vapor condensation temperature. The furnace has also been

i
" _ *The bracket shown in Figil'is mowited on & Shami”
55 _
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substantially modified (Fig.6). The working space, 2900 cm3 in volume, is formed by

a fused quartz crucible mounted in the stop plate. The heater is made of nichrome
(ﬁ) wire 1.2 mm in diameter, wound directly on the crucible, thus decreasing the temper-
ature inertia of the furnace. The heater
takes 1250 watts. It is fed from an A.C.
line with stabilized voltage. The voltage
across the furnace terminals is measured
by an astatic voltmeter.

Such a circuit diagram with a steady
state made it possible to dispense with
the observation of the temperature by the
aid of a thermocouple. Thereby, we elim-
inated an additional source of damage, and
increased the accuracy of the temperature
ad justment.

The working space of the furnace is
covered by two half-covers; on the left

Fig.h - Apparatus for Growing
half-cover there is an illuminator, and on
Alkali Halide Crystals

the right a peep hole. To supply the
neutral gas to the furnace space, the covers have two connecting pipes, a feed pipe
and an exhaust pipe. A high-speed seal presses the half-cover tightly against the
support plate, assuring adequate sealing of the furnace. The clearance between the
cover and the quartz shell of the cooler is closed by a packing washer cooled with
water. The washer is first lined with asbestos or mica shreds. Cooling is neces-~
sary to condense the vapor of the volatile substances, thus favoring reliable self-
sealing. The furnace is mounted on legs, and rotates around a horizontal shaft to
drain the melt out of the crucible.

The furnace design so proposed permits direct observation of the crystal growth

131
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without disturbing the crystallization conditions. The airtight seal of the furnace

-

makes it possible to maintain constant temperature conditions and vapor pressure,

makes it possible to conduct the processes in an inert gas atmosphere, etc.

+ AN AN
22T

7
WA

;!

Fig.5 - Schematic Diagram of Cooler

1 - Motor; 2 ~ Worm reducer; 3 - Water feed tube; L - Connecting pipe

for discharge of water; 5 - Packing ring; 6 — Barrel of cooler;
7 - Stuffing box; 8 - 0il collector; 9 - Crystal holder; 10 — Tube of

quartz; 11 - Replaceable end piece

The technique of crystal growing on th_is apparatus is not basically modified.
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On such an apparatus it is possible, in 6 - 12 hrs, to grow crystals of up to 100 mm
in diameter, and up to 60 mm in height. The rot;a.ting cooler with the growing crystal

agitates the melt and assures more uniform distribution of the activator along the

Fig.6 - Airtight Furnace:
1 - Melt; 2 - Fused quartz crucible; 3 - Heater; L - Seed crystal;
5 - Quartz tube; 6 - Gate handle; 7 - Illuminator; 8 - Bushing with
washer; 9 — Crystal holder of cooler; 10 - Cover; 11 - Support plate;
12 — Thermal insulating powder; 13 - Furnace barrel; 1 - Cylinder;

15 - Split shaft; 16 - Adjusting screw; 17 - Stop post

—ecrystal length, which, m turn, assures the high effectiveness of the crystals.

- For growing calcium tungstate crystals, one uses a high-temperature vacuum

—furnace, equipped with a special mechanism for lowering the crucible with the growing

_ “crystal at an adjustable speed. P

—— - - - —— . .

lybdenum crucible 45 x 95 mm

_. The crystallization was conducted in a conical mo

" TTTTTTUSTATS -
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in diameter. Before the beginning of the crystallization, the furnace is exhausted

down to lO‘h mm Hg. The crucible, filled with substance, is placed on the stand at-

tached to the apparatus for shifting the crucible. Then the furnace is heated

to 1700°C. After all the reagent has been melted, the crucible is set at such a

height in the furnace space that its lower part is at the level of the zone with

Fig.7 - Crystals and Mosaic of Calcium Tungstate (Natural Size)

temperature 1625°C (the melting point of the given reagent) while the upper part of
the crucible with the melt is in the super-heated state. Crystallization takes
place during the process of lowering the crucible at a rate of 3 mm/hr. Cooling is
effected by reducing the temperature about 25 - L0°C/hr. Faster cooling would lead
to strong disintegration of the calcium tungstate crystals. Our exveriments yielded
a slightly colored crystal up to 8 x 11 x 14 mm3 in size. The single cryrstal re-
gions of smaller sizes were used in preparing the mosaic. Figure 7 shows the crys-
tals and mosaics in their natural size.

During the process of growth, the impurities are forced out into the upper part

of the crystal boule. A spectral analysis of the upper part of the boule showed the

Bl evtsFess iy o s Y B 3 i o

!
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|
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concentration of the impurities in it to have risen strongly.
Repeated crystallization permitted pure crystals of calcium tungstate to be ob-

A spectral analysis run after this recrystallization showed that the quan-

tained.
tity of the impurities Mg, Al, Pb was decreased by a factor of 10, while Cu, Sr, Fe

and Ba disappear entirely.

Studies on the scintillation properties of the crystal so obtained showed sub-

Them

Fig.8 - Luminescent Crystals and Scintillators Manufactured
Tos

stantial improvexent in the crystal propertiss. The
crysizls ottained afier recrysizilization is 10% rig

ol y-rays o
tals of the
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scintillators manufactured from them. The crystalline scintillators obtained were

used in scintillation counters for different purposes and have permltted Soviet
physicists to solve entirely new problems (Bibl.13) and to develop a new method of
reglet;t;on of nuclear radiation;s (én—.bl ). T

The authors express their thanks to the laboratory staff members Z.B.Perekalina,
G.S.Belikova, V.V.Chadayeva, K.S. Chemyshev, M.V.Koshuashvili, and V.A.Perltshteyn,
for their participation in developing the crystallization methods, and also to

I.N.Tsigler for working out the design of the apparatus for growing crystals’ by

the Kyropoulos method.
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APPARATUS AND METHODS OF GROWING SINGLE CRISTALS OF SEMICONDUCTORS
by

D.A.Petrov and V.S.Zemskov

In connection with the development of semiconductor technology, the quality of
'semiconductor crystalline materials becomes more and more important. Properties as-
signed in advance are demanded of these materials, for the crystals decisively de-
termine the characteristics and quality of the work of semiconductor instruments.
The degree of spread of the parameters of the instrument depends on the degree of

uniformity of the properties of the crystals.

The electrical properties of semiconductors are determined by the nature, con-
tent and distribution of the impurities existing or intentionally introduced into

the material, and by the perfection of the crystal structure. It is important to

know the laws that determine the distribution of impurities in t‘;;e interior of the
_ material, and to know how t¢; control these laws.
The grain boundaries cause uncontrollable variations of the electrical proper-
__ties of the material, disturbing the electronic processes in the instrument, and

__therefore the semiconductor materials used in technology must be manufactured in the

:form of single crystals. - - IO oL

Production of Single Crystals. Gern}anium is the best studied semiconductor

—material, and is already in widespread use. From its example we shall consider the

-~ questions to be expounded below.

- rmanium, lik; many other seﬁicb;u.i{lctors s exi:ands apprecihb]y during solidifi-

I - e e —— - - —— e < - - -
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cation, and is extremely sensitive to all types of siresses. The volume of german—
ium increases by 5.5 % 0.5% on solidii‘ication (Bibl.1l). Stresses lead to twinning,
and cause other undes:u'a'ble disturbances of the crystal structure.

Stresses unavoldably arise during the solidification of germanium in the cruci-

ble, for :msta.nce in the prepa.ration of single crystals by the Bridgman method

IR T RS R PRROPLIY PreFREep

(Bibl.2, 3). .

The most suitable methods of growing germanium single crystals are the method

of withdrawing from the melt, after Czochralski (Bibl.l), and the method of zone re-
crystallization proposed in 1949 by V.I.Likhtman and B.M.Maslennikov (Bibl..) for
growing single crystals of tin, and developed in the United States by Pfann for pur-

ifying crystals to remove the impurities (Bibl.1). Tne Czochralski method (Bibl.2,3)

is most widely used at the present time.

Description of Emnnment The preparation of single crystals of germa.nitm by

the Czochralski method must be conducted in vacuo or in an atmosphere of mert gas,
owing to the high affinity of germanium for oxygen (Bibl.5). Figure 1 is a schema-
tic diagram of the apparatus. _

The apparatus consists of three min parts: 1) the vecuum transit chamber 13
with the electric lead-in A4 and the mechanism for rotating the crucible 9; 2) the
working chamber 1; 3) the cover 18 with the mechanism for rotating and growing the

crystal (for more details see Fig.2).

The vecuum transit chamber (Fig.1l) consists of a cylinder, to which the pipe 6,
leading to the diffusion pump, has been welded. The bottom of the chamber has two
openings for the electric Jeads L. The leads are sealed in by the aid of the rubber
ring 7, compressed by the nut 8. The electric leads are made in the form ‘of hollow

cylinders, cooled by water supplied through the pipe 10. The sexicylindrical cop-

per electrode 15, providing terminals for the heating element 16, are welded to the
Jeads. The heating element used is a slit graphite heater. To decrease the radia-

tien of heat, the heater is screened by the two baffles 17. The door of the transit

STAT
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chamber has an entrance -to admit the plunger 5, transmitting rotation to the cruci-

ble. The plunger is set in rotary motion by the iron armature 12, which is caused

b)
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Fig.l - Schematic Diagram of Apparatus

for Preparing Single Crystals

pump

| Sy ]
|

i Fig.2 - Cover with Mechanism for With-

drawing and Rotating the Crystal

a) Water; b) To reducer; c) To diffusion

1
!
t

”—-ito rotate by the electromagnet 11. The plunger and armature are placed in the vac-
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uum sleeve 9, soldered to the bottom of the tra.nsi{ \;ééﬁ\ﬁi— chambe}-.u‘ihe»;ota:ﬁi_aa of

the plunger is transmitted through the steel cone 1k, the graphite saddle 3 and the
quartz tube 2, to the crucible. ‘ Co L ) . -
" Figure 2 is a diagram of the withdrawing mechanism. The entire mechanism is

assembled on a water—cooled cover. At the center of the cover, the plunger 1 for

) ’raising and lowering the seed, passes through a vacuum seal. The dispiacement of .

the plunger is accomplished by the screw-nut pair L, 3. The rotation of the plunger

is transmitted from the shaft 5 through the two gears 2 and 6. The gear 2 is'rig-

~ idly attached to the plunger, while the gear 6 is attached to the shaft 5 by the

sliding key 7, providing for the translational and rotary -motion of the plunger. The
plunger 1 is cooled with water. The seed 11 is attached on the plunger by the
graphite holder 10, To eliminate the vibration of the rotating plunger, an addi-
tional support is provided by the movable bearing 8, which is displaced in the rig-
idly attached guide tube 9.

The vacuum is méa.sured by the aid of a thermocouple vacuum meter and an joniza-
tion vacuum meter. The vacuum attained in the apparatus in the working .state is not
less than 1074 mm Hg.

The apparatus permits the melting to be done in an atmosphere of inert gas
under excess pressure. In this case, the upper cover is drawn away from the transit
chamber by special posts, thanks to which an adequate seal of the apparatus is main-
tained under excess pressure within it.

Phenomena Observed in the Production of Single Crystals. In growing single

crystals out of a melt by the Czochralski method, the single-crystal seed attached
to the plunger is lowered into the melt, whose temperature is held slightly over the
melting point. After the seed has melted and proper contact with the melt has been
established, the lifting mecha.niém comes into action.

The forces of cohesion on the crystallization front beyond the seed 1ift a lig-

H&m&"ﬁel{; wﬁbéé he—igﬁt above the level of ‘the melt in the crucibie is en-

- — - e o e—

0

Declassified in Part - Sanitized Copy Approved for Release

@ 50-Yr 2014/03/07 : CIA-RDP81-01043R004200090004-8




Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/07 : CIA-RDP81-01043R004200090004-8

tirely definite under given steady withdrawal conditions (Fig.3). The height of the
liquid column determines the diameter of the crystal grown.
To obtain a single crystal, it is necessary to produce conditions preventing
the possible formation of parasite crystals on the front of crystallization or the
spontaneous appearance of crystals in the bulk of the
2y melt (Bibl.6). With this object, the distribution of

a)
temperature in the melt must correspond to the scheme

9

Fig.3 - Radiogram Illus-—

(Fig.4) according to which the temperature gradually

falls from the walls and bottom of the crucible to-
trating the Position of
ward its central part. To assure more reliable heat
the Crystallization Front
removal from the crystallization front, the seed is
Above the Level of the
cooled., The conditions are similar to those that
Melt in the Crucible
favor the appearance of columar crystals in castings:
(Natural Size)
a cold chill mold and a somewhat superheated melt.
a) Front of crystalliza-
The seeds used is a single crystal with a defi-
tion; b) Crystal being
nite orientation. The most desirable directions of
withdrawn; c) Level of melt
growth are [111], [110], and [100].
in crucible
As already stated, reliable contact between the

seed and the melt must be provided. If the seed has not melted along the entire

front of its contact with the melt, it is possible; as shown on Fig.5, that only an

outer single crystal layer will be formed, and that the interior structure of the
ingot will be polycrystalline.

The withdrawal must be accomplished at a definite rate under constant tempera—
ture conditions in the melt. It is observed that single crystals are more reliably
obtained if the metal is somewhat superheated, when the possibility of the formation
of crystallization centers in the melt, and particularly on its surface, is ex-
cluded.

The rotation of the crucible and of the growing crystal favor the symmetrical

ey e
1

s
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growth of the crystal, since in this case the possible.irregularities of the temper-

¢

ature field of the furnace are smoothed out. If there is mo rotation, the crystal

_ is usually curved, as will be seen from Fig.6 (case where the lower part of the

crystal was grown without rota‘l:.ion). The

contrary rotation of the crucible and
crystal favors the uniform distribution of

the impurities displaced from the crystal-

lization front throughout the entire bulk

of the melt. The rotation of the crystal

at excessively high speeds is inadvisable. '

With a speed of the order of 350 rpm, the

. ’ Tormation of a helical crystal shape is
Fig.4 - Diagram of Temperature
noted. The crystal in this case is curved

Distribution in Crucible

‘ toward the side opposite its rotation

tor - Crystallization temperature .
. (Fig.7). At still higher rotary speeds on
this apparatus, a crystal can be grown to only a short length, after which it breaks
off. Figure 8 shows a crystal of which the upper part has been withdrawn at 90 rpm,
and the lower part at 1400 rpm, The 1imit of the rate of rotation of the crucible
is determined by the centrifugal forces by which the metal can be thrown out of the

crucible.

h)
Distribution of Impurities during Crystallization. In preparing single crys-

tals, the impurities present in the melt are irregularly distributed along the
length of the ingot unless special measures are taken (Bibl.l1,7,8). The cause of

this phenomenon lies in the difference of composition between the liquid and solid

phases of the substance in contact during crystallization (Fig.9). If we assume

that during crystallization the diffusion in the liquid phase is total, but is prac-

.

tically absent in the solid phase, which under certain conditions may in fact be

1

True during withdrawal (Bibl.7, 8), then the distribution of the impurities along

2 STAT
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the length of the ingot may be found from the relation

m zT—yY

Xy
In '"°=S ! _ gz,
x

where m, is the mass of the melt before the beginning of the withdrawal, X, the im-

purity content of the melt at the initial instant of withdrawal, y, x the impurity
content of the solid phase and the melt, respectively, at any instant during the pro-
cess of withdrawal, and m the mass of the melt at any instant during the process of

withdrawal.

Fig.5 - Photograph of Macropolished Section Fig.6 - Photograph of Crystal whose
of Single Crystal Obtained with Incomplete Lower Part Has Been Grown without

Fusion of the Seed 3 X Rotation 2 %

The function y = f(x) is determined from the equilibrium phase diagram. If the
concentration of impurities in the principal substance is slight and the Raoult law

for dilute solutions holds (Bibl.1, 9), then the relation between x and y is linear,

i.e., ¥ = kx (Fig.10). In this case, the distribution of the impurity along the

length of a single crystal may be calculated from the formula

y = Toko (1 — mgd"™

3
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where mg.yi4 is the crystallized part of the melt, and kg the equilibrium coeffi-

cient of distribution, whose value depends on the form of the impurity.

Fig.7 - Photograph of Crystal of Helical Shape, 2

For impurities depressing the melting point, kg < 1 (Fig.10a). Such an impur-

ity is displaced by the growing crystal. The melt is gradually enriched in the im-

purity, so that its content in the growing crystal likewise increases continuously.

Fig.8 - Photograph of Crystal whose Lower Part Has Been Grown

during Rotation of the Crystal at 1400 rpmy 2.6 %

For an impurity increasing the melting point, k 0 > 1 (Fig.10b). The content of

an impurity in the crystal decreases continuously as the crystal is withdrawn.

1L
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a value of k close to unity, the impurity is distributed practically uniformly

along the length of the ingots.

!
+
&

R

QP e =
Y I, Ao

Fig.9

Irregular distribution of the impurity is associated with irregularity of the
electrical propert:les along the length of the single crystal, for example the re-

sistivity (Bibl.l).
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2z To reduce this Jrregtﬂ.arlty, what is called progra.mmed withdrawal is used. This

5-1-..method,uls_based,on_the_,utlllza.tlon of . the, rela’clon tha.t exists between the quantlty

s:_ of impurity captured by a growing crystal and the rate_of withdrawal., For the case
' e | STAT.
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lni»ob Zi_,m'the rate of withdrawal is decreased as the melt becomes enriched in the im-
purity, so that the impurity is uniformly distributed along the length of the crys-
tal (Bibl.1l). For the same purpose, the following method may also be used

(Bibi.iO). To a melt of composition x, from which a single crystal of composition y

is beiﬁg grown, a melt of the same composition y, and in the same quantity as the

" withdrawn single crystal, is continuously added (Fig.10). The composition of the

melt in this case remains constant, since the crystal being withdrawn will have a
constant composition along its length. This method may be accomplished in a \;ersion
in which an ingot of the same composition as that of the single crystals being with-
drawn is introduced into the melt. This ingot must be lowered into the melt, and
must melt away at the same rate with which the single crystal is l;eing withdrawn, if
its cross section is the same (Fig.11).

In the general case, the areas of the crystal being withdrawn and of the feed
ingot will depend on the ratio between the rat;a of withdrawal and the rate of melt-
ing of the feed ingot; on the relation of the impurity content of the feed ingot and
of the single crystal being withdrawn. The‘feed ingot need not necessarily contain
the impurity, but its area A must be (1 - k) times smaller than the area of the
crystal being withdrawn, i.e., & = 4, (1 - ko); and in this case the rate of with-

" drawal and the rate of lowering of the feed ingot will be equal.

Apparatus for Preparing Single Crystals with Constant Feed of Melt

Figure 12 is a schematic diagram of the apparatus. The difference of this ap-
paratus from that described above is that now the transitional disc 1 is introduced,
assuring the eccentric displacement of the ingot 5 and the crystal 7, which permits.
minimizing the size of the crucible, so that the size of the apparatus need not be
increased.

In order to accomplish the simultaneous melting of the ingot being lowered and

the withdrawal of the single crystals of one and the same melt, the c(;c;ié; ?a.nd t:he

STAT
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-'heater 6 have been added. The heater produces the proper melting conditions for the

|

ingot being lowered, while the cooler produces conditions of directed growth of the

crystal being withdrawn.

The mechanism of simultaneous with-
drawal of the crystal and lowering the
ingot may be understoed from the schematic
diagram of the apparatus. To the sliding
guide bearing 9 of the lifting plunger 10
is attached one of the ends of the flex-
ikle drive 3 by means of the screw 4. The
drive is bent over the block 2. At the

other end of the drive is attached the

Fig.1l - Diagram of Feed of the
Melt
a) Feed ingot; b) Single crystal

being withdrawn; c) Melt

+

]

_.Teed ingot 5.

..Thus, on lifting the plunger

e instant of contact between the feed ingot 5

w7

A
b
1|

!
J)

T

2)

: o
Fig.12 - Schematic Diagram of Apparatus

for Preparing Single Crystals with Con-

stant Feed of Melt

a) Cooling of cap; b) Cooling of disc;

". .c) Melt; d) To air pump; e) Cooling of

A electrodes

10 the feed ingot will be lowered. The

and the melt is adjusted by displacing
STAT
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Fig.13 -~ Negative Prints of Radiograms of Single Crystals.

The crystals were prepared:

top - with feed of melt; bottom - without feed of melt. (Natural size)

Fig.ll - Photometric Curves of Radiograms of Single Crystals.
The crystals were prepared:

a - With feed of melt; b - Without feed of melt

.8
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the block 2 attached to the movable plunger 11.

Results of Experiments in Growing Single Crystals of Constant Composition

The preparation of single crystals with uniform distribution of impurity length-
wise during constant feed of the melt was studied on germanium alloys with the radio-

active isotope of indium Inllh.

The conditions of the prepara-

tion of a single crystal on

this equipment were the same as
on the preceding one. Figure 13

e ) shows negative prints of radio-

od.)

' ' 1 i

7 4/ 4z g3 gé 45 g6 47 48 48 14 ‘
b) ]

Fig.15 - Variation of Resistivity along the Fig.16 ~ Negative of Radio-

Length of Single Crystal. The single crys- gram of Part of a Single

tal 24y was prepared with constant feed of Crystal Withdrawvn during

the melt; the single crystal 26 was prepared Gentle Agitation of the
without feeding the melt Melt

a) Resistivity, ohm -cm; b) Length of crystal

in fractions of unity; c) Single crystal 24p;

d) Single crystal 26 p

grams of germanium single crystals produced with and without feeding the melt. The
fluctuations in the concentration of the impurity (layered distribution) which are

disclosed on the radiogram (Fig.13b) are connected with the instability of the con-
ditions of growth of the single crystal: variation of the velocity of growth, fluc-

tuation of the temperature of the melt. The photometric curves (Fig.1L) of the

149
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radiograms indicate uniform distribution of the impurities along the ingot vhen the
melt is zieplenished, and 'irregular'distributién when the crystal is withdrawn with-

out reiolenishiné the melt.,

" “The measurement of the electrical resistivity (Fig.l5) confirms this. The

scatter of the resistivity values lies within the range of about % 5%. In the case
of withdr;;val with replenished melt, mixing is particularly important, since the
content of the impurity on the cz‘-ystal_lization front is higher, but is lower on the
melting front, than in the interior of the melt. Figure 16 shows a negative of the
) radiogram of part of a single crystal prepared with insufficient mixing of the melt.

It is very clear that the cryst‘al withdrawn is of irregular composition,
Conclusion

1. Apparatus for growing germanium single crystals by the Czochralski method
has been described, and the principal conditions of prepa.rajbion of single crystals
have been considered.

2. The possibility of preparing single crystals with a uniform distribution of
impurities along the length of the crystal has been shown, and the results of exper-

imental work in this direction have been presented.
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FIRST EXPERIMENTS IN GROWING LARGE MICA CRYSTALS*

I - 4 ,
K.V.Kapralov, Yu.V.Koritskiy and N.N.Sheftal?

Work on the creation of industrial methods of synthesizing mica was first ini-
tiated in Germany by Siemens & Halske in 1918 - 1919, since mica is a valuable stra=-

tegic raw material. The method developed by that company did not assure the pro-

duction of industrially suitable crystals. The patents (Bibl.l) relate primarily to
the composition of the charge (the mica used was in all cases fluorophlogopite
and was obtained from a melt) and to the attempt to produce crystals by the electro-
lytic method. This work, continued down to 1945, and described in detail by
H.Buckley (Bibl.2), took on particular importance in connection with the Second
World War. ’

The synthesis of mica was conducted in graphite crucibles and also in ceramic
crucibles of clay and kieselguhr in two-chamber gas-electric furnaces. A charge of
the following composition, for instance, was used, consisting of the pure compon-

ents, (in %):

A1203 s e s 0 o o o« 41,6 5i0, (diatomite) 30.7
m . . L] . L] L L] 32.6 K281F6 . L] . L] . . 25.1

* This work was performed in 1947 - 1949 at the Mica Insulation Laboratory, All-
Union Institute of Electrical Engineering (K.V.Kapralov and Yu.V.Koritskiy) in con-
sultation with the Institute of Crystallography, Academy of Sciences USSR
(N.N.Sheftalt)... ____ . _ .
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" "In arder to eliminate the need for mixing the hot melt, thus making the com~
position of the melt of the mass uniform, which is difficul! at temperature of 1400 -
1450°C, the charge -in finely ground state was well mixed, and small tablets were

o &

&

» ==
7
| ol |

T-7 ,
A
- | . AT Ty
N mm

Fig.l - Two-Chamber Electric Furnace with Fig.2 - Distribution of Temperatures

IR ® V.

VI

- Kryptol and Silite Heater over the Height of the Working Zone

1 - Masonry of chamotte brick; 2 - Heat of the Two-Chamber Furnace
insulating blocks; 3 -~ Furnace cover;
4 = Upper electrode; 5 - Kryptol cover; a) Working zone of furnace
6 - Refractory cylinders; 7 - Chamotte
cover; 8 - Lower electrode; 9 - Silite
heaters; 10 - Graphite crucible; 11 - Re-
fractory capsule; 12 - Refractory stand
for capsule; 13 - Optical pyrometer;
14, - Fiunger of hydraulic 1ift. All pack-
ings between the refractory cylinders are
made of chamotte flour

then pressed out of it; and it was with these tablets that the crucible was filled.

. The very slow cooling in the crystallization range was the principal condition as-.

i

_: suring directed crystallization. In addition attempts were made to use a magnetic

‘_» field,.or a bath of molten fluorides, in which the crucible was placed to reduce

.

—!thé losses of fluorine by the mica melt during crystallization.

— In laboratory heats in crucibles of 200 gm capacity, plates of mica crystals

€
-~

D -

a4 m——~ - ————— e e e a A - e e -

—up to 9 co? in size were obtained.

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/07 : CIA-RDP81-01043R004200090004-8




Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/07 : CIA-RDP81-01043R004200090004-8

As a result of these studies, an industrial method had not yet been worked out.

The state of the work, however, was apparently close to the final pilot-plant z;tauge.A
The Siemens Co. produced mica books of diameter up to 15 cm, and successfu]Jy en~
ployed synthetic mica instead of the na.tural substance. i

The authors of the present paper, using the scanty literature information, have

attempted to accumulate their own experimental material to solve the problem of the

o

industrial synthesis.of mica. . . .. o -

In 1947 heats were run on unspec::.al:.zad equlpment with the object of checking

the materials. 'I'he best material for the crucible was found to be graphite (porce-
lain crucibles melt, and corundum crucibles crack), The graphite, used in an at—
mosphere of CO at 1400°C was found to be resistant to the destructive properties of .
the melt. The methods of mixing and briquetting were found to be justified, although
even the briqueted charge shrank to half its volume during melting.

Up to 50% of a vitreous mass was observed in the products of the heats between

the crystals.

In 1948 ar;d the beginning of 1949, assembled laboratory furnaces meeting the
requirements of the synthesis were designed and built. As a result of the experi-
ments, mica was obtained in small pieces with a high content of glass (16 - 50%) and
two generations of mica were often observed in the product of the heats, while
crossed twin crystals were often formed. Analyses showed considerdble losses of

fluorine,

«

In 1949 a two-chamber electric furnace with kryptol and silite heaters was

built (Fig.l). Its design features assured stable heat conditions in the furnace,

and a low temperature gradient. The lower chamber was heated by silite rods and the
upper by kryptol. The heater was separately fed from a special autotransformer,
whick; permitted a specified temperature drop with height to be established in the
working zone of the furnace (Fig.2), .

The movable furnace sole, installed on a special hydraulic 1lift, made it pos~

S, [ - ———— e s St - o b - - — e -

. .
. .
R 5 o P e emi i 3 Wbt 1 b bt o e %
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sible to place the crucible in a definite temperature zone of the furnace, or slowly
to lower it during the process of crystallization of the melt. A channel, provided

in the furnace sole, permitted continuous observation of the temperature of the cru-
cible bottom or of the bottom of the capsule in which the crucible was placed, by

means of an optical pyrometer placed in the lower part of the channel. The furnace

Fig.3 - Crystals of Synthetic Mica Prepared in the

Mica Insulation Laboratory, of the VEI

had a removable metal framework, and its lining was made of separate refractory and
heat-insulating blocks, the gaps between which were not closed with clay but were
filled instead with chamotte flour. This assured a more reliable seal, permitted
rapid checking of the furnace, as required after every heat or two, and favored the
slower burning out of the kryptol and the establishment of a stable reducing medium
in the working zone of the furnace, which is very important for the preservation of
the graphite crucible.

The products of the first heats in the two-chamber furnace show a loss of weight

(of as much as L6%) on account of the fluorine, potassium, and, obviously, the sil-
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)

‘icon. The mica flakes were arranged vertically, especially during retarded cooling.

The composition of the charge used varied: quartz made up about 40f, potas-
sium fluoride from 16 to 29%, magnesia from 18 to 32%, and clay from 11.5 to 22%.
Natural mica was also taken, 71% of phlogopite with 29% of potassium fluoride ‘added,
and in addition a charge was made up based on the calculated formula of phlogopite. )

Positive results were obtained in the two-chamber furnace after use o'f a bath
with fluorides, The weighed portion was increased to 133.5 gm and the crucible
with the mixture was placed in another crucible with the potassium fluoride and was
covered with sand. The experiments took about éz day. As a result, the entire melt
crystallized into coarsely crystalline mica. The quantity of the vitreous phase
was insignificant.

The crystals, oriented along the vertical axis of the crucibles, were easily

cleaved into separate flakes. In this heat the flakes were strongly cruved. In the

following experiments, the content of potassium fluoride in the charge was increased
by 12% over the calculated amount. In these experiments the product of the melt
consisted entirely of mica. The crystals were oriented vertically. The flakes
reached 45 mm in length, and 4 cm? in area. The thickness of the mica packets was
from 0,8 to 2.5 mm., The flakes were flat and elastic. )

In one of the experiments the crystals attained a size of 4 x 2.5 cm? (Fig.3).

The thickness of the large packets was about 0.8 mm. The size of the flakes was

limited by the dimensions of the crucible. These favorable experimental results
showed good reproducibility. The best results were obtained under the following
conditions:

a) Compositicn of charge in %:

| Si0p . ... 440  ALOs.... 140
| MgO .... 250 KF..... 200

. leemperature conditions: superheating to 1400 - 1450°C for 2 - 3 hr, rapic}‘

- cooling to 1300 - 12959C, slow cooling at 3 - 5 degree/hr to 1200 - 1220°C.
-
27
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O o
Thirty-nine heats in all were run in 1947 - 1949.

. _ It was proposed to use the mica so obtained for the production of micalex in
oonnection yi:th the e.x;lsting data to the effect that micalex prepared from synthetic
mica has considerably better electrical and thermal properties than that made from
natural mica,

Subsequent work on growing mica was performed at the Institute of Crystallo-

graphy (Bibl.3).

BIBLIOGRAPHY

Patents on Mica Synthesis (Germany), Class 12,Group 37,No.367537,

22 January 1923; Class 12,Group 37,No.97924, 25 September 1924; Class 12,
Group 38,No.458475, 11 April 1928.

2. Bak]:i,G. [H.Buckley] ~ The Growth of Crystals. State Publ.House for Foreign Lit.,
pp.77-78

3. Yamzin,I,I. and Leyzerzon,M.S. - The Present Symposium. p.277

Mg: Investigators concerned at the present time with the synthesis of mica,
indicate the difficulty of growing a single crystal in a crucible, since many inter-~
- secting vertical flakes are formed in this case, This difficulty may apparently be
eliminated by starting out from the following considerations.

S 1. In the paper by N.N.Sheftal!, N.P.Kokorish and S.K.Mukhonkin entitled "The

o advantage of growing single crystals with a flat crystallization isotherm" (noi: in
= _thié symposium) it was reported that the study of single crystals of silicon and
+3.— germanium grown with a curved isotherm, disclosed a well expressed laminar growth,

+.— parallel to the planes of the principal faces. For this reason it may be assumed

$'—that the crystal must grow more uniformly in cross section in the case of a flat

- 32— isotherm, parallel to the close-packed smoothly growing face of the crystal,

S mtis 2V Ya.Khaimov-Maltkov (Institute of Crystallography) has found that consid-

3 —.erably-purer-crystals are obtained with a high temperature gradient and slow advance

-—
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of the crystallization isotherm. .

3. For this reason one may recommend condudting the crystallization of mica .
with a very sharp temperature gradient (strong heating on top, strong cooling from
below) with a flat isotherm. The sharp temperature gra.die‘nt will permit placing the
mica seed in the lower conical part of the crucible (the part cooled to below the
melting point of mica). The plane of cleavage of the crystal must ﬁe established
parallel to the isotherm. The sq.ow upward advance of the crystallization isotherm
should assure ;Jniform th of a single mica crystal, which might in that case

’ gradually £ill the entire cruciiale.

N.N.Sheftal?
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SYNTHETIC MICA, ITS PROPERTIES AND APPLICATION
by

1.I.Yamzin and M.S.leyzerzon

In this paper we shall state certain results of studies on the crystallization
of fluorophlogopite and teniolite, staged at the Iaboratory of Crystal Morphology,
Institute of Crystallography (using small masses of melt, 50 - 100 gm), and the re-
aults of analogous studies staged at the Laboratory of Natural and Artificial Mica,
All-Union Institute of Asbestos and Cement (with larger masses of melt, up to 5 kg).
The latter work was staged in 1955 with the methodological assistance of the Insti~
tute of Crystallography*. In this paper we also report the first results of the
work at the All-Union Research Institute for Asbestos and Cement in the preparation

and study of new insulating materials.based on synthetic mica.

- 1. The Component.s of the Charge, the Optimum Comgosition of the Fluorophlogopite
g It

- Charge and the Method of Preparin

i - The composition of the original charge, as well as the method of its prepara-

< — tion determines to a considerable extent the loss of volatiles during the process of

i3 mica synthesis. The 1iterature gives the compositions of the original charge and

.-

. —

S S .
:0——';* The following also took part in the work: At the Institute of Crystallography,

e G.G.lemmleyn, v.A.Timofeyeva, ¥.V.Vernikovskiy, 7.1 .Shashkina, Ye.N.Belova, and

— ¥.V.Gliki; at the A1l-Union Research Institute for Asbestos and Cement, Yu.N.Ultko,

P e o ——— RS it e e —— - -
PEUSE e . s

T T aoxeltekiy, O.L.Feofilova, A.S.Naletov, and I.M.Gol'dman.

e e e S

59

________——————_.—_——._.—_-.-,_____-._ c——

Declassified in Part - Sanitized Copy Approved for Release

@ 50-Yr 2014/03/07 : CIA-RDP81-01043R004200090004-8



Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/07 : CIA-RDP81-01043R004200090004-8

indicates va.r;’Lous starting products (Bibl.1-3), but there have been no data permit- .
ting the selection of the .optimum composition. We therefore had to deter;nine the -
relative volatility of a number of fluorix'xe compopnds , and the loss of volatiles dur- B ”
ing the synthesis of mica from various starting ché.rgea.m |

We established, that for example, fluorites that could be used in the synthesis

of fluorophlogopite may be arranged in order of decreasing thermal stability as fol-

~
’

PR S

, KSiF,, Al <75 0.

. MgF,,

=

As a rule, the smal.'lé'st loss of volatliles during the ‘synthesi.s of mica took
place when a charge using the most stable fluorides was made up. For the prepara-

tion of i‘luorophlogt.:pite, the best composition of those tested is

KF-0,5 MgF,-2,5 Mg0-35i0,.0,5 ALO,. )

The optimum composition of the charge for the synthesis of teniolite, K}IgzLi

[si, 0, .]F,, was found to be
471072

!
|
|
|
|
|
|

KF.LiF-2 Mg0-4Si0, (2)

¢

A microscopic study'of the synthetic product was made. It was found that with

e

a small deficit of fluorine (losses of volatiles not over 6 — 8%), the product of
crystallization is pure mica. The admixture of a vitreous phase, forsterite, muli-

ite and other minerals is negligible,

With increasing loss of volatiles, the quantity of impurities increases rapidly.
Cross sections of crystalline slabs obtained under the conditions of high loss of

volatiles, are characterized by small rosettes of crystals of synthetic mica (see

Fig.l). Under a microscope, a crystallite of forsterite or mullite can often be
detected at the center of such a rosette.
On the other hand, if the fluorine content of the melt is increased, when the

composition of the original charge deviates from the stoichiometric ratio of the com-

60
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ponents, or when an additional quantity of fluoride is introduced in the melt, the

quantity of impurities in the final product is likewise increased. The purest syn-—

®

Fig.l - Rosettes of Fluorophlogopite Crystals after High Loss

of Volatiles

thetic mica is formed in cases where the components of the charge are taken in stoi-

chiometric proportions.

2. The Crystallization Temperature of Fluorine Micas

Besides the synthesis of fluorophlogopite, the principal objects of all pre-
ceding research, we synthesized about 30 other fluorine micas crystallizing at a
lower temperature.

Table 1 gives the crystallization points of some of the micas synthesized,
measured by the aid of a Kurnakov pyrometer (errors of measurement *10°), For

fluorophlogopite and teniolite, the crystallization temperatures were measured on an

instrument for differential thermal analysis with an error of ¥ 5°C, The table also

gives the values of the refractive index Ng = N (Bibl.4).
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A,

As will be seen from the table, the substitution of part of the magnesium in
the fluorophlogopite by lithium, keeping the sum of the charges of the cations con-
stant, yields a series of micas whose last member is teniolite. The crystallization

point and the refractive index N, = N of the micas of this series decrease with in-

g
creasing lithium content by a linear law (taking account of the errors of measure-

ment), which permits us to speak of the existence of a continuous series of

fluorophlogopite-teniolite solid solutions.

Table 1

Temperature of Crystallization of Fluoririe ‘Micas

a) b) . c) d)

KM8|ISi'Al0|.]Fj 1380 i ,5‘7

KMg, q5Lig, 551513 25410, 75041F2 1360 1,543
KMg, sLig 5lSiy sAlgs040lF2 1270 1,543
KMgj p5Lig 75! Sy 75A10,25010]F> 1260 1,540
KMg,Li[Si(Oge]Fs 1210 1,540

KMg, ;Mn, 5[SiyA10,g)F, 1310 1,555
KMg,Mn[Si.AlO;.]F, 1310 1260 1 ,558
KMg,[SisBOy,IFs 1110 1080 1,537

i - . . _ _ .
a) Composition; b) Melting point of charge, OC; c¢) Crystallization tempera-

ture, °C; d) Refractive index; e) Remarks; f ) Fluorophlogopite; g) Teniolite

Further, the substitution in fluorophlogopite of up to one third of its mag-
nesium ions by divalent manganese is possible, and leads to a depression of the
crystallization temperature to 1260°C,

Phlogopites in which the magnesium has been partially replaced by lithium or

manganese form considerably larger erystals than all other micas of the composi-
tions given. There are no differences whatever between the micas of the
fluorophlogopite~teniolite series with respect to the size of the crystals, their

cleavage and uniformity. In the manganese-substituted phlogopites, the crystal size

STAT
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decreases with increasing manganese content.

The existence of lithium-substituted phlogopites, crystallizing just as well
as fluorophlogopite, but at lower temperatures, is very convenient. In the synthe-
sis of teniolite, certain technical questions are solved with considerably greater
ease than in the synthesis of fluorophlogopite. The new synthetic micas include
some compositions with a very low crystallization temperature, which may make them

promising for the protection of mica-ceramics by a method of hot pressing (Bibl.5).

Fig.2 - Synthetic Mica - Fluorophlogopite - with Inclusions of Other

Minerals Obtained at a Particularly High Loss of Volatiles

The determination of the crystallization temperature of fluorophlogopite and of
the melting point of the fluorophlogopite charge (Bibl.4) permitted refinement of
the temperature conditions of synthesis, about which very contradictory reports will

be found in the literature (Bibl.l-3, 6). We also found that superheating a fluoro-

phlogopite melt to 1450°C and over, which is recommended in the literature to accel-
erate the reactions between the components (Bibl.2, 3, 6-8) leads to a considerable

1oss of volatiles, and consequently to the formation of finely crystalline mica.

163
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The holding of the melt at 1450°C for 2 - 3 hrs (weighed portion of charge
50 gm) led to such a substantial loss of volatiles that the product of crystalliza-
tion consisted mainly not of mica but of a mixture of forsterite, mullite, andalus-

ite, chondrodite, spinel, and other minerals,

g w

70
b)
Fig.3 - Relation between the Size of Crystals of Synthetic Mica

(Teniolite) and the Rate of Cooling of the Melt

a) Area of crystal, cm®; b) Rate of cooling, degree/hr .

Figure 2 is a photomicrograph of a polished section prepared from such a prod-
uct. The long gray bands are sections of the fluorophlogopite flakes; the thin
white streaks are crystals of forsterite and mullite; the small crystallites of iso-
metric shape consist m2inly of magnesia spinel.

With a decrease of the temperature of initial heating of the fluorophlogopite
melt to 1380°C , the quantity of impurities in the crystallization product could be
considerably reduced, Thus the optimum temperature conditions for the synthesis of
fluorophlogopite were found to be as follows: heating to 1380°C as rapidly as pos-
sible, holding at this temperature for the time necessary to melt the charge, and
then gradual cooling to a temperature somewhat below the crystallization point. '
These conditions differ substantially from those described in the literature
(Bibl.1 - 3, 6 - 8).

Appropriate temperature conditions for the synthesis of teniolite are a tem-

) perature rise to 1210°C as rapidly as possible, holding at that temperature,followed
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by slow cooling.

The size of the crystals of synthetic mica obtained depend substa;.ntia.]ly on the
rate and uniformity of the temperature fall in the furnace during the time of crys-
taliization.

4 o~y xn Ja o
b) )

Fig.lL - Relation between the Size of Crystals of Synthetic Mica
(Teniolite) and the Mass of the Melt

a) Area of face, cm®; b) Mass of melt, gm

The more slowly the programmed lowering of the temperature proceeds, the larger
the crystals (Fig.3). It must, however, be borne in mind that, with smali masses of
melt and very prolonged process time, there may be considerable losses of volatiles,
leading to the formation of a finely crystalline product. With increasing uniform-
ity of cooling, or, what is the same thing, with increasing mass of the melt, the

. sige of the crystals is also increased, as will be seen from the graph of Fig.4.

- -3, Orientation of the Crystals Arising in the Surface layer of the Melt

On crystallization of synthetic mica, the upper layer of the slab obtained

-

. ~ sometimes consists of rather coarse mica flakes parallel to the surface of the melt.

~ Such a position of the crystals is obv1ously due to the forces of 3urface tension

. —on the melt-air interface, orlent:mg the crystal seeds parallel to th:Ls surface.
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On crystallization of teniolite in small platinum dishes (Nos.3, &4, and 5;
weighed charge 60 - 70 gm), the surface layer of the slab obtained consisted of a
—
fi'\ mosaic of a small number of platelets of teniolite (Fig.5); some of them had an area

up to 4 em® and a thickness of 0.5 - 0.8 mm.

Fig.5 - Mosaics of Teniolite Crystals in Surface lLayer of

Crystallization Product

Crystals that were thickest and most uniform internally were obtained during
the slow cooling of the melt. Some of the experiments were run with graphite cruci-
bles internally lined with sheet molybdenum (weighed charges somewhat over 1 kg).

In spite of the contamination of the melt surface by graphite particles, the size of
the crystals in the surface layer reach 10 cm2, with a thickness of up to 1.5 nm.

Tt must be noted that the rate of cooling in both cases was apparently too high:

3 - 5 degree/hr. There are data according to which the rate of cooling in growing

crystals of synthetic mica in thickness should not exceed 0.2 degree/hr (Bibl.6).

4. Preparation of Materials Based on Synthetic Mica

For the rapid preparation of large quantities of finely crystalline mica nec~
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Fig.b - Finely Crystalline Slab Obtained by Melting

without a Crucible

Fig.7 - Specimens of Ceramic from Synthetic Mica
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essary for the manufacture of mica-ceramic, the process of crucibleless melting was
employed. In the charge, placed in a thick layer in a refractory container, two
massive electrodes are submerged. The ends of these electrodes are connected by a
thin jumper. When current passes through the electrodes, the charge will melt '
around the incandescent jumper, after which the jumper burns away and the subsequent
heating is assured by the passage of the current through the melt,

Figure 9 is a photograph of a crystal slab prepared in a small model furnace
for crucibleless melting (1/3 natural size).

The crystalline slab obtained after melting (with or without a crucible) was
next ground in a ball mill, A binder consisting of 85% of orthophosphoric acid was
added to the powder so obtained in an amount of 10 - 15% the weight of the powder.
Out of this mass, under pressure of 700 kg/cmz, specimens were pressed. They were
fired in an electric furnace for one and a half hours at 950 - 1000°C. Figure 7
presents photographs of specimens prepared from synthetic mica with a phosphate
binder., With slight modifications, this process may be used in industrial produc-
tion.

For the production of articles from synthetic mica using a glass binder, the
sequence of operations corresponding to the manufacturing process for the production
of ordinary micalex may be employed.

The production of sheet electrical insulating materials by the technology of
paper and cardboard production is also possible based on synthetic mica. The re-
quired articles may be produced from the sheet material so obtained by means of

punching on presses.

5. Properties of Synthetic Mica and the Materials Manufactured with It as a Base

In a recent paper (Bibl.4) we reported the results of measurements of the ele-

mentary cell periods of fluorophlogopite and teniolite, the refractive indices and

the coefficients of absorption for the optical and ultraviolet parts of the spectrum.
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~ fable 2 gives the results of a determination of certain mechanical a.nd elec-
trical properties of fluorophlogopite and teniolite, compared with the properties of

the best specimens of natural micas.

Table 2

Electrical and Mechanical Properties of Fluorophlogopite and Teniolite

a) e)

£) .
£ = 102 cycles 7,0
£ = 106 cycles

g)

20 5e 10,3°*
50 p 9 } 13,0

h) 1.40~
i) 2,85

A
1) 185 | S1—61

k) - 0,13
1) ! - 0,40

% Synthetic mica prepared in graphite crucible.
#% Synthetic mica prepared in platinum dish.
a) Characteristic; b) Fluorophlogopite; c) Teniolite; d) Natural phlogopite
" (Bibl.10); e) Muscovite (Bibl.10); £ f) Dielectric constant at: ; g) Breakdown

voltage in kv at thickness: ; h) tan & at 20°C; i) Density, gm/ s

3j) Hardness, sec (by Kuznetsov method); k) Hygroscop:\.cn.ty, %; 1) Water ab-

sorption, %

As will be seen from Table 2, fluorophlogopite and teniolite have better elec—

- trical msula.t:.ng properties than natural micasj in combination with their high

. _ heat resistance (Bibl.k, 5), this makes the use of synthetic micas very promising

$I-- for many fields of radio and electrical engineering.

—

5“—'-—-~—---’1‘he;properties of materials manufactured with a synthetic mica base are of very

S ..._--gpea,tr-interest. .- R e e e T T T
STAT
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Materials of synthetic mica manufactured by the method of hot “pressing have B
very low dielectric losses and are in this respect among the best dielectrics. The
tangent of the dielectric loss angle (£ = 106 cycles) of hot-pressed synthetic mica
at 20°C is 3 - 7 x 10"‘1", and at 300°C it does not exceed 4 x 10~%. The bulk resis-
tivity at 300°C, e, = 1012 - 1013 ohm —cm, i.e., is one order higher than that of
the best ceramic dielectrics. If we bear in mind that all other high-frequency di-
electrics are practically unsuitable at temperatures over 206°C, owing to the sharp
rise in the dielectric losses, the advéntages of hot-pressed synthetic mica become
obvious. Ceramics of synthetic mica with a phosphate binder have' somewhat poorer
electrical properties, but they are easily machined by the ordinary cutting toél,
which sharply distinguishes them from all ceramic materials,

A remarkable property of ceramics of synthetic mica is their exceptional re-
sistance to thermal shock. An article of synthetic mica with a phosphate base may
be repeatedly heated to 1000°C and sharply cooled, by being thrown into cold water,
after which no traces of disintegration of the material can be detected,

4 possible field of application of synthetic mica ceramic, where it cannot be
replaced by any other ceramic material, is the manufacture of insulators designed
for use under conditions of sharp temperature changes (for example in aircraft and
ship apparatus). With a proper choice of the composition of the synthetic mica and
the binder, it is possible to obtain materials with coefficients of expansion close

to those of the metals and alloys used in struc;‘,ures operating under alternating

thermal loads. Such materials may be used, for example, in gas turbines and jet en-
gines. There is information on the use of coatings of such materials on the ex~
haust of supersonic jet aircraft (Bibl.9).

Polycrystalline sheet materials of synthetic mica may find wide application.
For example, they could be successfully used in radio tube production instead of

strips of monocrystalline mica, in the production of printed circuits designed for

work at elevated temperatures, and also of insulation, in various electrical ma~-

LY, —-
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chines and apparatus.

@

Conclusions

i. A series of fluorine micas of varying chemical compositions has been synthe-
sized. The optimm compositions have been found for the starting charges ylelding

the best results in the synthesis of fluorophlogopite and teniolite. Methods have
been worked out for decreasing the losses of volatile components during the syn-
thesis of mica, which has assured a practically 100% yield of mica from the product

of the heat. The principles of the technological process of preparing synthetic

mica so developed have been successfully used in experimental heats with increased
masses of melt.
2. Crystals of fluorophlogopite and teniolite, large enough and of high enough
grade for determination of their physical properties, have been prepared. The di-
electric constants, the electrical breakdown strength, the bulk and surface resis—
' tivity, and the tangent of loss angle have been measured.

3. The principles of an approximate technology for the preparation of new elec-

trical insulating materials based on synthetic mica have been formulated. The first
specimens of electrical insulating materials based on fluorophlogopite and teniolite
have been manufactured and certain of their properties investigated: electrical
breakdown strength, bulk resistivity, tangent of loss angle, density, hygrosco-
plcity, etc.

L. The first experimental melts have been made by the no-crucible method,

1

,: which is very economical and promising for the production of the starting products

in the manufacture of various electrical insulating materials based on synthetic

- mica. ° . N : 4 -._ —‘:—.

- 5. Synthétic mica and materials based on it may find wide application in the

- electrical engineering, radio engineering and aviation industries.

e ] . — ——— o ——— Ar—
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ON THE GROWING OF SINGLZT CRYSTALS OF SORBITOL HEXAACETATE

by
I.S5.Rez and L,I.Tsinober

Investigz}tors in the field of piezoelectric technology are continuing their
searches for new materials. The specifications of two patents on the application of
plates cut out of a new piezoelectiic crystal, sorbitol hexaacetate (SHA), published
in 1954, are of considerable interest (Bibl.l).

Sorbit(?l hexaacetate is the acetic acid ester of the hexahydric alcohol
d-sorbitol, [with the chemical formula C6H806(COCH3) 6] the molecular weight of 434.39,
and the melting point of 99 - 100°C (Bibl.2). It crystallizes in colorless crystals

(there are no crystallographic data in the literature) of specific gravity 1.34 (at

259C), and a solubility in water of 2,7 gm/ltr at 25°C and 30 gm/ltr at 100°C
(Bibl.2). Sorbitol hexaacetate is used industrially in the United States as a plas-
- ticizer and in intermediate inorganic syntnesis.

Sorbitol hexaacetate was first prepared by Vincent (Bibl.3) by boiling sorbitol

—.for 2 hrs with an excess of acetic anhydride in presence of a small quantity of zinc

_ch.lor:Lde. Th:Ls mixture is then poured into water, and the precn.prba.ted sorbltol

o ——

.._.hexaacetate is washed wn.th water, dlssolved 1n ether, pIII‘lfled by f:.ltra.tlon through

— cha.rcoal a.nd a.fter dlstlll:.ng off the ether, sorbitol hexaacetate is obtained in

4
< u.—...

—the form of a v::.treous ma.ss. Accordmg to later data (Bibl.h), it is obta:med in

2o
&2

—good yield on acetylation of sorbitol in the cold by a mixture of a.cetic anhydride

34 RO VU SV -

i e e s e

—and acetic acid in presence of perchlorlc a.cid é.s a ca.ta.lyst. It is separa.ted from

dL

173,
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the reaction mixture by pouring into water, followed by washing the-precipitated

product with water. The procedure for the industrial synthesis of sorbitol hexa-

acetate has not been published. ‘ -

""We used a tj;;ical techniquem of acetylatidh of sorbitle by an excess Boiiing ace~-

tic anhydridé without a catalyst. The acetylation was run for 3 - 5 hrs at 135°cC.
On completion of their reaction, the excess of acetic anhydride and the acetic acid
formed were distilled off in vacuo, the residue was dissolved in hot 20% acetic
acid; filtered and recrystallized from 4O ethyl alcohol. To i:la.rify the solution
before filtration, it was heated with 2% of fine activated charcoal. The product
recrystallized in the cold was.washed to remove the mother liquor with fresh 40% al-
cohol and then dried, The yield of a product with m.p. 98 - 99°C was 78 - 80% of
the theoretical (based on the sorbitol)., A larger amount of sorbitoi hexaacetate
was prepared from technical products, with an ave;'age yield of 74% of the theoret-
ical.

A visual examination of fine crystallites of sorbitol hexaacetate showed that
they belong more pr.obably to the dihedral axial class of the n‘zonoclinic system, Four
crystallites of sorbitol hexaacetate (0.5 - 1 mm in size) were measured on the gon-
iometer,

Table 1 gives the results of the measurements.

The data of the measurement and the existence of piezoelectric properties show
that the crystals actually belong to the dihedral axial class of the monoclinic
system.

The monoclinic angle B = 95958t = 96°, which is indirectly confirmed by the
data (Bibl.3). Figure 1 is a drawing of a crystal of sorbitol hexaacetate indi-
cating the diréctiqn of the axes.

A crystallite of sorbitol hexaacetate was subjected to X-ray study. Under Cu

Ky -radiation 12 diffraction patterns were taken in an RKOP chamber without a filter.

Of them, five laue patterns were taken ;vith— thej o'l;;ject of. establishing _tpehcz_x};t:a:f

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/07 : CIA-RDP81-01043R004200090004-8



Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/07 : CIA-RDP81-01043R004200090004-8

) 2 —

" structure., On one of them (the primary beam being perpendicular to the second-order
. " axis of the crystal), six thermal diffusion maxima are clearly revealed. Their
study might be of interest in establishing the structure of sorbitol hexaacetate

crystals.

Table 1
Data of Goniometric Measurement of Crystals

of Sorbitol Hexaacetate

Face No.

00 3N UL W=

Seven diffraction patterns were taken by the rc;cking method (rocking intervai
150) to determine the elementary cell parameters and the Bravais lattice type. The
approximate values of the elementary cell periods were as follows: a = 12.721\; b=
= 9.4q; ¢ = 10.1:A.
The taking of four rocking diffraction patterns around the directions of the
. _ three diagonals of the faces and' the space diagonal showed that the crystals of sor-

" bitol hexaacetate possess a primitive monoclinic Bravais lattice. Knowing the lat-

. _i_tice parameters, the density and the molecular weight of sorbitol hexaacetate, from

¢ the relations

. Vp_
Vama-b-c-sinf and n = TTG_G'

-—-we determine the number of molecules in the elementa.ry ce]_l.

M0,
n=-T0 =
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group R2,,

Fig.l - Ideal Form of Crystal of Sorbitol Hexaacetate from

Goniometric Data

The extremely low solubility of sorbitol hexaacetate in water made it necessary

to select a different solvent. From the results of a qualitative evaluation of the

Table 2

Solubility of Sorbitol Hexaacetate

in 96% Ethyl Alcohol

b)

352
402
442
470
502

a) Temperature, °C; b) Solubility, gm/ltr

solubility, we selected ethyl alcohol. Owing to the fact that the amount of prepar-

ation was insufficient for a solubility study, we used the classical method of

Alekseyev (Bibl.5) in modiﬁ;d-i:or;z,' pé;xﬁitting a considerable acceleration of the

1%
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work. -

This technique is essentially as follows.

We determine the approximate value of the sblubi.lity of the substance under
study in the given solvent for two extreme temperatures; then in 10 - 12 or more num-

bered ampules, by the aid of a microburette, 2 standard quantity of the solvent was

Table 3
Solubility of Sorbitol Hexaacetate

in 40% Ethyl Alcohol

a) b) b)

1 39,8
2, o4
4, 81,3
0, 88,7
8 179
33, 249

a) Temperature, o¢; b) Solubility, gm/1tr

introduced (for the case of sorbitol hexaacetate, 2 ml of alcohol, etc.) and various
guantities of the substance under study, so selected that the range of concentra-
tions obtained covere;l the temperature range under study on the solubility curve.
After filling, the ampules are sealed and placed in the holder of a shaking machine,
loaded into a water thermostatic cabinet. 'i'he .;ma.ker provides the prescribed shak-

ing cycle. The temperature was lowered manually every half hour by 0.2 ~ 0.25°C.

To determine the solubility it is rational to use the finely dispersed solid phase.

On successive temperature rises, we note the time of complete disappearance of

w:f:he solid phase in each ampule, 2 subsequent conversion of the results into gm/1tr

: gives the values of the solubility. The data obtained by this method are presented

" in Tables 2 - L. The relative accuracy of the determination is about 0.5%. To in-

. crease the accuracy it is advisable to weigh the solvent.

Starting out ffSﬁ?ﬁa‘b has been said, it was of “{nterest to elucidate “the de-

e sy ran v e — — o= - - - o o e o — a2
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pendence of the yield of sorbitol hexaacetate crystals on various additives. The

corresponding experiments were run for solutions in 96¢ and in 40f alcohol. Tables 5

“
A

and 6 gives the results.. .

Table 4

Solubility of Sorbitol Hexaacetate in Water

| &) b). 1 - b)-

1

3 10,6
36 12,4
45 ‘ 15,8
51 2,4
58 22,0
64

a) Temperature, °C; b) S-o-luiaili-i:.y, gn/ltr

It follows from an analysis of these data that crystals of sorbitol hexaacetate
are exceedingly sensitive to additives. In particular, for solutions in 96% alco—
hol, the addition of alkali lowers the yield of crystals far more sharply (to 0.3 -

0.03 of the yield without additives) than the addition even of relatively large

quantities of acids. The addition of an organic acid (tartaric acid) has a weaker
effect :bhan the addition of small quantities of sulfuric acid. The solution of sor-
bitol hexaacetate in alcohol has a pronounced buffering action. It is characteris-
tic that additions both of acids and, especially, of alkalies, should raise the in-
terval of metastable saturation of solutions of sorbitol hexaacetate in 96% of al~
cohol, in individual cases, with the maximum addition of alkali, depressing the tem~
perature of the beginning of spontaneous crystallization by almost 40°C below the
saturation temperature. In habit, the addition of tartaric acid causes crystalli- ’
zation in the form of platelets, the addition of sulfuric acid, of relatively the
best formed crystals, the addition of alkali, of elongated crystals; in the control
boxes, without additions, turbid clumps of crystallites of the usual type are formed.

For solutions in 40% alcohol we observed a still greater delay of the beginning
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6f;€i'y5ta.llization for both acid and alkaline additives. The retarding action of
sulfuric acid on the yleld of crystals in this case, as well, is stronger than that
of acetic acid, and increases with increasing dosage of the additives. The buffer
action of the systems is very pronounced. The allowable supercooling of the solu-
tions under the influence of additives is likewise substantially increased, prac-
tically leading to the total inhibition of spontaneous formation of crystals of sor-

bitol hexaacetate without the introduction of seed crystals.

Table 5
Influence of Additives on Character of Crystallization

of Sorbitol Hexaacetate from 96% Alcohol¥*

b) c)

]
~
S

’

h) . 0,2N

i) 0,AN

0,18 H,S0, 0,002N
0,AN H,S0, 0,008
3,7% NaOH 0,08N
3,7% NaOH 0,04N
3,7% NaOH 0,004 N

32
N
»»O0.000_OP
cCoRBRIREY

TrT

l-h' L]
O R R e S R R
-

-
-

-
-

-
-

38—38
- - 3738

I

-3 =3 00 00 ~3 W
O

# In all cases the addition was made to 25 ml of solution of sorbitol
hexaacetate, saturated at 40°C.

a) Added; b) Quantity; c) Calculated normality of solution after addition;
d) Tnitial crystallization point, °C; e) pH of solution after crystalliza-
tion; f) Quantity of sorbitol hexaacetate precipitated, gm; g) Relative

quantity in precipitate; h) Tartaric acid; i) The same.

The crystals obtained in the presence of acetic acid are characterized by a

— somewhat greater degree of perfection. The control crystals proved defective.

‘It follows from the above that sorbitol hexaacetate is more sensitive to

s e T——————
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impurities than the industrially grown piezo-crystals.

As follows from the above solubility data, sorbitol hexaacetate has a relatively

- Table 670

.

Effect of Additives on Character of Crystallization of Sorbitol Hexaacetate

from 407 Alcohol*

- s ————

NCANN |

i

B d) ‘M~e)_‘

0,AN H,SO,
0,1N HsSO,
CH,COOH 100%
CH,COOH 10%
CH,COOH 10%

N

FEREIEREL

-
-
-

-
. -
- .

F&&1 111

© 00 I MU W=
coopooORr000OD
CRRERERSRENER

o
i
-3

0,001N
2,669 NaOH 0,048
0,1N

nrsReREaRER”

-

N N R N N NN SY SN
coocococoonrodb0o0

w
-
[ ]

% In all cases the addition was made to 25 ml of sorbitol hexaacetate solution
in LO% alcohol, saturated at 45°C. In all cases except Nos.5 and 6, precipi-
tate was thrown down after introduction of seed crystals of sorbitol hexaace-

tate at room temperature. The seeds were introduced on the third day.

a) Sample No.; b) Substance added; c) Quantity; d) Calculated normality of
solution after addition; e) Initial crystallization point, °C; £) pH of solu-
tion after crystallization; g) Quantity of sorbitol hexaacetate added, gm;

h) Relative quantity in precipitate; i) Control solution of sorbitol in LOE

alcohol (20 gm/ltr)

high solubility in 96% alcohol. Starting out from this, experiments on growing sin-

gle crystals of sorbitol hexaacetate were staged with solutions in 96% aleohol. .In

- 7 these experiments, the solution, saturated, according to calculations, at 45 - 50°C,

SL ¢
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h\};“ﬁ;uféd into a half-liter chemical cylinder, placed in the standard externally
heated eight-liter water thermostat. The seed crystal was attached to a glass rod
with a rubber ring; a glass stirrer was used for mixing., The thermometer was placed
inside the cylinder with the solution of sorbitol hexaacetate, and the thermo-
regulator in the outer vessel. The crystallizing cylinder was covered with a cover
held against the upper edge by a system of spring holders. The stirrer was intro-
duced on a sliding base, without a special seal., In the absence of sharp fluctua-
tions of the voltage in the supply net, the accuracy of maintenance of the tempera-
ture was within £ 0.10 - 0.15°C.

The experiments staged showed the extraordinary ease with which parasites ap-
pear in the solution, owing to the volatilization of the alcohols through leaks in
the cover.

The usual methods of sealing crystallizers used in the laboratory proved to be
unsuitable for work with solutions of sorbitol hexaacetate in 96% alcohol.

It was decided to check the possibility of growing single crystals of sorbitol
hexaacetate from solutions in 40% alcohol. During the course of the experiments, a
new circumstance showed up, preventing us from obtaining results of full value. Dur-
ing the process of holding thé working solutions at the temperatures used in indus-
try, and necessary to assure the required reserve of substance to be crystallized,
preferential evaporation of the alcohol was observed in the apparatus, resulting in
a sharp fall of solubility of the sorbitol hexaacetate in the alcohol-depleted

_ alcohol-water mixture. A peculiar "salting-out" of the sorbitol hexaacetate oc-

: curred, the more rapid the higher the experimental temperature., The irregular in-

__crease of the quantity of solid phase segregated from the solution rgsulted in a

-

o vigorous growth of defective crystals and the spontaneous formation of seeds through-

— out the entire bulk of the solution.

.
- —

—_ We then used large wide-mouthed flasks with an elongated extension at the bot-

— tom to trap the pa.ra.éi?i'; gr}stal;.‘ A crystal carrier was introduced into the
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glass, in the form of a stainless steel rod with a cylindrical bulb at the end. A
horizontal passage was drilled in this rod, in which a rubber or cork stopper was

inserted, serving as a holder for the seed crystals forced into the depressions in

‘the rod, i

The neck of the flask was tightly closed with a rubber stopper through which

the shaft of the crystal carrier was passed; to strengthen the neck, in some‘ series,
it was tightly wound with OO thread, and afterwards BF-4 cement was again applied.

The flask was placed in the water thermostatic chamber and placed in reversing
motion.

Using this method we succeeded in practically eliminating the losses of solvent
due to evaporation through untight places, and in obtaining several pure single
crystals weighing up to 7.0 gm, which were utilized for studying their piezoelectric
and dielectric properties.

This work showed that it is possible in principle to prepare industrial single
crystals of sorbitol hexaacetate, and at the same time revealed the very high sen-
sitivity of these crystals to fluctuations of temperature and other disturbances of
the conditions during their growth.

The work on the synthesis of sorbitol hexaacetate, the determination of the
solubility and growing of the single crystals was performed by I.S.Rez-and associ-~
ates at the TsNILP, while the goniometric and X-ray studies were performed by

L.I.Tsinober at Moscow State University.,
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THE PREPARATION, DIELECTRIC AND OPTICAL PROPERTIES OF
SINGIE CRYSTALS OF SOLID SOLUTIONS ‘
(Ba - Sr)Tio,

by

A.L.Khodakov, M.L.Sholokhovich, Ye.G.Fesenko, and 0.P.Kramarov

Much work has been devoted in recent years to the growing of single crystals of
ferroelectric materials. Single crystals of barium titanate and lead titanate have
been studied in particular detail (Bibl.1-7), and data on the growing and properties
of single crystals of strontium titanate have also appeared (Bibl.8).

Single crystals of Ba.TiOB were first grown by us by their crystallization from
a solution of polycrystalline barium titanate in a molten mixture of soda and pot-
ash, and also from a solution of BaTiOB in a melt of barium chloride. These salt
solvents had been previously employed for the same purpose by Blattner, Kaenzing
and Merz (Bibl.l). Subsequently, on the basis of the experimental material obtained
by us on the interaction of barium titanate with various substances in melts (see
Bit)l.9), other solvents were also used for growing single crystals of BaTiO , and

. the methpds of growing were modified in accordance with these other solvents. In
particular, potassium fluoride was used as the salt solvent. It was found that
single crystals of barium titanate, depending on the érowing conditions, had a cu-
bic, hexagonal or tetragonal cell, and the conditions of transformation of crystals
of the cubic modification into tetragonal crystals were also found (Bibl.10).

- Single crystals of i‘erz"oelectric substances -are not only of theoretical in-

e c——p—— — - —_ e -
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terest but are also of undoubted practical importance. In particular, they have
found use in computers (Bibl.1l). In this connection, it is exceedingly important
to be able to vary the dielectric properties of the single crystals and to prepare

single crystals with assigned parameters. Starting out from this, we staged work on

Fig.3 - Single Crystals

a - BaTiOB; b - (Ba - Sr)TiOB (part of III); ¢ - Sr"I‘iO3

growing single crystals of solid solutions. The polycrystalline solid solutions

Ba - Sr)TiO; have been investigated in rather great detail by a number of authors
3

(Bibl.12 ~ 16). 1In the present paper we shall describe the method of preparation

of single crystals of solid solutions of (Ba - Sr)TiOB, and of single crystals of

185
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' Ba’l‘lo3 and Sr'l‘::.o3 , as well as their dielectric, optical and structural properties,

Single crystals of BaTiOz, of Sr'l‘::.o3 and of solid solutions of (Ba - Sr)Ti03
were obtained by crystalhzatlon from solutions of strontium t:.tanate and barium
titanate and their mixtures in assigned proportions in a melt of potassium fluoride.
The melt was held for a certain length of time at the crystallization temperature of
the solid solutions, and was then slowly cooied untii the system had completely

_ solidified.

This method was based on the system K - BaT103 - SrT10 partially investi-

gated by us (up to 1100°C) (visually by the polythermal fusibility method) (F:.g.l)
From the form of the surface of crystallization of the investigated part of the sys-
tem, it follows that in this system a continuous series of solid solutions (Ba -

- Sr )T:'LO3 must be formed. This was also confirmed by X-ray structural studies of
the solid phases of the system. Figure 2 is a melting diagram of the binary systems
K Fy ~ Ba'I‘iO3 and KoFy = Sr’l‘:‘LO3 and internal cross sections of- the system h Fy -

- SrTi03 - BaTiOB. On the basis of these data we established the conditions for

growing single crystals of BaTiO,, SrT3'.03 and their solid solutions.

Single Crystals of Ba.Ti03

Single crystals were prepared by crystallization from a melt containing 95 mo-
lecular percent of K,Fy and 5 molecular percent of BaTiOB. We obtained light yel-
Jow and completely transparent crystallites primarily of the forms {100} (Fig.3a).
According to the dielectric mgasurements , their piezoelectric properties are not
typically expressed. However, as shown by N.S.Novosilttsev and A.L.Khodakov
(Bib1.10), these crystals become typically piezoelectric after roasting at 1350°C.
These crystals will be hereafter termed lot I crystals. The data of the chemical

analysis of the crystals were as follows: Ba, 58.8%; Ti, 20.01%; remainder, oxygen

and impurities.
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Single Crystals of Solid Solutions of (Ba - Sr)T:i.O1

We grew single crystals of solid solutions with varying proportions of the com-

ponents as indicated in Table 1.

Table 1

[3)
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a) Number of crystal lot; b) Composition of starting mixtures of barium and

strontium titanates; c) % mol. BaTiOg; d) % mol. SrTiOs; e) Density of crystals
determined pycnometrically; f) Density of crystals from X-ray diffraction data;

g) Density of polycrystalline specimens from X-ray diffraction data

A chemical analysis of the single crystals obtained indicates the close agree-
ment of the composition of the .single crystals with that of the initial mixture of
barium and strontium titanates. In external habit the crystals obtained are a com-

.. bination of {100} and {111} forms, the latter weakly developed, rarely encountered,

' :a.nd always in combination with {100} . The color of the crystals ranges from light

__ yellow to brown, and the size up to 1.5 mm (Fig.3,b).

Single crystals of lot IV (Table 1) in contrast to the crystals of the other

— lots, were grown in a melt of potassium fluoride from a polycrystalline solid solu-

~tion (95% Ba + 5% Sr)TiO,, which had already been prepared by sintering. The crys=-

—itals so obtained were found to be the same in structure and properties as the crys-

"STAT

¢
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tals of solid solutions of the same composition (lot III), for the crystallization
of which a mixture of Ba.Ti03 and SrTiO3 had been taken in the same proportions. _

.

Single Crystals of SrT0; ,

Single crystals of SrT:'l.O3 were prepared by Merker directly from a melt of stron-
tium titanate (Bibl.8). The single crystals of SrTiO; were cbtained by us using two
methods: (1) their crystallization from a solution of polycrystalline Sr'r:i.O3 in a -
melt of potassium fluoride (lot VIII); (2) from a solution of SrTiO3 in a melt of
the mixture (50% of Na2C03 + 50% of K2003) (1ot IX). In the latter case, the crys-
tals were grown in a screwed-down iron crucible. '

Single crystals of SrTiOB (Fig.3,c), grown from a solution of strontium titan-
ate in a solution of potassium fluoride, are completely transparent, refract light,
and are confined to forms {100}. The data of the chemical analysis of the crystals
were as follows: Sr, 47%; Ti, 25.9%; remainder oxygen and impurities. The crystals
grown by the second method are less transparent and of a smoky color, with forms

{100} and {111} prevalent. These crystallities are somewhat contaminated by iron

(Fe content 0.7%).

Dielectric Properties of Crystals and Their Structure

The dielectric constant and tangent of dielectric loss angle of. single crystals

of (Ba - Sr)’l‘:i.O3 were measured over a wide range of temperatures from -180°C to
+150°C. It was found that the dielectric parameters of the single crystals of solid
solutions (Ba - Sr)'I‘iOB , obtained from fluorides, were strongly modified after heat
treatment, according to the way this wfras observed for BaT:'I.O3 single crystals grown
from fluorides (Bibl.10). The heat treatment consisted in heating the crystals for
three hours at 1350°C. During this heating the crystals change their color and

transparency several times. The same changes were observed after heating in crys-

N o . —em—n

tals;“ of BaTiOBI “a.s ;ell.
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Before heat treatment, the (Ba - Sr)TiOy crystals had weak ferroelectric prop-
erties and did not have the temperature dependence usual for ferroelectric sub-
stances. On Fig.4, curves 2 and 5 show respectively the temperature dependence, for

crystals with 10% SrTiO; (lot III) and with 50% SrTi0, (1ot VII), before the heat

yse'law

w1 W W WIT
’ F——i.g.~£_‘-.‘ -

2

_ treatment. The temperature depe;dence ¢ after heating is shown by the corresponding
" curves 1 and L. A pronounced maximum € is observed close to the temperatures cor-.

" responding to the Curie points of polycrystalline solld solutions (Bibl.15, 16). i

0
B —

s:unila.r mfluence of heat treatment of (Ba - Sr)TlOB single crystals on other ra-
T tios between their components was also observed. The temperature dependence of

C o ——

—tan & for a single crystal of 1ot IIT (after heat treatment) is shown by curve 3.

Qi

— For the remaining crystals, tan & at room temperature and v = 106 cycles , had values

.ara.nging from 50 x 10“" to 500 x 10"‘ depending on the concentra.t:l.on ‘of SrT:LOj .

-1
L3
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Some single crystals had a dispersion in the frequency range from 50 to 106 cy-

cles. Table 2 gives the values of ¢ for a single crystal of lot III (not given heat

@ treatment) at various frequencies.

Table 2 Table 3

v, cycles E, Kvjcm

50 6300 1500
10 5000 2400
1,15.10¢ 3600 3400
1,5-10¢ 3000

The dependence of € on the electric field strength with this crystal is weakly
expressed., After the crystal has been heated through, it acquires pronounced non-
linear properties (Table 3), and the frequency dependence of its dielectric constant

now disappears.

Fig.5

Figure 5 give oscillograms of lot II taken at freguency 50 cycles. As will be
seen from the photographs, the oscillograms of the hysteresis loops showed the weak
nonlinear dependence of the polarization on the strength of the applied field, But
crystals that had not been heat-treated had hysteresis loops of form close to that
of the Rayleigh loops. After heat treatment, as will be seen from Fig.6, .the hys-

teresis loops take the form usual for ferroelectric substances.

190
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In crystals that have been heat-treated, the nonlinear properties are likewise

manifested in the form of the dependence of the inverse dielectric constant on the

@ strength of the displacing constant field.

Single crystals of SrTiO3 of lots VIII and IX differed somewhat in their di-
electric properties. Figure 7 gives the temperature dependence of € for crystals
of both lots. Curve I relates to the crystals obtained from carbonates (1ot IX),
and curve II to SrTiO3 from fluorides (lot VIII). Curve III corresponds to the

temperature course of € in polycrystalline SrTiOB. The rise of e at low tempera-

o v Sy 3 Sy GRS

tures is observed in all specimens of SrTiOB, indicating the existence of a maximum
dielectric constant in the low-temperature region, as, indeed, one should find in
SrTiOB. The value of € at room temperature in the SrTiO3 of lot IX corresponds to
340, but tan & =3 - 5 x IO‘A, which is in agreement with the measurements of
Merker (Bibl.8), who found € = 310 and tan & = 3 X 1074, For SrTiO3 prepared from
fluorides before heat treatment, the value of € is lower (curve IT). After the

heating, the temperature course of € and the absolute value of the dielectric con-
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stant approach the values of 1ot IX. The d:.electric cha.racteristics of single cr-ys-
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Table 4 -

Composition

BaTiO,

(Bag, g5 — Sro,gs) TiOy
(Bay 9o — STg,10)TiOg
(Bag g5 — Srg,49)TiOg
(Bag s — St s)TiOy
SrTiOy

SrTiO,

- tals are given in Table 4 (the values of ¢ and the temperatures of the Curie point @

L.\

-~ 476 shown Tor heat-treated crystals). ‘
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;
Structure and Optical Properties of the Crystals

The structural type, symmetry and cell dimensions of the above-described single
crystals of solid solutions were determined by the powder method of X-ray structural
analysis.,

On. the diffraction patterns of all

specimens, a more or iess blurred but iso-
lated Ka1a2 doublet was found; the cor-

responding specimens are very close to be~
ing ideal cubic. The observed widening of

the lines is naturally attributed to the

15;71 a5 45;1 HLY:
e A microdistortions in the crystals.

The variation of the microsymmetry of
single crystals of Ba.TiO3 (prepared from
fluorides) after heat treatment has been

lustrated by Fig.8,b, showing the micro-

nw noted (Bibl.10). These variations are 1l-
V[ 4

photometric curves of the group of line

A
Xh?. = 26 for BaTi04 single crystals an-

‘ 4‘:«’1 It 4““ wnd nealed 1 hr at various temperatures. Fig-
b 4 ure 8,a shows the effect of heat treatment
Fig.8 - Microphotometric Curves:
on single crystals of (Ba - Sr)TiOB. For
a - BaTiO3; b - (Ba Sr TiO0,.
3 ( o 0'10) 3 comparison we give on Fig.8,a the micro-
The figures on the curves indicate
photometric curve of the corresponding
the temperature of heat treatment;
polycrystalline specimen. A comparison of
the upper curves on both figures re-
the microphotometric curves shows that in
late to the polyerystalline specimens
spite of the duration (up to 10 hrs) and
:%._the.high annealing (1400°) of the anneal given the (Ba - Sr)’]?i.o3 by us, results.

4 _ analogous_to. those obtained for BaﬂOB single crystals were not completely attained.
STAT
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‘Observations in polarized ﬁght showed that the crystals from all lots were op—
tically anisotropic. On crystals that were not heat-treated, especially those of
lot III, domains were ob.éervegl. Characteristic was their localization in-separa.te
and prgdominmtly external zones of the crystal. It was found that the crystal was
anisotropic even at 259°C.

However, as will be seen. from the pi'xotomicrograms, given on Fig.8,a, the crys-
tals of this lot are cubic. The very fact of the presence of domains at room tem-
peratuzi'e‘in them therefore appeared strange. It was thought to be probable that
during the process of crystallization of sir;gle crystals as solid solutions, crys'-
tals of varying symmetry were obtained, but that the number of tetragonal crystals
(which regularly have a domain structure at room temperature) in the total number is .
small, so that on the X-ray photographs, in view of statistical averaging, their
presence is not established.

To verify this hypothesis, we staged simultaneous observations of the variation
of the domain structure and measurements of ¢ = f(t). This.experiment showed that,
in the crystals studied, the disappearance of spontaneously polarized regions (do-
mains) is not connected with the maximum of the dielectric constant that is usually
c;bserved in this case. Analogous results were obtained on cubic crystals of Ba.TiOB
(Lot I) as well.

Figure 9 shows photographs characterizing the temperature variations of the do-—
mains in crystals of lot III that were not heat-treated. The values of the dielec-
tric constant corresponding to these states of the crystal are indicated by the
letters a, b and ¢ on Fig.h. On Fig.9, in addition, we show the breakdown of cubic

BaTiO3 into domains (lot I) on imposition of field.
Conclusions

1. The possibility of growing single crystals of a continuous series of solid

solutions of (Ba - Sr)TiOB from a melt in potassium fluoride has been established;
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a - Temperature changes; b - Effect of a constant electric field
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-t:}i;;;};ﬁbrtiona of the t.:omp-c;nents and the temperature conditionsw for -‘growing c;ﬁl—:
tals from such melts are indicated. . e e

2. Single crystals have been prepared for-a series of solid solutions (Ba -

- S::-)TiO3 and SrTioB with dimensions sufficient for im;aétigation of the:Lr -;)f’oi)c;ri a

ties.
3. X-ray structural analysis and the results of dielectric and optical measure-

ments have confirmed the fact that the crystals so obtained are single. crystals of

solid solutions of (Ba. - Sr)TiOB. )
l;. It has been established that before heat treatment the single crystals of
(Ba - Sr )Ti03 prepared from fluorides possess only weak ferroelectric properties,
but that after heating at 1350°C they become typical ferroelectric crystals. It is
possible that this is due to microstresses arising during crystallization. The role

of heat treatment apparently reduces down to the removal of the microstresses, the

single crystals with higher Sr'l‘:i.O3 content requiring higher temperatures to remove
the stresses.. '

5. The existence of a domain structure (in crystals that have not been heat-
treated) at temperatures considerably higher than the temperature of maximum dielec-
tric constant, has been established both for Ba.TiO3 single crystals and for certain
solid solutions. With increasing temperature, the disappearance of the domains and
the decrease of the dielectric constant is observed.

In conclusion the authors express their thanks to N.S.Now;osil'tsev for his val-

uable suggestions and his interest in this work.
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A NEW TECHNIQUE OF STUDYING THE PHASE TRANSFORMATIONS UNDER HIGH
PRESSURES AND TEMPERATURES AND ITS APPLICATIONTO THE STUDY
OF THE POLYMORPHISM OF PHOSPHORUS
by
V‘.P.'Butuzov and S.S.Boksha

An extreme-pressure multiplier has been developed at the Institute of Cx;ystal-
lography, Academy of Sciences USSR, permitting pressures up to 40,000 kg/cm2 to be
obtained, in a large volume, and the simultaneous production of rather high temper-
atures.

In the present report we shali set forth certain questions of the simultaneocus
production of extreme gaseous pressures and high temperatures, the technique of di-
rect measurement of temperature and pressure inside an extreme-pressure vessel, and
the application of this apparatus and technique to the study of the polymorphic
transformation of phosphorus.

Up to now the allotropic transformations of substances taking place under the
conditions of extreme pressure have been determined either by a method based on the
variation of the electrical resistance of the substance under study or from the
change of volume established by the method of the "displaced plunger". Both these
methods have certain shortcomings. The former method does not permit a suffici-
ently reliable determination of the character of the polymorphic transformation,
since there are considerable changes that take place in the electrical resistance of

v o ——— e s o re——

t,he specimen, frequently not of a regula.r character, during the process of variation

————— — b —— o ——
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‘of t;m'p-era.ture and pressure. The method of the fdisplaced plunger® likewise is un-
able to assure the exact registration of the beginning of transformation; owing to
the high friction of the plunger against the walls of the high-pressure vessel, in
the case where the polymorphic transformation is accompanied by a small change in

volume, or in the case of the use of small weighed portions of the substance under

study.

/,

= = — y

emtmg—

4
?
7
7

e/

'i

/i, AAAA e |

i

¥/
Fig.l - System of Measuring Temperature Inside
the Pressure Vessel
1 - Channel of pressure vessel; 2 - Thermal insulation;

3 - Crucible; 4 - Cylinder of electric lead

There are definite difficulties, too, in the way of the direct measurement of

-tgampera.ture inside extreme-pressure vessels. Two methods of measuring the tempera-

" ture are in use today. The first method is.based on the change of the electrical

__resistance of a copper or platinum wire with changing temperature. In this case,

the mean temperature of some volume or other is determined, which gives considera-

o ble errors owing to the existence of a great temperature gradient inside the

P

— extreme-pressure vessel (Bibl:é).' The second method is based on the Use of thermo-

STAT
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couples;. In most cases one attempts to jintroduce the thermocouple wire directly in-

to the pressure vessels, insulating them from the walls by a set of insulating disks

and washers. In this case, the ncold" junction of the thermocouple is outside the

pressure vessel, where it is easy to measure jts temperature. But the design of
such electric leads under high pressure is very troublesome and demands rather large
volumes. At first we used the technique of measuring temperature (Bibl.3) in which
both thermocouple junctions are located in the channel of the pressuré vessel, w'hile
the temperature of the ngold" junction of the thermocouple was determined by the aid
of a copper thermometer. But even‘ this method of temperature measurement had its
own shortcomings, and in particular, the cold junction showed the mean temperature
of a certain volume, and it was hard to use the readings of such a thermocouple for
automatic recording, owing to certain fluctuations in the temperature of the cold
junction.

On subsequent work these shertcomings were eliminated, since we dispensed with

fhe measurement of the temperature of the cold junction of the thermocouple, using

a second differential thermocouple. Figure 1 gives the system for the temperature
measurement inside the pressure vessels. It will be seen from this diagram that in
this case a thermocouple consisting of four junctions A, B, C, D connected in series
js used (hereafter we shall term it neombination thermocouple"). Two junctions of
the combination thermocouple are located inside the pressure vessel - the junction A
is at the point where the temperature is to be measured, and the second, junction B,
is in a rather deep opening drilled in the electrical lead. The two other junc—
tions are outside the pressure vessel. Junction C is likewise placed in an opening
of the electric lead alongside of junction B, The fourth junction D is in a ther-
mostat held at an assigned temperature. By virtue of the high thermal conductivity
of metal, it may be considered that the points B and C lie on a single isothermal
surface, and, consequently, that the temperatures at these points are equal, and

therei‘ore' the measuring instrument shows the temperature difference of two junc-
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tions, A and D. ‘Know:i.ng the temperature junction D, we shall determine with suf-
ficient accuracy the temperature of point A. It must be said that in this case we
do not take account of the influence of pressure on the emf of that part of the com-
bination thermocouple that is inside the pressure vessel*. As pointed out by Birch

(Bibl.L), the variation of emf with pressure is slight, and this variation may in

q

v

Fig.2 - Apparatus for Investigating Allotropic Transformations
1 - Junctions of differential thermocouple; 2, 6, 7, 9 = Junctions of combin-
ation thermocouple; 3 - Resistance furnace; 4 - Porcelain ampules; 5 - High

pressure vessel (cone); 8 - Manganin pressure indicator; 10 - Mirror galvan-

— ometers of TsK-52 pyrometer; a - Reference standard; b - Substance under study

.. first approximation be neglected.

- In measuring temperatures up to 600°C we used iron-nichrome thermocouples, and

: ._ at higher temperatures, platinum-platinorhodium thermocouples.

~

-"* This effect is not taken into account, either, by all the above-described tech-

o ——

—niques of temperature measurement. T
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" “The subsequent improvement of the technique of temperature measurement under
extr;eme preésure was the use of a photorecording pyrometer for automatic recording
of the heating and cooling curves, and the use of two thermocouples.

Figure 2 shows the setup for the investigation of allotropic transformations in
the pressure vessel, with the electrical circuit diagram of the measurement. For
measuring the temperature of polymorphic transformatior;, the abov-e-described com-
.bination. thermocouple is used (rep;resented by the junctions 2, 7, 6, 9), and for
registration of the small thermal effects the separate differential thermocouple is
used with. its junctions 1 placed in the investigated substance and in a reference
standard substance. The test substance a and the reference standard substance b are
placed in the porcelain ampules 4. The emf of the combination and differential
thermocouples is noted by the aid of a PK-52 Kurnakov pyrometer.

The measurement of pressure in the extreme-pressure multipliers is accomplished
by the aid of manganin pressure indicators, which are secondary pressure indicators,
and consequently require calibration. The calibration of the manganin pressure in-
dicators is accomplished from the allotropic transformations of various substances,
whose numerical values are taken from the works of P.W.Bridgman (Bibl.5). At pres-

sures up to 30,000 kg/ cmz, bismuth is usually employed as reference standard. At

room temperature bismuth undergoes two polymorphic transformations, at 25,650 kg/cm2
and 27,080 kg/ cm?, For lower pressures, the melting or solidification of mercury
is used., The allotropic transformations that have taken place are usually deter-
mined by thé method of the displaced plunger.

We employed a more improved technique of calibration of the manganin pressure
indicators, based on thermal analysis. Figure 3 gives a thermogram showing the pr-o—
cess of solidification and melting of mercury, whose solidification temperature was
utilized by us as one of the reference points for calibration. The figures above
the curve correspond to the times of pressure rise by approximately equal amounts.

The>figur;:s under the curve indicate the corx;esponding electrical resistances of the
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o Tmanganin pressure indicator in ohms. The zero line corresponds to the temperature

' at the beginning of the experiment, 19.2°C, Taking the pressure of solidification
of mercury at 19,2°C as 11,300 kg/cmz, we find that the pressure at which melting at
the same temperature begins is 10,600 kg/cm?, and that it differs from the solidifi-
cation pressure by 700 kg/cmz. At the same time, according to the literature data

(Bibl.6), the solidification and melting of mercury is noted at one and the same

pressure,

24372210 27 27
e MO e 2208

d)

Fig.3 - Thermogram of Solidification (a) and Melting (b) of Mercury at

19.2°C (the Pressures are Répresented by the Values of the Resistance

of the Manganin Pressure Indicator) with R,= 217.27 ohms;AR = 0.0l ohm
Corresponds to AP = 20 kg/ cm?

a) End of solidification; b) Zero line (T = 19.2°C); c¢) Beginning of

solidification; d) End of melting; e) Beginning of melting

It is difficult to get temperatures over 600°C in the liquid phase under high

“:_pressures , since at high temperatures the compressed liquid decomposes, and thus

__the heating element goes out of commission. Recently we have developed an extreme-

-—pressure apparatus in which gas can be cogxpressed to a pressure of 30,000 kg/cmz,

b

:ﬁ—mci;;"rather complex eqdi:;;xi.ént (compressors or compressing devices);
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while it is possible to prod{xce _gas pressure by using solid carbon dioxide for this

purpose. _ . e e e e e -
The experiments with carbon dioxide were staged as follows. In the high éres-

" sure vessel (cone), at its upper end, a sealing "mushroom" was stamped. Its sealing
rings (copper and lead) were "melted in". The cone w.as then cooled to a temperature
of -76°C, and solid carbon dioxide was packed into its channel, leaving space for
the insertion of ;c.he heating element; the electric lead, likewise cooled to -76°C,

" “was then rapidly inserted, and the entire extreme-pressure apparatus was assembled.
The carbon dioxide gas remains for a rather long time in the channel of the vessel
with motionless mushroom obturator, but if a higher pressure is desired, it is nec-
essary to advance the mushroom obturator, and in this case it is difficult to main-
tain a pressure over 15,000 kg/ cm2, in spite of the most careful machining and fite-
ting of the sealing parts. On the other hand, there was no particular trouble in
obtaining pressure in the liquid phase. We therefore established Jiquid layers be-
tween the compressed gas and the sealing parts (the obturator and electric lead) and
in this way the compressed gas was practically brought under the same conditions as
in obtaining extreme pressure in a liquid. In work with carbon dioxide it must be
borne in mind that, under a pressure of about C,;OOO kg/cmz, carbon dioxide solidifies
at room temperature, and it is therefore necessary to provide a certain temperature
rise at the same time the pressure is increased over 9000 kg/cmz.

The heating element for the production of rather high temperatures in our case

consisted of selite rods, with an opening in the center sufficient for placing am-

pules with a test substance in it. Such a heating element is most reliable and as-

sures a very wide temperature range.
The technique developed by us was applied to the study of the allotropic trans-
formations of phosphorus over a wide range of pressures and temperatures. Before

passing to the exposition of the results obtained, we shall set forth briefly the

data in the literature on the polymorphism of phosphorus.

204
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" Three polymorphic modifications of phosphorus are distinguished, white, red and

black, each of which has its own varieties. There are two such varieties in white
phosphorus (I and II)., Crystals of white phosphorus I are obtained from ordinary
yellow phosphorus by heating to 200°C in an atmosphere of nitrogen or carbon dioxide
gas under a pressure of 70 - 80 atm., White phosphorus II was first prepared by
Bridgman (Bibl.7) under a pressure of 11,000 kg/cm? at a temperature of 60°C, who
established tl;e regions of stable existence of the two varieties and pointed out the

existence of a reversible transition.

% »

Fig.4 - Thermogram of Polymorphic Transformation of Yellow Phosphorus

into Black Crystalline Phosphorus

- Red phosphorus is obtained by heating gellow phosphorus above 200°C. 1Its var-

_ ieties are distinguished mainly by density and color. Each form of red phosphorus

. has its own temperature of formation, and the violet variety is the highest-

_ temperature form.

.

- There are two varieties of black phosphorus, black crystalline phosphorus,

— first prepared by Bridgman under extreme pr;assures (12,000 kg/cm? and 200°C) and

o -

— black amorphous phosphorus, prepared by Jacobs (Bibl.8), likewise under extreme

.-\‘pressure. The specific gravity of _Biack crystalliﬁe phosphox;us is 2.69 g;x‘/2m3,“

5.
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which is’ considerably higher than for any other variety of phosphorus. It posseaaes
.metallic conductivity. Black amorphous phosphorus has the specific gravity of 2.25,
and its heat content is 1, kilojoules higher than that of black crystalline phos-
phorﬁ;:—‘Dufiné the transformation of white phosphorus into black-phosphorué; Jacobs
distinguishes two stages following one another. On the attainment of certain thermo-
dynamic conditions, a slow transformation takes place, with a decreése in volume.
This is the first stage of transformation. Then follows a sharp acceleration of the
process of transformation, in which a more considerable change of volume is ob-
served. This is the second stage of transformation. During the first stage, the
volume decreases 10%, and during the second stage, 90%, of the total volume decrease
during both stages of transformation. Jacobs has demonstrated experimentally that
in the first, or preparatory stage, part of the white phosphorus is t?ansformed in-
to black amorphous phosphorus, which, during its formaiion, liberates a certain
quantity of heat, warming the still untransformed white phosphorué to a temperature
at which the formation of black crystalline phosphorus from yellow phosphorus is
praétically instantaneous.

In 1926, V.Ipatt!yev and V.Nikolayev (Bibl.9), by heating white phosphorus in a
silver tube at 265 - 278°C under a pressure of 140 - 165 atm, obtained red phos-
phorus, in which particles of black phosphorus were included, i.e., a small quantity
of black phosphorus was obtained under conditions completely different from the ex-
perimental conditions used by other investigators. The specific gravity of the
granules of black phosphorus so obtained was found to be 2.7.

All studies on the polymorphic transformation of phosphorus under high pres-

sures were staged at low temperatures, since externally heated extreme-pressure ap-

paratus was used in these investigations. The studies were staged in the solid
phase, and the kinetics of transformation could not be followed through, since the

polymorphlc transformations were recorded by the method of the moving piston.

The formation of polymorphlc modifications at higher temperatures and in a
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“wider pr.e;su;e i'ange is of considerable interest. On Fig.4 the polymorphic trans-
— formation of yellow phosphorus into black crystalline phosphorus is noted according
to the system used in Fig.2. The curve between points 1 and 2 fixes the tempera-

ture of the apparatus before the beginning of the experiment. After turning on the

Fig.5 - Thermogram of Polymorphic Transformation Fig.6 - Thermogram of Rever-
of Yellow Phosphorus into Black Crystalline sible Polymorphic Transforma-
Phosphorus, Obtained with the Aid of a Differen- tion of Red Phosphorus into a

tial Thermocouple and a Combination Thermc;couple New Modification of Phosphorus

V - electric heat, the curve gradualiy rises, making small breaks at the points 2, 3, 4,

— eesy 12, 13, ..., which correspond to the times of equal increase in the strength

:_ of the current passed through the heater. A sharp tempera{:ure Jump, not connecteci

: with a change in the furnace temperature, is observed between points 12 and 13.
‘—-—'This Jump indicates the occurrence of a polymorphic transformation of the phos-

o

--;;»phorus. After turning off the heat, the temperature sharply falls (points 14, 15),
o _ébut the reverse transformation
N1 : :
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periment black crystalline phosphorus was detected. Figure 5 is a thermogram of the
polymorphic transformation of yellow phosphorus into the black crystalline form, ob-
tained by the system given on Fig.2. The curve, denoted by the lette;';'a,"b,- c, a,
was recorded by t};e combination thermocouple and determines the tgmperatxﬁ'e-'éf the
block. The furnace temperature was increased regularly during the course of the ex--

periment by the aid of a special device. There is a certain inflection in the

P——
s
m

& ms w1

" ou et

Fig,7 - Curves Separating the Region of Formation

of Black Crystalline Phosphorus from Yellow Phos-

phorus without a Preliminary Stage from the Region
with a Pfeliminary Stage °

x = Qur data; - Data of Jacobs

curves between the points b and ¢, which is explained by the additional heating of

the block on account of the liberation of heat taking place at the time of the poly-

morphic transformation. The curve denoted by the figures 1, 2, 3, 4 relates to the
differential thermocouple, which'registers the temperature difference between the
standard substance and the test substance, in the case of an allotropic transforma-
tion that has taken place. It is the segment of this curve between the points 2
and 4 that precisely corresponds to the allotropic transformation in the test sub-

stance. As will be clear from the thermograms presented, the technique employed by

us of studying the allotropic transformations under extreme pressures has substan-

tia.l a.évantages over those previously described and makes it possible to determine
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Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/07 : CIA-RDP81-01043R004200090004-8



Declassified i - iti
assified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/07 : CIA-RDP81-01043R004200090004-8

small thermal effects which cannot be detected by other methods.

e E

PR

Studies of black crystalline phosphorus were made by this method under extreme
pressures (20,000 kg/cm?) and high temperatures (1200°C), but no new modifications
of phosphorus were found. With increasing pressure, only a smooth rise of the melt-
ing point of black crystalline phosphorus takes place (at 18,000 kg/cmz, the melting

point of phosphorus reaches about 1000°C).

Fig.8 - Photograph of Polished Section of the Black Crystalline

Phosphorus Obtained at P = 14,500 kg/cm? and T = 230°C

On investigating the behavior of red phosphorus, we did find that a new rever-—
sible modification of phosphorus was formed under a pressure of 4000 kg/cm2 and a
temperature of 600°C, Figure 6 gives a segment of the thermogram on which the tem-
perature jump registered by the differential thermocouple (points a, b) is noted,
indicating the occurrence of a polymorphic transformation, and which at the same
time fixes the reverse transition (the points A, B) with decreasing specimen temper-
ature. The curve from the combination thermocouple, which determines the transfor-
mation temperature, shows practically no temperature jump (points 1, 2, 3). To con-
firm the reversibility of the transition, the process shown on Fig.6 was repeated

twice. Figure 7 gives the curve separating region A of formation of black crystal-
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line pﬁosphorus from yellow phosphorus, which has no preliminary stage, from the re-

gion B, which does have a preliminary stage (the upper curve, according to our data,
and the lower curve according to the data of Jacobs). The lower transformation tem-
peratures found by Jacobs are explained by the fact that he ‘could not take account
of the temperature rise due to the rapid compression of the phosphorus which took
] place in his. e;:pi%riments. .
Figure 8 presents a pl;otograph of a polished section of the black crysta._lli{le
phosphorus obtained under a pressure of 14,500 kg/cm2 and a temperatm"e of 230°C.
It can be seen on this photograph that the formation of black crystalline phosphorus
begins at the walls of the amp\;le , which had a higher tempera:ture than the inner
parts of the ampule. The technique developed by us for producing extreme gas pres-
sures, and our technique of temperature measurement, permitted us to obtain a melt
of black crystalline phosphorus. With an appropriate ampule shape and under appro-
priate temperature conditions of cooling, the formation of a sinéle crystal of black

crystalline phosphorus may be expected.
Conclusions

1. A method of producing extreme gas pressures by the use of solid carbon di-
oxide and the employment of liquid layers between the sealing part of the apparatus
and the compressed gas has been developed.

2. A technique of measuring temperatures in extreme-pressure vessels has been
developed, and differential thermocouples have been employed, permitting detection
of very small thermal effects.

3. We have studied the conditions of formation of black crystalline phosphorus
over a wide range of pressures (up to 22,000 kg/cmz). We have shown that black
crystalline 'phosphorus , over a wide range of pressures (20,000 kg/ em?) and up to its
melting point (1000°C) does not form new modifications of phosphorus, while red

ph;sphor.us does ft);m a new reversible modification of phosphorus.
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A NEW TYPE OF AUTOCLAVE FOR HYDROTHERMAL SYNTHESIS

by

. V.P,Butuzov, G.P.Shakhovskoy and S.P.Smirnov

The hydrothermal synthesis of single crystals, which is conducted in a wide
range of pressures and temperatures, is being more and more widely used today. The
physicochemical study of systems with volatile components has also found rather wide
popularity. Autoclaves capable of withstanding high pressures at high temperatures
are necessary for such work. . )

Industry today is producing refractory steels capable of withstanding high me-
chanical stresses at high temperatures, and therefore the basic problem in the crea-
tion of these autoclaves is the development of a design for a reliable closure cap-
able of withstanding the necessary pressure.

The closure must satisfy the following requirements: with an absolute and re-
liable seal, it must also be simple to manufacture, easily and rapidly assembled
and disassembled, without underg'oing damage, The assembly and disassembly of the

closures for autoclaves of large diameter should be mechanized.

The closures used in autoclaves may be of two designs, without self-sealing and

with self-sealing.

Figure 1 shows a typical construction of a closure without self-sealing. The
unit pressure in the sealing gasket 1 before the closing of the autoclave is con-
s:.derably greater than the possible pressure in the autoclave. This is accomplished

by tightening the bolts 2 pressing against the autoclave cover. With increasing
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internal pressure in the autoclave, the pressure of the gases of the cover also in-
creases, the bolts become elongated and the unit pressure in the gsealing gasket de-—
creases. As soon as the unit pressure falls to the level of the gas pressure in the

autoclave, the closure begins to pass gas.

AN

Fig.l - Design of Closure without Fig.2 - Design of Closucre with

Self-Sealing Self-Sealing

1 - Sealing gasket; 2 - Bolt 1 - Obturator; 2 - Sealing gasket

Closures with self-sealing make use of the principle of the nuncompensated
area", which is that the pressure in a sealing gasket is always higher than the
pressure produced in the autoclave., Figure 2 shows the system of such a closure.

Here the pressure of the gases acting on the obturator 1 is transmitted to the seal-

. ing gasket 2, and the pressure in that gasket will be as many times greater as the

' —_area of the obt.urator exceeds the area of its support. Only the initial compres-

: sion of the sealing gasket takes place in an autoclave with a self-gealing closure,
— d with increasing pressure in the autoclave, the unit pressure in the gasket

:- automatically increases, always remaining higher than the pressure in the autoclave.

- When closures built on the principle of the "uncomj:ensa.ted area" are used, the

- area of the gasket is so calculated that the pressure produced in it shall not ex-

- ceed the yleld pomt of 1ts ma.terlal
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"7 A substantial shortcommg of a number of closure designs is the use of threaded

. connections in them. The pressures taken by the cover or obturator may reach tens

of tons and sometimes even hundred of tons. Under the action of such a load, the

sure operating for.a long time under high tempera.turéé

may be con;iderably deformed. This leads to seizing and elongation of the thread,

1.?//////4//////2.3 S
. || —:
V///////////{AE ;‘,’W/////W/ ity

Fig.3 - Autoclave with Arrangement for Opening
and Closing

which makes it very difficult to open the autoclave and may put it out of commission.

Moreover the production of a high degree of preliminary sealing with autoclave

of large diameters demands considerable mechancial forces. We assume that an auto-

clave closure must satisfy the following requirements in order to assure reliable

operation: (1) the seal must be designed on the principle of "the uncompensated

- area"; (2) the design of the closure must not have threaded connections; (3) the

21,
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i “cla-gi"ﬁg and opening of the autociave must be mechanized.

Such an autoclave, taling these requirements into account, has been built and
tested at the Institute of Crystallography.

Pigure 3 shows the design of the autoclave with the device for opening and
closing it. The autoclave closure 4 consists of the obturator 17 with the tail-
piece 10, the copper sealing ring 16, the stop bushing 5 and the lock plate 6.

When closing the autoclave, the obturator, with ring and bushing, is inserted

in the socket of the autoclave, the locking plate is jnserted in the slit in the

upper part of the autoclave, and the tailpiece of the obturator is screwed into the
obturator. To close the autoclave, the obturator must be pulled upward, applying
the initial comﬁressive force to the copper sealing ring.

To open the autoclave, the lock plate and obturator are pushed down, the tail-
piece of the obturator is unscrewed, the lock plate is removed from the slit, and
the obturator after the tailpiece 1s pulled out of the autoclave,

A hydraulic press is used to close and open the autoclave. On the cylinder 20
of this press is screwed the flange 3, in which the rod 8 attached by the nut 2 are
inserted. On the piston of the press 1 is attached the flange 18 with the four
posts 13 inserted in it, and fastened by the nuts 19. The four rods 8 pass freely
through openings in the flange 18. The posts and rods are arranged alternately
along the circumference of the flange.

To withdraw the obturator from the autoclave, the autoclave is attached by
means of the bushing 11 to the upper flange 12 in such fashion as to leave a clear-

_— ance of 30 - 4O mm between the bottom of the autoclave and a flange 18. .The size

— of the clearance is adjusted by the four nuts 14. The flange 9 in this case rests

--in against the upper face of the autoclave and is likewise held in position by the

_ — four nuts 7. On displacement of the piston of the press 1, its force is transmitted

.7 by the flange 18 through the brace 13 and the flange 12 with the bushing 11 to the

_— obturator, and pulls it, while the autoclave jtself remains motionless, supported in

25 STAT . _
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"

the flange 9. In this way, the initial pressure is applied to the copper sealing

ring. The pressure in the autoclave, subsequently increasing during the courss of -
the experiment, acting on the obturator, presses against and seals the copper ring,
and the unit pressure in it is always higher than the pressure in the autoclave.

To open the autoclave, the lock plate and the obturator with the copper sea.]mg
ring must be pushed down, the supporting plate pulled out of the slot, and the ob-
turator must then be pulled out of the a.lit'oclave.. For *his purpose, the autoclave
is placed on the flange 18, and the bushing 15 (indicated by the dashed line) is
seated on the ta.ilp:.ece of the obturator. On it is placed the flange 9 which is
fastened by the nut 7. Between the flange 9 and the upper face of the autoclave a
gap of 10 - 12 mm remains. When the piston of the press with the autoclave moves
upward, the bushing 15, resting on the motionless flange 9, lowers the plate with
the obturator. After the lock plate has been removed, the obturator is withdrawn
from the autoclave in the same way as was done in closing the autoclave.

As shovm by long experience, this installation is simple and reliable in opera—
tion and requires only a single mechanic to operate it, while the opening of other
designs of autoclaves of large inside diamef'.er, and particularly their closing, is
difficult to accomplish under laboratory conditions. An autoclave of this new ar-
rangement has an inside diameter of 120 mm and has been operated at 1500 atm and
LOOPC, On this basis we pbelieve that this cons;truction may find application in

work on the hydrothermal synthesis of minerals.
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TECHNIQUE OF SYNTHESIS OF REFRACTORY CRYSTALS

INSOLUBLE IN WATER

by
I.N.Anikin

Among the crystals with valuable properties employed in modern technology,
there are many whose synthesis is very difficult owing to their insolubility in wa-
ter and to the fact that on heating they either decompose or melt at a very high
temperature. Such substances include potassium and cadmium tungstates, whose crys-—
tals, as hHas been recently found (Bibl.l, 2) are most sensitive for the registration
of y-radiation and may be used in scintillation counters. For this purpose it is
necessary to have pure transparent crystals not less than 0.5 cm? in size.

As has been shown by foreign investigators (Bibl.3, 4) and by the work of the

Institute of Crystallography, Academy of Sciences USSR, crystals of Ca.WOh and CdWOl‘

may be prepared from a melt by the temperature gradient method and by the Verneuil

. method. These methods, although they do yield a certain favorable result, are still

— distinguished by great technical complexity - this is particularly true of the for-

«

-- mer method - since they involve the use of a high temperature.

- " In searching for a simpler technique, we turned our attention to a method which

S e —

_— during the last Century was used to prepare crystals of most magmatogenic minerals
o (Bibl.5,6) (including also scheelite), namely the method of crystallization out of

~ two~component systems 5 where the solvent is a melt of some low—melt:mg and moblle

5 1 salt.. This method, whlch is purely emplr:.ca.l, has also begun t.o be used aga.ln in _STAT
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recent years (Bibl.7, 8, 9, 10). The opinion is held, however, that such a method

would hardly be applicable to the preparation of large single crystals; the maximm

size of the crystals prepared by such a method was 1 - 3 mm (Bibl.11l), B.V.Vitrov-

skiy proposed to me the use of this method for the crystallization of scheelite from

the system NaCl - CaWOa. I found, however, that the solubility of CaWOz+ in molten

NaCl is slight, and the crystals obtained were very small., It was necessary to find

a more suitable solvent, which is one of the principal difficulties, besides the

determination of the conditions of crystallization, that confronted me in this work.

i

al

Fig.1l

The following consideration must be taken
into account in the selection of a solvent.

1. The solvent and the solute in the liquid
state must be completely miscible, but they must
not form solid solutions in the solid state
(F‘ig.l,a); It is only in this case that the
crystallization of the pure component B will oc-
cur over the entire curve B'E, It is undesir-
able that any compounds should be formed in this
case (Fig.l,b), because if they are formed,
there would be no sense in crystallizing the
pure component B (since it may be found to crys-

tallize in a narrow range of high temperatures),

or its crystallization will be difficult. The intermediate compounds so formed

might spoil the growing crystals by forming various types of inclusions in them.

Thus, on the crystallization of nepheline (Na.AlSiOh) out of a melt of LiF ~

~ NaAlSiOy, vitreous inclusions of composition NazAlz(LiFh)B are formed in it

(Bibl.12). It is more advantageous to use as the solvent that salt which forms

with the solute the eutectic of lowest temperature and closest to the solvent or-

" dinate on the phase diagram, The solubility of B in A (Fig.1l,a) will be greatest =

Declassified in Part - Sanitized Cop

Approved for Release @

50-Yr 2014/03/07 : CIA-RDP81-01043R004200090004-8



Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/07 : CIA-RDP81-01043R004200090004-8

2. The solvent must be such that its entrance in the form of an impurity into
the growing crystals does not affect the properties of the crystal with which we are
concerned. Thus, for example, for the crystallization of most luminescent crystals,
including scheelite, compounds of the iron group and of certé.in other heavy metals
which have the power of "quenching" luminescence, cannot be used. In this case
those salts which are used as "fluxes" in the preparation of finely crystalline
phosphors. (Bibl.13) must be used: chlorides, fluorides, sulfates, phosphates and
other compounds of the alkali and alkaline-earth metals.

3, To avoid the introduction of foreign ions into the system, the solvent must
possess an ion in common with the substance to be crystallized. For example, to

dissolve 'CaWOh it is better to use some calcium compound (for instance Ca.Clz) or

2"/10&) .

then the radii of the solvent ions must differ as much as possible from the ionic

salt of tungstic acid (for instance Na If it is impossible to realize this,
radii of the solute. The closeness of the ionic radii of solvent and solute may
lead to the isomorphous entry of undesirable impurities in the crystallized sub-
stance and to modification of its properties. Thus CdCl,, Ba.Clz, MgClz, SrCl,,
NayMoQy, , LipMoQ;, must not be used to dissolve scheelite.

L. The viscosity of the melt-solvent mmst be low: for instance, the alkali
metal chlorides have about the same viscosity as water or even a lower viscosity.

5. The vapor pressure of the melt-solvent must be as low as possible, so that
intense evaporation of the solvent does not take place during crystallization, thus

changing the composition of the solvent, and causing crystallization from the sur-

:_ face. To assure this, the melting and boiling points of the solvent must differ

: greatly.. Thus, for example, owing to the nearness of the melting and boiling

-- points of beryllium chloride, it cannot be used as a solvent, or at any rate it is

- very difficult to use it, although for a number of other reasons (low melting point,

¢
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6. The solvent must have a considerably lower melting point than the crystal- ’

lizate. The greater this difference, the more reason there is to use one of them as
the solvent of the other, since in this case one can work at lower temperatures. For
this reason, for instance, it is more advantageous to use sodium chloride for the

synthesis of scheelite than calcium fluorite, while 1lithium chloride is still more

7

/

4

Jo—1
& 7w b/ /g b 4 b 4
rr¢
Fig.2 - Solubility of CallQy in Grams per 100 gm

A
‘4

of Solvent:

1 - LiCl; 2 - NaCl; 3 - KC1

a) Quantity of Cal0, per 100 gm of solvent, gm

advantageous than sodium chloride. For the crystallization of deoh, for instance,
the system NaCl - Cd_WOb' cannot be used, although cadmium tungstate does dissolve
very well in this system. In this case, at temperatures over 750 - 800°C the CdCl,,
m.p. 568°C, will rapidly volatilize from the melt, i‘or its vapor pressure at this
temperature is very high, and will leave Nazwoh in the melt.

7. It is also desirable that the salt of the solvent shall be soluble in water
(or in some other readily available solvent), while the crystals to be synthesized
are insoluble, so that they can be easily separated, after crystallization has been
completed, from the solidified melt, by merely washing it.

Of course, in selecting a solvent in each specific case, one must not blindly

STAT
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follow this proposed system and demand that the solvent must necessa_rily possess all
the properties indicated.

Taking account of the considerations above expressed, the chlorides of the
group of alkali metals, LiCl, NaCl, KCl, and salts having one ion in common with
GaWOh,
the properties of these salts, lithium chloride attracts particular attention. This

CaCl2 and Na.zwoh, were proposed as possible solvents for Cawoh. In comparing

salt possesses the lowest melting point, the greatest ionic polarizability, and

Table
Solubility of Ca.WOa in Melts of Various Salts, Calculated in Grams

per 100 gm of Solvent

a) c) d) ' q)

LiQl 16 608 550
NaCl 3 } h=t . . 800 745
Kcl 3 772

CaCly 9\ 4wt 770 -
NagWO, 11 } 1 it 680 -

a) Solvent; b) Solubglﬁity at iB_oo°c, gm; c) Solubility at ty, am; d) Quantity

of CaWo, (am), segregated on cooling from 1000°C to t,, gm; e) Mean quantity
Am

of CaWOA (m

) segregated during cooling per oC; f) m.p. of sol-

vent, °C; g) bouts oc

_ probably also a very high dieleciric constant in the molten state. For the final

__choice of a working solvent, I determined the solubility of scheelite in a melt of

‘..ﬂeach salt, together with its.iemperature dependence. This was established by quan-

.'“.tita.tive analysis of samples of the test melt, heated at a definite temperature,

— and also by the visual-polythermic method. I found (Fig.2 and Table) that the solu- |

~ bility of scheelite is greatest in a melt of lithium chloride. Even higher is the

{
— solubility of CdWO;ir-x molten LiCl, 250 gm in 100 gm of solvent at 600°C, eutectic z

- STAT
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at 4L80°C. The high solubility of such compounds as CaF, and CaCOBis also shown in a2

melt of lithium chloride, although their solubility in other solvents is only slight.
Lithium chloride was therefore chosen as the principal working solvent for the crys-

tallization of calcium tungstate.

Preliminary studies of the crystallization of scheelite in a small volume (up

to 1.5 gm of solvent) staged by the aid of a special microscope (Bibl.l4), yielded
the following results.

1. It is rational to conduct crystallization from the system LiCl - oawoh at
temperatures below 700°C, since, at higher temperatures, the evaporation of the sol-

vent is too great.

Fig.3 - Well Demarcated Transparent Crystals
of Scheelite Prepared by Slow Cooling of a

Homogeneous Solution. 1.8 x

2. The melt must be superheated by 100 - 150°C to dissolve the foreign impur-

ities and destroy the centers of crystallization.

3, The following cases of preparation of the individual large single crystals

are possible: (a) slow cooling of a saturated solution with uspontaneous" formation
of individual crystals; (b) formation and growth of crystals at sites with artifi-

cial removal of heat; (c) growth of crystal on a seed placed in the solution with

of the solution temperature according to an established system;

222
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(d) growth of the crystal on a seed suspended in the upper part of the crystallizer,
on account of the transport of feed material from the bottom under a certain temper-
ature gradient.

L. The velocity of growth of a transparent Cawoh crystal along the c axis,
without mechanical agitation of the solution, is 0.2 - 0.3 mn/hr. The knowledge of
the rate of growth permitted me to calculate the rate of cooling of the various vol-
umes of solution under the conditions of the growth of a single crystal without agi-

tation of the solution.

Fig.4 - Skeletal Crystals of Scheelite Obtained

on Rapid Cooling of the Melt. 12 x

After ascertaining the necessary conditions of crystallization, experiments

with a larger quantity of solution were staged. Since only platinum is suitable for

work with lithium chloride, I had to confine myself to the available standard cru-
cibles Nos.8 and 9 and run my experiments with 40 - 50 gm of solvent. Most of the

experiments were run under slow cooling of a homogeneous solution and 'spontaneous"

formation of crystals. In this case, the crucible, with the solution saturated at

700°C, in a crucible furnace, was tightly covered with a cover, and the furnace was
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covered with preheated sand. The temperature was measured by a platinum-
platinorhodium thermocouple resting on the crucible cover; the temperature was low-
ered according to an assigned program during é period of 4 — 5 days. Three to eight
seeds were formed in the melt, and grew, mostly located on the bottom of the cruci-
ble; especially perfect crystals grew on the crucible walls. The crystals acquired
well demarcated tetragonal pyramidal
shapes (Fig.3) and were for the larger
part transparent, and 8 - 12 mm in size.
Often the central part of the crystal was
cloudy, indicating intense growth at the
time of nucleation from a highly super-
saturated solution. If the rate of cool-
Fig.5 - Zonal Crystal of Scheelite
ing did not correspond to the rate of
s growth of the transparent crystal, i.e.,
if the solution was cooled too rapidly, zonal, skeletal and dendritic crystals were
formed (Figs.h, 5).

To obtain larger and more perfect crystals, the use of a larger volume of
charge (up to 300 - 400 gm) in special crystallizers, and with a finer temperature
adjustment, is recommended. In my experiments the temperature was stabilized with
accuracy of * 30, Crystallization should be on a seed, out of a continuously agi-
tated melt, ~ith the temperature lowered according to an assigned program, or at
constant temperature, in presence of an excess of feed substance on the bottom of

the crystallizer, and with a definite vertical temperature gradient in the melt.

Such experiments in a small volume when the crystallization was conducted under the

microscope yielded very satisfactory results.

The morphology of the scheelite crystals produced is an aspect of the study

tnat is of independent interest, but in this exposition I shall elucidate only cer-

tain identifying features of the crystals. The measurement of transparent crystals

225
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on the goniometer showed (Fig.6) the presence of three well developed forms: p (Ol1),
e (112) and B(013). The less transparent crystals or the cloudy ones are character-

ized by the presence only of p and e faces, or even only of p faces.

Fig.6 - Drawing of Scheelite Crystal; Developed Faces

p (011), e (112), g(013)

Various figures of growth are distinctly visible on the crystal face: rings,

spirals, dendrites, polygons, and all possible types of complex figures (Fig.7). The

Fig.7 - Topography of Part of a p Face. 230 x

more transparent the crystal, and the more perfect it is, the finer the designs on
its faces.

The density of the crystals obtained, measured by the pycnometric method, was

225
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_The refractive index, measured by the aid of high-refracting liquids prepared
by S.S.Batsanov, likewlse agreed with the literature data.

The luminescence of scheelite crystals is characterized by a blue énd blue~

azure color under excitation by short ultraviolet, cathode, and X-rays. Tests of the

' synthesized crystals showed that they are completely suita:ble for use in ultraviolet
microscopy for separating the shortwave part of the specimer;, and if their sizes are
increased, for registration of y-radiation in scintillation counters. -

In conclusion I express my appreciation and gratitude to those who have helped

me at various stages of this work, and especially to G.B.Bokiy, B.V.Vitovskiy,

G.C.Lemmleyn, and L.M.Belyayev.
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A PRECISION METHOD OF DETERMINING THE SATURATION TEMPERATURE .

OF TRANSPARENT SOLUTIONS
by .
AN.Kovalevskiy

In the practice of laboratory and plant growing of crystals f;'om solutions, the
sufficiently rapid and accurate determination of the saturation temperature of the
working solution is of substantial importance. For this purpose the "concentration
current method" proposed by A.A.Shternberg is ordinarily used (Bibl.l).

Together with cer.tain advantages, simplicity ;’md relative speed, this method
also has shortcomings. It is difficult to distingﬁish the currents in the solution,
their observation by the naked eye is tiring and demands a certain amount of prac-
tice from the observer. This introduces the element of subjectivity into the es-
timate of the sa.fc.uration temperature. The saturation temperatures found by this
method are also, as a rule, 0.5 — 1°C too low, especially at high rates of cooling
of the solution (over 2 - 3°C/hr) or in working with solutions of marked viscosity.

The method of determining the saturation temperature, from the gate of crys-
tallization, or diffusion boundary layer,.is free from these shortcomings.

A crystal immersed in its mother liquor and not in equilibrium with it (i.e.,
growing or dissolving in it), is surrounded by a thin layer of solution through
which the diffusion of the matter from the solution to the crystal, or from the

crystal to the solution, takes pla'ce'. This layer, called the film or gate of crys-.

talm li—’zm.’t; a regibnna}mtﬁ:;lalt—x—tion with a -nor_xzerc-fc-:—cmcentrat'ioﬁ_ ‘g;m:nif By
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tion inhomogeneity can be eliminated, except for the film of ecrystallization. 'fhe
£ilm of crystallization becomes thinner, but the concentration gradient in it, other
conditions being equal, increases in inverse proportion to its thickness. The con~

centration gradient in the film of crystallization decreases as the solution ap-

£

"~ Fig.l
proaches saturation, and becomes equal to zero at the final saturation of the solu-
tion, when the film of crystallization disappears completely.

By noting the moment of disappearance of the film of crystallization, the sat-
uration temperature of a solution may be measured with an accuracy limited only by
the accuracy of the thermometer or thermocouple used, and the sensitivity of the
optical system of the apparatus.

The film of crystallization, being a region of concentration gradient (meaning

also a region of gradient of refractive index), constitutes an optical inhomogeneity

in the solution. Thanks to this fact, the film may be observed and photographed by

:__ the aid of one of the well known solution-optical systems used to observe the op-

:5_ tical inhomogeneities of transparent media (Bibl.2).

.

-l Use of the elementary grating or raster scheme, known under the name of Tepler

" — system, already yields results sufficient for estimating the saturation temperature

-~ with an accuracy not less than 0.05°C, which exceeds the accuracy of the mercury

I .~ ithermometers.-in- general -use. e e o

© .. ...._Figure 1 shows a scmewhat more complex system which gives, with a shorter op-
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tical length, a considerably larger field of vision, whose angular diameter remains

constant while the image is being focused and the magnification is changing.

Light from the point source S, located at the principal focus of the lens Ol’

falls in a parallel beam on the lens Oy, giving the image Si of the source at its

Fig.2 - Crystal of Ammonium Dihydro- Fig.3 - Photograph Obtained Using Star-
phosphate in Supersaturated Solution. Shaped Gratings. The film is visible
The image of the film of crystalliza- on all sides of the crystal, and its
tion is visible only to the left of laminar structure is also visible. 4 X
the crystal; the concentration current

directed upward is visible. 3 X

principal focus. This image is covered by the sharp edge of the blackened screen R,
so that the white screen E remains darkened. If any optical inhomogeneity is en-
countered on the path of the light from S to Sl, for example at the point A, then
the light, being deflected at this point from its original path, will pass the

edge R and yield the image A! of this inhomogeneity on the screen E, which is placed
in the conjugate focal plane. By placing the transparent cell K with the solution

and crystal between the lenses Ol and 02, a bright image of the erystallization
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film against the dark background may be obtained on the screen E. The image is

formed only by rays deflected to one side of the edge R, and the film of only about

half of the faces of the crystal parallel to the edge R (or almost parallel to it)

« e s 4 ‘,
el
i

is visible on the screen (Fig.2).

When the solution passes through the state of saturation, the sign of the gra-

dient of the film is reversed, and on the
screen there appears the image of the film
around the opposite half of the crystal,
which makes a supersaturated solution
readily distinguishable from an under-
saturated one (this may be used, in par-
ticular, for the purpose of automatically

holding a solution at the saturation tem-

Fig.L — Photograph Obtained Using
perature by the aid of a photorelay de-—

a Slit and Band. The image con-
vice, even if the concentration of the so-

trast is less, but the film is vis—-
lution varies).

ible from all sides. 3 x
The use of optical gratings in this

system makes it possible to observe the {ilm simultaneously from all sides of the

crystal (Figs.3, 4), increases the accuracy of determination of the instant of satu-

ration, permits determination of the difference in saturation temperatures for the

various faces of the crystal (i.e., their solubility), increases the brightness of
the image, and lowers the requirements for lens quality. At the same time, the use

of solutions considerably complicates the adjustment of the system, which is neces-

sary in working with solutions of different substances, concentrations and tempera-

tures, and even with slight changes in the position of the cell. This may be

avoided by using star-shaped or spiral gratings , or by using as the first gra-

ting Ry (Fig.5) a slit of adjustable width illuminated by the condenser 0O, and

a narrow and finely outlined strip 0.5 - 1 mm wide and about 0.1 mm thick as the STAT
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second gra.ting -B.zQ

The adjustment in this case is accomplished by changing the ﬁdth of the slit

and moving the band in two directions, along the optical axis and perpendicula.i* to

the optical axis and the length of the strip.

The sign of the gradient of the film may be determined by placing the pair of
light filters Cl and C2 between the white screen E and the strip (as close as possi-
ble to it) in such a way that the line from the junction shall pass through the op-
tical axis of the instrument parallel to the.band. To obtain the maximum light con-
trast, light filters of complementary colors should be used. With a change of sign
of the gradient of the film, the rays are deflected in it in the opposite direction,
pass on the other side of the strip, and the color of the film on the screen will

change to the complementary color.

Fig.5

Tt must be borne in mind that the sign of gradient of the film also depends on
the position of the crystal face. If the slit and the band are in vertical posi-
tions, then the films on the right and left sides of the crystal have a different
color, other conditions being equal. When the state of the solution changes from
‘undersaturated tc; supersaturated, their color changes in the reverse sequence.

The accuracy of determination of the saturation temperature from the film of
crystallization without mixing the solution exceeds 0,05°C with a focal length of-

not less than 20 cm for the lens 0, and a rate of change of the solution tempera-
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- ture not over 0.2°C/min., By mixing the solution and using a longer focus optical

system, the accuracy may be increased.

This method makes it possible rapidly to measure the saturation temperature of

a solution for the crystal as a whole and for its faces » to determine the tempera-

ture coefficient of solubility, and construct a solubility curve, to maintain a so-

lution automatically in a state of saturation, etc. The image of the film on the
screen is sufficiently bright, and its contrast is sufficiently high,. to assure con-
venience and objectivity of observation and to permit still and mqtion picturé pho-
tography of the processes taking place.

Thé shortcomings of this method include the necessity of having a special op-
tical installation, but this is made up by the convenience, accuracy and speed of

the measurements.
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CRYSTALLIZATION OF VIRUSES -

by
" . V,L.Ryzhkov

The structural elements of virus crystals are not the:{r ions, not their mole-
cules and not their micelles, but living individuals. This puts virus crystals in
a most peculiar position, but there is no internal contradiction in the fact that
biological individuals form crystalline aggregates. It has been shown that, under
certain conditions, even motile rod-like bacteria may associate tc; form crystal-like
formations, reaching 100u in length and 20y in thickness, and externally similar to
the para—crystalé of the virus of tobacco mosaic disease. In such crystal-like bac-
terial aggregates, the distance between the separate individuals reaches tens of
thousands of angstroms, and the diffra;:tion of a ray of visible light passed through

such crystalline aggregates of bacteria may be observed (Bibl.l).

The individuals of which the crystals of viruses are composed are more complex
than molecules, as is clear from crystallographic studies, at the very beginning of
which it was noted that these individuals "are more analogous to protein crystals
than to protein molecules, and their internal order is very considerable" (Bibl.2).

The virus particles of which virus crystals are built up, will be considered
by us as the resting forms of the virus, analogous to the spores, and may be called
virospores (Bibl.3). The structure of at least some viruses-in the virospore stage

has been rather well studied. The virus particles of tobacco mosaic disease have

been investigated in partiﬁé;x_la.rnlgr mgreat, detail (Fig.1l). They are hexagonal prisms,
I - : STAT
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about 3000 X in length and 150 } in diameter. Such a particle consists of hexagonal
platelets 68 X thick, the total number of which reaches 40 in each individual par-

ticle. Each such platelets consists of three rhomboprismatic particles; the side of

a rhombus is 87 ! long. The molecular weight of these elementary units is about

370,000, It was found subsequently, how-

874
/

ever, that elementary units with a molec-

ular weight of about 30,000 are disposed

> Is
N, LY
& ”~ !!. spirally around the axis of the hexagonal

N —g
N

prism (Bibl.4, 5). It must be borne in

50 A=871V3 mind that we are here discussing the

: hyperfine structure discovered by the aid
Fig.l = Structure of a Particle of
of X-ray analysis. The data on the spiral
the Virus of Topacco Mosaic Disease
structure of virus particles discovered by
(Bibl.2)
observation under the electron microscope

are extremely doubtful (Bibl.é, 7). Studies have shown that the particles of to-
bacco mosaic virus look like hexagonal prisms under the electron microscope, and it
has also been possible to observe them in cross-section. '

About 20 years ago, studies of the products of decomposition of the rods of the
tobacco mosaic virus under the action of alkalies were initiated. These studies
showed that the rods break down into smaller particles which, on acidification, can

again assemble into rods of the original size, which, however, are no longer in=-
_ fectious. It has been established as a result of recent electron microscopic
_ studies (Bibl.8) that the rod of the virus of tobacco mosaic disease has a cavity

_ in the center, containing the nucleic acid of yeast (Fig.2). The data of X~ray an-

- alysis are not inconsistent with the idea that the nucleic acid is at the center of

the bacillus of the virus of tobacco mosaic. Thus it may be said that the nucleic

-- acid of tobacco mosaic virus is clad in a crystalline protein sheath. This type of

———r a——— Awee . cer—— - — -

_ — structure is characteristic of other virus particles as well. The virus of yellow STAT
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turnip mosaic is about 190 % in diameter. Under the electron microscope these par-
ticles appear spherical, but, judging from the data of X-ray analysis, they have
tetrahedral configurations (Bibl.9). The nucleic acid of this virus, which is of

the ribose type, is located at the center of the particle. It is surrounded by a

crystalline protein sheath (Bibl.10). The bacterial viruses (phages) contain thy-

monucleic acid, which is also enclosed inside a rather thick protein sheath.

Fig.2 - Rods Formed by the Protein Sheath of Tobacco Mosaic Virus
(Under the Electron Microscope); in Some of the Fragments We See
the Cavities in which the Filament of Nucleic Acid in the Active

Particle Is Located (Bibl.2)

These studies show that the greater part of the virus protein goes for the con-
struction of its sheath, the crystalline structure of which apparently helps to in-
crease the resistance of this sheath against the unfavorable influences of the en-
vironment. The structure of the resting forms of viruses here described forces us
to recall how widely monocellular organisms, as well as the more highly organized
animals, utilize crystalline structures, consisting of either organic or mineral

molecules, to form various types of protective sheaths and armor. In this connec-

tion one might recall the metaphorical remark of Engels that "protein surrounds it-

self, so to say, with its own crystalline mold® (Bibl.ll,p.248). Applying this to STAT
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- _ bridges (Bibl.12)

~

'vi£6533, one might put it in this way: nucleic acid surrourids itself with its own
protein crystalline mold. So or otherwise, life utilizes the crystalline structure,
already at the molecular level, for protection against unfavorable external influ-
ences,

The crystallography of the protein sheath of the virus has been worked out far

I better than that of the contents of virus particles, which

are rich in nucleic acid. But the data of a crystallo-
graphic study of thymonucleic acid are also of great scien-
tific importance, which we cannot fail to mention here
(Bibl.12). In the dry state, thymonucleic acid has a true
crystalline structure, but in its moist state, its structure
becomes paracrystalline. Research has shown that thymonu-
cleic acid consists of two spirally coiled filaments, as
schematically shown on Fig.3. Perpendicular to the axis of

the entire structure are the purine and pyrimidine bases,

the adenine of one filament always being connected with the
Fig.3 - Diagram of the
thymine of the other filament by a hydrogen bridge, while
Structure of Thymonu- .
the guanine is connected with the cytosine by the aid of the
cleic Acid. The hydro-
same bridge. Two purine bases cannot be located opposite
gen bridges, connect-
each other for the simple reason that they would not fit
ing the purine and py- .
into the space made available to them by this structure. If
. rimidine bases of'the
} two pyrimidine bases were opposite each other, then the dis-
. two filaments, are ’
- tance would be too great for any connection by means of a
.__represented in the
_ hydrogen bridge to be possible. The most remarkable pecu~
... form of transverse
liarity of this structure is that it is always coiled in a

- right-hand direction. Both high-polymer preparations of

—-thymonucleic acid and the thymonucleic acid of human and animal sperm, as well as

.;:thé filaments of thymoﬁaéléié acid-which are present in the coiled state in the STAT
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heads of bacteriophages,have a similar structure.

According to a very probable hypothesis, the structure here describeci,_ built
up of nucleic acid, is responsible for the synthesis of the polypeptide chains which

are characteristic for a given form of proteins. This appears with particular clar-

ity with respect to the phage. Phage attaches itself to the bacterial cell by means

of a procesé , its protein sheath remaining outside the bacterium, and only the con-
tent of the phage particle, consisting primarily of thymonucleic acid, penétrates
into the bacterium. By end of the period of multiplication, mature phage particles
provided with dense protein sheaths, are formed in the bacterial cell.

Considering the questions of virus crystallography, one cannot but direct onets
attention to a very important circumstance, which has until now been disregarded.
The origin of the optical asymmetry of living bodies remains unknown, and is very
abstractly explained by the role of some asymmetric space. And yet it is the sub-
microscopic structures of nucleic acid of which this asymmetric space apparently
consists. Pasteur, who first expounded the theory of the asymmetric structure of
living bodies, made wide use of screw structures as an example. It is ~well known
that he distinguished two forms of optical asymmetry, molecular, where each molecule
is asymmetric, and the asymmetry of supermolecular structures which may be the re-
sult of the combination of optically symmetric molecules (Bibl.13). The spiral
formed by thymonucleic acid, as it were, belongs to this second category. Here it
is not the individual comp&nent elementary units that are asymmetric (if we do not
consider the optical asymmetry of the desoxyriboses in the composition of the in-
di;ridual nucleotides), but the entire structure, as a whole, is asymmetric.

It might be postulated that it is precisely the asymmetric structures here con-
sidered that assure the selection of molecules of amino acids of some definite op-
tical activity. The amino acids of the opposite optical activity, even if they
were synthesized by the organism, could have been rapidly destroyed by the ferments.

It is well known that' ferments destroﬁng ;wnnatu::al ‘amino acids are widglyai;-“
" - T . T STAT
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~ tributed in living bodies. Their presence in the organism up to now remains a well-
¥nown enigma for biochemists.
Let us return to the conditions of crystallization. The question as to these

conditions must first of all be considered with respect to the virus particles them-

selves, for wh'ich, as we have seen, a crystalline structure has been demonstrated in
a number of cases. The entire process of formation (or, if one prefers, crystalli-
zation) of these particles takes place within the cell, and therefore we know very
1ittle about how it proceeds. It is essential that together with the active virus
particles, inactive virus particles are also isolated from the tissues of a diseased
plant or from bacteria invaded by phages, and also from the tissues of an animgl
suffering from a virus disease., These ina:ctive particles differ from the active
particles by not containing nucleic acid. This is a sheath without its contents, or
so to say vacancies. Such vacancies of tobacco mosaic virus, and of yellow turnip

mosaic virus, have been subjected to crystallographic investigations. X-’ra.y analy-

sis has shown each inactive virus particle to have a cavity inside it, which col-
lapses when the particles are dried. The size of this inactive particle depends on
the quantity of water absorbed by it, which, naturally, is not observed in active
particles, in which the cavity is occupied by nucleic acid (Bibl.14, 15). We do not
know how the sheaths without contents are formed. Perhaps they originate when the

miltiplication of the virus stops, but the “packing mechanism", for some reason or

the other, still continues to operate. Here we must, however, recall that, if we

. are speaking of nucleic acid, then it is not excluded (and we think, it may even be

. supposed) that a small quantity of the protein of the virus itself, not the protein

— of its sheath, is connected with this nucleic acid, Our idea of the role of the

- protein compounds in life is so firmly grounded that we cannot imagine life in the

form of nucleic acid alone. If we are always thinking of nucleic acid, it is only

.- = N

_ ~~because we are still unable precisely to demonstrate the presense of protein in the

—n . ——————— oy~ 5 ——— —— - ~————

—structures within the virus particle. One should obviously speak of a nucieopr[:téin, STAT
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very rich in nucleic acid.

A large number of attempts to recrystallize v;Lrus particles (Bibl.16, 17) are
known, and we have already mentioned some of them. Both the products of the disin-
tegration of the bacilli of tobacco mosaic virus under the influence of caustic al-
kali or ultrasonic waves, and particles of inert protein. or "vacuoles", may aggre-
gate, under the action of a shift in the pH toward the acid side, into rods of
length corresponding t.o that of active virus particles. It has recently been possi-
ble apparently also to restore active virus particles., The scheme of the experiment
leading to such resynthes:';s , was as follows. By the aid of weak solutions of caus-
tic alkali, a virus protein without nucleic acid is prepared, and then the mucleic

acid is isolated by the aid of dodecyl sulfate. These two preparations, separately,

have no virulence whatsoever. But if the two preparations are combinéd, and the

mixture is acidified, then polymerization of the protein is observed, and a small
percentage of the original activity of the virus is restored. The results of this
experiment are usually interpreted to mean that in a small percentage of cases it is
possible to resynthesize the virus particles with nucleic acid, surrounded by a
crystalline protein sheath. Such a resynthesis is not particularly understandable,
and has not been rigorously proved, since the polymerization of the "vacuoles" pro-
ceeds, even witheut the presence of nucleic acid, and it is not entirely clear how
the filament of nucleic acid penetrates into these vacuoles. It seems to us that
these experiments also admit of a different interpretation, according to which it
is necessary for infection that both the protein sheath and the filament of nucleic
acid shall be in one and the same cell. It is possible that the infectiousness may
be restored if the two components, independently of each other, meet by chance in a
single cell, and perhaps this may be assured by the adhesion of the nucleic acid
filament to the outside of the protein “vacuole®, It has recently been demonstrated
that if the crystalline protein sheath is removed from the particles of tobacco mo-

saic virus, then their contents (mainly consisting of filaments of yeast mucleic

STAT
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- acfd)nrihin a certain infectiousness even without; the sheath. This infectiousness,
however, is rapidly lost by filaments of yeast nucleic acid without sheaths, which

once again confirms the protective role of the protein sheaths (Bibl.16, 17).

Table

Change of Interparticle Distance in Virus Crystals

Distance between -
Size of Particles, &
Particles .
A In Dry In Moist
State State

Shrub dwarfing 255=-270 272 . 332
Yellow mosaic of turnip 193-220 228 306
Tobacco necrosis 130-166 157 179

Tobacco mosaic disease 2800-3000 152 175

The conditions of formation of crystalline aggregates out of virus particles
have been studied somewhat better. Only well purified viruses usually crystallize;
and often the purification of viruses from the pigments in the plant tissue in-

volves great difficulties. For the crystallization of the viruses, the attainment

of a certain degree-of concentration of the suspension of virus particles is also

necessary. Crystallization is usually conducted under the conditions of addition of

ammonium sulfate and acidification of the liquid to a pH which still remains some-

what higher than the isoelectric point of the virus. For various viruses, the con-
itions of crystallization are different. It may be said in general that the pre-

_cipitation of phytopathogenic viruses requires the attainment of about 0.2 of satu-

rration with ammonium sulfate.

— Bernel has developed methods permitting the X-ray Wis of individual virus

_. crystals in their mother liquor. The virus of tobacco mosaic disease forms spindle-

-~ shaped pa.racrystals rea.chmg 4Oy in length. They are anisotropic. The paracrystals

--of the virus of orange mosaic disease of the cucumber (Cucumis virus 2) are ent:\.reIST AT
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similar to them. The crystals of yellow turnip mosaic virus are isotropic and con-
sist of octahedra reaching a diameter of 0.1 mm, The crystals of virus of the
‘dwarf tomato shrub (Lucopersicum virus 4) are dodecahedra, and are isotropic. The
forms of the crystals of tobacco necrosis virus are highly polymorphic (Fig.4). Its
virus forms prisms, hexagonal and pseudohexagonal plates (Bibl.18). As a result of
a year-long process of growing, it was possible to obtain erystals of this virus

L.5 mm in size. They may be called the giants among virus crystals (Bibl.19).

Fig.4 - Crystals of Tobacco Necrosis Virus under the Electron
Microscope; the Packing of the Individual Virus Particles Will

Be Seen (Bibl.10, 19)

X-ray analysis has shown that all virus crystals contain water of crystalliza-~
ion, as will be seen from the Table of Hodgkin (Bibl.20).

Tt will be seen from this table that the crystals of yellow turnip mosaic are

QE; riches: in water. On drying, the distance between the particles decreases by 78 R,

242
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while the crystals of tobacco necrosis, which are poorest in water, show a decrease
of only 22 ! in this distance on drying.
The polyhedral corpuscles encountered in the virus diseases of insects, for in-

stance in the jaundice of the silk worm, are of great interest in this respect. The

polyhedral corpuscles in silk worm jaundice were the first virus formations studied

crystallographically. Panabianco studied them in detail as far back as 1895. The

rather complex structure of these crystalloid formations is rather well known to us
today. 'They have a thin protein sheath and a crystalline protein matrix, containing
inclusions of rod-like particles of virus. These particles are about 3000 & long
and about 400 } in diameter, The amino-acid composition of the proteins of the
sheath, the matrix, and of the virus particles is different (Bibl.21). The rela-
tively large size of the polyhedral particles make them fairly available for inves-
tigation, although they do consist of rather complex formations. The principle of
their structure, however, is the same as that of the smallest resting forms of
virus, The virus particles are encrusted in the protein crystal. These structures
are so plainly of biological advantage that their very existence makes the hypothe-
sis of the non-living nature of the viruses improbable. Panabianco wrote that he
had succeeded in precipitating a polyhedral protein in the crystalline form by acid-
ifying its solutions in sodium acetate. No one has yet succeeded in repeating the
Panabianco experiments,

The crystallization of viruses, as we have described it, proceeds under bio-
logical conditions. In the protoplasm, one does 'not encounter either such high con-

centrations of salts or such an acid reaction of the medium, as when the crystalli-

: zatioh of viruses takes place in vitro. In the cells of plants affected by various

"__diseases , however, one does encounter viruses in the crystalline form, and this
_raises the problem of the conditions of crystallization of viruses within the pro-

<«

--toplasm., The virus crystals of tobacco mosaic disease have been extracted from the

_ceﬁs in“a;—ffgien- ;ta-i:;, after which the):r were fixed and studied under the elec-
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tron microscope (Bibl,22). It was shown by this method that about a third of the
voimne of the crystal consists of water, while the remaining part consists of virus

particles. In vitro we observe only paracrystals of tobacco.mosaic virus, while in ~

protoplasm it forms true crystals.

Our wox"k, and that of our associates (Bibi.23, 2L, 25), throws a certain amount
of 1light on the conditions of crystallization of viruses in-the protoplasm. We have
shown, for instance, that if a tomato is érown in solutions of red soluble strepto-
cide, then the streptocide is ‘deposited in the form of crystals in the protein

~ clumps of the protoplasm of the cells of the root hairs of the tomato. With the
slightest damage to the cells, the crystals of streptocide dissolve just as the
cells of the Ivanovskiy cells (.crystals of tobacco mosaic virus) dissolve when they
are damaged, It is well known that the crystallization of a virus is often con-
nected with amorphous formations (for example, ameboid corpuscles in tobacco mosaic
disease), These amorphous formations apparently contain not only the virus, but
also protein substances of the protoplasm of the plant itself. The forméltion of
gels in the protoplasm under the influence of the virus creates centers of attrac-
tion of the virus particles and of crystallization of the virus.

It was shown, further, that the paracrystalline structures of tobacco mosa:fc
virus easily arise in solutions of hydrophyl colloids (sta.pch paste, water glass,
etc.). In the 'protoplasm, the virus particles interact with the hydrophyl colloids,
and this may favor their segregation, leading to the aggregation of virus particles.
Finally, we have observed that if a drop of a suspension of virus particles is in a
stream, then liquid crystals of virus easily arise in it, Protoplasm is in constant
motion, and the currents of protoplasm may favor the regular orientation of the
virus particles and thereby create foci of crystallization.

- We have given a brief survey of the conditions of formation of crystalline
virus particles, and also of their crystalline aggregates., We have glanced at the

) world of exceedingly peculiar r;i—a;ibﬁs:' to which it will hardly be easymto W

2
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otm—tz-ohzépts of iiving and nonliving, developed before the discovery of the world of
viruses. The problem of viruses occupies the center of the attention of biologists,
and is an important problem in natural science. Virus particles are used not only
for studying the problems of variability, reproduction and ontogenesis on the molec-
ular level, but also for the solution of such purely physical problems as the ques-
tion of the attraction and repulsions of particles at a distance. Viruses still re-
main the simplest forms of life, morphologically and chemically, which are known 't.o
biology, but at the same time they form the most peculiar crystals the crystallo-
grapher has ever encountered. Perhaps, although only for this reason, they deserve

more attention from crystallographers than they have been given up to now.
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SOME QUESTIONS ON THE KINETICS OF CRYSTAL GROWTH

by
V.A.Koptsik

1. The Introduction of the Linear Parameters of Crystallization

We shall term linear parameters of crystalllzatlon certain quantities of di-
mension of length lj, in terms of whlch the total surface, volume and mass of the

erystal at any time t may be expressed:

S=Shk(t), V=VI[L(t), m=m[L()] (1)

After the .initial period of regeneration of the crystal éeed, a time usually
arrives when the crystal grows in the form of a convex polyhedron with a relatively
- small number of faces,
- For such a crystal the form of the functions (1) can be obtained wit}; relative
. ease by using the crystallographic data obtained on the basis of the law of constant

-~ angles,

R Thus, for the case of crystals of potassium orthophosphate, KHZPOI’, the usual

— e

;. — form of which is composed of a comblnatlon of the faces of a tetragonal prlsm and a

1" dlpyramid (Fig.1), we get.

pas,uad—a-,
n::p(i 36a’h —0,624a3),
=p(2 T2ah S5+ 1,366 5% 1,864 ="“)
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For crystals of resorcinol, Céﬂa(OH)z’ the form of which is composed of a‘com-

bination of rhombic prisms and two dihedra (Fig.2), we have

; T S Z260ac 19974,
~ m =p (0,59 a% — 0,14 %), (3)

i de de
: —‘"'7'-=.p(1,18ac—0,42a’)-‘—‘-+0,599a’7

For crystals of rochelle salt, KNaChHhoé . tho, Tormed by a combination of

rhombic prisms and three pinacoids (Fig.3) we obtain in the same way:

§=0,535* 4 2,85 be,

m = 0,53 pb*c, .
dm de .
—d—‘—"—- 0,53pb’ﬁ-+1,wpbc —“—..

Figure L shows the apparatus used _by us for growing rochelle salt crystals un-
der dynamic conditions (see also Fig.2, page 259). A substantial part of the appa-
ratus is the cathetometer with a vertical scale and a horizontal scale 3 the accuracy
of the readings with both verniers is 0.02 mm. This cathetometer permitted the
measurement of the parameters l; without disturbing the crystallization conditions.
Similar apparatus was used by us for growing crystals of potassium orthophosphate
and resorcinol as well,

The sizes of the KHgPOh crystals, in view of the short dura-tion of the experi-
ments (several minutes) were measured by a micrometer with accuracy of 0.0l mm only
twice, at the beginning and end of the experiment. The sizes of the resorcinol
crystals were determined by comparing the crystals with scales placed close to them,
A graphic correction of the data so obtained at two points (results of measurements
of crystals by the micrometer before and after the conclusion of the experiment )

permits their accuracy to be estimated at 0.5 mm.

1
i

2, Some A.rimental Results L e

The experiments on the crystallization of rochelle salt were staged with a
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0 e .
- msthodological object in a student special practical course given by the Department

S

of Crystal Physics at Moscow State University. The crystallization was conducted in

the temperature range of 20 - 35°C on the apparatus described in the preceding Sec-

S

e B B\

Fig.1l - Crystal of KH2P0 . The angles
“between the normals to the faces of
the tetragonal prism a {100} and the
dipyramid p {101} : (d,}) = 46056

Fig.2 - Crystal of Resorcinol. The angles
between.the normals to the faces of the
dihedron r {101} , the rhombic prisms

m {110} , n {120} and the axis a; (f,3) =
= 42°191; (f,3) = 6193115 (£,3) = 59°17!

tion. The seed crystals used were well-shaped crystals attached to a stationary

platform; the mean rate of mixing of the solution with the stirrer was 80 - 100 rpm.

On the conclusion of the period of regeneration, the linear dimensions b and c¢

-of the crystals were measured every half hour by the aid of the cathetometer, and

;:'—'.:the surface and mass of the crystal were calculated by eq.(4). Figures 5 and 6 give

::_ the results of the measurements and calculations for five experiments; the sub-

<¢._ scripts of the corresponding letters denote the experiment number. The mean rela-

:._.tive supersaturation in experiments 1 - 5 (0,01L; 0.020; 0,006; 0.0L0 and 0.006 re-

L spect:i.vely) were maintained during the time of growth by appropriate lowering of the

4. temperature. - . - .-

{« .—Analyses of these data show that the velocities Aps A, and dm/dt, according to

29,
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(- —— . —— . o e e e e
the theory, depend linearly on the supersaturation., At low relative supersatura-

tions (<0.01) the velocities A and A, are practicz;.lly equal; at elevated super—

Fig.3 - Crystal of Rochelle S;Z.Lt.”.“&ngle's be't'v;een the normals
to the faces of the pinacoids a {100} s b {ow0} s C {oo1} and
the rhombic prisms p {110} , P, {210} : (p/,\a) = 390431

(fpa) = 220351

saturations, a distinct tendency to the more rapid growth of the velocity Ay is
noted; in experiments 1 and 2, the mean velocities Ap (1.0 and 1.8 mm/hr) are 2.5

times as great as the mean velocities Age

If the graphs we have presented are available, it is possible, by controlling

the supersaturation, to realize crystallization conditions at constant linear ve-
locities of growth of the faces, which best correspond to the conditions for ob-
taining uniform crystals. In this case one may assure considerably higher veloci-
ties of crystal growﬁh than those used in technology under similar conditions
(Bibl.1,2), 1In our experiments, the mean ;relative supersaturation calculated per
square centimeter of growing surface (0,002 - 0,004 cm™2) was two or three times as
great as the recommended value (Bibl.l), It likewise proved possible, in order to
accelerate the initial period of regeneration and growth of the crystal, to permit
for a short time (about an hour) even considerably highér relative supersaturations
(0.007 and 0.013 cm™2 in experiments 1 and 2). ]

Let us evaluate the sensitivity of this method of control of the linear par-
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ameters of crystallization. The curve of dmz/dt given on Fig.6, constructed by

araphic differentiation of the curve of mz(t), has a characteristic stepped form.

Constant velocity dm/dt is reached under the condition g S;(t) A;(t) = const, i.e.,

under the condition of the monotone decline of the velocities Ai(t).

Fig.4 - Automatic Laboratory Apparatus-for Rapid Growing
of Crystals from Solutions:
1 - Crystallizer; 2 — Heater; 3 - Contact thermometer;

L - Relay; 5 - Ulectric motor; 6 — Cathetometer

To the first flat part of the curve there corresponds a sharp fall in the ve-
locity Ay (see Fig.5), connected with the removal of the excess supersaturation,
assigned during the initial period of growth; to the second flat region corresponds
the natural removal of supersaturation on account of the growth of the crystal, The
two rises with which the curve ends correspond to an increase in the relative super-
saturation of the solution by 0.00L, due to the twice repeated lowering of the tem—

perature by 0.1°C (after five hours and six and a half hours of growth), Experi-
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ence shows that a half-hour time interve;l is entirely sufficient to determine, from
the character of the kinetic curves, the variations that have taken place in the sys-
tem and to introduce the necessary corrections if required.

Let us pass to a description of the results in growing single crystals of po-
tassium orthophosphate. With the object of studying the influence of various fac~
tors under kinetic crystallization, we staged a series of experiments in which we
varied, as far as possible, only a single parameter, holding the others constant.
Table 1 presents the necessary information.

In experiments 1 - 8!, the crystal seeds used were crystalline spheres, while
in experiments 9 - 13!, they were shaped crystals. The seeds were introduced into
system with already assigned supersaturation. In the experiments not denoted by a
prime, the crystals were given a planetary rotation, in the others, an axial rota-
tion, and in experiment 10%, the crystal was not rotated. In the last two colums
of the table we give the mean velocities Am/At, determined experimentally from the
known difference of weight Am and difference of the crystallization time At, and
those calculated theoretically by eq.(2), for the case of the growth of a crystal on
a full-face crystal seed, and by the formula

dm dh da de
7‘-=9(1,36¢‘ + 0,86 a? T +3,14a’7ﬁ-) (5)

for the case of growth on a sphericai seed, where dc/dt is a certain mean linear

velocity of regeneration of the sphere. The good agreement between the two series

. of figures permits us to hold that formulas of the type of eq.(2) or eqg.(5) re-

- spect:wely, are suitable for descr:.b:mg the kinetics of crysta.l growth at any stage.

- Analysis of the data of the table shows that the most poweri‘ul factors influ-

- encing the kinetics of crystallization are the structural facts determining the

— form of th‘e'surfa.ce of the phase transition, and its free surface energy in the

: - given solution. Indeed,' the velocities of growth of the crystal during the per:Lod STAT
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of_i;’égenération are tens of times greater than the velocities of growth of a sﬁipéd'
crystal (Fig.7). The decrease in growth with time is connected with the growth of

Table 1

Data on the Kinetics of Growth of KHZPOI;. Crystals

d) e)

em|min 108

AasjAt,

0,427 0,010 0,016
0,400 0,018 {0,037,
0,362 0,013 10,057
0,392 0,021 0,414
0,430 0,010|0,013
0,395 0,014}0,033
0,304 0,006 | 0,040
0,393 0,011 10,069

-
00 O = Q00O M

o

0,478 0,001 10,020
0,454 0,016} 0,088

7 0,33 |0,001|0,020
8 0,346 0 {0,067
7’ 8 0,323 |0,002|0,017
8 0,396 0 {0,046
9 48 0,465/0,533| 0 [0,035|
10 0 0,465 | 0,568 | 0,002 {0,056.

400
280
400 |
450
340
3o
350
187

000898

534 | 446
239
494 | 449
587 | 540
266 | 268
247 | 284

,46410,046 | 0,094

g
g8

11 { 0,380

19 78 0,397 0,425 0,025 | 0,052

12 0,449 0,533 | 0,036 | 0,070

3] - 0,444 [ 0,558 0,043 | 0,081
0
0

i

]

(=4
%5
o

12 0 0,440 0,478 {0,007 | 0,060
13’ 0.422|0.477 0,004 {0,075

<8B3
E8%

a) Experiment No.; b) Relative supersaturation; c) Rate of rotation, rpm;
d) Initial dimensions of crystal; e) Growth by end of experiment; f) Mean
velocity of growth; g) Mean velocity of growth of mass, Am/At, gm/ndn;

h) 105 x Experimental value; i) 10° x Theoretical value

the faces, with the greater surface energy, and with the decrease, in this connec-

’ tion, of the total surface of the growing crystal and of its free energy calculated STAT
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0
.. per unit mass (the total form of the KHZPOh crystal consists only of the combination

of a tetragonal prism and a dipyramid). It is interesting to note that the linear

velocity of growth of the faces of the dipyramid is several times greater than the
" velocities of growth of the faces of the prisms. In a number of cases, after

10 - 15 min from the beginning of crystallization, the faces of the prisms practi-

cally stop growing, in spite of the existence of a finite supersaturation oi: the so-

lution.

‘b'. :‘ em, ""i ony/min -5‘5 X /-mqu;

s

aa

) Z, min
Fig.7 - Variation of Linear Parameters a, h during Growth of

) KHZPOA Crystal in Experiments No,l-4; the Curves of )‘h and Ka

Were Constructed by the Graphic Differentiation of the Curves

h(t) and a(t); the Curve of dm/dt Was Constructed from Table 1

As will be easily seen, the strong influence of the structural factors on crys-

- tallization masks the expected linear dependence of the velocities of growth on the

supersaturation. At the same time, the existence of a dependence of the velocities

— of growth on the rate of mixing of the solution {compare the data of éxperiments 1 STAT
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- L and 1% - 47, 9 and 10%, 8 and 9, 11 and 12) confirms the fact that crystalliza—

tion is accomplished in the kinetic region. It is interesting to note that this de-

pendence is not observed during the initial period of regeneration.

Thus, in the kinetic experiments, the only quantities that are fully comparable
are the statistical mean values or results relating to one and the same crystal, pro-
vided the measurements are made without disturbing the crystallization conditions.

In the case of resorcinol, an extremely strong de;pendence of the kinetics of
crystal growth on structural factors ‘is observed., The experiments on growing re-
sorcinol from aqueous solutions, each lasting from 10 to 158 hrs, were run at tem-
peratures from 42 to 22°C at relative supersaturations of the solution ranging from
0.005 to 0.15. The crystal seeds,of mean size 0.5 - 1.0 cm, were rigidly attached
to the platform or crystal carrier; the s.olution was mixed by a stirrer at a speed
of 60 - 80 rpm.

Under these conditions we found that the linear velocities kc , measured in op-
posite directions along the ¢ axis, differ by one order of magnitude; sometimes the
crystallization in one of these directions stops completely, in spite of the exist-
ence of a finite supersaturation of the solution, At small relative supersatura-
tions (<0.02), the velocities A_ and the maximum velocity A, are approximately
equa.l (about 0.5 mm/hr). At elevated supersaturations, there is a vigorous growth
of the crystal along one oi‘ the directions of the ¢ axis, accompanied by absorption
of the mother liquor, at a velocity of 1.5 - 2.5 mm/hr. Under the same conditions,
however, the pyramids of growth of the faces of the prismatic belt remain pure,
since the velocities As of the order of 0.7 mm/hr, show almost no increase,

We note that the data here presented makes no claim to being an exhaustive de-

scription of the entire group of phenomena that accompany the growth of crystals.

They are intended rather to illustrate the character of the conclusions that may be

drawn on the basis of a control of the linear velocities of crystal growth, and to

appraise the possibilities of this method. Additional material on this question STAT
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_will be presented in other papers of this series.
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EXPERIENCE OF THE WORK OF THE STUDENT PRACTICAL COURSE IN THE TECHNOLOGY

OF ARTIFICIAL CRYSTAL GROWING

by
‘N.L.Pokrovskiy

In connection with the necessity of training specialists in ‘crystal physics,
who are also acquainted with the technique of artificial erystal groving, a special
practical course on crystal growth was organized in the department of crystallogra-
phy, which was organized in 1953 under the Faculty of Physics, Moscow State Univer-
sity. This article is devoted to a description of its work.

The practical course consists of two groups of problems, the first connected
directly with the technology of artificial growing of crystals from solutions and
melts, and the second devoted to the study of phase transformations.

In organizing the practical course, we attempted, on the one hand, to utilize
the principles and procedures of industrial methods of producing crystals, and on
the other hand we also attempted to have the students accumulate new experimental
data which might be the object of short scientific papers.

Tasks of the First Group. Let us consider the problem in which the technique

of construction of a solubility curve is expounded. As applied to this problem, the
method of shadow projection is very lucid and graphic, and makes it possible to get
a clear idea of the conditions under which the growth of crystals is possible, This

method allows the observation, in definite sequence, of the so-called concentration

currents of dissolution and crystal growth; their disappearance, consequently, cor-STAT
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0
responds to the condition of dynamic equilibrium, when the velocity of dissolution

and the velocity of growth of the crystal are equal.

Figure 1 shows a schematic diagram of apparatus on which the concentration cur-
rents are observed, It is extremely simple and may be accomplished by ordinary
means., The ray from the point light source S, passing through the lens L;, forms a
homogeneous beam, On its path is placed the plane~parallel cell G with the test

Fig.l - Optical Diagram of Method of Shadow Projection

!
—A .
,,//,// I Y 7 .

Fig.2 -—Schematlc Dla.gra.m of Crysta.lln.zatlon Apparatus for Gr-om.ng

. Crystals from a Solutlon

1

. solution. In the solution is submerged a crystal of the salt, whose solubility is

~-determined. The lens L, forms an image of the lamp filament in the plane of the

— slit N. Under this condit:fof{, any inhomogeneities in the test solution, and, in’
R B AN

1
T
H
i
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" particular, any concentration currents around the crystal placed in the solution,
will cause a bending of the rays of light, which are focused by the lens 13 on the

screen F, As a result we get on the screen F an inﬁge of the crystal and of the in-
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‘Fig.3 -~ Kinetic Curves of Growth of a Fig.4 - Kinetic Curves of Growth of
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®

Rochelle Salt Crystal; 1,2 -~ Variation Rochelle Salt Crystal; Increase of

of Linear Dimensions of Crystal Along Its Surface 1, Volume 2,and Weight 3

b and ¢ axes; 3 - Variation of Concen-
tration of Rochelle Salt Solution with

Time

The saturation temperature is determined more sharply from the extinction of

the crystallization "film", By this method the saturation temperature is determined
with accuracy ¥ 0.2°C,

g

’ Mﬁif-—d:ia on the s&iu—bi-lity of the salt under study are available, we proceed to

- -
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0 . ’ .. .
—..the growing of the single crystal. In this case we take the kinetic curve of its

-

growth, Figure 2 schematically represents the crystallization apparatus. Its de-
sign is not original, but represents on a small scale one of the modern crystalliza-
tion plants with "isothermal® insulation. Such installations (Bibl.l, 2) which ap-
peared 10 or 15 years ago, are not built on‘fhe principle of adiabatic insulation of
the system, but on the principle of the constant relation between the heat flows
brought into the system and those taken out of it.
The principal parts of our apparatus are as follows:rthe crystallizer 1 with
" the platform for attaching the crystal 2, the heater 3, the block for feeding the
entire apparatus and regulating the temperature 4, connected with the contact ther-
mometer 5 and the relay 6, and the electrically driven stirrer 7. The cathetome-
te; 8 performs very substantial functions in our crystallization apparatus. By its
aid we take the dimensions of the growing crystal., The presence of a cathetometer
in the apparatus permits us to depart from the usual qualitative observations of the
growth of crystals and to pass to quantitative measurements. Figures 3 and 4 show
kinetic characteristics of the growth of a single crystal of rochelle salt, plotted
from the data of one of the student projects. From these curves definite conclu-
sions can be drawn on the linear velocity of crystal growth, and one can judge the
quantity of substance passing out of solution into the crystalline phase, the total
surface in weight of the crystal, and the variations in the concentration of the so-‘
lution., Our attention is struck by the difference in the linear velocities of
.__growth along the é and b axes, While the linear velocity of growth in the &irec-
>“;:tion'3 is constant (Fié.B, curve 2), on the b axis it is, in the first place, some-
" what greater, and ‘in the second place it is not constant (Fig.3, curve 1). On our
;_apparatus a series of experiments on the crystallization of rochelle salt was run by

-- the students. The experimental results obtained were worked up and have been pre-

-~ sented at this Conferencest,

v miaea = sa——— e MG e s = e ot At v ———— -
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——*_§gg_in this symposium the paper: V.A.Koptsik. Some questions (Cont'd on next page)
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To familiarize the student with the technology of growing single dérystals from

a melt, the practical course disposes of apparatus based on the Kyropoulos method
(Bibl.Z). In a relatively simple experimental shape, tais method assures the pro-
duction of very perfect crystals of large size. As in the first problem, we at-

tempted to bring our apparatus close to the most modern prototype. We succeeded in

& K |

Fig.5 - Apparatus for Growing Crystals from a Melt

by the Kyropoulos Method

constructing such an apparatus, based on a design developed at the Institute of

Crystallography. The photograph of the apparatus (Fig.5) will give a sufficiently

complete idea of it. The apparatus has a device for rotating the cooler together

with the growing crystal. Under this condition the irregularities of the tempera-

e
# (Conttd) of the kinetics of crystal growth.
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T ture field around the growing crystal have less of an effect. The temperature is
maintained by an automatic electronic heat regulator with an accuracy of £ 2 - 3°C.
The clockwork mechanism adopted by us to the heat regulator permits a programmed
lowering of temperature during the process of crystal growth. On this installation
\ the alkali halide crystals of KC1 and KBr are

grown,

Besides these installations, the practical

course also disposes of an extremely simple ap-
paratus according to the Obreimov-Shubnikov

method for preparing single crystals of the
i

low-melting metals Zn, Sn, etc.
Fig.6 - On the Question of the

The problems on growing crystals include
Study of Phase Transition of
the preparation by the A.V.Shubnikov method
the Second Kind
(Bibl.3) of piezoelectric textures on a metal
1 - Heating curve of nickel and
base. The preparation of this type of piezo
copper specimens, measured by a
elements requires no special apparatus what—-
differential thermocouple; .
ever. But only the careful performance of the
2 - Heating curve of a nickel :
corresponding operations will assure the ex-
specimen measured by a simple
perimenter of obtaining piezo elements of the
thermocouple. Point A corre-

required quality. The final part of this
sponds to the beginning of the .
problem, after the texture has matured, con-
transition of nickel to the
sists in testing the piezo elements so pro-
paramagnetic state (Curie point)
duced.

For studying certain features of crystal growth the students are instructed to

stage experiments on microcrystallization. Using the microscoi:e for this purpose,
T the processes of crystallization in a drop are observed under ordinary and polar-

_ ~"ized light. In these experments the process of formation of solitary crystals can

-~ be obierved, ‘c.he mfluence of undercoohng on the shape of the crystals can be fol—
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1&;&&,‘the formation of tﬂe textures there arising as a result of the action of the
wlaw of geometrical selection" can be seen, and the student can becoﬁe familiarized
with the phenomena of polymorphism from the example of ammonium nitrate. The number
of such extremely instructive expériments is very great and varied (ﬁibi.l, L, 5).
Here we have indicated only some of them. As objects of study for these purposes,

many low-melting organic substances may be used (thymol, salol, paratoluidine, cou-

marin, resorcinol, naphthalene, and many others). Salol can be partiéula;rlfy recom-

mended for these experiments.
The problems of the second group begin with the study of the technique of con-
structing phase diagrams from the example of a system phenol-water. In spite of the

simplicity of the technique of doing this problem, this system combines very impor-

tant elements of the phase diagrams, such as, for instance, the presence of a eutec-
tic, the limited solubility of the participating cormonents, and other important de-
tails. '

In the next problem the students become acquainted with the method of taking
heating and cooling curves by the aid of a Kurnakov pyrometer. The phenomena accom-=
panying the process of transition from‘the liouid state to the solid state, are par-
ticularly clear and striking in studying the heating and cooling curves. These
curves distinctly show breaks corresponding to the temperaturés at which the various
phase transitions take place.

In recent years the method of taking heating 'a.nd cooling curves has become an
independent field of scien;:.ific research, which is known as thermograpny (Bibl.6).

The Kurnakov pyrometer (Bibl.7) has played an jimportant part in its development,

and the constant improvement of this instrument over the course of more than 15 yrs
led in 1952 to the creation of a small PK-52 apparatus which does not require a
special darkened room (Bibl.8).

We have used the Kurnakov pyrometer for the solution of the simplest problems

of phase analysis. They include the taking of heating and cooling curves on tran-

264 ) STAT
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“"sition from a liquid state to the solid, and a study of the polymorphic transforma—~
tions during the processes of dehydration.

Of interest is the attempt to utilize the Kurnakov pyrometer for investigating

what are called phase transitions of the second kind, which, in contrast to phase
transition of the first kind, are not accompanied by thermal effects. They include,
for example, the transition of a ferromagnetic substance to the paramagnetic st

ate,

of ferroelectric substances to dielectric substances, and a number of other phenom-

ena.

@0)

Fig.7 - Schematic Diagram of Calorimetric Installation

To elucidate this type of possibilities, we made use of the data of Sykes and
. : Moser (Bibl.9), who found that, in the region of the Curie point, the heat capacity
_ of nickel actually does pass through a distinct maximum. Thus, if we take two

:;__ specimens, one of which is nickel, and the other, for instance, is copper,

and their

. _ masses are so selected that the rates of heating shall be as equal as possible, then

: _in the region of the Curie point (357°C),

the rate of heating of the specimen should

:. - decrease sharply owing to the jnerease of its heat capacity. This change in the

c: _ pate.of heating of the nickel specimen was registered by us by the aid of a differ-

i_,. mig:l_thermocouple (Fig.6). Any desired metal may be used as the standard speci-

STAT

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/07 : CIA-RDP81-01043R004200090004-8



Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/07 : CIA-RDP81-01043R004200090004-8

e — N
" men, provided that it does not itself undergo any transformations in this tempera-

ture region. One of the exercises in the problem with the ‘Kurnakov pyrometer is

precisely the determination of the Curie point for nickel.

The thermographic method makes it possible with considerable accuracy to deter-

mine, in most cases, the temperatures at which one phase transformation or another
will take place, As for the quantitative determination of the values -of the heat
effects, this may be most reliably done in a calorimeter. One of the problems of
our practical course is devoted precisely to this tecimique. Of the existing types
of calorimeters (Bibl.10), the calorimeter with isothermal shell (Fig.7) is the
most suitable for our purposes.

The calorimeter consists of a thin-walled copper cylinder 1 which is placed on
a heat-insulating base on the bottom of the cylindrical shell 2, which has d;mble
walls, To decrease the heat exchange with the surrounding medium, the calorimeter
shell is filled w:i:th water the temperature of which is held constant during the ex—
periment (25°C). To satisfy this condition, the worm 3 is provided inside the ther-
mostat, and water is circulated through it. The temperature of this water is like-
wise held‘ at about 25°C, with accuracy + 0,019C, by the aid of the thermostat 6. In
addition, to decrease the heat exchange, the calorimeter is provided with the hard

rubber cover 7, and its outer surface is given additional protection by a wooden

shell. The Beckmann thermometer 4 is used to measure the temperature of the calor—
imetric liquid, By the aid of the optical reading tube 5, the variations of tem-
perature may be evaluated with an accuracy of * 0,005°C. The students do two exer=
cises, determination of the integral heat of solution corz;esponding to the condi-

tion of an extremely dilute solution, and determination of the heat of crystalliza-

tion of hyposulfite.
A number of members of the Department of Crystallography took part in the es~-

tablishment of the practical course. Valuable suggestions were made by G.G.Lemmleyn

ariculv }:X:Izc;tsik A7 :Izrailénkt;, M.M.Prokhorova, V.I.Stepanova, D.I.Tis.sen, and
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“TV.N.Petisova directly formulated the problems under my supervision.
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CRYSTALLIZATION OF ADHIITURES.ON THS SURFACE OF A CRYSTAL
THVESTIGATED BY MEANS OF AN SLECTROKN ATD ION PROJECTORS

By
A. P. Fomar and Tu. ¥, Talanin

The electron microédope projector is described as an inétrument,
in which the object investigated, is 2 ménocrystal'point of any given
metal., In front of and at = certain distance from the point is
situated a spherical screen which also acts ﬁn the capacity of an anodes

If a comparatively low voltage is applied between the anode and the

point it produces 2 strong heterégeneous field on the surface of the

point. Tne strong electric field promotes cold emission of electrons
fr;m the point. The £ield 2t the surface of the point is similar to
the ficld of 2 spherical capacitor ani the electrons migrate from the
point to the screen over a radius projecting on it an image of the
surface of the point in a highly nagnified form. The magnification

is determined by a certain ratio and the radius of the point by the
peak., The resolving rower is deternined basically by the presence

of a field component in the electrons, which is tangent to the surface

of the point.

The electron microscope—projector represents a perspective instru-
ment for studying certain properties of crystals - surface migration,

adsorption, crystallization ané recrystellization, phase conversions

etc,

In the case of the ion misroscope-projector the polarity of the
voltage applied between point and anode changes into reverse (reversed
polarity). The image of the surface of the point is obtained with the

aid of the ions which form as a result of the severance of bonds in the

=270
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hydrogen molecules and the jonization of atoms in a highly heterogeneous

field at the surface of the point. The picture appearing on the screen

of the electron or ion microscope-projector reflects the electron or ion
emission over the surface of tie point. The emission distribution depends
upon the output from the surface and upon the intensity of the local
electric field which dezends (the intensity) upon the contour of the
surface.

An alternate investigation of one and the same crystal in the
electron and ion microscope prcjectors allows to reveal the cause for
jincreased emission in any one of the zones and to determine more reliably
the form and changes of tke crysial. The image cbtained in the ion pro-
jector has a very weak luminescence neking phrotographing of the image
nighly difficult. Ir 2 rajority of cases the study has to ve limited
to visual obsexrvation.

The electron projector olven shows an anisotropic spreadéing of an
impurity in the form of mobile ilms on the surface of a monocrystale.

The migration of the films is usually in direction of the tetrad or

triad axis of the crystal., The migration of the film begins at the
periphery and ends in the center of the facej the migration of tae

£ilp is due to its partial evaporation and contraction by the surface
tension forces., The presence of impurities brings about a characteristic

change in the form of the crystal. It was established +hat the presence

of oxygen changes the form of the crystal mainly in the zone of the

hexahedron plane and is characterized by the appearance of fine faces

bordering the edges. The contamination of crystal surfaces with carbon

converts the rounded crystal into finned shape which is accompanied by
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the eppearance of additional faces near the triad axis. These faces

are highly unstable and highly sensitive to impurity concentrations and

‘surface temperature. If the amount of the impurity on the suz:face is

particularly high one can observe during the heating-of a longer period
of time how the films slide off in layers one after the other. Purifice-
tion of the surfece retards the migration of the films., The raﬁid move~—
ments of the films can be photographed by means of a mo:hion picture camera
but not with an ordinery still camera.

The mumerous examples listed in this report illustrate the broad
possibilities of employing electron and ion microscope-projectors for

studying the structural chang:es occurring on the surface of crystals.
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CRRTAIN CHARACTERISTICS OF THE GROWTH OF CRYSTALS, OF XEW PHASE
IN SOLID METAL SOLUTIONS OBSERVED BY 1LBANS
OF AN ELECTRON MICROSCOPE

. By
N. N. Buynov

Using an electron microscope the author discovered that aging

Al -~ Cu and Al - Ag alloys, hardened at a temperature above the

solubility curve, have a heterogeneous structure, The existence in
hardened alloys of zones enriched with alloying components indicates
‘the beginning of phase conversions., During the erystallization in
solid state it is necessary to take into consideration, not the prbba—
bility of the formation of crystal nuclei, but rather the probability
of the development of already existing zones enriched with alloying
components, The zones formwing in the alloys at the veginning of
decomposition are notv very enriched with alloying components. The

dimensions of depleted zones of a solid solution, around the zones

and particles of metéstable phases can be determined from the electron-

microscopic photos. ZIven if such zones are completely depleted by

the alloying components, the numbew of alloying atoms is insufficient to

form zones or pariicles of phases of certain dimensions and composition.
The contention, prior to introdueing electronmicroscopic investiga-

tions, was that aging in a fusion begins with the formation of zones

or crystal nuclei of metastable or stable phases of specific composi-

tion having the form of very thin plates. Tlectronmicroscopic investi-

gations showed that in many alloys the aging process begins with the

formation of equiaxial zones or zones slightly differing from equiaxial.

The existence of the equiaxial form can be explained by the fact that the
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originally formed zones were still relatively low in alloying components,

The enrichment of the zones with the alloying components takes'place during
the aging and this determines the nature o? the aging. The enrichment
determines the magnitude of the stresses in the alloys and also the
method and sequency of formation: zones — > metastable phases —>
stable phase.,

The, zones and particles ;f metastable phases appearing in form
of plates and rods do not have monolithic structure, they consist of
individual elements which often have the same form as in the initial
gzone. Practical experiments with Al-Cu and Al-Zn elloys as well es
x-ray analyses showed that the formation of zones and phases takes place
by allotropic corversion vhich also determines their secuence. Such a
successive formation of metastable zones followed by the formation of
stable phases does not exclude their solution. The solution of these
formations is brought about by the continuous change in siress distri-
bution in the alloy during the aging.

Tt was esizblished that recrystallization in supersaturated solid

solutions with a tendency for decomposition takes place not by the forma-

tion of new phase crystal nuclei, but by the development of already exist-
ing (in hardened alloys) submicro zones enriched by the atoms of the alloy-
ing components. The nature of the development of crystallization in solid

state is determined by the process of enriching zones and particles of

metastable phases by the alloying components. The crystallization in
solution is described as: zones—>metastable phase particles — Sta-
ble phase particles, The conversion of zones into particles of metastable

and stable phases is allotropic.
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MECHANISE OF CRYSTALLIZATION AND THS STRUCTURE
OF ALLOYS OF EUTECTIC COMPOSITION
P, S.Bgadilo
A study of the crystallization process and structure of an eutectic
melt showed that the eutecéic alloy consists of greater crystals of
the master component forming as result of amalgamation of dendrite
branches of this component. Since the components of the eutectic
melt are epitaxic substances (the epitaxy phenomenon is observed
during their crystallization) fine oriented crystals of the slave
component originate on the surface of the dendrite branches of the
naster component, The slave component does not form a continuously
oriented layer on the dendrite branch or on the crystal of the master
component, This is explained by ths fact that a continmuous growin
requires a strong oversaturation of the solution by the slave com—
ponent, It was found that crystallization of the slave component
begins only on these sections of homologous facets or poles of the
dendrite branches of the master component, where the solution is
considerably supersaturated as result of fluctuation. The deposition
of the master component occurs only on its oriented crystals because
the crystallization continues_gven at the slightest supersaturation.
Only at a certain distance from the growing oriented crystal of the
slave component, where the reduction in the supersaturation of the

solution as result of liberation of crystallization heat and extraction

of elementary pafticles from the solution has nu 3ffect, is the

origination of another oriented crystal of the slave component possible,
This distance depends upon the degree of supersaturation of the
total mass of the solution (melt) by the slave component and upon the

fference in the parameters of the flat crystal lattices of the
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master and slave components of the melt.

Since the crystals of the slave component and the dendrite branch
of the master component, on which crystallographically lawful oriented
crystals of the slave component have formed, grow simultaneously then
the latter ones grow into them.

Only the crystal peaks of the slave component remain on the sur-—
face of the dénd¥ite branch of the mastér component. Only the surface
of the dendrite branch (6f the crystal) of the master component spreads
tangentially. As this surface spreads new finely oriented cfystals of
the slave component originate on the dendrite branch of the master
component for the very same reasons which led to the origination of
the first oriented crystals. The naster compcnent crystals cannot
spread perpendicularly with respect to their peaks because they are
enveloped on the sides by the growing dendrite branch, i, e. by
the crystal of the master component. Then the dendrite branches of
the mzster component are grovm together by their sides the crystals
of the slave component, whick are situated on these sides, stop grow-
ing. The crystallization of the eutectic melt leads to the formation
of large crystals of the master component representing an adhesion
in crystallographically parallel position of its dendrite branches.
These branches contain fine crystallographically proper oriented
slave component crystals spread in éirection of the normal growth

of the branch surface.
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NEW DATA ON THE REACTION OF AN ORGANIC ADLIXTURE
WIT3 INORGANIC CRYSTALS

Ye. N. Slavnova

A study of the crystallization of lead and barium nitrates in

the presence of methylene blue showed that the organic admixture in

the form of a structurzlly complex ion may be included in a different
way in crystals of uniform structure. The dye in the lead nitrate
crystals is preferably in molecular state and the pyramids of the cube
face growth solid solutions of special type are being formed. Iead

nitrate extracts methylane blue only from solution in which the dye

is in a state of monomer, i. =., at concentrations not ezceeding a
certain percentags. Tisher iye concentrations lead to the Tormation

of colorless crysials whaich inlicates absence of dye adsorpiion (dye in
a state of a diner). Tery aigh dye concentrations in the solution result
in a slight ingrowing o the latter into the crystals; this ingrowing
process bears a differeant nature is not %rmical for lead nitrate.

The extraction of the dye by varium nivrate is possidle from solutions
in which the dimer predominates i. e., at much higher dye concenira—
tions. A noticeable absorption of the dye by Ba(HO3)2 begins at

certain concentrations i, e. 2t conditions at which the dye extraction
by Pb(HO3)2 is at a mexrimum. The dye grows-in into the barium nitrate
crystals forming subnicrescopic, differently oriented small crystals

thus forming a microheierogeneous sysitem. The orientation of the snall
dye crystals with respect to the crystallographic direction of the master-

crystal, and with respect to each other, depends, at.other conditions

being equal, upon tae dye concentration in the basic solution. The
formation of a microheterogeneous system in the case of Ba(NO3)2 coin-

cides well with the relatively large dye content in the barium nitrate STAT
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crystals at weak adsorption properties of their facets (poor absorbtion
of the dye in monomeric state).

Twe zones of concentration at which the nitrates do extract the
dye differ by almost a full order. Also the specific content of the
dye in the nitrates differs by an order, Barium nitrate can absord
up to 0.4% of the methylene blue while lead nitrate only<0.04%. A
study of the dichroism properties of barium nitrate crystals culti-
vated a relatively low and at much higher dye concentrations showed
that the dye concentration affects the degrée of selective absorption

of the dye by the nitrate and the nature of dichroism as well. In

the presence of a2 sitructural homology between the components the nature
of introducing a metaylene blue admixture will be determined by the
adsorption properties of the surface, especially by its ability to
doubly fix the ions of a given admixture, state of this admixture

in the basic solution and the tendency of admixtures toward the forma-
tion of associated particles. During relatively low dye concentrations
its small crystals are oriented by the elongation axes which are almost
perpendicular to the facets on which they are formed. At much higher
dye concentrations its small crystals are oriented in such a way that
tke molecules appear either on the "rib" or on the "end", It was
concluded that %he crysial of the nitrates investigated have structural
prerequisites for the formation of a2 solid methylene blue solution when

s

the latter grows in through the cube faces.
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OF THE MECHANISM OF FORMATION OF SPEROIDAL
GRAPHITE CRYSTALS IN CAST IRON
By
I. Ye. Bolotov; V. I. Syreyshchikovaj S. G. Guterman

BExperiments were conducied to check the existing data regarding

the mechanism of the least investigated initial stage of formation of

spheroidal graphite. It was observed that if the modifier is confined
to the role of cleaning the cast .iron from sulfur and oxygen the cast
jron melted out in vacuum from pure basic materials should have spheroidal

graphite crystals. The microstructure of cast iron melted-out in vacuo

indic;tes that a part of the graphite erystallizes in the cast iron in
the form of globules — ferrolites. These globules have a radical structure
characteristic for spheroidal graphite in a cast iron treated with a
modifier. It was established that the necessary condition for the
crystallization of graphite in the form of spherulites is a considerable
supercooling of the cast iron. The mechanism of formation of spheriodal
graphite is analogou.s with the mechanism of formation of radial spherulites
which takes place during the crystallization of other strongly supercooled
systens.

The autoradiography of the cast iron proves that lamellar graéhite
is enriched wi%h sulfur as result of sulfur adsorption on the graphite
and crystallization of the graphite by suifurous inclusions exist in the

graphite because they act as crystallization centers for the graphite.

Since sulfur is a surface active element, it reduces the surface tension
on the graphite-melt boundary, the enrichment of graphite plates with S

can also take place as result of adsorption on the melt-graphite boundary

and consequent entrapment of S in the crystalline lattices of the graphite.

Both these factors make considerable supercooling of the cast iron impossigTAﬂ_

ble. The absence of S in spheroidal graphite leads to the belief that
279
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during the treatment with the modifier the smelt cleanses itself from the

sulfur dissolved in it which would otherwise become adsorbed on the
graphite,.

The sulfur existing in the smelt in form of inclusion passes over
into other compounds (CaS, XS, etc.) which are not crystallization
centers for graphite. The role of the modifier consisté.in cleansing
the smelt from sulfur and oxygen dissolved in the smelt and in the .
destruction of ‘the impurities. This cleansing p¥ocess makes supercooling,
necessary for the crystallization of spheroidal graphite, possible. There

is also a possibility that the rodifier aids in the supercooling of the

cast iron (in addition to cleansing) because the cast iron being adsorbed
on the graphite hampers the access of carbon atoms striving to reach the
cast iron,

Supercooling, warranting the formation of spheroidal graphite crystals,
was attained not only as result of increasing the surface tension of the
nelted cast iron or elimination of crystallization centers but also as
result of rapid cooling the liquid cast irorn.

The process of spheroidal graphite crystallization is extremely
analogous with the crystallization of many smelts and solutions which
leads to.the formation of;spherulites with the very same radial structure

as in the case of spheroidal graphite.

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/07 : CIA-RDP81-01043R004200090004-8



Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/07 : CIA-RDP81-01043R004200090004-8

INSTALLATION FOR OBTAINING AND CLEANING HIGH
MELTING 3ONOCRYSTALS BY TE ZOWAL 'ELTING LETHOD
V. P. Butuzov and 3? 7. Dobrovenskiy

Tae new, so-called zonal melting method, was developed for the
purpose of obtaining ultra-pure monocrystals. The zonal purification
method, 1like the method of cleaning by ordinary "directed" crystal-
lization, is based on the fact that the admiztures have a different
solubility in solil and liquid phases of the substance crystallized.
‘hereas during the cleaning by ordiinary directed crystallization repeated
¢leaning is possible only after the removal of the contaminated part of
the sample, in the case of the zonal melting method all these sedarate
operations can be combined into sne. This is accomplished by shifting

several nelted zones along the ingsot. 3Zach consecutive zone secures

additional cleansing of +the material.

Tae zonal melting metnod is employed in iwo ways — vertical (vrith-
out the crucible) and horizontal zonal melting. In both cases, the
obtainment of a melted zone requires either the employment of a resistance
furnace or induction heating. Tne vertical zonal melting method is quite
complex and ths emplpymént of same is advisable only in the case when it
becomes impossible to select a crucible material which would no% react
with the substance being crystallized.

The horizontal zonal melting method is much simpler and has, there—

fore, attained much wider application. The latter method is employed

for multiple zonal.purification of straight line samples placed in the
crucible vrepared in the form of a small skiff and for repeated zonal
purification of ring-—shaped samples placed in a crucible prepared in
the form of a split ring., In the case of purifying a straight line

sample the number of passes of the melted zones per each single operation
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depends upon the number of heating elements set up for the operation,
but in tae case of cleansing a ring-shaped sample the number of passes
per single operation is unlimited. .

The hgating elements are the most important components of such
cleansing installation. The firsi heating elements developed for
this purpose were of the low temperature type prepared in the form
of slotted resistances furnaces mede of nichrome wire drag;_B;;r‘a
ceranic body covered with chamotte clay. An installation using such
type of heating elements made it possible to obtain a number of mono-
crystals of low melting point. Ilext were developed high temperature
neating elenents, also in the forn of slotted wire resistance furnaces
with tungsten spiral. The latter ones appeared to be unsuitable for
the simple reason that the tungster spiral had to be heated by individual
sectipns which chansed their positions from time to time and in addition
the spiral became Jeformed after intensive heating.

o

* brief fescription is given 27 2 i~ temperature "heating element

with rraphite heater part of vhic: las 2 sprerical shape for the purpose
of focusing the liberated thermal enerzr toward a small section of the
specimen. The slots made in the spierical section of the heater are
for the purpose of increasing the resistance of the heater and to

reduce the necessary current intensity are®the profile of the copper

current feeders. The arrangement of the installation and mode of opera-

tion are explained.
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