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CRYSTALLIZATION OF SELENIUM UNDER PRESSURE (E)
D, N. Nasledov and P. T. Kozyrev
Translated from Zhurnal Tekhnicheskoi Fiziki, Vol. 24, No. 12, pp.
- 2124-2135, December, 1954
Original article submitted May 29, 1954
The processes underlying the transformation of selenium from
the amorphous and liquid phases into the crystalline at high press-
ures (up to 4000 atm)aggxgggiigiig§ At low temperatures press-
ure retards the crystallization process and at high temperatures pressure
accelerates it. The melting curve of selenium is presented.
Large single crystals (g up to 5 mm long) are formed as a result
of pressure on liquid selenium. The electrical properties of
selenium crystallized under pressure are given. In the course of the
discussion,some views on the possible mechanism underlying the phen-

omena observed are presented.

Introduction

It is well known that selenium még exist in three different
forms : amorphous, monoclinic, and hexagonal. g Of these three
forms the hexagonal is the most stable.

The transformation of amorphous selenium into crydalline (hex-
agonal) is aXeady considerable at 60°¢C.

With rising temperature, the velocity of crystallization in-
creases sharply. X-ray study xzkwsm shows tha?Zboth high and

low temperatures selenium transforms mainly into the hexagonal

form /1/,
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The density of selenium in the amorphous phase is always low-
er than in the crystalline. From thermodynamic considerations we
may therefore expect that raising the pressure should g=w¥m prom-
ote the transformation of selenium from the amorphous to the cry-
stalline phase.

In 1940 Bridgman /2/ subjected amorphous selenium to hydro-
static compression (up to 50,000 atm. pressure) at room temperat-
mure, but found no phase transformations, akthough the density of
the amorphous selenium at k& these pressures had already exceeded
that of the crystalline form.

At atmospheric pressure, as indicat;d earlier, amorphous sel-
enium nevertheless passes into the crystalline form at a temper-
ature only 40° aﬁov%?ﬁormal room value at which Bridgman's exper-
iments were carried out.

Remembering these expérimental facts, it is appropriate to ask
how pressure affects the process of crydallization at higher temp-
eratures (above room value).

The study of crystallization in selenium under pressure is also
interesting (or so we believe) from another point of view. The

point is that polycrystalline selenium crystallizing at atmospheric

pressure always has armuch lower density than the single-crystal

type /3/. This means that the individual single crystals making up
a sample are not packed closely enough, microscopic cavities occur-

ring between them.




-

3

According to work carried out by a number of authors /4/, the
carrier mobility u in selenium, calculated from the formula.....,
using the measured values of carrier concentration n and electric-
xXyx al conductivity....., is always very small and rises on an
approximately exponential law as temperature increases. This is
contrary to the theory, according to which the mobility should
fall instead of rising with increasing temperature.

Some authors consider that the small value of u and its rise
with increasing temperature are due to the fact that the individ-
ual érystallites making up the polycrystalline sample are separat-
ed by potential barriers, which lead to an apparent fall in the
mobility of polycrystalline selenium and to an inereasing mbbili-
ty as temperature rises.

If the loose packing of the individual single crystals is
the main reason for the épparent fall in ﬁobility, then clearly
this effect may be reduced by crystallization of the selenium un-
der high hydrostatic pressures.

The aim of the present investigation is as follows,

1. To find how pressure influences tﬁe transformation of sel-
enium froﬁ the amorphous into the crystalline state at various
temperatures.

2. To study the electrical properties of selenium crystallized
under pressure.

3, To study the transformation of selenium from the liguid

phase into crystalline form under pressure.
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Section 1. Transformation of Amorphous Selenium into Crystalline

Under Pressure

The original material for study was amorphous selenium con-
taining (according to chemical analysis) the following impurities:
Te 0.001%, S 0.0008%, nonvolatile residue 0.006%.

Additional vacuunm distiilation of this material produced no
marked changes in the thermo-emf and electrical conductifity; The
carrier concentration calculated from the thermo-emf measured at
room temperature agreed closely with the results ‘of other authors
/4/ (the comparison was made for identic#al conditions of heat
treatment). All the sampies weré made from a single piece of
selenium. In order to impart the mx correct shape to . the samples,
the selenium was melted in air; poured into a quartz_test tube,
and cooled rapidly. The resultant fod (7 -~ in diameter) was
cut into dindividual pieces, and these were subseéuéntly'used for

studying crystallization under pressure.

The apparatus in which crystallization under pressure was car-

ried out in shown in Fig. 1.

Transformer oil was poured into the space inside the high-
pressure chamber 4 am, followed by the.amorphous sample. The space
was closed ‘by a tight rubber stopper 2, after which-a plunger 3\
with a copper ring 3 was placed in it, liberally lubrlcated with
a mixture of transformer oil and graphite. The chamber 4 was
placed in a copper cylinder 5 which served to even out the temp~

erature. In order to be able to compare samples crvstallized
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under high pressures with those crystallized under atmospheric
pressure, an additional cavity was drilled into chamber 4 (this
cavity is not shown in the picture), filled with transformer oil,
and furnished with a similar sample. A thermocouple was placed in
this cavity for measuring the temperature.

A1l components of the apparatus were centered and fixed in a
steel body.

The apparatus was heated with a cylindrical electric furnace

wound on the steel body.

Fig. 1. Apparatus for atudying the crystallization of selen~
jum under ‘hydrostatic pressure. 1) Plunger ; 2) rubber stopver ;
3) copper ring j 4) Gh= chamber 3 5) coppef cylinder ; 6) sliding
rod j 7) spring ; M1 and»M2 are marks for measuring fhe displace-

ment of the plunger.

Key
1) Sample

Fig. 2.'Hydraulic press used for creating the high hydrostat-
ic pressure in the apparatus shown #n Fig. 1. 1) Piston of main
press 3 2) "mushroom” ; 3) rubber washer ; 4) ecylinder ; 5)
return piston ; 6) suppoeb ; 7) mica : 8) bearing (simultaneously

acting as electric furnace) ; B' steel sphere.

The pressure in the chamber was created by a hydraulic

press shown in Fig. 2. For this purpose the apparatus was set

on the steel sphere B' of the press with the bearing 8, while
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the head of the plunger fitted into the socket A' set in the lower

part of the press piston.

By raising the pressure in the press cylinder with the aid
of a hand pressure pump, the desired pressure could be set up
in the chamber of the apparatus.

For measuring the friction of the moving parts (pregs piston
and plunger) and the change in sample volume during crystallizat-
ion, an accurate method of measuring the displacement of the plun-
ger relative to the chamber was essential.

For this purpose the apparatus was furnished with.:;:gg-M1
and M2 (see Fig. 1). The upperl;;:;rMZ was rigidly connected to
the plunger 1 and the lower one M1 to the sliding rod 6, which at
its lower end was pressed by spring 7 against the upper surface of
the chamber.

. The distance 1 between the ;3:;3 was measured with a special
microscope. The measuring accuracy was about 0.01 mm.

The apparatus was designed for a maximum pressure of 5000 atm.
and prolonged heating at up to 3200. These conditionswere sat-
isfied by a chamber made of 18KhNVA steel, quenched and tempered -
to a hardness of Rc .60

The sealing system already mentioned was very convenient and
rel1able, even at high temperatures. Experience showed that under
high pressure rubber was much more stable with respect to temp-
erature than at atmospheric pressure. Whereas under atmgspheric

pressuite the rubber rapidly disintegrated at 160 to 180°C, under
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a pressure of 4000 atm. and a temperature of 260°C it decomposed
so slowly that after 10 h =z it had not lost its mechanical pro-
perties and continued to serve as a sealing material. On heating
under the same pressure to 300 or 32000, howeve£, it transfrmed in£o '
a hard mass reminiscent of ebonite in mechanical properties. Befn
under these conditions, hbwever, there was no case of the seal
leaking. This was probably because at high pressures the sealing
ring came into action as well as the stopper, and this ensured her-
metic properties even when the rubber ceaéed to fulfil its sealing
role., However, the sealing was less efficient on using the ring
only without.the stopper, giving temporary brief leaks, especially
as the pressure was reduced and the plunger moved upward under the
influence of the compressed oil.

Crystallization of the samples under pressure was coﬁducted
in the following sequence. The pressure in the chamber containing
the sample was raised to 4000 atm. At this pressure the whole
apparatus was heated to the assigned temperature, which was then
kept comstant for about 10 h by means of a special thermal regula-
tor. After this period the furnacd was switched off and the
chamber containing the samples was cooled to room tempefature ét
the same pressure of 4000 atm. In this wasy way samples were
cfystallized at temperatures from 85 to 26000.

For crystallization temperatures below 220°% (melting point

of selenium) the samples in the extra cavity mentioned earlier

were crystallized at the same time as those in the high-pressure

chamber under the same conditions of temperature. This made
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it possible to compare samples crystallized under pressure with
samples crystallized at atmospheric pressure but otherwise under
the same conditions.

The samples crystallized in the second cavity we shall sub-
sequently dub '"companions'.

In order to trace the crystallization of the samples in the
highspressure chamber, we observed the change in their volume dur-
ing the course of erystallization. The volume variation was de-
termined by reference to the motion of the plunger. The main
aim of these measurements was to establish at what temperatures
amorphous selenium subjected to hydrostatic pressures of 4000 atm.
#id not pass into the crystalline state. Of course, it would
have been very desirable to obtain the volﬁme of the samples as
a function of time at various crystallizétion temperatures. Owing
to the great heat capacity of the apparatus, however, we were
unable to carry out such measurements, since heating the ap-
paratus from room temperature to the assigned point required 1 to
i Y Tn view of this we confined attention to qualitative re-
sults only, snd these will now be given.

At a temperature of 850, the volume of the sample remained
strictly comstant for 10 h. At 103°C the change in volume over
a similar period,was'appreciable, though much less than that’ob-
served in samples crystallized at higher temperatures.

The sample crystallized at 85°C remained amorphous, no signs

of crystallization being visible. In the sample crystallized
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at 10300, however, a few inclusions of crystalline selehium were
already noticeable. The corresponding companion samples crystal-
lized at both 85 and 103°C had the form of ordinary polycrystaliine
selenium, and no amorphous inclusions occurred.

Samples crystallized under pressure at 115°C or over gave X
large changeés in volume and in external form were no different
from their companions.

The rate of volume change in the samples depended greatly on
mtemperature. Up to temperatures not exceeding 1700, the rate
of volume change was small. During the time in which the appar-
atus was passing through these temperatures, the volume thus changed
little (the heating time from 110 to 170°C was about 20 min). On
reaching temperatures close to 1700, however, the volume changed
almost in one jump (over 1 %2 to 2 min), and on further heating
once more remained unchanged, even at x-§§§§§§k temperatures.

In addition to the volume measurements made in the course of
crystallization we also studied the electrical properties of the
samples obtained. The electrical conductivity of the gamples was
measured by the ordinary probe method.

The earrier concentration n was calculated from the meésured
thermo-emf by means of Pisarenko's formula *

L L R.p. 2128

* The suitability of Pisarenko's formula for determining the

concentration of holes in selenium was verified experimentally by

Plessner /7/ and Henkels /8/.
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where.....is the thermo-emf associated with 1 C, T is the absolute
temperature, m is the effecg?%ass of a hole (in.the present case
equal to the mass of an electron).

Substituting the nimerical values of the guantities independent
of temperature and solving with respect to n, we obtain a férmula
for calculating the hole concentration in selenium

Vv e Ropuag128
where.....is measured in mV/deg.

When the resistances of the samples were not too great(under
1O5 ), the thermo-emf was determined directly with a potentiometer.
For high sample resistances it was determined in the manner in-
dicated in Fig. 3.

The method of measuring the thermo-emf was as follows. With
the button switch in position B the condenser C was charged to a
certain potential difference, which could be found by discharging
the condenser through the galvanometer (position A). This potent-
ial difference will only be zero (condenser not charged) when the
unknown thermo-emf is compensated on the poteniiometer. In the
measurements it is not essential to ssmcharge the condenser com-
pletely, since incomplete 32:3%;3%9 only means a reduction in the
galvanometer throw, i.e., a reducti&n in the sensitivity of the cir-
cuite. Owing to this, a first, coarse value of the measured thermo-

emf may be obtained rapidly even for very large sample resistanas.

In order to obtain a2 more accurate value, 2 large condenser charge
is required, i.e., there must be a prolonged holding period in pos-

ition B. In this wx=sy way we measured the thermo-emf of samples
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Fige 3. Principle of the circuit for measuring the thermo=-
emf of samples with large resistances. ..Eq.and..Fl. aré fur-
naces creating a temperature gradient along the sample ; C is a
condenser (30 /uf) ; G is a galvanometer ; P is a potentiometer ;

0 is the sample ; T is a thermocouple.

with resistances up to 1080 to an accuracy of about 1%.

The mobility u was calculated from the electrical conductivity
v....and carrier concentration n by means of the formula,.... .

Table 1 gives the values of.....and n for samples crystalliz-
ing under pressure and also for their compsanions at various cry-
stallization temperatures. The measurements were made at 3000.
we see from the tabdﬁ that the electrical conductivity of the
samples crystallizing under pressure at low temperatures is many
times smaller than that of the corresponding companions. Thus
£2§xatemperature of 8500 the electrical conductivity of the sample
crystallized under pressure.was about 1000 times smaller than
that of its companion. The same difference in order of magnitude
holds for a temperature of 103°C.

With increasing crystallization temperature this differgnce
falls rapidly and even at a temperature of 132°C the electrical
conductivity of both samples becomes of the same orders The el-
ectrical conductivity of the samples crystallized under pressure
rises up to a temperature of 1320 and then falls slowly with in-

creasing crystallization temperature. However, the electrical
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conductivity of the samples m crystallized at atmospheric press-
ure (companions) rises continuously with increasing crystalliz-

ation temperature.

Table 1
Key
1) Crystallization temperature, °C
2) Samples srystallized at atmospheric pressure (companions)
3)»If. 1
4) mV/deg
5) o
6) cn>/sec.V
7) Samples érystallized at a pressure of 4000 atm.

+CHl

8) Measurements made immediately after crystallization of the
samples in the high-pressure chamber
9) Measurements made after additional heating of the samples

in air at 214°C for 6 h

Over the whole temperature range mfx#28 132 to 260°C, the
electrical conductivity of the samples crystallized under pressure
was always 10 to 15 times smaller than tha§ of sample crystallized
at atmospheric pressure and a temperature of 21400.

Starting from a temperature of 13200, the‘carrier concentrat-
ions of the samples crystallized under pressure and their compan-
ions are similar in order of magnitude and depend little on the
crystallization temperature.

The hole mobility of the samples crystallized under‘pressure

at all temperatures of crystallization is smaller than that of
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samples crystallized at atmospheric pressure and 214°¢,

In addition to the electrical measurements presented in Table
1, we studied the temperature dependence of the elestrical conduct-
ivity of the samples crystallized under pressure.

For this purpose we mhoase samples crystallized at temperatures
of 214, 238, and 260°C,  For comparison we also took samplem cry-
stallized at atmospheric pressure and'21#°C (companion). The meas-
urements for all the samples were made in a %emperature range be- :
tween -10 and +110°C, In this temperature‘range the eletrical
resistance for all the samples depended very sharply on temperature
and could be represented by the well-known formula

sssee RaPe 2150

The values o0f.....for variocus samples are given in Table 2.

We see from Table 2 that the constant.....is roughly the same
for all three samples, averaging 0.75 eV, The electrical con-
ductivit?iggegs%gnction of temperature was reproducible within
the accuracy of the measurements, independently of the direction
of the latter. However, this reproducibility only held good
for comparatively low temperatures (up to 120°C). On heaking above
12000, the electrical conductivity of the samples changedyirrev-
ersibly and hysteresis phenomena developed.

After further heating the samples in air for 6 h at 21400,
the electrical conductivity, thermo-emf, carrier concentration,
and mobility meagfred at SOOC changed sharply (see Table 1), and

the quantity.....became approximately equal to 0.3 eV for all

the samples. As regards the sample crystallized at atmospheric
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pressure and 21400, the electrical conductivity underwpft hardly

)
any change after additional heating in air at 214 C.

Table 2
Key
1) Crystallization temperature in °¢ (under pressure)
2) eV

On cmmparing the volume changes of the.samples in the high-
pressure chamber during crystallization with the electrical meas-
urements, we may draw the following conclusions.

1. At low‘temperatures pressure xt® retards the crystallization
procesé. At a pressure of 4000 atm, selendium xtxxt%?% gggiiizing
appreciably at mmky 110 to 115°C.

At lower temperatures the crystailization process takés place
so slowly that in pracfice is is very hard to observe. At high
crystallization temperatures (about 170°%¢) pressure accelerates
the cfystallization Process.

2. The mobility of the holes in selenium crystallized under
a pressure of 4000 atm at all crystallization temperatures from
15 to 260°C is s»¥ smaller that that of the holes in selenium cry-
“stallized'at atmospheric pressure and 2{4°G.

3e Théseeseand u of selenium crystéllized under pressure
are only stable at low temperatures (below 120°c),‘ At higher
temperatures they change irreversibly. v

4, After additional heating of the selenium crystallized
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under pressure at 21400, the carrier concentration and mobility in-

crease and approach the corresponding values for selenium cry-

stallized at atmospheric pressure and 214°C.

Section 2. Transformation of Selenium from the Liquid State xtm

into the Solid (Crystalline) State Under Pressure

In Section 1 we studied the transformation of selenium under
pressure from the amorphous phase into the crystalline.

In this Section we shall set out results obtained by studying
the transformation of selenium under pressure from the liquid
phase to the crystalline.

The original material was selenium & the same type as before.
The apparatus for studying the transformation was of a similar
form also. |

In order to obtain the melting curve-ke used the method of
rests with certain modifications /S/. The measurements'were made
in the following sequence.

The aéparatus was heated to a certain assigned temperature
lying heiwesx aboge the melting point of hexagonal selenium, Then
the pressure in the chamber was raised to such a value that all
the selenium in the chamber passed into the solid (crystalline)
state.

After this the valve of the press was opened sharply, so that
the pressure in the chamber fell well below the value at which

the selenium was in the solid state at the given temperature
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(in practice under muk our condition& t he pressure could be re-
duced to zero), then rapidly shut. This operation required 1 to
2 sece In this time the selenium was ﬁnable to melt, and at
the instant of closing the valve remained mainly in the solid state.
As the selenium melted, the pressure in the ghamber rose to a
certain definite value p. This pressure was determined with due
corrections for frictional forces in the following way.

When the pressure in the chamber had begome constant, the read-
ing of the manometer f1 was recorded,and Ezkabiixhm® by measuring
the distance between the marks the position of the plunger rel-
ative to the chamber (Fig. 1) was established. Then the pressure
was sharply reduced so that the distance between the marks increased
by about 0.1 mm, and by the action of the pressure pump of the

press the plunger was returned exactlvy to its original positiom.

Fig. 4. Melting curve of hexagonal selemium.

Key
1) Liquid selenium
2) Hexagonal selenium

2
3) Pressure, kg/cm

Thereupon the reading f{2 of the manemeter was taken. The unknown
pressure p was determined from the formula

s ¢ 4oy Babaraloe
where S5 is the area of the press piston and.....the area of the

plunger.
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The accuracy of the method was about 2%. The melting curve
obtained in this way is shown in Fig. 4,

The process of passing from the liguid to the solid state under
the influence of pressure was accompanied by a large change in
volume. It was noted that sémples crystallized by the action of
pressure on liquid selenium were very inhomogeneou§ with respect
to grain size. As a rule the samples inciuded individual single .
crystals of about 1 to 3 mm in size, chaotacally oriented with re-
spect to each other. ‘

In these experiments the tempefature of the meltywas the same
at all points ; hence there was no preferential direction for the
growth of single crystals.

In order to create a preferential direction it was necessary
to set up a temperature gradient.

Under our conditions a temperatufe gradiént could only be
created by sharpiy cooling the chamber with running water. This
was the method which we used. The experiment was carried out in
‘the following sequence. '

The temperature of the chamber was raised to 320°C at a press-
ure of 3000 atm. (under these conditions the seleniqm was'in the
liquid state). After this the chamber was cooled sharﬁly (the
given pressure was kept constant) so that the seienium inside the'
chamber acquired a tmmperature gradient directed along'thé radius
of the cavity. The cylindrical sample crystallized in this.way

consisted o# single crystals, the ¢ §%%8 of which were directed
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along the radius of the sample. The sample as a whole consisted
mainly of a few single crystals ; fine-crystalline selenium only
occurred in the cracks and the center of the sample. The dimen=
sions of the single crystals not containing visible cracks were
mabout 2 to 5 mm. X-ray structural analysis showed that our mat-
erial did in fact consisfof individual single-crystals, the lattice
parameters of which differed in no way from the lattice parameters

of ordinary hexagonal selenium.

Section 3. Discussion of the Experimental Results

It has been established (Section 1) that at low temperatures
pressure retards the process underlying the transformation of se-
lenium from the amorphous into gﬁe crystalline phase, while at
hightggggiiigge%he process is accelerated by pressure. This
conclusion, however, cannot be drawn simply on the basis of fhermo-
dynamic considerations.

Actually, since the density of selenium in the amorphous
phase is smaller than in the arvstalline, on the basis of the Le
Chatelier-Brown principle we may assert that at any temperatures
we may convert selenium from the amorphous to the éryétalline phase
by exerting a pressure P. However, the Le Chatelier-Brown prin-
ciple can say nothing of the kinetics of themprocss. Hence those
physical faétors which only influence the kinetics of therprocess
cannot be taken into account by thermodynamics. Amorphous sel=
enium may be regarded as a supercooled liquid, the viscosity

of which is very high at low temperatures, but falls rapidly as

temperature rises.
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It is well known that the mobility u of a molecule is ex-
pressed in terms of the viscosity.....by way of the formula
eesssReps 2133
where a is the radius of the molecule.
Correspondingly.....is expressed by Frenkel's formula /6/
essessReps 2133

where p is the pressure, T the absilute Eemperaturq, Ao’ W, and P,

being constants depending on neither temperature norspressure.

Formulas (1) and (2) are derived on the assumption that the
molecules have spherical symmetry. Experience shows, however,
that they give qualitatively correct results for' more complex li-
quids also. We shall therefore suppose that (1) and (2) are}g;-
plicable toa¥g§£§3§gelenium e

We see f:om these formulas that the viscosity and hence the
mobility depend exponentially on both temperature and pressure,

Since the crystalline (hexagonal) xeiEmium state is more
stable than the amorphous, energy must be evolved in the process
of forming the crystalline state. The role of temperature in the

crystallization of sslenium thus probably rmmsiztzxsnXyxzfxtke lies

fagkxthak only in increasing the mobility of the molecules and

-

hence enabling them to pack into the erys®ls. . Clearly if the

viscosity were small at low (e.g., room) temperatures then these
temperatures would permit the crystallization process,
Under pressure,the difference between the thermodynamic po-

tentials in the amopphous and crystalline phases ingreases by an,r

W

()
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amount.ssss, where.....is the difference between the volumes of sel-
enium in the amorphous and crystalline phases. Hence,if the
viscosity of selenium did not rise with increasing pressure, thea
pressure would accelerate the process of crys£allization and we
shoudld observe tg; transformation from the ;porphous to the cry-
stalline phasem at lower temperatures than in the case of atmosphe-
ric pressure. Actuaily the viscosity rises very sharply with in-
creasing pressure, which according to (1) leads to a fall in the
mobility of the selenium molecules. Since according to our suppos-
ition mobility is the decisive factor influencing the kinetics of the
traasformation from the amorphous state into the cmpystalline, it be=-
comes understandable why pressure retards the crystallization of
selenium at low temperatures. At high temperatures the viscosity
is small (mobility larger), i.e., the obstacles to the thermo-
dynamic factor in question are slight. Hence the crystallization
process takes place more quickly.

The fact that single crystals are formedduring the solidific-
gtion of selenium under pressure agrees with this point of view.
The formation of a single crystal, in fact, requires the following
two conditions to be satisfied : 1) The mobility of the molec-
ules in the melt must be high ; 2) the number of crystallization
centers must be small. |

The first conditionm, according to the foregoing discussion,
is satisfied. The second condition is also satisfied, since
selenium may remain in the state of a supercooled liguid at 200

)
to 218°C for a very long time without passing into the crystal-
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line phase. Since the number of crystallization centers falls
off very rapidly with increasing temperature, the number of these
centers at temperatures of 240 %m to 260°C will be so small that
the second condition will certainly be satisfied. On inereasing
the pressure to some definite wvalue the formation of single cry-
stals will start at precisely these centers. Since at high
pressures the transformation from the liquid phase to the sdlid
(erystalline) takes place at higher temperatures, the conditions
for growing selenium single crystals under pressure are more fav-
orable than at atmospheric pressure. As regards the tempefature
gradient which is still necessary for the growing of large single
crystals, the role of this lies simply in localizing the center
from which the growth of the single crystal begins.

It was found (see Section 1) that the crystallization ofsél-
enium under pressure at 4000 atm. did not increase the carrier
mobility. Moreover, if the resultant samples were ;ot additionally
heated at atmospheric pressure, their hole mobility was even an
order lower than that in samples crystallized under atmospheric
pressure (21400), and only approached the latter after prolonged
additional heating at atmospheric pressure.

We consider that this result is in accordance with the fore-
going point of view.

The role of pressure in the crystallization of seleniﬁm is a
double one. On the one hand, pressure reduces the microscopic

vacancies between individual single crystals in the sample ; on
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the other it retards the migration of molecules along the faces
of the single crystals, which leads to an increase in the number
of disogdered molecules, i.e., to a thickening of the intermediate
layers. On further heating at atmospheric pressure, migration ac-
celerates, and hence the number of disordered molecules diminish-
es, which leads to an increase in the effective carrier mobility.

Our concfusions relate only to the nressure (4000 atm.) with
which we were concerned in our experiments. In order to obtain
the greatest mobility in polycrystalline selenium it is probably
necessary to choose a pressure such as to eliminate the micro-
scopic vacancies without retarding the migration of molecules
along the faces of the single crystals too much, Probably this
would not require too great pressures, since a pressure of 400
to 500 atm., is sufficient to increase the mobility by about 10
times as compared with that of the samﬁles crystallized at atmosph-

eric pressure.

Conclusions

Ve have studied the processes underlying the transformation of
seleniuﬁ from the amorphous to the crystalline phase.

Wé??gund the following,

1. At low temperatures,pressure retards the transformation of
selenium from the amorphous phase into the crystalline and at high
temperatures?ias the reverse effect,

2. The electrical conductivity and carrier mobility in sel-

enium crystallized under a pressure of 4000 atm. X% an order lower




23
than in seienium crystallized at atmospheric pressure (21400).
After additional heating the electrical conductivity and mobility
approach the values characteristic of selenium crystallized at
atmospheric pressure.
3, On crystallization of selenium from the melt, large single

crystals (up to 5 mm) are formed.
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KPHCTAAAUBALKA CEAEHA NOJA JABAEHHEM

A. H. Hacaegos n I1. T. Kosvipes

B nmacrosimeii pa6Gore mnccAejoBaiuCh TNpolleCChl Nepexola CeAeHa M3 amopdHoii
R KuAkoii (asel B KPHCTaiAMUeCKylo npu Bbicokom JAasrerun (a0 4000 arm.). Haitseno,
YTO NpH HU3KUX TeMIepaTypax AaBAeHHE 3aMeJAsieT IPOLECC KPHCTAAAM3ALAM, a IDH
BBICOKNX — yckopseT ero. [loayuena kpmBas naaBrennsi ceaena. O6mapyiceno oGpasona-
H¥e KPYINHBIX MOHOKPHCTAAAOB (.a;o 5 MM) npu JedCTBMH JaBAeHHS HAa MUAKMN CeAeH.
HceresoBannt DAeKTpHUECKHE CBOWCTBA CeAeHA, KPHCTAAARB0BAHHOTO 10X AABAEHHEM.
Ilpn obcysaennn pesyAbTaToOB ONBITOB BBHICKA3AHBI HexoTopHIe coobpakeHnss 0 BO3MOMKHOM
MeXaHn3Me HaGAOZeHHBIX ABAEHHI.

Beeperne

H3BecTHO, uTo CeAeH MO:eT CYIIECTBOBaTb B TPEX PAaBAHUHBIX MOZH-
Quraguax: amMop@HOH, MOHOKAHHHOH M rekcaroHarpHo#. Ks Bcex srtux
Mozu(puranuif camas ycrofiuuBasd — rekcaroHaibHas.

[lepexos amop@uOro cereHa B KpucTaAudeckuil (rexcaronarbmbrii)
y:e sameren npu 60°C.

C nosbimenwem TemmepaTypbl CKOPOCTb KPHCTaAAKSALHM CHABHO BO3-
pacraer. PeHTreHorpaguueckne HCCA€JOBAHHA IIOKA3bIBAIOT, UTO KaK NpH
HH3KAX TEMNEepaTypax, Tak M NPH BLICOKMX CEAEH NEPEXOAHT B OCHOBHOMH
Macce B reKcaroHaAbHYX MoZnduxanmio ['].

[IroTHOCTD Ccerena B amOpHOH# (pase BCerja MeHbIIe, 9eM B KPHCTaA~
Anueckoff. [TosTomy, mMo:HO OXHZaTB, HCXOAS U3 TEPMOAMHAMHYECKHX CO-
ofpa:seHnit, 4TO NOBLINIEHHE AABACHHS JOAMKHO CNOCOGCTBOBATH HEPEXOAY
ceAeHa u3 aMOP(QHOH (aspl B KPHCTAAAHYECKYIO.

B 1940 r. Bpuaxmen[?] npu xomHaTHO#l Temnepartype mozBepraa Bee-
CTOPOHHEMY c:kaTui0 amopdHnH ceaen Bmaote Zo 50000 arm., mHO npm
BTOM He HabAWZaA HUKaKMX (Pa30BHIX IEPEX0A0B, XOTH MAOTHOCTH amopQ-
HOrO CeAeHa NpH STHX J&BAEHUAX y:Ke NPEBOCXOZHAA NMAOTHOCTbD KPHCTAaA~
AHYECKOrO.

Ouanako, xax 651A0 Cxa3aHO BbIIE, aMOP(QHbIH CeAEH NpH aTMOC(EPHOM
AaBAEHHH NEPEXOJHT B KPHCTAAAWYECKyIO (pasy DNpH TeMOoepaType, BCero
Anmb Ha 40° npesbimalouyieii KOMHATHYK, HPH KOTOPO# INPOHU3BOAHAHCH
onbIThl DpuAMeHa. .

Wives B BHAy ®TH SKCHepHMEHTaAbHbIE (AKTBI, YMECTHO IOCTaBATH
BOIIPOC, KaK BAHSET JaBA€HHE Ha INpoLecc KpuCTaAAusaluum npu Goaee
BBICOKMX TemIepaTypax (BbllIe KOMHATHOH).

Msyuenne xpucrarrusaygum ceaeHa Noj AaBAGHHEM NPEACTABAAET HHTE-
pec, Kak HaM KaxeTcs, M ¢ Apyro#f cropoun. JeAo B TOM, 9TO HOAHKDH~
CTaAAMueCKu# CeAeH, KPUCTAAAM3OBAaHHBIH IpPH AaTMOC(PEPHOM JAaBACHHH,
BCETJa MMEET BHAYMTEADHO MEHBIIYIO NAOTHOCTH, 4e€M MOHUKPHCTaAAHYE~
cxud [*]. DTo o3Hauaer, UTO OTAEABHBIE MEHKPOKpPHCTAAAHKHE, COCTABAAIOLIHE
ofpaseq;, HeA0CTAaTOYEO NMAOTHO YNAKOBAHBI H Mc:KAY HUMH MMEIOTCS MHKDO-
NyCTOTHI.
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Kpl(cTﬂ.’l./lln'Sa_lgllﬂ ceacHa nog AagAcHuem

Coraacuo uccaezosanuaMm psiza astopos['], moasu:xuOCTD  HOCHTEAeH
TOKa B CEAEHE u, BbIYHCAEHHAas IO (QOPMyAe G==enu, [0 H3MEPEHHBIM BE-
AMYHHAM KOHIIEHTPAIlWH HOCHTeAeH TOKa n W BAEKTPOIPOBOJHOCTH G, BCerAa
OHUeHb MaAa H pPacTeT C YBEAHUYCHHUECM TEMIOEpaTyphbl HpHGAHBHTeJ\bHO o
PKCIIOHEHIIMAABHOMY S8KOHY. JTO HAXOAHTCA B IIPOTHBOPEYHH C TEOpHei,
COrAaCHO KOTOPOH IOZBHUKHOCTD JOAMHA HE YBEAHYHBATHCSA C IOBBIIICHHEM
TeMneparypsl, a, Ha060pOT, YMEHbIIATHCA.

Hexoropsie aBTOpBl CuMTAaOT, 9TO MaioOe 3HAUEHHE U H BO3PacCTaHHE
ee C yBEeAMUYEHHEM TeMIepaTypbl O6yCAOBAEHO TeM, YTO OTAEAbHBIE KDHCTAA-
AHKH, COCTABASIOIIHE MOAHKPHCTaAAnuecKuH obpasey, pasbejHHEHbI MOTEH-
pHaAbHBIME GapbepaMu, KOTOpPbIE H NPHUBOJAAT K KaxyIIeMyCsS yMeHbUIEHHIO
MOABUKHOCTH B IIOAHKDHCTAAAHYECKOM CEAE€HE M K BO3PaCTaHMIO e€e C Io-
BBILIEHHEM TEMIIePaTyphl.

Ecan HemAroTHas ymakoBKa OTZGABHBIX MHKPOKPHCTAAAHKOB SABASETCA
rA@BHOH NPHYMHOH Ka:KyIIerocs YMEeHbIIEHHA NOZBHMKHOCTH, TO- OYEBHAHO
5TOT 5P PEKT MOxKeT OGbiTh YMEHbIIEH KPUCTAAAH3A[HeH CeAeHa IpH BbICO-
KOM I'HZPOCTATHYECKOM JaBACHHH. '

Lleap macrosme#i paboTbl COCTOUT B CAEAYIOLIEM.

1. Usyunurp, Kak BAusieT JaBAeHHe Ha IEepexoj CeAeHa U3 aMOP(HOro
COCTOSHHA B KPHCTAAAHYECKOE IpH Pa3AMYHBIX TEMIEpaTypax.

2. Usyaurs SAeKTpK‘IeCKHe cBOficTBa CeAeHa, KPHCTAAAM3OBAHHOTO MOJ
AaBACHUEM.

3. Hsyunrs rxepexo,z; cerena wus KHZAKOH (Pa3bl B KPHCTAAAHYECKYIO
04 ZaBACHHEM.

§ 1. llepexop amopdpmoro cereHa B KPACTAAAHYCCKUI MOJ AaBACHHEM

HcexogusiM MaTepuaAOM JAs HCCAEZOBaHH CAY:XKHA aMop(HBbIE ceaeH,
KOTOpPbIH IO JAHHBIM XMMHYECKOTrO &HAAH3a HMEA CAeZyIollHe IPHMECH:
Te 0.001%,, S 0.0008°,, neaeryuunii ocrarox 0.006%/,.

JOmOAHATEADHAS BAKYYMHAS NEPErOHKA BTOI'O MATEPHAAd HE NPUBOAUAA
K 3aMETHBIM H3MCHEHHAM B 3HAYCHHH TEPMODAEKTDOJBHKYUIEH CHABI H
9AEKTPONpPOBOAHOCTH. KOHEEHTpauus HOCHTEAEH TOKA, BBHIYMCAEHHas IIO
TEPMOIAEKTPOABHAKYIIEH CHAE, M3MEpEHHOH NIpm KOMHATHOHK TeMmmepatype,
HaXOAHAaChb B XOpOIIEM COTAACHH C AaHHbIMH Zpyrux asTopos[!] (cpaBme-
Hue JEeAaAOCh IIpH OJHHAKOBBIX YCAOBHAX TepMmuueckoi obpaborku). Bce
o6pasybl GbIAM H3TOTOBAEHBI H3 OZHOrO Kycka ceieHa. Aas Toro urobst
NpUAATDH HYXKHYI QopMmy obpasnaM, CEACH INAABHACS Ha BO3ZyXe, BBIAHBAACH
B KBapUeeyio NpobupKy .U 6bICTPO oOxAaxszarcs. [loayuenusiil crepaxenex
(amamerpom 7 MM) paspesaics Ha OTAGAbHBIE KYCKH, KOTOpble B JZaAbHeii-
meM M OBIAM HCIHOAB30BaHbI JAsl M3YYEHHS KPHCTAAAM34AUWHM [0 JaBAe-
HHEM.

I1pubop, B KOTOPOM HpPOH3BOAMAACh KPHCTAAAM3AUHA I0J AAaBACHHEM,
NOKa3aH Ha puc. 1.

B noaoctp kamepnl 4, rae C0348BaA0CH BEICOKOE JAaBAeHuUe, HAaAMBAAOCD
TPaHCPOPMATOPHOE - MACAO M IOrpy:kaacsi amMoppueii obpasey. IlorocTs
3aThlKaAaCb NAOTHOH PE3HHOBOI npo6xoﬁ 2, mocAe 4Yero B Hee BCTaBAAACA
nayn:xep / ¢ MEZHBIM KOABLOM 3, OGMABHO CMa3aHHBIM CMECbIO TPaHC(POP-

_MaTOpPHOTO MacAa € rpa@uToMm. Kamepa 4 nomerarach B MeAHbIH cTakaH J,

KOTOPBIH CAY:KHA ZAA BBIPABHUBAHUS TEMIepaTtypbl. AAs TOro utobsl HMETh
BOBMOX{HOCTDL CPaBHHMBATb 06pasibl, KPUCTAAAMSOBAHHEIE II04 JaBACHHEM,
¢ obpasygaMM, KPHCTAaAAMSOBAHHBIMH INIPH aTMOCPEDHOM JaBAEHHH, B Ka-
Mepe 4 GbIAO IIPOCBEPAEHO ZONOAHHTEAbHOE OTBEpCTHE (Ha PHCYHKE HE IIOKa=
33HHOE), B KOTOpOE TaK:i€ GbIAO HaAHTO TPAHCPOPMATOPHOE MACAO M ObIA
nmomeiger Takoil :xe obpasey. B sro e oTBepcTHE NOMemaiach TepMo-
napa AAsS H3MEPEHHA TEMIIepaTypHl.
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Bce aeraam npu6opa LEHTPUPOBAAWCH K KPENHAHCh B CTaAbHOM KOp-
nyce.

Harpesanne npu6opa NpousBOAMAOCH QHAMHAPHUYECKOH BAEKTPHUECKOH

nmeuxoff, ogeroffi Ha xopnyc mnpubopa.

P JasieHue B - xaMepe C€O34aBaA0Ch

HbiM Ha puc. 2. Jas - sroro npubop
nozusTHUKOM & . ycCTaHaBAMBaACA Ha
craabHo#f map B’ npecca, a TOAOBKOA
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Puc. 1. ITpuGop zxst usyuenus Puc. 2. TI'mapasamueckuii
KPHCTAaAAMSALUKA CEACHA 0L npecc, KOTOPblii NpHMEHIA-

IHALABAHYECKHM IIPECCOM, H300pazen-

rUZPOCTATHYECKEM JaBACHH=
eM.

7 — naynmep; 2 — pesuropas npo6-
xa; 3 — MezHOe Koable; & — Ka-
mepa; 5 — meaumifi puanHzp; 6 —
CKOABSAIIRI CTepmenb; 7 — NpYmu-
ma; M, & My—mapku gas nsMepenns
CMeIIeHHs NAYHZEDa.

Csd JAAA CO3JaHHA BBICOKOIoO
rujpocTaTHu4eckoro AaBae=
Husa B npubope, usobpaixenH=
HoM Ha puc. 1.
7 — mopmenb _OCHOBHOTO mpecca;
2 — rpubor; 3 — pesunoBas mnpo-
xAazra; 4 — IMAHHAP; S5 — BOs-
spaTumii mopmenb; 6— ynop; 7 —
caopa; & — NOANATHHK, KoTOpHIt

ABARETCA OJAHOBPEMEHHO M BAEK-
TpuYecko# meuxoii; B/ — craibnoi
wap

AAYH:<epa BCTaBAsAACA B rueszo A, pacmoroxsienHoe B HHmHeH wacTm
HOpIIHS Ipecca.
[Moguumas npu mOMOWIM PYYHOrO HArHETATEABHOrO Hacoca JaBAECHHE
B UWAMHZpE Opecca, MOxHO ObIAO IOAYYHTD :KeAaeMOe JaBAEHHE B RaMepe
npubopa. .
[Tpu mamepennn cuA TpeHHs NOABH:KHBIX dacTel ycramoskm (mAyH:epa
¥ IOpPWIHA Ipecca), a: TAK:KE NPH H3MEPEeHHH H3MeHeHuss obbema obpaspya
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B NPOIIECCE KPHCTAAAH3ALHH, HEOOXOZHMO KMEThb BO3MOKHOCTb TOYHO H3-

p- | MepATb CMEIIEeHHE MAYHePa OTHOCHTEABHO KaMephbl.

Aasn sroil geanm mpubop 6uiA cHab:xen mapramu M; u M, (em. puc. 1).
oit ' Tlpn stom Bepxuss mapxa M, 6bira :KECTKO CBA3aHA C IAyH:kepoM 7,
pas a mmmHAZ M;—cO CKOAB3SAUIEM cTep:HeM O, KOTOPbIi CBOMM HH2KHHM
PCh KOHIIOM MNPH:KHMAaACH Opy:kuHoi 7 K BepxHell NAOCKOCTH KaMepbl.
eH- ! Vavepenne paccrosuust / Mexzy MapKaM# HPOU3BOAMAOCh CNEHHAABHBIM
op . MHKpPOCKOHDOM. TouHOCTb uamepesus 6viaa oxoro 0.01 mm.
Ha | [IpuGop paccumrbiBarcs Ha MakcuMaibHoe jaBaenne 5000 atm. u pa
<ol | aaureapunii Harpes 4o 320°C. Ilpm srtux ycaosmax ycmemno paGoraaa

xamepa, usrotosaeHHas us crain 18XHBA, sakarenno#f u ornymennoft 10
rBepaoctu R,=45. :
AAs mAyHxepa HCIOAB30BAaAaCh cCaMO3akaimsammascst craas Pd-1,
3aKaAeHHAs B MacCAe M OTOyLleHHas o Teepjoctn R,=60.
l Cucrema ynaoTHeHHs, O KOTOPOH yie yNOMHHAAOCH, OKAa3aAacCh OYEHb
yaobuoit n Haje:HOH JZaxe IpPH BBICOKHX TemnepaTypax. Kakx mokaseiBaer
| omeIT, pesuHa 104 BBICOKHM AaBAGHHEM BHAUHTEABHO GOAee ycTofiumsa IO
OTHOWIEHHIO K TeMIepaType, YeM IpH aTMOC(EePHOM JaBAeHun. Ecam npm
| aTMOC(QepHOM JZaBACGHHH PESHWHA pasiaraeTcs odeHb 6nictpo mpu 160—180°C,
to nmoas Zasienuem 4000 atm. m Temnepatype 260°C oma pasiaraercs na-
| CTOABKO MejzAeHHO, uTO B TeueHune 10 wac. He yTpaumpaeT CBOMX MexaHH-
| ueckux CBOHCTB M NPOAOAKAET MIpaTh CBOI POAb YHAOTHHTeAs. [lpnm
HarpeBaHuu :xe ee mpu ToM ke Jasaennd g0 300—320°C oma mpespa-
maeTcs B TBEPAYIO Maccy, MO MEXaHHYECKHM KAYeCTBAM HANOMHHAIOLIYIO
s6onut. Ho gaxe mpm 81HX ycaoBmax He GbIAO CAyuas, uTO6bB! yIAOTHEHHE
AaBaAO yTeuky. BepoATHO 9TO NpPOHCXOAHT IOTOMY, ¥TO HPH GOABIIEX
A2BAEHHAX, IOMHMO IPOGKH, BCTYNAeT B ZEHCTBAE YHAOTHATEABHOE KOABILO,
KOTOpOe M ObecneuMmBaeT TrepMEeTH3AUWIO Jaxie TOr4a, KOr4a pesHHOBAS
| npobka mepecraer urpaTb poAb ymaortaureAs. OgHako 6es npobku ¢ 0gHHM
| Aullb KOABLOM YNAOTHEHHE pabOTaeT Xywe H MOXKeT JaBaTb KpaTKOBpe-
| MeHHble YTeUKH, OCOGEHHO NpH YMEHbUICHAW JAABAEHHS, KOrJa NAyHicep
| noA AeHCTBHEM C:KATOrO MacAa JBHMKETCA BBEpX.
Kpucrarrusagns o6pasyos moJ ZaBAeHweM NDPOHSBOZHAACH B CAEAYIO-
meil mocAegoBaTeAbHOCTH. JaBAeHHe B Kamepe, rje NOOMEIAaACH obpasern,
. nospimarocs g0 4000 arm. Ilpm stom zasaenum Bech mpubop HarpeBarcs
| 40 sazanHOH TemmepaTypbl, KOTOpas 3aTeM INpH NOMOIIH CHELHAABHOTO
| TePMOPEryAATOpa MNOJAePKHBAAACH NOCTOsHHOH B Teuenne 10 wac. Ilo
HCTEUEHHH BTOrO BPEMEHM Ieuka BBIKAIOWAaAaCb M Kamepa C o6pasygamu
0CTbIBAAZ JZO KOMHATHOH TeMmepaTypbl IpH TOM :Keé CaMOM JaBAGHHH
4000 atm. Taxmm croco6om 6bIAM 3aKpPHCTAAAWSOBaHBI OGPAas3lbl IPH TeM-
neparypax ot 85 a0 260°C. :
Ars remumepatyp xpucrairusapmu Hmke 220°C  (Touka nAaBAemus
ceAeHa) MOMHMO O6paslOB, KOTOPBIE KPHCTAAAHSOBAAMCH B KaMepe BBICO-
KOrO JaBAEHHS, OJHOBPDEMEHHO KPHCTAAAHSOBAAMCH MPH TeX e CaMbIX
TEMIOEPATYPHBIX YCAOBHSX H 06pasysl, HaxOZsAIMeCs BO BCIHOMOTATEABHOR
IOAOCTH, O KOTOPO# rOBOPUAOCH BhImE. JTO JAaBAAO BOBMOMKHOCTH CDAB-
HiBaTh OGpPAsUbl, KPUCTAAAM30BAHHBIE 1104 JAaBAEHHEM, C O6Pa3LaMH, KpH-
CTAAAHSOBaHHBIMH [PH MPOYHX DPaBHBIX YCAOBHAX, HO NPH ATMOC(EPHOM
AABAGHHH,
O6pasyer, KoTOpble KPHCTAAAHSOBAAKCH BO BCIIOMOTATeAbHOH MOAGCTH,

1acTH | Mbl B ZaAbHeHmem 6yzem HasblBaTh ,COyTHHKaMu®, ;
Aars Toro wro6er mpociesuTs 3a xpucTarrmsayueli 06pasyos B Kamepe
\CHHC SBICOKOrO JZaBAEHUS, IPOHMSBOJHAOCH HAOAIOJEeHHE 3a H3MEHEHHEM HX 06beMa
iMEPC impoyecce KpucTarrusauuu. Mamvenenne o6bema npu sTOM ompeseAsroch
o cvegenuio mayHaepa. OcHOBHas [eAb ®THX H3MepeHHH COCTOAAR B TOM,
sdepd 7005 YCTAHOBHTb, NPH KAKHX TEMIEpPaTypax aMOp(QHbIA CeAeH, IHOABEpr-
ha3s
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HyTBlfi rugpocrarngeckoMy Jgasaenuio B 4000 arTM., He nmepexosuT B Kpu-
crarrnuecknii. Pasymeercs, 6biA0 651 OYeHb >KEAATEABHO IOAYYHTH 3aBH-
CHMOCTb H3MeHeHHs 06bemMa 06pasgOB OT BPEMEHH MpPH PA3AMYHBIX TeMIe-
parypax kpucrairuzaguun. Ho wus-3a 6oAbmoil TemaoemkocTH npubopa
‘TAKHX H3MepeHHH Mbl HE MOrAM CZeAaThb, TaK KaK AAS HArpeBaHMA npubopa
OoT KOMHATHOH# Temmeparypbl A0 3aJaHHOH Tpe6oBaroch or 1 zo 2 wuac,
B cBasu ¢ ®TuM MBI OrpaHUYHANCH IOAYYEHHEM AHMIIb KadeCTBEHHBIX pe-
BYAbTATOB, KOTOpbIE IPUBOAATCS HUIKE.

[Tpu temmeparype 85°C o6bem obpaspa B Teuennme 10 wac. ocrasarcs
crporo nocrosuupiM. [Ipu Temneparype 103°C sa sroT e mpomeryTor
BpeMeHu naMeHeHue obbema yrke 6BIAO 3aMETHO, XOTH U GBIAO OYEHb MaAbIM
IO CpPaBHEHHIO C H3MEHeHUAMH ob6bema y o06pasygos, KpHCTaAAH3OBaHHMX
npu 60Aee BBICOKMX TEMIEpPaTypax.

Obpasen, xpucraarmsosannpii npu 85°C, ocraBaaca amopQmubiv,
HUKAKHX INPUSHAKOB  SaYaTKOE KPHCTAAAMBANHH He OBIAO  BHJAHO.
B o6pasuge :xe, xpucrarrunszosannom npu 103°C, 6oiau yxe 3aMeTHb HEKO-
TOpble BKPANAEHHUsA KPUCTaAAugscKkoro ceaena. CooTBETCTBYIO yue CIYTHHKY,
KpHcTaAAu3oBanuble Kak npu 85, Tak u npu 103°C umera Bua 06 14mOro
DOAHKPUCTAAAUY2CKOrO CEAEHA H HHKAKAX aMOP(pHoIX BKPANAEHAH HE HMeAH.

OG6pasgbl, KPUCTAAAM3OBAHHBIE NIO4 AaBAEHHEM, HAUHHASA C TEMIEPATYPH
115°C, zaBaru Goabmue msMeHeHus OObeMa M IO BHEIIHEMY BAAY HaAYeM
He OTAHYaAHCD OT CBOHX CIYTHHKOB.

CxopocTp usMenenuss o6bema OGpas|IOB OYEHb CHABHO 3aBUCEA& OT
temneparypsl. Ao Temneparyp, menbmux 170° ckopoctb uameHeHus o6bema
6bira HeBeAuka. [losTomMy 3a TO BpeMms, NOKa NPHGOP HPOXOAHA BTH TeM-
mepaTtypel, o6beM HUBMEHAACH HesHauuTeAbHO (Bpems marpesa ot 110 40
170°C cocrasasao okoro 20 mun.). Ho npm gocrTmaennu Temmeparyp,
6amskux Kk 170°, o6bem wuaMEeHAACH NpaKkTHYecKH cKaukoMm (3a 1—2 mun.)
4 NpH JAaibHelilleM HATPEBAHHH HE HSMEHSACA Zaxe npu GoAee BBICOKHX
TEMIIEPATY Pax.

[Tomumo o6beMmubix HsMepeHu#, KOTOpBIE NPOH3BOAUAHCH B Iponecce
KPHCTAAAU3ALAH, HCCAEZOBAAHCH TaKie H BAEKTPHYECKHE CBOHCTBA MOAY-
geHHBIX 006pasyos. JAEKTPONPOBOZHOCTD OOPA3LOB H3MEPSAACh OGBITHBIM
30HZOBBIM METOZOM.

Ronpenrpagus HocuTeAell TOKa n BBIYUCASAACD IO U3MEPEHHOH TepMO-
BAEKTPOABMMyIIefi cuAe mpu momomu QopmyAbl [lucaperko?!

[0|———[2+1 2(2"’""7) —'lgn],

rae O — TepMosaexTPOABHKYmAs cuAa, npuxogmmascs Ha 1°C; T— abeo-
AIOTHAS TeMIepaTypa; m —s(QexTusHas Macca Jblpkd (B ZaHHOM CAydae
paBHa Macce SAEKTPOHA). .

[MoacTaBasis WHCAEHHDbIE 3HAUEHHS HE3ABHCAIIAX OT TEMIEpPATYPbI BEAH-
WHH U pellas OTHOCHTEABHO 1, NMOAYYHM (QOPMYAY JASA BbIYHCACHHA KOH-
JEeHTPaLHX ABIPOK B CEAEHE

1000

lg,on=21.06 —1.5 lglo ———15.036,

rae O usmepsierca B MB/rpag.

TepmosAerTpoABRAKYILAS CHAZ B TOM cquae KOrZa CONPOTHBAEHHA
o6pasnos 6biau He Beauku (Menbume 10° om), onpejersiraco HEMOCPEACTBEHHO
TOTEeHIHOMETPOM. | Ipx 6OABIIMX CONPOTHBAEGHHAX OOPasLOB OHA ONpPEJeAd:
Aach 1O cxeMme, Hso6pa:seHHOH Ha puc. 3.

I TTpuroanocts Qopmyant [Tucapenko AAs onpeseAeHus KOHIEHTPAUHH ABIPOK B Ceaene
sxcnepaMenTarbHO mposepsiaach [laecuepom [7] m Xenkeancom [8].
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"Cnoco6 usMepeHns TepMO®AC 3aKAOUaACH B caesyoomem. [lpu IIOMO LK
KHOTIOYHOTO KAKOYa B NoAoxkeHHH B xongencatop C sapskarcs 4o HeKo-
7TO0pO# PasHOCTH MOTEHUHAAOB, KOTOpad MOraa ObiTb OGHapyxeHa paspajg-
xoffi KOHAeHcaTOopa uepes raibsaHomerp (moroxsenue A). Dra passocTs
noTeHyHaroB OyAeT paBHa HyAl0 (komgeHncaTop He OyJer 3apsiKkaTbCs)
AHIIb B TOM CAydYae, KOrja Ha INOTeHUHOMeTpe O6yJZeT CKOMIEHCHpPOBaHa
MCKOMas TEPMODACKTPOABHKYILast cuAa. [lpm mamepenusx He 06A3aTEABHO
2061BaTHCH NOAHOH B3apsAgKH KOHJEHCATOpPa, TAaK KaK HEMOAHAas 3apAjgka
nosAedeT 3a cobo#f Ammb yMeHblIeHHe OTGPO raiAbBaHoMeTpa, T. e.
yMeHbIIEHHE YYBCTBHTEADHOCTH CXEMbl. BAaro,qac;fﬂ 8TOMYy mepBoe rpy6oe
3HAYEHHE H3MEpsAeMOH TepMO®AC Jaxke IPH OYEHDb GOABIUHUX CONPOTHUBACHHUAX
o6pasuga Moxker ObiTb OblcTpo Ha#geno. JAas noAyuenus 6oree TOUHOrO

Y

& - n Y
. i !n; T '
JRaY N = ,J!'ﬂli :
RENS W) o 6 L ||
) : m, |

Puc. 3. Ilpunyunnaipnas cxema yCTAaHOBKM JAX M3MEDPEHHA .
TePMODAEKTPOABHAYILEHl CHABI 06PA30B € GOABUIMM CONPOTHBAE-
< - HHEM.
\

P
¥ AR AR ﬁl‘— Meuky, CO3ZA0MINE TPAHENT TeMuepaTypn soab obpasga; C — xon-
aencarop (30 mxq); I' — raabpasomerp; /7 — norenuwomerp; O — obpasen;
— TepMomapa.

sHaueHus Heobxoauma 6oAbmas 3apsjka KOHZeHcaTopa, T. €. Tpebyercs
foAbmIas BbIZepKKa B IOAOkeHMH B. ODTHM MeTOZOM MBI M3MEPSIAH Tep-
wosac obpasnos ¢ comporusaenueM g0 108 om ¢ Toumocrteio oxoao 19,.

OABHHOCTD U BbIYMCAAAACH IO SAEKTPONPOBOAHOCTHA G M KOHIEHTpa-
UMl HOCHTEAel# TOka n HpH NOMOIIH (POPMYAB G=enu.

B Taba. 1 zaubr snauenus 6, 0 u n gAs 06pasyos, KPHCTAAAKSOBAHHDBIX
o4 AaBACHHEM, a TaKMe JAA HX CIyTHHKOB IIPDH PAa3AHYHDIX TEMIEpaTypax
xpucTarrusanuu. Msmepenns npoussoguance npu 30° C. Ms ra6anyer BujHo,
4TO SAEKTPOIPOBOJHOCTDL OGP&SQOB, KPHCTAAAMB0BAHHDBIX IIO4 JAaBACHHEM
pH HU3KMX TEMIIEPaTypaxX, BO MHOTO pas MeHbIUE, 9eM SAEKTPOIPOBOJ-
HOCTH COOTBETCTBYIOIIUX CHyTHuKOB. Tak, npu temueparype 85° C saextpo-
npoBogHOCTh 06pasna, KPHCTAAAHSOBAHHOIO 1104 JAaBAEGHHEM, NPHMEDPHO
8 1000 pas MeHbIIe SAEKTPONPOBOAHOCTH CBOEro CHYTHHKA. 1aKoe e
pasAmune MO NMOPAAKY BeAnmuumHbl u Aasa temneparyper 103°C.

HOBBIIIEHUEM TEMIEpaTypbl KpPHCTAAAMSALUK STO pasArdue GbICTPO
ymenbmaeres ¥ yxe npu temneparype 132° C siextponposognocta 060uX
00pasgoB CTAHOBATCA BEAHYMHAMH OJHOrO mHopsiixa. [lpu ®TOM SAEKTPO-
NPOBOZHOCTD - 00PA3L0B, KPUCTAAAUSOBAHHBIX- M04 JaBAGHHEM, PacTeT 4O
remmeparypsl 132° u sateM MeZAEHHO najaeT C IOBHILEHHEM TEMIEPATYpbI
KPUCTAAAHSALHH. DAEKTPONPOBOJHOCTb K€ O6Pa3yOB, KPHCTAAAKSOBAHHBIX,

2 JHypHan TexHHYeCKoit (@uaHKH, T. XXIV, BeII. 12
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Ta6amua 1

. LIeHHeM TeMmIlepaTypbl
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npH aTMOC(EPHOM JaBACHHH (cuyT-
HHKOB), HENPEPHIBHO PacTeT € IOBbI-
KPUCTAAAMBA-
19200

Bo BCeM TeMIepaTypHOM HHTED-
pare 132—260° C sAexTpPONPOBOA-
HOCTh 0OpAa31OB, KPUCTAAAN3OBAaHHDIX
mo4 JAaBAeHHEM, Bcerja .B 10—15
pas MeHbue, UeM SAEKTPONPOBOA-
HOCTh 00pasyos, KPUCTAAAMBOBAHHDIX
pi aTMOC(EPHOM AaBACHWH HPH TEM-
neparype 214°C.

KoHgeHTpagud HOCUTEACH TOKa,

- gaypHadg OT TeMIepaTypbl 132° C, xax

y 06pasyos, KPHCTAAAMSOBAHHBIX 104
ZaBAeHHEM, TaKk M y WX CHYTHHKOB
10 MOpAAKY BEAWUMHbl OAMHAKOBLL H
MaAO 3aBHCAT OT TEMIEpaTypsl KpH-
CTaAAHBALHH,

[ozsumKEOCTD ABIPOK Yy 06pasyos,
KpUCTAAANBOBAHHBIX - 104 AABACHHCM,
Npy BCEX TEMIEPATyPaX KPUCTAAAN3A-
QUM HUME, YeM IOJBHAHOCTD ¥ ofpas-
110B, KPUCTAAAN3OBAHHBIX IpH aTMOC-
@epHOM AaBAEHMH IDH 214°C.

[loMumo usMepeHH#l BAEKTpHIEC-
KUX BEAWYKH, IPUBEACHHDIX B taba. 1,
6bIAM MCCAEZOBaHBI TeMIEepaTypHbie
3aBHCHMOCTH BAEKTPOIPOBOAHOCTH 06-

pasuos, KPHCTAAAH3OBAHHBIX 104 3B~

AEHHEM.

Aars oTOR LEAH 6B51Au OTOOpPAaHDI
o6pasgsl, KPHUCTAAAM3OBAHHDIC —IIPH
remmepatypax 214, 233 u 260° C.
Ars cpapHeHus ObIA TaKeE B3AT 06~
pasel, KPHCTAAAM30BAHHDBIA 1px ar-
MOC(EpHOM _ AABACHHH IIPH 214°C
(cmyrnuk). Vismepenns AAd BCEX 06-
pasoB OLIAM BBITOAHEHBI B AHaldso-
ne rtemmeparyp or —10 a0 +110°C.
B srToM JuanasoHe TEMIEpPaTyp A
Bcex OOpasyoB ®AEKTPONPOBOJHOCTD
OYE€Hb CHADBHO z3aBUCEAa OT TeMmlepa-
Typst ®, MOrAa ObiThb MpPeACTaBACHI
napecTHOH POPMYAOH

S 5
kT

c=Ae ;

-3Buauenus ¢ JAAA PaSAMUHBIX 06-
pasyoB J4aHbl B TabA. 2.

Kar BugHO 3 TabA. 2, KOHCTAHTA
© ZAsl BCEX Tpex o6pasyoB mpuéAu3N-
TeAbHO O4WHAKOBA W B CPEAHEM pasil
0.75 ®B. DAEKTPONPOBOZHOCTD KK
(yHKLWA TeMIepaTypsl ¢ TOYHOCTDHIO
20 omuGok msmepenus Gbira BOCHPO®

R

U3BOAUM
MOCTb HI
120° C).
neofbpary
cTepe3su(
[TocA
rpesa of
TPONPOB
cuAa, K(
BHXKHOCT
H3MEHAA
HOBHAAC
paBHO#
CTaAAUS(
npu 214
MOCAE &
Conc
BBICOKOT
pEHUAMY
1. .4
AM3ALUA
30BaThC.
[lpu
CTOABKO
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KpHCTaA
2..T1
4000 am
MEHbIIE
aT™Moc(
8B
ycroiiu
BBICOKH
4. Il
noJ4 Jak
yBEAUYH
ceAeHa,

B §
B KpHUCT
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Hepexos
Hexc

HCCcAEZ0

‘CaHa Bb
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u (cmyTr-
¢ MOBBI-
TAAAH3A~

M HHTEP-
OonpOBOA-
30BaHHbBIX
3 10—15
OnpoBOA-
30BaHHDBIX
[ IPH TEM~

eif TOKa,
32° C, Kak
HHBIX NOJ
Iy THUKOB
HAKOBBI H
ypbl KpH-

obpasnos,
aBASHHEM,
[CTAAAH3A-
b y obpaz-
pH aTMOC-
O C-

\eKTpHYEC-
B Taba. 1,
epaTypHbIE
AHOCTU 06~
X 04 AaB-

oTo6paHbl
JHblIE  TIPH
n 260°C.
e B34T 00-
# gpu aT-
pu 214°C
i1 Bcex 00-
B AMAIIa30-
o +110°C.
bpaTyp AAA
JOBOAHOCTD
T TeMmiepa-
eiCTaBAEHA

pagpix 00~

KOHCTaNTa
b pubAn3n-
rHeM paBHa
LHOCTDb  KaK
TOYHOCTHIO

KA BOCHP

Kpucrarrusauus cenera noy zasacuuem 2131

{3BOAMMA HE3aBHCHMO OT HamnpaBAenus usmepenuii. Ho sTa Bocnpoussosu-
MOCTD MMEAa MECTO AMWIb NPH CPABHMTEADHO HH3KHX TEMIEpaTypax (a0
120°C). TIlpn nporpese obpasyos spime 120°C saexTponposoguocTs ux
#eo0paTHMO H3MEHAAACh M HabAZaAHCH TH-
CTEPE3HCHBIE ABACHHUA.
[Tocae AOMOAHHTEABHOrO 6-4acOBOTO IpO-
e ) Temneparypa kpreraa-
rpesa o6pasgos Ha Bosayxe mpu 214°C arex-

Ta6anpa 2

ausanuu 8 °C (nog " ©; (8B
TPOIPOBOJHOCTD, TEPMOSACKTPOABHKY LA assacumen) | il
cuAd, KOHLEHTpaUus HocuTeAredt Toka u HOZ4-
pmsHOCTh, uamepenuole npu 30°C, pesko 214 0.77
usmeHsAnch (cm. TabA. 1), a BeAmunna ¢ cra- 238 0.72
HOBHAACH JASl BCeX 06pasyoB NPHOAUSHTEABHO 260 0.78

pasno# 0.3 ee. Uro xacaercs o6pasga, xpu-

CTAAAK30BAHHOTO IIPH aTMOCHEPHOM JaBAEHHH

npu 214°C, TO SAEKTPONPOBOJHOCTb €ro NPAKTHYECKH HE H3MEHAAACDH
TOCAE JOMOAHMTEABHOro Nporpesa Ha Bosayxe npu 214°C.

Conocrasass HabA0ZeHUA 3a u3MeHeHueM obbema 06pasyoB B Kamepe
BHICOKOTO JABAEHHA B IPOLECCE KPHUCTAAAUBALMU C HAEKTPHUECKUMH H3ME-
peHHAMH, MOXHO CAEAATH CAEZYICILHE BBIBOABI.

1. AaBreHue IpH HHSKAX TEMIEPATYPaX 3aMEAA’IET NPOLECC KPUCTAA-
ansanun. [log zaBaerumem 4000 atv. CeAGH HauMHAET 3aMETHO KPHCTAAAH-
soBaThca HauwmHas Ammb ¢ 110—115°C.

[lpu 6oree HUBKHX TeMIEpaTypax NpPOLECC KPHUCTAAAMSALKM HAET Ha-
CTOABKO MEAAEHHO, 4TO NPAKTHYECKH €Tr0 TPYAHO '3aMeTHTb. [Ipu BBHICOKHX
remnepaTypax kpucrarrmsagun (= 170°C) aasaenue  yckopser mpogece
KpHCTAAAMBALHH, :

2. [ToaBuzKHOCTD ABIPOK B CEAEHE, KPUCTAAAH3OBAHHOM NOJ A4BAEHHEM
4000 aTm., mpu BCex Temueparypax KpucraAamsagumm ot 115 zo0 260°C

MeHbllie, 4eM IOJBHXKHOCTb JAbIPOK B CEAE€HE, KPHUCTAAAH30BAHHOM IIpH
armocepHoM zaeaenuu npu 214°C.

3. Beauunnn 6, 0, n u u cereHa, KPHUCTAAAHSOBAHHOI'O NOJ AABACHHEM,

yerofluusel Aumb npu Husknx temneparypax (menpmux 120°C). [lpu 6oree
BHICOKMX TEMIEpPaTypax OHH Heo6paTHMO H3MEHSIOTCS.

4. [MocAe AONMOAHHTEADHOTO IpPOTPEBA CEAEHA, KPHCTAAAHSOBAHHOTO
no4 aasaennem npn 214° C moZBHKHOCTD ¥ KOHUEHTPaLus HOCHTEAEH TOka
yBEAMYHBAIOTCA M NPHOAHMSAIOTCA K COOTBETCTBYIOUIMM: BEARYHHAM JAA
ceAeHa, KPHCTaAAMSOBAHHOTO IpH aTtMocpepHoMm zasieHmu npu 214°C,

§ 2. Mlepexoa cerema H3 KHZKOr0 COCTONHHS B TBEPJOE .
(xprcTarrmueckoe) NoZ JaBAeHHEM

B § 1 usyuaarcs mepexos ceaeHa nojg LaBAGHHEM HU3 aMODQHOH (asbt
B KPMCTAAAMYECKYIO.

B srom maparpage WBAO3EHBI PE3YAbTATHI, TOAYIEHHbIE IPH H3yUeHHH
nepexosa CeAeHa 104 JaBACHHEM U3 MHAKOH (Pa3bl B KPHCTAAAMYECKYIO.

MexoaHeiM MaTepuaAOM CAY:HA CEAGH TOH K€ MapKH. Y CTAHOBKA JAS
ACCAELOBAHMH B OCHOBHOM NpPHMEHAAZCh B TOM BHZAE, KaKk OHa 6blAa OmH-
caHa BbluIe.

JAAs mOAyueHHs KPHBOH NASBAEHHA HCIOADSOBAACS C HEKOTOPbIMH BUZO-
H3MEHEHMSAMH MeToj ocTaHoBok [°]. Msmepenns npoussogumauch B cAegyio~
wed DOCAeZ0BATEABHOCTH.

[Ipubop Harpesarcs ZO HEKOTOpPOH 38 4aHHOM TEMIepaTyphbl, Jte:«azgeﬁ
BblIE TOYKM NAABAEHHsS TI'E€KCArOHAABHOTO CEAeHa. 3aTeM JaBAeHHE B .Ka-
Mepe MOAHMHMAAOCh A0 TAKOT'O 3HAYEHHS, KOr4a BEChb CEACH B Kamepe nepe-
X04UA B TBepAO€ (KPHCTAAAHYECKOE) COCTOSHHE.
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nOC)\e 9TOr'0 BEHTHUAD IIpecca pPesKo OTKpbBIBAACH, qTOOBI AaBACHHUE
B KaMepe ynaao BaBeAOMO HH:XKe TOoro JAaBACHHSA, IPH KOTOPOM CEACH npu
AaHHOﬁ TeMneparype HaxXoJurcs B TBEPAOM COCTOSAHHH (npax'mqecxu B Ha-
WHX YCAOBHAX ZaBACHHE MOMKHO OBIAO CHHKATb AO HYyAs), 3aTeM OBICTPO
saxpoBarcs. Ha ety omepagmio TpeGoBaroch oxoro 1—2 cex. 3a sT0 Bpema
CEeAeH eIlge HE ycueBaa paCﬂJ\.aBHTbCﬂ H K MOMEHTY 3aKpPbITHA BEHTHUAA
HaXOAMACS B OCHOBHOH macce B Teepaom cocrosnuu. [To mepe mAasAenus
ceAcHAa ZaBAGHHE B KaMepe BO3pacTaA0 J0 HEKOTOPOro OIPeAEAEHHOro
smavenns p. OnpezeAeHne STOro AaBAGHHS C Y4ETOM IONPABOK Ha CHAY
TpeHus MPOU3BOAHAOCH CAEAYIOIIHM OO6pasoM. }
Korza zaBAeHne B KaMepe yCTAHABAHBAAOCH MOCTOAHHBIM, 3alKCHIBAAOCDH
NOKa3aHHE MAHOMETPa f; M (HKCHPOBAAOCH NOCPEACTBOM H3MEpEHHA pac-
CTOAHHSA Me:Jy MAapKaMH TNOAOMEHHE MNAYH:KEpa OTHOCHTEADHO KAMEpHI
e . (puc. 1). Barem pesxko yMEHbBIIAAOCDH
ZaBA€HHE C TaKMM pacueTom, 4Tobn
i pacCTOsIHAE Me:xAy MapKaMH YBEAH-
. A : guroch npubausureapuo Ha 0.1 mm,
¥ ZeficTBHEM HATHETATEABHOTO HAaco-
ca mpecca MNAYH:KEp BO3BpallaAcs
: ' TOYHO B CBOE MEPBOHAYAABHOE IOAO-
260 \ senne. [Ipu ®TOM BaNMCHIBAACA OT-
cuer f, ma manomerpe. Klcxomoe zas-

270

; Hudrud
250 cenett A€HHE p ONPEeAeAsAOCh N0 (QOopMYyAe
; h+fo S
" [excazonanonsid ¥ i wy
v cenen
240+ ’ B
S} rae S—nmnAomasb NOPUIHA IIpecca;
\W ' d —nmnAomazp MAyH:eEpa.
230} Tounocts wMeToza 6bIA2 OKOAO
2°/,. Kpusas maaBreHus, HOAydeHHas
S : , 1 ; TakuM cmoco6oM, MmokasaHa Ha puc. 4.
. 1000 2000 3000 4000 npogecc_ nepexoga us )KHAKOﬁ q)a-
Gbnense , nz/cu? 3bl B TBEPAYIO NOJ AeiicTBHEM JaBAe-
NLHANAR. - HUA CONPOBO:KAAACH OOADIIMM H3Me-
Puc. 4. Kpusan naasrenns rexcaronaip- HEHHEM Ob6bema. Briro sameueno, uto
HOY0. ceApHAL obpasypl, 3aKpPUCTAAAM30BaHHDbIE BO3-

JeficTBueM JaBAEHHA HA :KULZKHH CEAEH,
HbIAM OYCHb HEOZHOPOZAHBI IO pa3MepaM 3epeH. B o6pasnbl, KaKk IPaBHAO,
6bIAM BKPAIAGHBI OTZEAbHBIE MOHOKPHCTAAAMKM pasMepaMu OKoAO 1—3 M,
XaOTHYIECKH OPUEHTHPOBAHHBIE OTHOCHTEABHO APYr Apyra.

B sTux ombiTax Temmeparypa pacniaBa 6biAa BO BCEX TOYKax OJMHa-
KOBa, NMOBTOMY NPEUMYIIECTBEHHOTO HANpPABAEHHS AAA POCTA MOHOKPHCTaA-
AOB HE O6bIrO. "

JAAs coszaHMus NpeuMyIIeCTBEHHOTO HATPABAEGHHS HEO6X0ZUMO ObIAO
co03JaTh rpajueHT TeMIEepaTyphl.

B Hammux ycaoBuMAX rpajueHT TeMIepaTypbl MOXKHO OGBIAO €CO34aTb AMLID
PESKAM OXA2:KZEHHEM KaMepbl NPOTOYHOH BOAOH. DTHM METOZOM Mbl
BocnoabsoBaruch. OIbIT NPOMSBOAUACH B CAeAyIOmel IOCAE Z0BATEADHOCTH.

Temmepatypa xamepbl nossimaiace 40 320° C npu zasaenun 3000 atm.
{mpm ®THX YCAOBHAX CEAEH HAXOJAHMACA B :kuiKOM cocrosHau). [Tocae sroro
KaMepa pesKo OxAaxkjarach (3ajaHHOE JaBAeHHE IO0ZJEPKHBAAOCDH IIOCTO-
AHHBIM), 6Aarojapsa 4eMy B CEAEHE, HaXOJAIMIEMCS B MOAOCTH KaMepbi, BO3-
HHKaA IPajHeHT. TeMIepaTypbl, HalpaBACHHbIH IO pajuyCcy IOAOCTH. -

_AmHjpuYeckuii obpasey, 3aKpPHCTAAAMB0BAHHBIE TAaKUM cHOCO6OM, COCTOZA

43 MOHOKDPHCTAAAOB, OCH ¢ KOTOPBIX GbIAM HampaBAEHDI IO pajuycy obpasia.
O6pasen xak LeAoe COCTOSA B OCHOBHOM H3 HECKOAbKHX MOHOKPHCTaAAOB,
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MEAKOKDHCTAAAMYECKHH CeAeH OblA AMIIb B TPELUHHAX M B [eHTpe obpasna.
Pasmepbl MOHOKPHCTAaAAOB, KOTOpbie HE COAEPXKAAH BHAMMBIX TPEIUH,
66l OKOAO 2—35 mm. Penrrenocrpyxrypubiii amaAus nokasaa, 9to Jeii-
CTBUTEABHO NMOAYYEHHBI# HaMH MATEPHAA COCTOSA U3 OTAEABHBIX MOHOKpPH-
CTAAAOB, IlapaMeTpbl pPEIIETKH KOTOPBIX HE OTAMYAaANCh OT NapaMeTpOB
pemeTKn OOBIYHOrO reKCaroHaAbHOTO CEAEHA.

ke § 3. O6cy:xaenne peayabTaToB ONBITOB

Boiro yeranosaeno (§ 1), wro npm HuMSKMX TeMmMmepaTypax JAaBAEHHE
3aMEAASIET NMPOUECC Mepexoja CeAeHa M3 aMOp(pHOH (asbl B KPHCTAAAHYE-

' CKYI0, & NPH BBICOKHX, HaobopoT, yckopseT. Tako# BbIBOJ, 04HAKO, HEAD3S

cAeAaTh, MCXO4 AHIIb M3 TEPMOJHHAMHYECKHX COooOparkeHui.

JeficTBUTEABHO Tak Kak IAOTHOCTb CeAeHa B aMop(HOf (ase MeHbE,
yeM B KPHCTAAAHYECKOff, To Ha ocHoBanuu npuuguna Ae-lllareane—DBpayna
MBI MO:KEM YTBep:JAaTh, YTO NpPH AKOGBIX TeMmmnepaTypax, Bo3jelcTBysa
JaBAGHHEM P, MBI MOMKEM I[IePEBECTH CEAeH U3 aMOp(QHOH (a3bl B KPHCTAA-
auveckyro. Ognaxo npuugun Ae-liiateape—Bpayna nuuero He MomerT
cKasaTh O KHHeTHKe mnponecca. [losTomy Takue QusuuecKkne (axTOPBHI,
KOTOpble BAHMSIIOT AHINbD Ha KHHETHKY IIpoygecca, He MOTyT ObITh y4TEHBI
repMoAuHaMuKkol. AMOD@HBIHl CeAeH MOXKHO paccMaTpHBaTb KaK HepeoxAa-
HMACHHYIO KHAKOCTD, BASKOCTb KOTOpPOH OUEHb BeAHMKa 'IIpH HUBKHX TeMIle-
parTypax, HO ObICTPO NajZaeT C IOBBLINIEHHEM TEMIEpaTyphl.

Kax nsBecTHO, MOABHKHOCTD U MOAEKYAB! BbIpakaeTcs Yepes BA3KOCTH
7 1o Gopmyae

u=6‘i—a'r,’ : (1)

r4e @ — pajuyCc MOAEKYADI. ,
B cBoio ouepesnr 7 Bmpamaercs Qopmyrodr Dpenkeas [6]

W

*r,=Aoek—Te7° ‘ @)

rae p— AaBAeHne, I — abcoroTHas Temnepartypa, A, W u p,— nocroan-
HBIE, HE BaBHCALIWE HH OT TEMIE[aTypbl, HE OT AaBAEHHSA,

Mopmyaasr (1) u (2) BoiBeseHbl B NPEANOAO:KEHHH, YTO MOAEKYAB!I 00Aa-
ZawT mapoBofi cummerpued. Ho, xax mnoxaseiBaeT ONbIT, OHH JalOT Kaue-
CTBEHHO NpPaBUAbHblE Pe3YAbTaTbl U AAA Goaee CAOuHBIX mujkocTed. Ilo-
sToMy Mbl OyJem cuuraTb, -uTo (1) m (2) npumeHuMBI M JZAf aMOPQHOro
ceAeHa.

M3 sTux (QopMyA BuZHO, UTO BA3KOCTb, & CAEZOBATEABHO M IIOABHIK-
HOCTb OSKCHOHEH[MaAbHO B34BHCAT KaK OT JAaBAEHHS, T4k ¥ OT TeMmmepa-
TYpPBbI. '

Tark xak Kpucrairnueckoe (rekcaroHaAbHOE) COCTOsHHE OOAee yCTOH-
4UBO, UYeM aMOp(HOe; TO B Ipoyecce OGPASOBAHHA KPHCTAAAHIECKOTO
COCTOSHMA SHEPTHA JOAXHA BBIJEAATHCA. [10DTOMY, BEPOATHO, POAb TEM-
mepaTypbl NpH KPHCTAAAMBAaLUM CEAEHA COCTOMT TOABKO B TOM, YTOGBI
YBEAHYUTD I0ABHKHOCTD MOAEKYA U, CA€ZOBATEAbHO, 4aTh UM BO3MOXSHOCTD
yOaKOBBIBATHCS B KPHCTAaAAbl. [lOBMAMMOMY, €CAM NpH HA3KHX TeMIepa-
Typax (HanpuMep npu KOMHaTHOH) BAskocTb Oblaa 6B Maaa, TO NpoLece
KPHCT2AAMBALMA NPOXOZHA OBl M IIPM STHX TeMIEpPaTypax.

[Tos zaBreHmeM pasHOCTD Me:xkdy TEPMOAMHAMHUECKHMH MOTEHLIMAAAMH
B aMOP(QHOR ¥ B KPHCTAAAMYECKOH ()a3ax yBeAWUMBAGTCs HA BEAMUHHY pAv,
rae Av—pasHocTb 06beMOB CeAeHa B aMOP(HOR (pase U KPUCTAAAHUECKOH.
[Tosromy ecam 6bl BASKOCTD CEACHA He YBEAHUHBAAACh C MOBBIIIEHHEM

o

T —
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AaBAGHHS, TO JaBAGHHE YCKOPSAO 6bl NpoUecC KPHCTAAAMSALMHM M MBI Ha
onbiTe HaGAOZaAu 6bl mpogecc nepexoAa U3 amOp(pHOH (asbl B KPHCTAA-
AMYECKYIO' Ipu 6OAEe HH3KHX TEMIEpaTypax, 4eM NPH aTMOC(EPHOM AaBAe-
Hun. B geficTBHTEADHOCTH BASKOCTb OYEHb CHAbHO YBEAHYHBAETCs C HOBHI-
IIeHneM JZaBAEHHS, YTO NPUBOAUT, corAacHo (1), K yMEHDbIEHHUIO I10ABH:K-
HOCTH MOAEKYA CeAeHa. Tak Kak II0 HAIIEMY NPEANOAOZEHHIO I10A4BUKHOCTD
SBASIETCS ONPEAEAAIONIMM (AKTOPOM, BAMAIOIINM Ha KHHETHKY mpoygecca
nepexoza u3 aMmMOpQHOrO COCTORHUS B KPHUCTAAAHYECKOE, TO CTAHOBHTCA
HOHATHBIM, NOYEMY NP HH3KHX TEMIEpaTypax JAaBACHHE 3aMEAASET Kpu-
cTaAAm3ayuio ceAeHa. [lpu BbICOKMX TeMmepaTypax BA3KOCTb MaAa (mogd-
BHM{HOCTb BEAHKA), T. €. NPENATCTBHA YKa3aHHOMY TEPMOAHHAMUYECKOMY
Qaxtopy wmaabt., ITostomy mnpogecc kpucrarAnsayum HpPOTEKAET GbiCTpEE.

B coraacum ¢ msro:xenHO# TOukOH 3peHns HaxoZUTCA (akT 06pasoBa-
"HHS MOHOKDHCTAAOB NpPM BaTBEPAEBAHHU CEAEHA [I0J BO3JAelCTBHEM JZaBAe-
Hiad. JelcTBUTEADPHO, 4Af TOro 4TO6bl GOpPasOBAACA MOHOKPHCTAAA, HEOG-
XOAHMO BBINOAHEHHE JABYX YycAosmii: 1) 4T06BI NOABHKHOCTD MOAEKYA
B pacmaaBe ObiAa BeAmKa; 2) 9To6bl 6BIAO MAAbIM YUCAO IIEHTPOB KPHCTaA-
AUBagHn.

[lepsoe ycAoBue BBINOAHEHO COrAaCHO BbINIEH3AO:KEHHOMY. BTopoe
YCAOBHE TaK:ke BBIIOAHEHO, MO0 CEAEH MOMKET HAXOZUTbCA B COCTOMHHUH
nepeoxaaxAeHHoff :xugkoctd npu temumeparypax 200—216° C ouenp Arm-
TEAbHOE BpeMs, HEe MepexoAs B KPHUCTAAAMUECKYI (asy. Tak Kak 9HCAO
LEeHTPOB KPHUCTAAAMBALUUH OUYEGHb ObICTPO yOBIBAET C NOBBILIEHHEM TeMIE-
paTypsl, TO YACAO ®»THX UeHTpoB npu Temueparypax 240—260° 6yser ma-
CTOABKO MaAbIM, YTO BTOpOE yCAoBHE 6yseT 6e3yCAOBHO BbinOAHEHO. [lpn
NOBbIIEHHN JaBACHHA A0 HEKOTOPOrO ONpPEAEAEHHOro sHaueHus obpasosa-
HUe MOHOKPHCTAaAAOB HAYHETCA HMMEHHO Ha 9THX LEHTPaX KPHUCTAAAU3ZLHM.
Tar xax OpH BBICOKHX JaBAGHAAX NEpeXo4 M3 KuAKOfl (Pasbl B TBEPAYI
(KpECTAAAHUECKYI0) HPOHUCXOAUT HpH OOAEE BLICOKHX TEMIEPATYpax, To

yCAOBUA AAA BbIpAIUHBAHHSA MOHOKDPHCTAAAOB CéAeHAa 104 JaBACHHEM 6oxee .

6AaronpHATHbI, YeM NP aTMOCPEpPHOM JaBAeHHU. Uro xacaercs rpajueHTa
TeMIIEPATYypPbl, KOTOpPEHIf BCe e HeOOXOZHM JAf BBIpAIUBAHHA OOAbBMIHX
'MOHOKPHCTAaAAOB, TO POAb €ro COCTOUT A4UIb B TOM, YTOObI AOKaAM30BATD
LEHTP, B3 KOTOPOTO HAYMHAETCA POCT MOHOKPHCTAAAA.

Boiro maidgeno (cm. § 1), wTo kpucTarAM3apus CeAeHa 104 AaBACHHEM
B 4000 arm. He yBeanumsaeT mnoiBHASHOCTh HOCHTeAeit Toka. BDoaee Toro,
€CAH IIOAyYeHHble O06pasiibl JONOAHHTEAbHO HE HPOrpeThl HPH aTMOcdep-
HOM JAaBACHHM, TO NOABH:KHOCTb AbIPOK B HHX Jaze Ha MOPAJOK MeHblIe,
YeM IIOJBHKHOCTb y OOpasgos, KPUCTAAAHSOBAHHBIX INpPH AaTMOCPEPHOM
ZaBaenuu (214°C) m npubamkaeTca K Helf AWlIb MOCAE JOMOAHATEABHOrO
Nporpesa NpH aTMOC(PEPHOM JAaBACHHH.

TOT PE3yAbTAT, KAk HaM KaxmeTCd, HAXOZUTCA B COOTBETCTBHH C H3-
AOKEHHOH BBIIIE TOUKOIl 3peHHs. ’

POa\b JAaBACHHs IIPH XPHCTAAAUBAUHUH CEACHA ABOsAKadA. AaBAeHKe, Cc OAHOﬁ
CTOPOHEI, YMEHpIIaeT MHKPONYCTOTBHI MeEKAY OTAZEADHDBIMH MHKPOKPHCT&A'
AaMH 06pasga; ¢ Apyro#i CTOPOHBI, OHO 3aMEAAAeT MHTDALUIO MOAGKYA
BAOAb TIpaHe#f MHKDOKPHCTAAAOB, YTO INPHBOAUT K YBEAWUEHHIO UHCAA
HEYNOPAZOYEHHbIX MOAEKYA, T. €. K YTOAUIEHHIO NPOCAOEK. [lpn ZOMOAHH-
TEABHOM NpOrpese IPH ATMOC(EPHOM JaBAGHMH MHrpalus yCKOpSeTcsa H,
CAeA0BATEAbHO, YMCAO HEYIOPAJOYEHHBIX MOAEKYA YMEHbINAGTCH, HTO H
NPUBOJZHUT K YBEAHYEHHIO 9PpPeKTuBHOH NMOABHKHOCTH HOCHTEAeH TOKa.

Caerannble HamMd BbIBOAbI OTHOCATCA TOADKO K TOMY JaBACHHIO
(4000 arm.), ¢ KOTOpBIM MBI HMEAH JeAO B HAIUMX ONBITaX. BeposATHO, AAA
TOro 9ToGbl MOAY4HTH HaHGOABIIYIO MOABHAMHOCTD B MOAHKPHCTAAAHYECKOM
CeAeHe, HY:xHO NOA0MpaTh Takoe JaBA€HHE, KOTOPOE MOTAO O6bl yHHUTO-
JKHTb MHKPONYCTOTHI, He 3aMeAAfd CYUlE€CTBEHHO MEIPALIHH MOAEKYA BAOAD
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rpanefi MEKpOKpHeTaAAOB Ob6pasna. BeposaTHo, AAf 3TOH ueAu 6OABIIOTO
iaBAeHus He TpebyeTcs, TaK Kak IpPH JaBACHHH 400—500 arm. MOHO
NOAYYHTb YBEARYeHHE NOABHXHOCTH IpPHOAHIHTEADHO B 10 pas no cpasHe-
HHIO C MOABMKHOCTBIO y 06pasyos, KPUCTAAAH3OBAHHBIX NPH aTMOCHEPHOM

A4BACHHH.

Brizoasr

B macrosmmge#f pabore ObiAM HCCAEZOBAaHBI NPOLECCHI MEPEXoAd CeAeHa
n3 aMoppHOl M KuAKOH (Paspl B KPHCTAAAHUECKYIO.

Briro mokasaHo cAegyougee.

1. Tlpn HESKEX TeMmmepaTypax JAaBAeHHE 3aMejAAET NIpOUecc nepexoa
cereHa U3 aMOpP(pHOH (asbl B KPHCTAAAMYECKYIO, & MPH BHICOKAX YCKOPACT.

2. DAeKTPONPOBOAHOCTD M NMOABHKHOCTD HOCHTEAEH TOKa B CeAeHe,
KPHCTAAAR3OBAHHOM I10J JaBACHHEM 4000 atM., Ha TMOPAZOK MeHbIIe, YeM
AAA CEAeHAa, KPHUCTAAAA30BAHHOINO NPH aTMOCPEpPHOM AaBACHUH (214° C).
[TocAe AOMOAHATEABHOTO MPOrpesa 3HAYEHHA HAEKTPONPOBOAHOCTH M HOZ4"
BIUKHOCTH MPHOAHAKAIOTCH K COOTBETCTBYIOUIUM 3HAUCHHAM OSTHX BEAHTMH
AAA CeAeHa, KPHCTAAAH30BAHHOTO NPH aTMOCPEPHOM JaBAEHHH.

3. [lpu kprcTarAuWsagué CeAeHa H3 pacnaaBa o00pasyloTcs KpymHbIe

MOHOKPHCTaAAB! (40 5 MMm).
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