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Supercriticai Fluid Mixtures at High Pressures
E.U. Franck
Institute for Physical Chemistry, University of Karlsruhe,

12 KaiserstraBe, D7500 Karlsruhe, BRD -

Abstract

With high pressures, suporcritical fluids can be studied over

a wide range of denéity. Extensive and continuous changes of
physicochemical properties and phenomena are possible. New
results are presented: Quantitative determinations of the
solubility of a solid compound {caffeine as an example} in
several polar and nonpolar supercritical gases and binary gas
mlxtures. The data could be useful in relatlon to "supercritical
extractxon" processes. Quantitative calculation of phase

diagrams of blnary and ternary systems to 2000 bar w1th a new

equatlon of state is pgssxble. The PVT-properties and the electrolyt1

conductance for the water—sodlum hydroxide system in the whole
composition range between the"dllute solutions and the fused
ﬁydroxidé were measured to 450 °C and - in part - to 4000 bar.

The possibility of comhustlon in dense supercr1t1ca1 water—
methane mixtures with injected oxygen is dlscussed and demonstrated
with a "hydrothermal® flame‘in.a supercriticalvphase at 2000 ba;

of pressure.
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I. INTRODUCTION

Dense fluids at supercritical temperatures provide an excell

field in which experimental and theoretical studies can be n

" of physicochemical properties and of their extensive and

continuous variation with temperafu;e, pressure and composit
This is particulariy true for fluid mixtures, because nonpel
polar and even electrolytic fluids’are miscible over wide

ranges if the temperature is high énough. The critical phenoi

of binary and ternary fluid systems have been predicted and

discussed on the basis of thermodynamic considerations (1) a

have been demonstrated experimentally (2} already‘a long time
ago. New possibilities have expanded the region of available
data and systematic treatments on phase equilibria and

thermophysical properties to include highly polar fluids ond

even supercritioal electrolyte solutions (3),(4),(5).

_ The phase equilibria can be described by temperature-pressuri

mole fraction (T,P,x) diagrams. The "critical curve" between
the two critical points of the pure components is usually
interrupted, if the two partners diffef considerably, for
example in molecular polarity. The critical curve is a high
temperature envelope of a two-phase region. Fig. 1, as an
example, shows the TPx-diagram of the water;aggon system to

: ®
3000-bar. The boundary surface of the two-phase region was

calculated with a procedure mentioned below. The agreement

with experiment is good. A few points along thé critical cur
are shown. This upper branch of the critical curve begins at

the critical point of pure water and - passin through a shal
g

11



temperature minimum - extends to high pressures and temperatures.

The minimum in temperature may be more pronounced or may disappaar

completely, as for water-helium (6), where the curve proceeds

from the critical point of water directly to higher temperatures

and pressures.

In the present contribution new results will be presented on
very dilute supercritical solutions with some relevance for
supercritical extraction. Subsequently, an equation of state
to calculate critical curves and phase eguilibria to very high
temperatures and pressures will be demonstrated. A discus§ion
of new PVT-data and of the electrolytic conductivity of water-
sodium hydroxide mixtures over the whole range from fused
tydroxidé to dilute aqueous solutions,above the critical
temperature of water will follow - as an example for a .
comprehensive treatment of liguid salts and agueous electrolyte
colutions. Firsg resulté on "hydrothermal combgstionf with

“supercritical flaﬁes“ to 2000 bar shall finally be presented:

II. DILUTE MIXTURES -~ SUPERCRITICAL EXTRACTION

Proceéses to dissolve-and extract solids or high boiling
‘liquids with supercritical dense gases as solvents has received
increased interest invthg last_decadés; Although.at present
oniy a few of»thése prdcesses are'beiné'used on an industrial

scale, numerous suggestions for separation procedures have

been made (7)., Many recent éuhlications concerning th;s subject’

are availablé {8) (9)(10) (11) (12) - and experimenta; solubility

results.are given.

12
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Quantitative solubilify data, however, are rather difficult

to obtain and relatively scarce. One possibility to oﬁtain such
data is, to use absorption spectra of the solute in the highly
compressed supercritical solvent gas. Suitable high pressure
optical cells equipped with sapphire windows have been .
constructed forvsuch purposes. Series of measurehents with
anthracene in various gases and caffeine in some ga§e§ have
been reported (13) (14). Some.of these ﬁeasurements were
extended to 2000 bar. Technical applications at such high
pressures may be rare, but the coverage of a wide density range
sometimes facilitates the derivation of solubility equations.‘
Very recently (15} (16) the solubility of caffeine as a test‘.
compound has been measured not only in pure ga;es but also

in gas mixtures in order to study the combination of twa
solvent actions. Caffeine has a suitable absorption spectrum

iﬁ the near UV-range with a band at 273 nm, the intensity -

of which was used for the concentration determination.

The influence of a gaseous solvent can be very clearly represented
by the so-called enhancement factor, which is the ratio of the
observed solute concenération ¢ in.the gas phase over the
concentration c, at the same temperature relatéd to the vapour
pressure of the pure solute compound with no solvent gas. fig. 2
shows measured enhancement factors for caffeine at;373 K as
functions of molaf density for four gases. The solﬁbility

data were first obtained for differént'préséufés; which in some

cases extended to 2000 bar. With existing PVT-tables the data

13




were recalculated to obtain the density dependence of Fig. 2.

The density’data of methyl-trifluoride were derived by

corresponding-state considerations from data for CHClFZ.

It is impressive to see, that enhancement factors can increase

with density by four orders of magnitude. It is plausible,

that gases with molecules with high dipole or gquadrupole moments

are considerably better solvents. Methane and argon have been

applied for comparison purposes. Analogous observations have

been made earlier with anthracene (13). The curves indicate,

that at very high densities they may become flat and reach a

region of near density independence. From the increase of

enhancement factors at low density, mixed virial coefficients

B12 can be derived. The use of compressed helium to 2000 bar
gives a negative logarithm of the enhancement factor, indicating

a “"negative" enhancement, a repulsion of the solute from

the dense helium phase (15).

In technical processes of supercritical extraction the use of

the addition of second gaseous components - "entrainers" - is

occasionally mentioned. The desirable effects of such entrainers

may have different causes. In the present investigation it was

undertaken to study the combined action of two well-defined

gaseous solvents as a function of their relative concentration.

Fig. 3 gives some of the results. Binary mixtures of methane

with trifluoro-methane and with carbon dioxide were used. Methane

was applied as one of the_components.because-of the higher

contrast to the two other partners. pata of Fig. 3 were selected

for a constant volume density of 10 ﬁol élm;3 and a constant
temperature. Tt is clear, that the increase of the enhancément
factor follows a relatively simple function of the mole fracétion
of the added polar compound. No drastic entrainer effects are
observed in. these cases, although the conseqﬁence of thé addition
of,‘for example, twénty mole percent of the polar methyl—trifluofide
to methane is remarkab}e. The interaction energy,between solute
and solvent gas in depepdence of density'has also Jbeen derived
from the temperature dependence of solubility. A simple relation
can be found between these interaction energies and the
"reduceg", dimensionless dipoie or quadrupole moments of the

solvents (15)(16).

ITII. CALCULATION OF PHASE EQUILIBRIA AND CRITICAL CURVES

It is desirable to have the means to calculate the characteristic
thermodynamic properties of binary fluid systems: The.fluid—
filuid phase eq§i1ibria ip the TPx—spacé and the critical curve
as wel; as the excess quantities of thermodynamic functions in
the supercritical homogeneous region. For this purpose equations
of sta;e are_nee@ed, of which many exist. Recent surveys are
available (17). Scott and van Konynenburg (18) have givén a
classification of critical curves for non-polar components.

A systematic invest%g?tion4of the influence of the polarity of
one of the two partners on the shape of the criticél curve was
made by Gubbins and Twu (19). Successful procedures to calculate
critical curves and fhree—dimensional phase boundary surfaces

have been proposed - among others - by Mc Glashan (20), Deiters
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~;21),vxiéintjéns and Koningveld (22), Peter and Wenzel (23),

“and by Brunner (24) and Boublik (25). Not all of these methods
,f‘ére well suited for systems which include highly polar partners
and not all are suited to cover wide ranges of high temperatures
and very high préssures. In order to deal with aqueous,
“hydrothermal", systems suqh possibilities are needed and it ié
also desirable, that coefficients in the equation are related to
well~defined models of intermolecular interaction to be able to
make predictions  for systems not yet investigated experimentally.
To meet Fhese requirements an equation of state was designed (26)
which is given in Fig. 4. This CF-equation contains only a limited
number of parameters. It is of a modular type to permit later
extensions and refinements. It is extensively discussed elsewhere
(23). vm denotes the mqlar volume. As in the van der Waals
egnation it has a repulsion and an added attraction term. The
rehulsion term is of the form Qerived by Carnahan and Starling
-from'computer simulatiéns (27). Only the particle diameter

has been héde slightly temperature dependent. For the attraction
term a square well potenéial_is used. Diameter ¢ and depth €

. of which are derived.from thevcritical constants of the pure
partners. The relative width )\ of the, potential well can bé set -
at values between 1.5 and 2.5 or can be derived from vapour v

and ¢ are adjustable

pressure vurves. The mixing factors ¢
parameters. It should be emphasized that, because of the relative
simplicity of the CF-equation its main field of application may be

that of .elevated temperatures.
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One test of‘the equation was already shown in Fig. 1 for the
system water-argon. -‘The two phase boundary surface in thé
TPx~space, marked by isotherms, isobars and isopleths, is
calculated with the CF;equatioq using & = 0.67, é = 1.0‘én; 

A= 2.5,

‘Only experimental points along the critical curve can be shown.

Another example is presented in Fig. 5.

The critical curves have been determined expérimentally for
water-carbon dioxide (28) and for water—begzene (29) to 3000
and 2000 bar. These two curves are considérably different frém

the one in Fig. 1. The inflection to lower temperature is much

‘more pronounced, which is a consequence of the attraction

between the water-molecuieg and the carbon-dioxide and benzene
molecules. Iq spite of this greater difficulty the ééieement
between experiment and calculation is still reasonable (30).
The tﬁree—dimensional fluid-fluid equilibrium surface could

also ‘be calculated.

it turné out, that the applicétion of the equation can be
extended to include ternary systems, like water-carbon dioxide-
benzenevor water-nitrogén—hexane. The latter may be a simplified
model system for fluid .combinations which are encéuhtered in
connection with the exploitation of oil and gas depésits. ‘

An improvement of the calculatiops can be obtained with a

supplement to the CF-equation. The attraction term is enlarged
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o in Iude’a‘term*uhich takes into consideration three-body

The result is an improved representatxon of the width of two-phase
regions in the x—dimens1on. Critical. surfaces for ternary systems

could also be calculated quantltatlvely.

IV. THE WATER—SODIUM HYDROXIDE SYSTEMl

For the comprehensivefunderstanding of ionic fluids it is of
basic interest to study binary electrolyte solutions over the
whole range between the dllute solutions and the pure, fused
ionic partner Examples for such’ systems are difficult to find.
One case, whlch has been investigated atA91 °C is tetra-n-butyl—
ammonlum picrate in n—Butanol (31) . Ahother case is lithium
chlorate in water at 132 °C (32). With both systems tne
electrolytic conductivity has been measured at atmospheric
pressure, Variation of overall densit? was notbpossibleu Both.
systems exhibit,fat least at these moderate temperatures,
special behaviour because'of which they are_not very good

examples for the above stated variation.

" The applieation of high pressures at high temperature can be of
assistance in this situation. Aqueous Ssystems are certalnly

of primary importance in this context for several reasons.

With several kbar of pressure water can be obtained even at

400 or 500 °C at denSLties of 0.6 or 0.8 g cm -3 (33) and
dielectric constants of 15 to 25 (34), where it is still an
electrolytic solvent for suitable- solutes The alkali halides,

‘however, have con51derably higher melting points and cannot
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. g oupa without new parameters with a so—called Padé- approx1mat10n‘

easily be investigated togehter with dense aqueous solutions{
Thus sodium_hydroxide was chosen for a new study of this kind.
Sodium hydroxide melts at320 °C and is at this temperature

or higher, completely miscible with water, A projeot was teJUn,'
to measure two basic physicochemical properties - molar volume
and electrolytio conductivity - over the whole composition range
from the dilute aqueous solution to the molten hydroxide ana at
temperatures to 450 °C and pressures up to 4000 bar.,The molar
volume is not‘only interesting by.itself, but is also needed

to convert the pressure oependence of other properties to
density dependence. Aqueous supercritical sodium hydroxlde solutions

have some interest also in conncection with corrosion in

,,electric power plant operation.

In Fig. 6 gives a selection of measured molar volume data at
400 °C in dependence of the mole fraction sodium hydroxide at three

different pressures {35} . The molar volume of water at 4000 bar

“is smallerftﬁan’that of the hydroxide, but at 500 bar it is

considerably higher. The deviation from ideal behaviour, that is

from a linear composition dependence, is always negative. The

molar volume arocund 40 mole peroent of hydroxide is lower than

. that of the pure liquid hydrox1de, indicating a con51derable

contrlbutlon caused by the water. The deviation from "ideal“

linear behav1our is called the excess volume VE. This quantity

-‘decreases markedly w1th 1ncrea51ng pressure from over elght

-1 3 -1

cm3mole at 500 bar to nearly 2 cm mole at 4000 bar. The

fluid mlxture tends to become more 1deal as far as the volume

it
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“is concerned with increasing pressure. To what extent such.
a trend is general with aqueous electrolyte mixtures cannot
yet be examined, since probably no similar systems have been

investigated at such conditions.

The electric conductivity is particularly iﬁformative for ionic
fluids. Thus the specific conductance has been measured for nine
different hydroxide éoncentrations‘up to 450 °C anq 2000 bar.
Resulfs are shown in Fig. 7 (36}. The experimental difficulties
to overcome in such measurements, mainly caused by the corrosive
action of the fluids, are considerable. Thus, an accuracy.as v
usual in conductance determinations can not Be expected. The
Fig. 7 shows that, beginning from the pure hydroxide,thé
addition of water .at first produces only a modest increase of
conductance. Decrease of effective charge carrier concentration
and increase of ion mobility compensate each other. w;th furﬁhér
growing water content, an increase of conductance ié observed,
foliowed hy a maximum and the nécessary decrease to zero ‘

" concentration. Fpr comparison a few data for normal conditions

are shown, .

1mql“l, as shown for 400 °c

' The molar conductance A in cmZohm™

vin Fig. 8 ﬁay, be more instrucfive.'The.conductance.decrease
from dilute solutions td moderate concentrations is very steep
and at a mole fraction of 0.5 it is already'approaéhing“ther

fused salt magnitude. It is obvious, that a conventional

'ééf'

theoretical description, based on Debye~Hiuckel-theory will not
suffice to represent this conductance behaviour over.the whole
concentration range. PFunctions which begin at the water—richi
side do not adequately describe the conduétance near the'fu;;d
salt. A succeésfhl.attempt has been made with a mixture éoncept,

which combines several'transport mechanisms. It is expected, that

this procedure can serve for other systems as well.

V. COMB‘USTM. ,

The preceding thermodynamic investigations have éhown, that -
dense supercritical water is éompletelyvmigcible with second
components of non-polar particles. This is true, for example,
for water-methane andeateg—éxyéen. Very probably also a mixture
of both of the'two gases can fqrm’é homogeneous phase with
wafer, Thus one should assﬁmé, that "hydrothermal'combpstion"
could be supportéd in such phases. An autoclave with“sapphire.

windows was designed to hold and observe Water—gas mixtures

to 500 °C and 2000 bar. Through ‘a narrow nozzle, injection of

me£hane or oxygen into the presshrized aqueous mixture at slow
flow fates of a few cubic millimeters per second is possible.
If, for example, bxygen‘is slbwiy injected -into a homogeneous
mixture of watef with 30 mole percent of methane, spontaneous
ighition occurs alfeady at temperatﬁfes as ‘low as 700 K.
Steadily-burniné flames are»obser%ed AtvIOOO bar and even at
2000 bar of pfessure. A pﬁotograéh of such a "supercritical"
hydrothérmal flame is shown in Fig. 9? The formation of

the flame is remarkable, since normally'spontaneous ignition
The Figure is given at the end of the book
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temperatu;eé for oxygen-methane mixtures are reported to be

around 550 °C. The high pfessure obvicdusly reduces the ignition

temperature markedly and the quench

- : * .
is not as pronounced.as expected. The view of Fig. 9 is through

sapphire windows of about 8 mm diameter. The medium in which
this flame burns is a fluid of 70 mole percent water and

30 mole percent methane at 450

it

at theée temperatures'1Tc(HZO) 374 °C) do not occur. Very
recent supplementing experiments have been made with argon

instead of water. The appearance of the flame is not very

different. The burning velocity of these high pressure flames

is very small: about 1 cm sec—1 or even less. High pressure

flames described in the literature seem not to exceed about

70vbar of pressure.

vi. CONCLUSION.

in conclusion it ﬁay be mentioned again, that the dénse fluids

at.supercritiéal conditions are media which provide unique
possibilities to explore the appearance and the variation of

chemical and physical properties over very wide ranges of

conditions. Unusual miscibility, high chemical reaction rates,

continuous transition from molecular to ionic behaviour and

other phenomena cah be studied. Predictions for behaviour

heyond the present experimental regions based on uncomplicated

models and procedures appear to be feasible.
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THE STATISTICAL THEORY OF THE CONDENSED SYSTEM EQUATION -
OF STATE AT HIGH PRESSURES ' o
v.M.Sysoevl, A.V.Chalyl, M.S.Iabinov?

Igiev Medical Institute, Kiev, USSR

27nstitute of Technical Thermophysics, Eiev, USSR

One of the main problems in the statistical physics of con-
densed systems is the problem of the adequate equation of state
to describe the thermodynamical properties of the substance in
- the wide range of pressure values. Here it is belng solved by me-
ans of thermodynamic perturbation theory and the integral equa-
tions of the statistical theory of dense gases and liquids.

While investigatinhg the dense matter in the wide range of
pressure values, the question about the choosing of satisfactory
small parameter takes place.

Considering the system behavior being far from stability
boundaries (critical point, spinodal curve et al. ), the relative
volumwe difference 4 V=(V -V)/V may be used as the small parame-
ter mentioned above. The A'V<<I condition is being realized in
the wide pressure range only in casa, when another dimensionless

parameter . :

is also small. Here po, J3T - are the pressure value and 1so0-
thermal compressibility corgesponding to V=V . It is evident, that
the accuracy of the condition (I) grows higher together with the
pressure growth. In order to build the perturbation theory we use
the ascaling transformation of the statistical partition function

w1, = g, 7, V) @
Here q5 = V/Vé,

Qy (N, T, V)= (N!)"I Idrexp [ U (ri/a)/k 1] (3

Vo
- Lhe statistical partition function of the system, coneidering
of N particles in V. The potentisl energy in (3) corresponds to

the renormalized radius of the intermolecular. forces action a=a0/q.‘

Since - A V value is taking place in the formula for the con-
figuvrational part of the statistical partition function as hhe re-
g1t of the above transformation, it gives us g possibility bto bu-

34

ild the perturbation theory row for the free energy. The applica-
tion of the basic state on the (Vo, po) isotherm instead of basic
system makes the main difference betweén our method and the stan—
dard methods of perturbation theory.

If we choose

¥ (o = E(x/a)™ ‘ » , )

or

Yo(x) = € exp(-1/a,) 5

as the repulsive intermolecular potential, we obtain the equation
of state being the modification of Tait equation

PP=Nkg TAV/V + [exp(a V/A)-I] [B(T) + p ] . (6)

Here A=3/m for ?I(r) ~ 1™ and A=3 [In(€ kg T) + 2] -I

for ¢ (m)~ @ "% ana

B(T) = - Nkg T/V, + P (T,V). 2]

Here.p, (F, V) is the cohesiva pressure of the basic state V=V,
4 - P=Pg which is-determined by the attractive intermolecular forces,
. Since V/"o‘Po/P (Po is the basic density) it is obvious,
that the local scaling transformation ' = q(r)r corresponds to
the virtgal changing of the density in the r point of the system
under investigation. That is why it seems natural to choose the
creative functional for the conetruction of the statistlcal theo—
ry integral equations as follows

P = Fiz|¥) yr (Y75, D)=
-~FI(r/‘#) [exp(-r .y )-I] (V/k, 1. (8)

Here Fy(r[V.) -one-particle distributlon function in the exter-
nal field ¥ . The corresponding integral equation for the radial
‘distribution function. has the Ornstein—Zernike form with the di-
rect correlative function such as’

e o) = —g(r)M (¥ /k, T - B )

{The choosing (4) intermolecu%gr potential bogether with the using




of virlal theorem and compressibility formula gives us the oppor-
tunity to receive one of the modifications of the Tait equation.
from the equation (9) as follows: .

1n { [p+B(D)] / [pg+B(D]} - ao
A lain {[ pHE(D)] / [p+E(D]}

AV =

Here K.is the adaptive parameter, having the sense of pressurs
value, under which the first coordinative number begins to change
substentually. When ps>Dgs P >» B(T), p»K(T) the equation (I0)
reaches simple Fform

p=D, 98 VO/V. 8 =A"I+1n { l po+]3('1‘) 171 po+K(T)]}_ (1m

The one-parameter equation (IT), being satisfactory for the
supercritical pressures can be easily verified by means of expe-
rimental da%a. For water and steam it is beginning to fulfill at .
pressure velues higher than p=IO4 MPa. The processing of the ex-
perimental data for the water isotherms within the temperatuze
range I75 © to 1000 °C end pressure range 10* MPa< p< 2,510 MPs
gives us the error value of the theoretical approximation of the .
specific volumes not higher than 0.2%. i

The equations (8) and (I0) werTe verified for several li-
quids, such as water, n —propanol, ethylene, and n -hexsne in
the widé range of pressures,and.temperatures, where the condi-
‘tion (1) is correct. For some of these liquids within the pressu-
re range 105-109 Pa the good quantitétive agreement between the

_ calculated values snd experimental date (with an accurscy of

0.0I% for the specific volumes and I% for isothermal compressi~
bility) was reached. - -

Resuming the paper we must_emphasizé, thet the conclusicns,
received by means of statistical physics method are'nét based on
any model considerations, which mekes. it possib)e to apply the
above equations of state for the investigation of densg gases, -
1iguids and solids when the inequallby (I)>tékes place,

DBTERMINATION OF CONSTANTS FOR A GENERALISED TAIT
EQUATION DIRECTLY FROM ULTRA SOUND MEASUREMENTS

W.G.Sdaife, C.G. Lyons‘
Engineering SChool; Trinity College Dublin, Ireland

Introduction

The accurate determination of density of 1iquids'at high

_ pressures is a difficult experimental task, The demands made cn -

precision are. increased if the p, V, T data are to be used to de
rive other thermodynamic quantities, which require estimates to

made of derivatives from tha‘eQuation of state f(p,V,T) = 0. Alt
native methods of detérminins density are therefore of great val
since they may help uncover unsuspected experimental flaws. Mea:
rements of the velocity of sound U(p;T) offer this possibility.

One spproach-is to use an equation of state and data for the sp

cific heat QP(T) at ambient pressure to predict the sonic veloc:

at elevated‘pressures, and compare this with diréct measurement;

of U(p,T), /1/. s L '

A more usual approach is to use measured sound velocities
U(p,T), with densities P (T) and specific heats CP(T) at ambie:
pressure to predict L (p,T). A step by step, isothermal, proced
has beep described /[2/, using '

P =L + 'i/Uatp,T) dp + T 'Clz/Gp' dp (I

I I
Russisn workers /3/ used an_expreséion to calculate density,

U - ZE\

L P® =P = 3R | (U-Ug) + 202 + 2y In |——
_ v ‘ S o “2

- (2p + 2y [1/(U-2p) - T/(U, - 2,)] G

whers K, and Zg come from igsothermal fits of U(p,T), and Z, co
from ambient pressure data. We propose a different approach, u
non-linear least squares algorithms. '

Sonic Tait Equation .

Wie propose to,obtain\che parsweters for the so called Tai

equation by fitting all the valufs of U(p,T) in one operabion.
o . 3




call the equation with parameters so obtained the “"sonic" Tait

to distinguish it from the more usual form in which the parame~
ters come from a fit of densities, the "density" Tait. Tempera-
ture can be incorporated into the Tait equation by wrlting L£ef,

V(py) = VEr(D [T - ALy(D) 1o [;+p/BfB(Tﬂ (%

in which fy, f, and f; are polynomials in° T .of order three or
higher. The parameters to be determined are A, B and r] My
are the coefficients in f2 ete)., In the same way as other wWOor-
kers /2/ /3/, we assume values for density at ambient pressure
je.€. V and coefficients for fI’ This equation can be readlly ma-
nlpulated to yield ( Sv/di)T, ( 5V¢6T) , etc in terms of the pa-
rameters of the sonic Tait. Now,

v3(p, ™ = v(p,T)/E (psT) n : )
K (p,T) = Rq(psT) - T3 (pDV(p /O L ()
\ > R
S o -
and  Cp(pyD) = Cy(Py®) - go ( 8%/ 817, ap ©) .

Equations 3, 4 and 5 can be combined to give,

ﬁ{(Pjo le CPj'f' FWi) o | ()

Uj(P)T)

The non-linesar least squares program now fits Usy pd and Tj
(7) so as to minimize Z(U—U)z. The program reguires initial
guesgses for the f]i as well as expressions for e.g. 5}751

S #/8 M, ete.

Once the perameters for (3) have been determined, it can be
used to predict not only densities but KT' Eos Y etc for compe-

rieon with literature values.
Results (See Table)

Conclusions

The pessibility of fltting a cnmplete data set of U,p,T va—_
1ves to an equation of state in p,V,T like (3), using non-linear
least squares, has been demonstrated. In the case of water .at low

nreassuren the results are satisfactory. At higher pressures,the

fit of U(p,T) is less satisfactory and the ability to predict
density is quite poor. In the case of nonane the sonic Tait be-~
haves less well. The discrepencies may in part be due to experi-
mental deficiencies; or tc inadequacy of equation (4) for the 1i-
quid involved., Finally the cause may lie in the form of the Talt
equation, since much improved fits can be achleved by limiting
the temperature span of the data used. It may be that inadequa-
cies arising from the way that temperature is 1ncorporated Anto
(3), are magnlfled by this method of use.

» ) Water v
Range A ‘B - S s
measured predicted : max
0 -.100¢C s-Tait /4/ P/6/ . .00 % .007 %
ana’ U /4/ 1.4 E@_AJ_QJS —
0.1 = I00 MPa d-Tait /5/ P/sf 0 J00L % +003% %
o U /k/ - 2.81/8 5.1 w/S
%0 - 80 C s-Tait 79/ = P /10/ JII % . 40 %
and: v : o /9/ 2.9 w/s 12,5 n/S
0.1 MPa a-Teit /8/ - F/8/ 0I5 % 12 %
to 0.6 . U/ 12.9 m/S 30,0 m/8
0,8 GPa ) : .
n~Nonane
‘Range ‘ meaéured' predi@ted 5 v 5;ax
0.1 MPa' - it Prios '
, d~Tait /10/ /10/ O34 % JII %
0.6 GPa U9/ 15.6w/S  53.0 w/s
30 - 100 ¢ . s-Tait /9/ = £/10/ .28 % .98 %
) u /9/ 74 m/S. 41.5 n/S
40 MPg -~ - s-Tait /3/ . P/TO/ I % 23 %
200 MPa and ’ ' U /3/ 5.0 /s 15.6 m/8
30 - 120 C °
Notess ’
"s-Tait™, equ.(3) with parameters from U data,’
"d-Tait", equ.(?) with pargmeters from P data.
S is g.e.e, of &, where =I00 (A-B)/A for p
and & =A-B for U, / / source reference.
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SOME FEATURES OF PRESSURE INFLUENCE UP TO I000 MPa ON
INORGANIC SALT SOLUBILITY IN WATER

B.R.Churagulov
M.V.Lomonosov Moscow State University, Moscow, USSR

. The thermodynamic analysis carried out in /1,27 has shown
that the initial sign of the pressure coefficient of salt solubili-
ty in water.(p.c.s.-—)ms/éP), whare ng 1s the molality of the sa-
turated solution, should be .opposite for the salts forming diluted

- (pecse8>0) and high-concentrated (p.c.s.< 0) saturated solutioms,

In the cese of the latter (when the mole fraction of the salt

N§~+ I) prevails the contribution of the positive volumetric ef-
fect of the salt melting at the given T and P (z&Vﬁelt.) to the
partial molar volumetric effect of the salt phase dissolving into -
saturated solution‘(lxvs); in the case of the former, when N0,
prevails the contribution of the negative partial volumetric effect
of mixing of the melted bvercooled. salt with saturated solution .
Qavmix.s) resulting from ion hydration,

Consideration of the experimental and-calculated values of
P.ces (for more than 70 solid phases) obtained by the author on
the basis of both his own and literature data has confirmed the
conclusions of the therﬁodynamic analysis. There were-identified
the limits of three concentration regions bf_saturated solutions
of various pressure dependences of solubility [2,347..

The upper 1imit of the first conecentrabion region where the
solubility, as a rule, initially increases with increasing pressu-
re (pe.ces. >0), can be determined from the concentfation maximum
on the dependence of the specific electric conductivity G2) of so-
lution upon the concentration (mxmax) at 298 K and at the atmos-
phieric pressure. For various types of electrolytes the value o, max

- is equal to the following (in mol/kg of Watef): 6-I0 for I,T elec-

trolytesy 2.5-4.0 for I,2 electrolytesy 2~3 for Z,I electrolytesg
1.7-2.0 for 2,2 electrolytes {57+ In 22 out of 28 sclid phases
(m5< maemax) p.c.8> 0 for both anhydrous salts and water-rich cry:
tal hydrates,‘for example, Nazsouploazo /4/. The only exception '
are I,T salts formed by weakly hydrated ions for which the negati-
VE-A?mix,s is small with respect to the modulet CsBr, CsJ, NH,C1,
NH4Br, NH4ClO4 (at 298 k) as well as Csz, its aqueous solutions
undergoing vigorous acidocemplexing followed by a considerable
increase of the salt-water system volume (2;4]. ‘
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In the case of salts with saturated solutions of very high
concentration (m >12.0, the third concentration reglon) solubili-
ty decreases w1th increasing pressure (p.c.,s. < O for all the so- E
1id phases without any’ exception: I8 examples of anhydrous as
well as crystal hydrates are available). This phenomenon manlfusta
a qualitabive analogy with the pressure dependence of non-polar
solids solubility in non-polar solvents M,e7.

In the second (trénsition)concentration région (m),mé; msé
< 12.0) there are examples of both decreasing and increasing so-
lubility with increasing pressure. Of more importance in this case
becomes the amount of water of crystallization in the solid phase
(the number "n"). In the case ¢f water-rich crystal Lydrates
(n>4.0) p.c.s8, <0 (there are I5 examples), which is the same &s
in the case of the salts in the third concentration region. For
anhydrous salts and low-water crystal hydrates (n 22), psceas > 0O
(there are I2 examples), which is the sauwe as for the salts in. the
first concentration region of saturated solubions. ’

There is a known case of the p.¢.s inversion from plus to mi-~
nus for one and the same solid phase (CuSQ o5H2O) at the atwosphe—
ric pressure due to a great increase of the saturated soiutlon co~-

centration at the temperature rise from 298 to 48 K (trom I.4% to

%2.18 mol/kg of water) and to a transition of the saturated solution
from the first to the second concentrdtlon region (mm -2,0 mol/kg
of water) [4,77,

Isotherms ms—P for I7 salt-water byatems Wlth the salts rea-
dily and moderately soluble in water were considered in the pressu-
re range up to I000 MPa /%7, In the case of all the salts with sa-
tured solutions belonging to the first concentration region (ex-
cept cadmium iodide) as well as in the case of anhydrous salts and
low-water crystal hydrates in the transition region one can oObser—

Ve a) a monotonous increase of solubility with 1ncreasxng pressu—:
re in the entire- region of the solid phase presence (CdClE-H 0,
Cd504-H20 ZnSO4 20, CdSO4 8/%H OI) up to 1000 MPa as in the case
of potassium iodidej b) 1sotherms with the maximun ( NH,G10,

273 K, Kasog, CuB0, *5H,0, NaCl at 298-K, . CdBr, at 348 K). For all
solid phases in the third concentratior region and for water-rich-
crystal hydrates in the second concentration region mdecreases
with increasing pressure to I000 MPa at a debleaang rdte. NH NO

5’
.CdBr2°4H20 Cd012°2 5H 0, CdCl,~4H2O CdSO «8/ 51, OII,Znsoq'GHeOI[,
CuSO 5H20 at 348 K, and all solid phases in the systems:CaCl,-H50,

2 L
ch12~H20 ZnBr;_,—HaO, Znd ,=H,0, Za(NOy) ,~H,0, CulNOL) 2—}{ 0, .
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Cd(NO )2-H20. A similar picture is observed for Cdd,. A single
cxample of the isother with the minimum is given by water-rich
crystal hydrate Znsoq‘Hao-whlch belongs to the transition concen-
tration region. The presence of maxima and minimum is due to the
sign inversion of z\VS of different solid phases at increasing
pressure to I000 MPa. In general, the character of pressure de-
pendence of solublllty of the solid phases described above are
determined by the sign and the value AAV and its varistions de-
pendlng on the increasing pressure, which is shown by the values.
z)V (for 22 solid phases) resulting from the experimental daba.
The breakq on the isctherms ms—P correspond to the phase trans-
formatlons, mainly, to the formation of water-rich crystal hydra-
tes /&, 87,

Within one salt-water system, upon the isothermal increase
pressure, crystal hydrates with a great "n" are found to be, as a
rule, in equilibrium with the saturated solution, and zn increase
of "n" makes p.c.s. increasingly negative. An increase of pressure
to I000 MPa finally results in p.c.s. becoming negative for 16
out of I7 salt-water systems studied..

Increasing pressure changes the temperature of incongruent
melting and eutectics of crystal hydrates as well as the composi-
tion of the saturated solution m (P T) along the equilibrium lines
of the phaqes 8. Consideration of the experimental data for 24
crystal hydrates (halides, sulphetes, nitrates of cadmium, zinc
and copper, chlorides of sodium and calcium, sodium sulphate) in
accordance with the thermodynamic analysls has exhibited examples
of both inqpease (16 examples) and decrease (8 examples) of ms(P,T)
at the increasing pressure to I000 MFa. In & number of cases a
change of m (P T) with increasing pressure changes the type of
crystal hydrate melting: a) from incongruent to congruent melting -
(Na2804~IOH20, ZnBr2°5H O, Zn012‘4H20 Cu(NOB)Z‘GHZO, CaClye GHZO);
b) from congruent %o incongruent melting (2nC1,°2.5H,0, Zn(NOB)e‘
°6H20). Accordingly, the type of crystalhydr&?be transfomation
changes from peritectic to eutectic, and ‘vice versa. :

The regular1tles described above were found to be the basis
for qualitative predlction of the -behaviour at high pressures to.
1000 MPa and relatlvely low temperatures of water-salt systems
which have not been studied experimentally.
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PHYSICO-MATHEMATICAL SIMULATION OF METHANE AND ARGON
REMOVAL ABSORBING PROCESS BY LIQUID AMMONIA FROM
SYNTHESIS GAS OF AMMONIA PRODUCTION

A.I,Pyatnichko, V,L.Saprykin, V.S.Shevchuk
Institute of Gas of the Academy of Sciences
of the Ukrainian SSR, Kiev, USSR

-

The elaboration of the theoretical experimental model of the
ahsorption process under the pressure of 30MPa and moderate tempes .
ratures included the experimental research of methane and argon
absorption from the five-compopent mixture Ha—Nz-CHu-Ar--NH5 by
1liquid ammonie on. a pilot plant and carrying out the computeriged
research of process statics. . v '

Barlier theoretical [1] and experimental [ 2] research have not
described clearly the methane and argon absorption by liquid am-
nonia. i :

-Purge gas was fed under the pressure of nearly 28MPa for car- -
rying out the experiments from the unit of ammonia synthesis after
a water condenser, liquid ammonia of the secondary condeheation
being used as an gbsorbent. The waste absorbent was returnmed tc the
output line of 1iqﬁid ammonia under the pressure from 3-4 MPa and )
the resulting gas streams being thrown out into the atmosphere. Li-
quid ammonia of the yrefregerator cycle under the pressure of eva-
poration of the ordeér of 0.15-0.2 MPa was used for saturated sbsor-
Lont cooling. The main part of the unit is an absorption column
consisting of  two sectionst the upper one is an absorption section’
and the lower section is a stripping one. The absorber case is made
of two pieces of the 180x28mm pipe connected by the thireaded flsn—
t.es with a lens-shaped seal. The column inside this cagse is compoe:
ted of two parts made of glured commections of 15 ‘thin-wall shells
with 100mm internal diaweter and 150mm high, gvith the bases of the
mass-~cxchange arrangements being placed between them , Seven massg-
exchanged plates were mounted in the sbsorption section of the co-~

lumn and 4 - in the stripping one.

Purged gas was fed into the sbsorber, under the'lowervplate

~ of the absorption section through the separator and the heater, Li

quid emmonia was fed to Lhe upper portion of the column through the
heater and the filter., In the processz of bhe countercurrent heat-
mass-gxchange with feeding gas liquid ammonia passes through, the
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absofption section, absorbing inert gases to the stripping section L where Y, and Y, - initial and final contents of inerts (Ar or

where partisl stripping of hydrogen and nitrogen from liquid by - é CH,) in the gas respectively.
methane and argon takes place. From the column the saturated ab- v The agreement of the experimental and calculated data is sa- |
gsorbent  was fed first to the ammonia refregerators,.then to the é: tisfactory, the root meanrsquare devigtion being not more than
desorber. With the temperature ' falling the absorbed gases were o 3 18%, Obtalned experimentally degreesd of the inerts absorptlion are
isolated, & portion of them being returned from desorber to the. x not representative due to nonoptimal absorption and desorption
absorber for the stripping. R . conditions. The sbsorption degrees for the optimal process obtai-
Bxpenses, pressure, temperature in the representative points; | ned using the mathematical model proved the possibility of the
level of the liquid in the degorber were controlled using the . effective inert removal from the synthesis gas by liquid ammonia
experimental unit. i o b with feeding gas 1oading 17—21 mol/t NH3 and L/V = 6.5-8 mol/mol
The composition of gas samples which has been determined by ratio.
the complex method, included reaction of the ammonia and - The technological PTOCGSS was developed as a result of this
chromatographic analysis of the gas samples at two chromatog- research which application for the synthesis unit with producti-
raphs with argon and hydrogen as gas carriers, e f vity of 1500 t VH,/day will allow production of more than 15
The variable parameters during the experiment were under i thousand ton of eXtra ammonia in other words sa#ing more than
the pressure from 26 to 28 MPa: absorption temperatures from . : 15 mln nn’ of natural gas per year [3].
325 to 353 K; desorption temperature from 253 to 268 K; the purge VR References
gas expenses from 20 to 100 nm /h; the liquid ammonia expenses - _
from 0415 to 0.77 m /h. The correctness of the test was eva- - ;[ 1. %igﬁi?grﬁggf gégéiog??r?g?'2%7DE%93§3?’ Sf' tod. fng. Chem.
luated by the material balance, the divergence of the balance . 4 2+ Jigirey, T.S,, Maximuk, B, J., Pyatnichko, A.I,, Shevchuk, V.S

Chimicheskaia Technologia, 5 4 10 (1980).

being over 10%, the results were not taking into account. %, Pyatnichko, A.I,, Saprykin, V.L., ibid., 4, 3 (1985).

The mathematical model of argon and nmethane absorptional re-
moval included description of absorption-desorption statics and’
the ammoniam syntheses stages. The mathematical description of the
statics of the multicomponent absorption-desorptioh process is re-~
presented by the eduations of the general and component material
_balances and also by the vepor-liquid equilibrium equations. The
caleulations of - the absorption column have been conducted from
plate-by-plate method of step—by—step'approximatiou, beginhing-
with the upper plate, gas solution heat in liquid ammonia having .
not been taken into account. .

Fig.1 representa some resultu of the ereleental (solld
lines) and analytical (dotted 1lines) investigations of the argonv.
-and methane abgorption degrees for different liquid/gas ratios:
line 1 - experimental data (desorption temperature 253 K); v
line 2 -~ calculated data for the experiment conditions; line 3 -
‘calculated data in optimum conditions (desorption temperabure
248 K). The degree of absorption was - calculated ass

x*(gi ‘/)/91 5

46

47




0y

0y
03

E:

06— '
05 Ar

(HEE =55 S.u e

;x expt r—caec.f ‘

[Ver)

L /v mae/mae '

06
05

02 =

x-expt. r—ba@g. 0

t).

Vw

LN mo/moe

,The degrees of inerts absorgtlon dependent on the
a

liquid/vapor ratic in the

sorber under the absorp-

tion temperature 358 K3 8= for argon. b- for methane.,

48
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" SOURD VELOGYRY TN PEA&E SEPARfTuD BINARY GAS MIXTURES
v He—002 AND He-Xe

L. L. Pitaevskaya i
: " Institute for High-Pressure Phy31cs, USSR Academy’ of
’801ences, Tr01zk, ‘USSR

: The etudy of" blnary gaa mlxtures eeparatlng into two ‘phases -
started long time ago- and is actual now [I 2] Wwe have investiga-
ted the mixture contalnins 7.7 mol.% Xe. In order to observe pha-
se separation of gds mixture by an ultrasound method the chambsr
with 4 ultrasonic cells situated on different . level in investlga-'v‘
ted gas was used /37. The velocity of sound has been measured at
291422 K -and up to 300 MPa., The measurements conducted at the

o pressure decrease showed that- eound velocity doesn't ‘coincide

with the one, tsken at the increase and its value in the upper -
cell is greater than in the lower one, HaV1n5 been increased to
350 K this diserepanCy disappears. The results are presented in
Pig.I and the sound velocities values in pure gases are also given
at 298 K /4, 5). The‘phenomena,may by explain by fact that the -
pressure’ decreases quickly and so that the adiahatie coolihg,
whlch leads to the. separation of the mixture takes place.

In order. to measure sound velocity-in the phase of system
He—CO2 we used the mixture containing 26.8 mol.% C02. Under sepa-

" ration two phases appear in the mixture: -one phase is enriched ‘
with He, the other one is depleted.

The" separatlon develops quickly and’ the equilibrium state . -
remains for a long time under constant pressure. and temperature,
After sound velocity meagurement we 1ncreaae the: pressure in the
vessel again up to,IO—IEIMPa,‘add new portion of thevinitial mix~
ture and automatic mixing of the former phase takes place, The
separation ‘into phases of: other ‘composition corresponding to the
given pressure ocours,” In F15.2 the dependence of sound velocity
on pressure is presented at’ a.temperature of 298 K for the upper
and lower: cells 1n the He-—CO2 nixture and also for pure He /47
and CO [57 The sound velocity of the. resulting phaees ia consi-
derably lower in pure He within the entire investigated pressure ‘
range,. The' sound velocity in pure CO .18 also higher than tha one
in both phases up to I80 MPa aad. then becomes highsr than sound
velocity in the liquid phase? bnt dosantt: eaeseu'the ~one in the




At pressures lower than 50 MPa the sound velocity in the 1i-.
quid phase is higher than that of the gas one. However, the so-
und velocity in the gas phase grows faster than that of the li-
quid one, and at pressures higher than gome "inversion pressure"
exceeds the sound velocity iun the coexisting liquid phase.

The theoretical qalculations of the sound velocity in He-COé
coexisting phases were conducted by V.A.Lbovskii on the basis of
the disturbance theory for thermodynamic function of gas mixtu-
res /67. The results of his calculations are presented in Fig.2,5
by full lines. The sound velocity estimated by Abovskii for the
data ref.I is shown by dashed iines. .

It's obvious, that the measured and theoretical values of
velocity are in good agreement. '

" At a temperature of 313 K (Fig.3) gas - gas equilibfium is
observed., According to phase diagram /17, at this temperature and
the maximum achieved pressure (about 250 MPz) the system is near
the bondary of the homogeneity region-énd phases are Very close
in concenfrationsr Tperefore sound velocity values in phases
don't vary much, In this case the sound velocity inversion is not
observed. ] )

Concluding, we would like to note that, as follows from the
discussion given above, the valﬁes of Sound velocity for diffe-
rent phase of the mixture strongly depend on the component concen-—
trations in the phases. Therefore the sound velocity measurements
may serve 8S a good method for phase equilibrium study of gas mix-—

tures,
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SDLUBlLITIES OF SOLIDS “IN COMPRESSED:GASES B

“A'NEW ATTEMPT TO DISCRIBE AND TO CALCULATE -

H. Lentz )
'fUnlver51tat Gesamthochschule Slegen :
Fachberelch 8, Postfach lD 12 QD_

- - D-5900 Siegen

The solubllxty of SOlldS ar lqulds 1n compressed gases is. for thermo—
dynam1031 reasons best to descrlbe by the so colled enhancement factor E

» E is'the quotlent of the partlal pessure of the solid component in"the: gas

phase P. . y (P2 pressure, ye mol Fractlon) to the vapor pressure of the v"

pure solid PS' Fur high dllutlonslg'y =e.V (c molar Concentratlon, V. :
molér'uolume)'and_for‘ideal gases "is .:t_vf

U s S
y.P/Pg=c . V. P i-vsg,/ RT = ¢ Ve =2/ cgw

Where T .is’ the’ absolute temperature and V 9" is the molar volume of the

pure solld component in the gas phase Hence in the llterature :'

. P/P Dr»C/C or mostly the logerxthm of these quant:tles are plotted asxg

“functions of tie ‘malar den51ty d = -}
‘the graph of’ log E=f (d) is relatxvely 31mple (see e.q: {l] [2})
starts at zero p01nt w1th 11near slope‘ The slope is decreasxng Nlth :

1ncrea51ng den51ty and here is a tendency for log E to reach a. flnal

-plateau..,'

The suggested approach for the descrlpt1on of lug E at constant tempera—{

ture 1s:’

Cse

or of the pressure in all cases :'5

v

(1) log E = : = S . ‘ i

m'and b are constants inoependent of the density but generally depending-
on the temperature. If the den51ty is very small ‘the slope of log E f{d)
will be m . b, At large densltles Jog E will reach a hypothetlc plateau m.
The function of log £ = f(d) appears. here to be Slmlllar to some well gnown
other relatlons in physical chemlstry e.g. to the so called Langmu1r

adsorptlon lsotherm for gases

Equation (1) can be linearised:

N 1 o 1 1
(2) ==~z = 4+ — or - = —
log E m.b . m m v

Hence a plot of (V . log E)—1 against the molar density will proof the

validity of equation (1) and enable to determine-the constants m.b as the

inverse of the ardinate intersect and of the constant m as the inverse of

the slope.

m has the hypothetical meaning»of_the final or of the maximum value of

log €. However, m . b as the 1n1t1al slope of log E = f(d) has the phy51cal

" interpretation as the dlfference between the molar volume of the pure SOlld

s “and-two times the value of the second cross v1r131 coefficient BSg‘

'm‘: b = S - Z.Bsg

The linearit} suggested by equation (2) has been checked for‘anthracene.

‘dissolved in argon [2], carbon dioxide [2], methane [21, and emmonia {21,

" for. cafféine in €0, (3], humid €0, {3] and awmonia [4] and for naphthalene

-in-ammonia [5}. In all these. cases the validity.of the relation (2) and

hence of equation (1) ‘is cqnvicingly demonstrated in the range. of the
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accuracy of the measurements. Therefore equation (1) can be used for tﬁe»
extrapolation of ﬁessurements‘to hiéher and to lower bressureé. This is
demonstrated for fhe extrapolation to higher pressures by the solubilities
of naphthalene in ammonia [5]. The measurements up to 300 bar by 8 dynamic
method have been used for calculations up to 2000 bar. The agreement of -
tﬁese calculations with measurements up to 1800 5ar by a static method is .
very good. The extrapolation Eo lower pressures can be demontrated by the
evaluatinn. of the second cross virial coefficienté from data measured in a
moderate pressure range for anthracene-carbondioxide [2} and
anthracene-methane [2]. For the First system at 373 K‘BSg = - 313 cm3 mc\l—l

is reported [2]. From jow pressure data [ 6] this coefficient should be S

-613 112 [6}. The extrapolation by equat ion (1) results in -850 *20. for

the antracene-methane [2i systém at 350 K the cross virial coefficient is
-250 (2}, -316 [6] and -311 using eguation (1) and at 390 K:'—192 [2]{
-264 (6] and -220.

Equatjoﬁ 1 can be rearranged for usual applications to

, 1 1Y) -1
(3) logy = + — d
. m.b m

. d + log Pg - log P

Thus for calculating the molfrdaction of the dissolved solid y at a given
temperature énd a given pressute we need the molar density of the Qas, the
"vapor pressure of the pure solid and the ‘two constants m . b and m. In the
form of equation {3) the solubilities of caffeine in CUzl[i] and ammonia [ 4] .
and of naﬁhthelene in émmonia [5] have been described with good success.
In the eguations 1 to 3 the quantities d anleS and of course m . borb
and m or the inverseiof these quantities are functions of the temperature.
In the cases where equation 3 was aphlied the temperature-dependence of

(:n.b)—vl wes almost linear and m or m ) was nearly -independent of the
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temperature in a temperature intervall of about 150 K and in the range of

experimental accuracy.
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EXPERIMENTAL STUDY OF CESIUM EQUATION OF STATE
AT TEMPERATURES UP TO 2200K AND HIGH PRESSURES

N.B Ve:tgaftik, E.B.Gel" ma.n, V.F. Kozhevnikov, u-P Nau.rzakov

Ilhoscow Avistion Institute, Moscow, USSR
Kurcha’cov Institute of Atomie Energy, Moscow, USSR

" The oesium critical pa:rameters were measured in comparatively
' large number nf works {I], but the precision of most of them is
insufficient for ihter'prete;tion- of cesium PVT-p‘ropertie's‘ in the
ceritical region. The aim of this sfudy is the measurement of ce-
- gium equatiun of state at lower density then our previous work [2]
not only in liquid phase but in zas phase too, including coexis-
. tence curve. This is necessa.ry for critical Darameters determinetior
and exclusion oi’ errors of extrapolation of experimental isobars [2]
to the saturation line.’ }
The PVT data were meé.sured by means of ‘a8 two-zone Li’la‘tomeber
. [3] The stainless cylindric menbrane [3] was replaued by soft bel- :
: low out of the same material. The bellow wall tniclmess ‘was 0,08 mm,
external diameter ~ 28 mm, internal dtameter - IB mm, the number
of folds - IO. CPsium, that was in germetical dilatomnter volume,
- was pressurizgd by axgon med.ium through vpiston. mercury and _bellow. .
The pressure difference Af on +‘he d:ll'a'tomete'r versus pistdn dis-
' 'placement Ah and corresponding dilatometer volume AV is shorm
“in fig.X. When AV 2,2 em3 the pressure difference AP = 0,2 at,
" This is less considerable then AP for cylind‘rio membrane [3} Booke
law is true for the bellow ¥:3 ] these volume channes and s0 a repro- ‘
duction of this plot is" good The volune o.f molibdemmiand tengsten
_cells of this sfudy was abov'b I 7T - 2,0 em3 ' ‘

The experimental data are shown in fig 2 The measuremeni's
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wele done along isobars at statlonary conditions under increasing

aad dcercasing temperature. The majority numbex of experimental

point3 were obtained at excess pressures g, 30, 70, 80, 90, 160,

108 and I20 kgf/cmq ¥ (gte). The data obtained at hlgher pregsures

confirmed our daté [2]. That is why the new data nunber at pregsu—

res P> I50 ate is not much. Isobar curves at 300 and 600 ate,

ghown in fig.2, are plotted by data [2}.
The liquid-gas transition temperéture on the isobars was amea-
sured by denslty jund both under heating and cooling of the bample.v

The error of tuese moasuremeuts was IO on thermometer schle,

that was used. The temperature gradients along the cell were

AT/T £ 10'3. The measured values of gas-liquid transition tempera--
~ -

ture weres in agreament with the values, calculated from empirical

aatﬁretion pressure equetion [4J Lt pressures hlgher than 90 ate

boiling was not obsprved. The pointswhlchc01re5pond the saturated

vapor density LS] are shown in fig.2 also.ihere is a good agreement

at temperatures up to 1800K. Thls azreement 18 the most 1mportant

at low pressufé becouae at these coditions the 1iterature datg
reliability is maximum.and oyr experimental deta error is maximum
too.
' the error of obtained density data changes from 0,2 % in dense
liquid to I # in rerefied vapor.
The sample temperature was measured by three calibrated WReS% -
WReﬁO% thermocouples. The standard exror of the tnevmocoup;es ine-
| roaaea from 5° at IBDOL up. to 10° at EIOOK. The pressure was measu-
ced by precision manometers with error <1 at for preaaures P>100ate

and 0,2 at for B & IOG a+e.

¥ § kgg/or® = 1 at x 0,98 bar = 9,‘5'104 Ta.
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The graphic estimate of cesium critical point parameters are

T, = 1940 £ 10K 5 b= 9,4 £ 0,2 MPas o, = 0,39£0,01 gfen’.

These parameters disagree with earler dats (see [I] )} ané agree
with last Marburg giqup date [6}.

As seen from f1g.2 the coexistence curve is esymmetric. The -
reduced density § =|§* - Q|/¢c versus T = (1, - ?!)/‘]3c (9* -
density at saturation) for ligquid (L} and vapor (V) coexisience
curve bronches are plotfed‘in fig.3 (in logarithmic scale). As kucw
[II] for dielectric substances both of them are proportional.to'

bk at‘ T& I, vhere b = f’v = (SL o I/3. Practicelly 3t ie trw
at TL 1071 [7]. As seen from fig.3, the situation for vosium is
differenf: for vapor branch ﬁ v " 0,34 but for liquid branch

f;L_= 0,44. ii‘he dashed lines are the extrapolation of tham to T‘*,C
In the nearest vicinity of the critical point toth of these dapen~

dences rust have b= I/3. In accord with our data it will be taue

. for cesium at T £ 10'3. The observed shape of these-plots may be

explained by the fact that metal - isulator transition in cegium
take place in nearest vielnity of eritical point. That is in agre>-
ement with cesivm electrical condﬁctivity data [BJ.

As seen from fig.2, the cesium coexsistence cvrve dismetex
have a strong curvature. For the first time the breach of "veoti-
liner diameter law" for the simple substances was observed for

mercury by I.K.Kikoin and A.P.Senchenkov [9] and then was supporte:

. by more precise mercury equation of state neacurenents [Id] Fig.

reproduces the Guggnnheim vlot of noexistence curve of elght die-
lectric substances. The'qoexistence curves'of mercury {Id] and
cesium with their diameters are shoﬁn 1ﬁ fig.4 too. At seen, the
principle of corresponding states for mercury‘énd cesium 18 not

executed. It is concern mainly thé liquid phase, where imteractior

- between particles stfongly depends on states of valence electrous.
: 59 - o




One msy assume thet the opposition of diameters curveture (9? gﬁ)/2=

f(T) for monovalent eeaium and twovalent mercury is bound up

with eleetron spectrum diatingtion of these metals in 1iqu1d phase.
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M&!LTENUCLEAR spm L.Mnce RELAXATION TIME .
STUDIES - OF ~SUPERCOOLED . AQUEOUS SALT son.unons -
‘ ' UNDER HIGH PRESSURE ' '

liable to * 10 %. The temperatures have becn measured with a miniature
chromel~a|umel thermocouple (Philips, Kassel) and are‘aécuréte to'# 1 K.
The pressure has been measured with a precision Bourdon gauge (Heise,

- e P ) Connect«cut) to £ 0.5 MPa.
E W. Lang, W. Radkowitsch, ' ‘Fink

institur fir Biophyslk und Phy5|kallsche Biochemlel"' RESULTS AND DISCUSSION

Regensburg, D-8400 Régensburg, : FRG v .
Un rvef?l tét -Regen : 9, L R ; B ) The motional model that will be applied considers water molecules adjacent

to an ion to execute small-amplitude librations super imposed onto aniso-

INTRODUCTION tropic orientational fluctuations about the jocal director (ion-oxygen

Aqueou; solutlons under hydrostatlc pressure (p ~ 200 MPa) can be under-5' : direction). in addition the molecules diffuse around the ion’ and exchange

) ~ ndln on. the soluce concentrat:on) occurs between hydration sites and bulk sites. Two correlation times enter
cooled to. 180 K and betow (depe g , : c i v

the solution is emulgated in.a cycloalkane/surfactant mixture: (I) Thereby the mo@el,'namely TS T, exp(Ei/kT) ro characterize the intgrngl:fluctua;ions

. 4 -1 N )
molecular motlons are slowed down sufficiently and. the measured relaxatlon and 1 = (v, +7 ) = Too. €XP(B/T-T ) to account for overall tumbling

. t;onal cses . L - R
rates becone sensitive to the detalls of. the molecular dynamlcs A mo and exchange processes. T, is considered to correspond to an attempt fre

muiel is deve‘OPed for-water molecules hydratlng the cations and a snmple - quency for barrier crossing and'is set equal to the inverse of the librational

two- state model is’ sufficnent to calculate -the. relaxatlon rate. clrve l/T (1) frequency. Al} other parameters have béen estimated as expiained‘elsewhere

hali d s.
for all concentra:nons of the solutes LiCl, MgCI2 and the po:asslum alide

(2) except for the apparent activation energy which had to be adjusted as
ZH': ?H‘,

’ in th;s lnvestngation we report SP'" Iattace relaxat«on tumes T\ of the only unknown quantity. Theoretical expressions for the relaxétion rate

7L| nuclenln :he systemsLiCl (c Al m) : Mgcl ~(c €5 m),

!9F_ 6L1- and have been worked out for electric quadrupole interactions (2}, but may be ob-

Re1-(c s 3,7 m, KBr-(; <h, 6 m), CRdele = 3 m) and KF (c ~'J2 m):wareri “tained for magnetic dipole interactions in a straightfarward manner. Instead

of the librationally averaged quadrupole coupling constant (P'xé)z

EXPER#MENTAL averaged dipoiar coupling factor (T/<r

?S>)2 enters. The distance r . between

)

Emﬂ|5|ons have been prepared bY mnxlng 50 wo% Salt/D 0 5°|Ut‘°n W'th “8 w=k the interacting nuclei may be obtained from scattering experiments or computer

Cyclopentane/cyclohexane “and 2 w-z Sorbltan trcstearat. The mnx.ng was done simulations. In the systems LiCl-, ch| -, KCi-, KBr- and KJ the cations ‘have

been consldered to be hydrated with the water molecules orlented wath ane

in a glove bag under an argon- atmosphere by pressnng the mixture through a

talnless steel net wlthin a syrlnge Before muxing atl components had to be. |One_pa,r pointing towards the cation.

degassed by at least five freeze-pump-thaw CYC"’s to remove d'55°lved oxygen In the system KF the F anion interacts much stronger with water, hence has

neasuremen:s have been obtaxned with the 1nversnon recovery pulse se-

All T been considered the hydrated species with the water molecules pointing one

i
quence wEtﬁ a%ternatvng phases at 2 35 T and 7.0 T Ihey are: coﬁsadefgd re=

R

. OH-bond linearly towards the anion.

‘
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Table t collects the model parameters of all systems neccessary to describe

the zH-TI(T) curves (2). Fig. 1 shows the T, for the various solutions. Fig. 2
shows TI(T,p = 225 MPa) for all concentrations in MgClz/Dzo and Fig. 3 for.

KF-D20 solutions. The decrease of the activation energy Ei from_Mg2+ to k*

may be understood in terms of a decreasing polarisation of the molecules and

an increasing ionic radius which allows for less hindered internal fluctuations.

Furthermore, the only significant influence of the anions is seen in their
effect on the ideal alass transition temperature To (see Fig. 1).
To provide a further test to the model, "u- and 6Li-T1 have been obtained in

an 11 molal LICI/DZO'solution. Both nuclei interact mainly via magnetic dipole

“interactions hence are sensitive to orientational and positional fluctuations,

To the former the motional model has been applied whereby proper account has
been taken of the known isotope effects on librations and Tg. Positional
fluctuations have been modeled via a diffusion equation with reflecting
boundary conditions (3). The relative diffusion coefficient orel = DLi+DH20

¢an be calculated easily, as D, . and HHZO are known at .ambient temperature

Li

fn this system (4). The corresponding correlation time T, = aZ/D y o=

d rel

Tdo-exp(B/(T-To)) is assumed to follow a VIF-law also. Thé geometrical para-
meters entering the expression (distances of close;t approach d) are knoWn
f;om neutron scattering work {5). Also the mass density is known at room tempe-
rature hence all pérameters entering the expression for the positional fluctu-
st!ops can be estimated from‘other experiments. Fig. 4 shows the. experimental
fesults together with the calculated relaxation time curve TI(T).Ei(Hzo) is.
sliéhtly smaller . than Ei(DZO) which might be due to the weaker hydrogen-bopd-
thg - ability of Tight water (see table 2).

Although a detalled discussion will not be glven.here the relaxation time
curves T, (T) of ;he i Isotope (ng. 5) proove the dominance of electric

quadrupole interactions of the 7Li nucleus at this composition. This follows

- because both curves become congruent If plotted in a modified Arrhenius dia-
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Table 1. Parnmﬁters of the motional sodel for zH-Tl("r) ir .the solutions solute/Dzo under hydrostatic pressure

(p.-/225 MPa) (nh = dynamic hydration number, Xeff(ZH) - librationally averaged quadrupole coupl ing constant)

xeff(zu) {kHz)

B (K}

{kd/mo1)

E.

‘ Tio (ps)

(ps)

00

solute

m)

v/

& m) 16 . {c

5 m)

192 (¢ €

€87.6

4 m)
5 m)

\Z4

Ty

0.065 21.0 (

0.169

(c

12.5
10

192 (¢ =

2t.b4. (¢ =

m)

(c =

Mgcl,

m)

v/

{c

.55 (c-= 11

192

687.6

20.2

0.065

10.169

m)

Lict

7

8 m .

21.6 {c = 12 m)

0.065

m)

v/

(c

8 m)
185 (c = .12 m)

192 (¢ ¢

. 612.4

20.8 (¢ <

(ce12 m

4

0.258.

CKF

(c € 3.7 m

6

201.2

687.6

0.0498

16.7 .

0.085

4.6 m)

{c ¢

201.2

6.7

i

0.0498

687.6

16.7

0.085.

wn
©
(=1
o

-a) c(mol/kg)



" Table 2. Parameters of the motional modei for 6Li-TI(T) and ,H—T‘(T)

in 11 m LiCI/H,0 solutions and of 'S'F-T,, (T) in 12 m KF/H,0

solutions.
solute Too {ps) - Tio (ps) £ (kJ/mol) Tyo {ps)
0.169 0.0471 8.7 . 0.979
Lict- : -
H,0 mHinM‘ fy g (nm) dyy (nm) 4 iy (nm)
c=11m . .
0.159 0.257 0,225 R 0.300
Too {ps) VT'b (ps) E' {kd/mol) 4o (ps)
0.187 i o . 0.254
KF-
H,0 Ten {nm) ‘dm (nm)
c=12m - -
. 0.177 0.177

gram. Also only one broad minimum {s seen with a Tmln in rough agreement

with the minima of the relaxation time curves for water nuclet, This suggests

that 7

Lt .Is relaxed maih!y.by the surrounding water molecules and that the f
same motions modulate tﬁe various interactions involved.
The-system.KF/HZO has also been studied more thoroughly. In the 12 m’solution

all water is considéred to belong to the hydration sphere of the anion. Be-

tause there are no diffusion coefficients available for this system under

the given conditions Dre"had to be considered a free parameter {see table 2).

It-is Important to note that for the linear configuration the internal mode
does not contribute to the relaxatlon because of the large distance between
F-'and the more distant proton of an adjacent water molecule. Fig. 3 shows

the 19F-T’ in KF/DZO and KF/HZO.“ft is worth noting that the symmetric

arrangement of a water molecule relative to the anion would reduce the calcu-

Tated contribution of the orientational fluctuations to the total rate measured

. by nearly an order of magnitude. Hence it is concluded that the linear con-

figuraiion seems to be ln‘bet;erbacbord with the data in a 12 molal solution.
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04 2H-Ti in MgCE, /D,0

e To
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HIGH PRESSURE NMR SELF DIFFUSION STUDIES ON SUPERCOOLED WATER
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Liquid water reveals a number of unusual properties which

occur only in a class of ligquids like water and silicon dioxide
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showing an open network structure. Thiﬁ anomalous behaviour gets

more pronounced at low temperatures, especially when water is

studied in the supercooled range below its melting point when
nlational {1}

L Ll diibl
o>
[+
o ©

pressure is applied on cold water the rates of tra

1
k-

and rotational [2) diffusion increase. The rotational behaviour

of the water molecules has been extensively studied at low. tempe—

ratures and high pressures by NMR relagation time studies [2,3].

However no work on the pfessure dependence of the self diffusion

coefficient or the viscosity in supercocled water has been repor-

Aoloadiitd -

o o @
A o ° . . .
o ©0q0° ted so far. We now present measurements of the self diffusion
°
é °o coefficient of water at pressures up to 400 MPa and tomperatufes
; ° , ‘ :
b [ from 273 K down to 203.5 K'ct the higheqt pressures.

o 35CUDQO
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The self diffusion coefficient was neasured in bulk water

— ‘OS/T( .¢>

Experlmental relaxation times of various nuclei ih 1t m LaCl/water ned in glass capillaries with an outer diameter of » 800 pgm

contai

and inner diameters between 70 and 200 pm. Details of the high

; so!ution versus inverse temperature
pressure system have been published previously (4.

The measurements were done using the NMR pulsed gradient apin

.echo technique on a Bruker HSL 300 spectrometer with a supercon-

Figure 1 shows a crops'section of the
75 - . . .

74 ducting 7T magnet.




p;obeheed that was constrncted for these measurements. The magne-—
tic field gradient is produced by a pair of oppoeite Helmholtz
coils wound on a glass dewar. The sample is cooled by a stream of
cold nitroden gas. The gradienr coil is kept_er room tempereture
'in}order.to avoid any temperature eftect on the thdient
strength. The-magnetic field gradient was calibrated using the
self ditfusion coefficient of water at room temperature given by

Hilla 5].

RISUL!E AHD DISCUESION

The pressure dependence of the self diftusion coefficient at

the varioua tenpernturou is shown in fig 2 together w1th litera-

ture valuel ahovo 213 K [G] and extrapolated values at .1 MPa.
These are about 10% hiqher than the values reported by Gillen et
ll in nt these temperatures, hut Gillen s results are 5-10%
lower then our values and literature values [6] from 252 to 298 K
At tenperatureo below 300 K the diffusion coetficient in-
"rellos with initial conpreeeion . This,behaviour gets more
pronounced at lower tenperatures. A siniler preeeute‘dependence
has been found tor the reorientational mobility 1/1y which is
obtuiued tron 170 longitudinal relaxation times ([3]. However

thero i: a rennrkable difference in the effect of pressure on

reorientational motion and translational notion at the lowest’

tonporature:.lt 203 K the diffusion coefficient is increased by

~ 60& by an increase of preasure to 150 MPa and decreases at
bigher pressures ,wherees 1/13 is increased by . alnoat 150% at 250
‘MPa. Tha increase of nobility with pre-sure can be explained by a
waukening of the hydroqen bond network end a distortion of the

tetrahndrel arrangement of the uolecules. This causes. a decreaue

of th@ ntrengtn ‘of tho directionel rorces on the molecules

Tho isoberic &oﬂperoture dopendence of D can be described by &
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- suppresaed.

kpower law equetion as proposed by Speedy and Angell [B]

D = Do/TiT/T, -1} {1)
This equation implies_that D ektrepolates to zero at the singula-

rity temperature Tg. Ty (p) .can be interpreted as a limit of

~ stability for liquid water [8]. Our data together with high

‘temperature literature values can be fitted to éqn. 1 for all

pressures. The lower part of £ig.3 shows the fit for p = 200 MPa.

“.The agreement between the expetimental data and the fitted curve

~is excellent. The T, values obtained from the tits are shown in

£ig.4 together with the values obtained from T; data {2] and the
homogeneous nucleation temperatures Ty- At low bressures the

present results are in good agreenent with the Ty veluee obtained

“from the Ti data and ate 5 to 10 K lower than Ty. At higher

pressures honéver Ty falls above Tﬂ. which is phpsicaily

uprealistic.

At high pressures theltemperature dependence of D is described

' better by fhe Vogel - Tammann - Fulcher (VIF) equation :

D = Donexp( B/(T-Tol} =~ - @

This equation is known to describe the temperdature dependence ot
lthe dynamic properties oF muny normal viscous liquids. Fittinq
‘the experimental data to this equation we obtain smaller otandard
“deviatons at pressures above 150 MPa than ‘with the fractional

‘power law. The resulting fit for 200 MPa is shown in the upper

part of fig. 3. The ideal glass transition temperatures To

“‘obtained from the fits are in the range from lJO K to 160 K with

& slight positive pressure dependerice. These values are in good

~agreement with the Ty values obtained from the T; data.

The change 1in the tompereture dependence of D from egn.1l to

eqn.2 with increasing preasure indicates that with the

;application of pressure the anomeloun,peheviour of water is
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METHODS OF PHASE EQUILIBRIA MIXTURE CALCULATIONS
HZ—-N2—CHQ—AI‘-—NH3 UNDER THE PRESSURE UP TO 40 MPa

V.L. Saprikin

Y
Institute of Gas of the Academy of Sciences of the Ukraini-
an SSR, Kiev, USSR

The development of the absorption process of the argon and
methane removal by liquid ammonia from fhe ammonia production syn-
thesis-gas has required the creation of the calculation methods of
the multicoﬁponent vapor-llquid equilibrium for the gas mixtures

‘being used in the ammonia synthesis process,

The author's []] attempt to describe the phase equilibrium

gilven mixture using modified equation,EWR was of little success,

In paper [2] a set of relations was described and the diagrams we-
re plotted from which vapor*iiquid compositions in equilibrium can
be calculated at temperatures from 253 to 360 K and at pressures
5.07 MPa, 20.26 MPa and 40,53 MPa, ’

The purpoée of glven paper is to develop the calculation me-
thods of vapor-liquid equilibrium for the five-component system
at pressures 5-40 MPa and in. the temperature range 2&3 5/5 K for
typical set of ammonia synthesis circulating gases.

In equilibrium the fugacity of each the component in the va-
por and liguid phases should be equal f¥uf%. . :

The vapor phase fugacity is related to the pressure P and to
the vapor—phase molar fractlon through the fugacity coefficient

/AN -90 vy+P.

Vapor-phase fugacities were calculated uging a modified Re-
dlich-Kwong equation of state (RK):Constant a and b of equation
(RK) for all the components exept for ammonia were calculated as
in the original of RK eq&ation.

For the polar component of ammonia the following modification
was applied

ab: £(T). o , )

However, the results of the calculations showed little influ-
ence of temperature on b parameter in RK equation, & maximum vari-

‘ation being +4% -and, therefore, .an ordinary equation was used for
ammonia. The temperature influence on the parameter a was signi-

a3




ficaht and was described by thé eguation, obtained using the cor-

term for the desolved components in liguid ammonia and partial fu-
relation regressive analysis:

gacity of the components under infinite delution were calculated
using the Alessandrini methods /2/. To calculate the activity co-
efficients the expanded Van Laar model was used. [%].

There are no experimental data on phase equilibrium of‘the
mixture H2—N2—CHA—AP—NH3 and data obtained using the diagrams of
paper. [2] lack accuracy due to graphical representation of the da-
ta. The comparison of calculated and experimental data for the ter-
nary mixture H,-N,-NHj /6] and for the binary mixtures Ar-NH; and
CHA-NH3 {7/ showed satisfactory correspondgnce. The relative de-
viation at 18 test points was of the order of 3%,

) Technique .ﬂa correlation as a function of temperature intro-
duces an insignificant accuracy loss as compared to experimental
data while deiermining compressibility coefficients of U»—NH3 and
CHA’NH3 mixtures and also out of the temperature and pressure ran-
ges under consideration. This can be see from figure where data
obtained are compared to the data /8/.

a2
0 =-0,15275%012+0.00288001+T~0,00000387T" (2)
ONH1 .

Vapor-phase fugécity coefficients for all components ammonia
1nc1uded were calculated using the Prausnitz equation [37:

B zZocuL.g L
gn \/’L“ gn Um= émf Um-Bm ' RT?/’Em d (fm
Om & (@ U + B ~ éﬁ _8‘ 2. Um
eT g\ TUm " Um#bm) T RT

where Vm - molar volume of mixture. The values of bm and a, were
calculated as in the original of RK equation;

Br= 2 yibs W

(3)

4

m*= Z.Z Yoyj- GLJ . (5)

(et J ! . . References
but the a, calculations were cérried out in two ways: as mean
geometrical and by Lorenz combination.

Then, the Lorenz ‘combipation was taken as the fundamental one
as when calculating vapor phase of ammeonia in a five-component mix-
ture it has given the least error.

Let i=5 for the solute (ammonja), then liquid phase fugacity

can be expressed as

1 Nohka, J., Sarashina, E., Arai, Y,, and Shozaburo, 3., Chen,
Eng.dapan. 6 (1), 10 (1973). :

2 Alessandrini, C.G., Prausnitz, J M. Ind,Chem,Process Des.De-
velop., 11 {2), 253 (1972).

3 Prausnitz, J.M., "Molecular Thermodynamics of Fluld-Phase
%quélibria", p.156, Prentice~Hall, Englewood Cliffs, N.Y.
1969).

4  Chueh, P,L., Pr‘ausnitz, J.M., AIChE J., 15 (3), 471 {1969)

] P ; 5 Prausnitz, J.M., Chueh, P. L., "Com?uter Calculation for High-
L Ps d},dp - -~Preéssure Vapor-quuld Equilibria, P. 82-96, Prenticé-Hall,
=Y. 2, f exp = (6) Englewood Cliffs, N.Y. (1968).
fs 5 25 Jpures s RT 7 _
. Ps 6 Michels, A., Skelton, G.F., Dumoulln, E., Physica. 1& 831

(1950} .

7 Kaminisi, G., Torjumi, T., Bulletin of the Chemical Research
Insflt?t§ of Non-Aqueous Solutions, Tohoku University, 10,
51 (1961 S )

8 Nakamura, R., Breedveld, G.J.F. Prausnitz, J.M., Ind.Eng.-
.Chem.Process Des.Develop., 15 (A). 11 (1976).A

where Xs - liquid phase activity coefficient, V5 —SliQUid phase
molar volume, f&hrej- saturated liguid fugacity, P5 - saturation '
pressure at temperature T, The molar volume of liquid in the Poyn-

ting correction term can be expressed through Wada's equation -
U-5 [/”'7/55 P- P )] (7)

where V; and ; - the molar volume and saturated liquid compres-—
s

sibllity respectively at tgmperature T apd pressure P5' the latter

heling calculated from Chueh's equation [47. The pressure correction
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STATE AND PROPERTIES OF INORGANIC AQUEOUS SOLUTIONS IN
A WIDE TEMPERATURE, PRESSURE AND CONCENTRATION RANGE

V.M. Valyashko, K.G, Kravchuk

Kurnakov Ihstitute of General and Inorganic Chemistry,
. USSR Academy of Sciences, Moscow, USSR

At normal pressure-temperature parameters the agregate state
of substances in water-salt systems is easily defined as solid,
liquid and gaseous. Such simple picture is lost at high temperatu-
res because specific, "high tempefature“ properties of water-salt
solutions arise and this is manifested in immiscibility and cri-
tical phenaomena,

Immiscibility in water-salt solutions is duite usual at tem-
peratures above 240-380 °c. Up to now, complete phase diagrams ha-
ve been studied at least for 41 binary systems contained water and
a salt which solves well at normal conditions /1. There is no im=-
miscibility only in 22 of these systems. This phenomenon is recor-
ded in other 19 systems. Besides, according to experimental data
the liquid immiscibility is a very usual property of the most wa-
ter-silicate systems, ' o L

The critical phenomena in hydrothermal solutions make possib-
le the continious transformation between liquid and gas without th
phase reaction, by means of gradual alterations of phase properti-
es on changing state parameters, '

The critical phenomena between liquid and gas take place in
the temperature range between the critical point of water and that
of salt, At any temperatures the values of critical pressure are
lower than pressures of critical isochore of pure water. The criti
cal phenomena between two liquids may take place in higher tempera
ture ranges, and the pressures concerned these phenomena may appea
to be very high, which is of particular 1mportahce. At higher tem-
peratures liquid immiscibility can be lkimited not only as a result
of critical phenomena but by cristallisation of high temperaturé
forms of ice, as well, .

Now 1t is impossible to predict features of the phase equilil
ria for the individual water-salt system even if we know properti-
es of both components, But there are some correlations which allo
us to suggest the probable kind of phase diagram, For instance,
the 2d (p-Q) type phase diagram which contains fluid region and ¢

- tical phenomena in saturated solutions, is peculiar, as a rule, t
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- systems formed with water and high-melting-point salt /2,37. The
important information is given by salt solubility data at normal
temperatures. If the concentration of a saturated solution exceeds
the certain values called transition region concentration, then
the system rather belongs to the 1st type diagram (without criti- '
cal phenomena in saturated solutions. The location of the transi~-
Zion region - the concentration interval within the limits of which
molecular interactions lose their water-like nature (characteris-
tic features of diluted solutions) - is related to electrolyte char-
ge. For (I-1I) electrolytes the concentration is 10-20 mol %, for
(1-2) and (2~I) - 5-12 mol %, for (2-2) ~ 2-5 mol % /[27.

The development of the theory of complete phase diagrams makes
i1t possible to systematize their types for binary and ternary sys-
tems /3, 4/. The comparison of phase didgrams constructions shows
that the most distinctive featiures are placed around the critical
parameters of pure water, So, in order to determine the type of di-
agram of the system under study it is necessary to have at least so-
me experimental data of this region on phase equilibria at 350~
400 °C, An information on the construction of and a complete diag-
ram of the system under study which is contained in a topological
scheme is very useful for design of an expériment and interpreta-
tion of its results /3, 4]. ‘ .

The behaviour of electrolytes solubility in aqueocus systems is
interesting not only for theory of phase diagrams. It is important
for many processes where hydrothermal solutions are used especially
for of single crystals growth, The progress in this method is ob-
liged to the possibility of wide variation both of a2 magnitude of
crystal solubility and a temperature coefficient of solubility in

is & bulk composition of solvent but the real liquid soivent chan-
ges its concentration with a pressure as it is shown in Fig.Ib. ‘
The 'pressure dependence of salt solubilit}'in Bupercritical
regions is very similar to dependences found for gaseous, organic
and mixed systems which are used in the processes of supercritical
fluid extraction. The example with Cawob shows that pressure vart-
ation can be used for extrdction and deposition of the salt in th
"game way as it has been dohe for industrial processes of nicotine
or caffeine “‘extraction by C02~H20 mixture. As a draft hypothesis .
we can say that sometimes the processes of extraction, transfer &
deposition of low-soluble minerals in natural hydrothermal condi-
tions depends to a larger degree on the pressure changes than on
the temperature ones.

It is necessary to emphasize that all these concluslons are
based on the fundamental principles of phase diagram constructior
general for sny kind of systemsg with different volatility compo-
nents.
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hydrothermal condition, Usually temperature and composition of solu-
tes are changed to recieve an optimum condition of dissolution and
crystallization, But in some csses, when the parameters of crystal
growth‘are not far from immiscibility region or critical equilib-
ria, the pressure influence becames comparable and even stronger
than the temperature one, .

] ‘ An example of strong pressure influence on salt solubility at
hydrothermal conditions is given in paper [5/. Results of experi-
mental studying of Cawoq solubllity in 32 wt.% KZSOQ agueous solu-
tion at different pressures and temperatures are shown in Fig.1,
Sharp jumps of CaW0, solubility can be understood only if the phase
transformations of solvent are takeén into account. 32 wt, % K550,
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‘RAMAN SPECTRA OF SOME LIQUIDS WITHIN THE PRESSURE
RANGE. 0,1~800 MPa

{5 1

ALK, Atakhodzhaev1, F.S. Ganiev1, A. Laisaarz,
F.Kh. Tukkvatullin', A. Shodiev’

1A.Navoi Samarkand State University; Samarkand, USSR
2institute of Physics, Estonian SSR Acad, Sci., Tartu, USSR
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Experiments have shown fhat the position, width and shape
of the lines in the Raman spectirum of liguid substances are quite
sensitive to the changes in external cohdifions. '
In this work, the effect of high pressure on the frequency,
05 1 width and shape of some polarized and depolarized Raman lines of

toluene, acetonitrile, benzene, carbon disulfide, chloroform,
aniline and cyclohexane was studied. The liguids were compressed
in high-pressure cells equipped with quartz or sapphire windows,.
Raman spectra were recorded with a DES-12 or DFS-24 spectrometer
by using & LG-38 or LG-62 gas laser. The spectral positions of

32mass °/a

T

K R i ' ' - I ’ . Y ‘ Raman lines were determined against the neon reference lines, The
05" 10 0 20 30 4 50 €0 gal » : , |

' C WO GSSO/ Kz.SOq mcss'/ half-width of the lines, determined as a full width at half maxi-

QWM ° A > [ mum (FWHM), was not corrected for the apparatus function {instiru-

o b

Solubility of Cawd“ in 32 mass % K,S0, agueous at

high temperatures and pressures (a) and real phase
gituation in K25°4'H2° system at the same parameters (b)

Dashed lines shows the concentrations of KZSOQ in liquid
phases at the parameters of CaW0 dissolution and constant
- bulk content of K,50, (32 mass %?. :

mental contour} of the spectrometer, except for the last three
liquids. ‘ '

In total, 20 Raman lines of the above-mentioned ligquids were
examined within the pressure range 0.1-800 MPa at 20 °C. The
highest pressures, Pmax' used in each individual case, are 1i$ted
in Table I. For toluene, acetonitrile, benzéne and cyclohexane the
Pmax values are more or less close to the freezing pressufé of

" these liquids at 20 °C as estimated from the experimental data for
toluene [/ and as calculated from the Simon eqiation for the othe
three liquids /2/. Besides, benzene was studied in the s0lid state
as well, at pressures up to 130 MPa, - -

As is seen from Table. I, in most cases the lines are shifted
to higher frequencies with increasing pressure., For example, in -
the pressure range 0.1-750 MPa the frequency of the 217 cm” | de-
polarized line of toluene increases by .11 em™' and that of the
521 em™" polarized line, by 3 em™ 1, Among all the substances stu-
died, only for acetonitrile (the 2250 em™ line) and carbon disul-
fide (the 796.5 cm"1 line) the shifts to lower frequencies were
observed, For benzene (the 606 and 992 cm:'1 lines) the presSure
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zhifts in the liguid state were fbund to be greatly different from
these in the solid state: in the liquid state the lines exhibited
considerably larger shifts. v

The pressure—induced shifts of the lines point to-the changég
in the force constants of the respective vibrations due to the
change of intermolecular 1nteracL10ns.

For the liquids studied the increase in pressure causes, as
a rule, a decrease of the half-width of the depolarized lines
) (except foh the 217 cm'1lline of toluene) and an iricrease of that
| of the polarized lines. The narrowing of the depolarized lines
with increasing presshre may partly be explained by the slow-down
of molecular reorientations due to the increase in the viscosity '
i of liquids. [3]. ‘ :
: : For benzene the behaviour of the linewidths was determined

! ) also in the crystalline state. As pressure grows in the solid sta- .

I _ te, the half-width of the 606 et depolarized line decreases, whe~

- reas the half-width of the 992 cm'1 poiarized line tends to in~
crease, i.e. the character of the half-width changes for these li-
nes s the same as in the 1iquid state. As an éxample, in Fig.1 . the
spec.rograms of the. 1586 em™! and 1606 cm™ depolarized lines of
benzene in the liquid and solid states are depicted,

The pressure-induced decrease of the half-width of depolari-
zed lines.for solid benzéne gives reason to suppose that benzene
pres:rves some freedom of molecular reorientation in the crystal-

;‘ line state, and this reorientation becomes slower with increasing

k pressure, T o o ’

ff The results given above show that the agsumption about the
constancy of the linewidth, which is not connected with the rota-
tional (reorientational)_motion of molecules, is not valid in the
case of high-pressure studies. The width of polarized lines and.

" probably also the “fesidual" width of depolarized lines, caused
mainly by vibrational relaxation, do change with pressure, -and the
rates of this change are rather considerable, In this respect, cha-
racteristic is an example of the 619 «:m"1 depolarized line of ani-
line. According to. the Rayleigh scattering data the reorientatio-
nal relaxation time ¥ for aniline molecules is about 25 ps [4/.
Hence, the contribution to the half—width of depolarlzed lines due
to the rotational motion of. molecules, as estimated from the rela-
tionship 8¥=(2Fc T )™, where & is the veldcity of light,should
not exceed 0.2-0.3 Lm_1, However, i fact the half-width of the =

Frequencies and half-widths of polarized (p) and depolarized

(ap)

g2

/dP)x10°2

(cm'j/MPa)
0.3
0.2
0.6
-0.8
0.5
0.6
2.7

0.2
-3.3
~2.4
-4,2

0.6
-1.2
-2.3
-2.8

coefficient
0.1

(d

(em™ )
24,1
6.7
14,3
17.9
12.3
9.1
9.8
7.3
4.6
13.2
12.6
11,7
4,2
16..6
6.6
A
2.4

Half-width|Pressure
at P=Q;T MPaj at papmax

pressures

(em™ 1)
16.8
4,2
12.9
13.1
7.6
8.8
h‘.5
15.0
© 13,9
14.0
3.8
14,2
8.0
6.2
13.1

Half-width

Frequency
ey
at P=Puay

228
523
1009
1033
382
925
2251
607
993
1177
1586
1606 -
656
793

|

Frequéncy-
(e
at P=0.1 MP
217
520
1003
1030
379
921
2253
605
992
1175
1585
1604
655
796

Raman lihes of some liguids at variocus

Pressure
750
750
796
796
365
365
365

55
55
55
55
440
440
120
25

Pmax

{MPa)

375 (dp)
920 . (p)
2250 (p)
606 (dp)
655.7 (p)
796.5 (p)
261v(dp)
619 (dp)
1028 (dp)

(en™ )

217 (dp)

521 (p)

1004 (p)

1031 (p)

992 (p)

1178 (dp)" "~
1586 {(dp)
1606 (dp)

(literature data)
at P=0,1 MPa

Line frequency

Substance
Toluene
Carbon di-
sulfide -
Chloroform
Aniline
Cyclohexane

" Acetonitrile
Benzene




'

line*mentioned decreases under pressure much more than this value,
namely by 1.8 cm"1 at 80 MPa (see Table) .

Thus, in the cases studied the pressure-induced changes in
the molecular spectra of liquids are guite éubstantial and they
reflect the changes in the structure and properties of ligquids.

The authors would like to thank A.Ellervee and V.Shcherbakov
for participation in experiments. ’
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INFLUENCE OF PRESSURE ON THE ELASTIC AND VISCOUS
PROPERTIES OF HYDROCARBON LIQUIDS

V.Moyseenko, I. Adamenko, L. Samoylenko, A, Tkachenko
The Kiev State University, Kiev, USSR

The purpose of the study was to find equation of state des~

‘crlbing in the best way P-V-T data and giving the possibility to

calculate the elastic, thermal and calorific properties, as well
aslfo astudy the pressure dependence of elastic, viscous properties
and the viscoelasticity for normal and cyclohydrocarbon liquids,
P-V-T data have been stud;ed for n-alcanes (from n-hexane to
n-hexadecane), aromatic hydrocarbons (from benzene to hehilbenze-

ne) in the temperature range 313-473 K at pressure from Q.1-245 MPa

by metallic bellows dilatometer using a linear différential trans—
former for measurement of displacement. The ultrasonic velocity
has been measured in the same témperature and pressure range

by the direct pulse—echo method of a fixed distance with freqyency
ef & Miz, Preliminary we have satisfled ourselves that dispersion
of ultrasonic velocity was absent inthefrequencyrange1 25-10 MHz
within the indicated limits of the thermodynamic parameters. chan-~
ge. The error of measurement of the density and the ultxasonic ve-
locity was 0.3%. The isochoric viscosity of hydrocarbons was mea-
sured by the falling body me thod within the error 3-5%.

The isothermicand adiabatic bulk modulus, Puasson's coeffici-
ent, coefficient of thermal expansion, the increase in entalpy, in
entropy and in isobarlc-lsothemlc potent1a1 were calculated on the
basis of the obtained experimental data. :

We have analysed few parametric stabistically founded equattons-

of state, as well as those which more often than others are used in
literature for describlng the properties of molecular liqulds.

equation of Tait-Tamman - '

(av LA o (1)
P ~ B+P 7 ' S
equation of Marneghem ™ _

gp T ' :

S*+P )

equation of Hudleston ’ ) .
A T IR T ~ (3).
_2” Vo oy A+B (Vo -V ), - R
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equation of Goleuu@v—ouseinov

p*w * - \/’ g (A)
equation of Ahoondov-Mamedov .. ’
* hl
a8

In order to solve which of these equations should be preferred .
we rearranged them to the form which contains the same experimen-

tal constants: Po, VO,K {—?3—) [1 2] The rearranged form of the
analyzed equations of state was :

LG el ) o
) R
LT [l ) ), w
8 O Y [ ) R
N AT R () R

where 2 equals (P-P )/ K . The comparison of the experimental and
calculated (according to the formulas (6)-(10) [e, 3]) values: shows
that these equations are 1ndist1nguishah1e within the error 0, 2-
~0.,4% at low temperatures and at pressures up to 49 Mpa, At higher
pressures:Tait-~Tamman's and Ahoondov-Mamedov's equations are pre-
ferable. The further selection of equation of stdte was made by
means of studying of pressure dependence of derivative VJV T
Experimental dependence of 2P )' on P has linear character in in-"

3 v T
vestigated interval of changes in. P and T. Only Tait- Tammaﬁs eqgu-

.tlon givea such a dependence. We have fLTCUA&tE( parameters of thisg|

uquation and have shown that 1t was suiteble for the calculation of
a7




e e

bulk modulus, entalpy, entropy, Gibbs' potential [2]. Measurements
were carried out of isochoric viscosity and ultrasonic velocity.
under conditiohs at which changes in temperature do not cause chan-
ges in packing of molecules /4/. In-accordance with activation '
theories the molecular mechanism df viscous flow consists in une-
ven motion of molecules for distances equal to a mean value dis-
tance between molecules (R), i.e. 0.1-1.0 nm; in addition, the de-
pendence of viscosity on P and T may be described as: -

. , ' (11)
NN &Xp (E/KT), .
where E 18 the energy of activation equal to the height of poten-
tial barrier which mist be overcome by molecules. In various theo-
ries E is identified with different energy characteristics of 1i-
quids: heat of evaporation, melt and etc.

In work /5/ for thé case of high densities E has been identi-
fied with the energy of molecule vibration about equilibrium po-
sition with frequency 9 which has been equal to

2 2 1 : (12)
£=2% -m ) g, G2)

here m is the mass’of molecule, 9 is the amplitude of vibration
which corresponds to the value of jump into the neighbouring va-
cant position, If V is supposed to be equal to Debye's frequency

D ¢ 3 - )
b= 3N 4mY -, | (13)

where C is the ultrasonic velocity, Y is the volume of mole of

substance then we may calculate below-mentioned g-value for n-hexa-

ne using formulas (11)~(13).

The value of ultrasonic velocity (C,%) and ( 9 ,nm) for
n-hexane on isochors ..

P =580 Kg/m” L= 757 Kg_/m3
m

T,k | P,MPa C,~2-|g,om | T,K {P,MPa | C, 3| g,nm

375.0 0.1 - 740 - 0.054  301.1 196,2 1900 0.026
12,1 19.8 820 0.046 328.1°245.0 1975 0,025
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For other hydrocarbon liquids the value $ is analogous to hexane

and is about (O,1—0.01)ﬁ. If the density is less than 2)3 of cri-~
tic ones then the energy of activation is on the order of energy
of thermal motion kT. All these show that the activation mechanism
of viscous flow does not occur for hydrocarbons., It is posszble tc
describe it as collisions, if the exchange by impulse is supposed
to take place between 4-5 molecules. :

We calculated the function ¢ =0 /K4 , that is the time of Ma:
well's relaxation which is about 107 's. The dependence of 2 on
P passes across minimum as pressure increases, Such a dependeﬁce
of function ¢ on P indicates that the influence of dissipation ¢
cesses on viscoelastisitive behaviour of hydrocarbon liquids in-
creases with the increase in pressure. I
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DETERMINATION OF CRYSTAL STRUCTURE IR THE MULTIMEGABAR
REGIME USING SYNCHROTRON RADIATION

Arthir L. Ruoff and Yogesh K. Vohra
Department of Materials Science and Engineering
Cornell University, Ithaca, NY 14853 USA

Excellent x-ray diffraction patterns caﬁ be obtained, even above 200 GPa
(two megabars) using diamond anvil cells and synchrotron radiation From the
Cornell High Energy Synchrotron Sourcé (CHESS) . ﬁe focus on the application of
energy dispersive x-ray diffraction techniques. . We also describe and fllustrate
the ?ower of the wiggler source at CHESS. Comparisons are made in some cases

with theoretical calculations.

INTRODUCTION

In energy disperéive xX-ray diffraétion_(EDXD) a polychromatic x-ray beam is
diffracted from a polycrys;alline sample with the diffracted x-rays entering a
slit at a fixed angle in front of a solid state detector. For EDXD studies,

Bragg's law 1s
Ed = he/2 sin 6 ., . . (1)

A spectrum consists of intensity versus eneigy obtained with thé use of a
. solid state intrinsic germanium detector and a multichannel analyzer. The
Cornell High Energy Syncﬁrotron:Source (CHESS) supplies the x-rays. Details of

our use of EDXD with iﬁe diaménd arvil cell (DAC) are deicribed elsewhefe [1,21. .

RESULTS
Figﬁre 1 shows an x-ray diffraction pattern of rhenium cbtained using a 10

um diameter collimated feam for 90 minutes at 216 GPa (2.16 Mbar) [3]. The

10

sample volime is about 3 x 10 ch3.' The intérplanar spacings for thée twelve

beaks are shown in Table 1. No phase transition wae found and rhenium retains

its hexagonal close packed structure (licp) to 216 GPa. The c/a ratio for hep

100

vhenivy remeins coustent aC [.&i4. Wa have zleo used r-g2y diffraction to obtain;
the pressure profile across the beveled diamond facebas shown in Figure 2 [3]. ‘
In all cases the pressure was obtained from shock data of rhenium [4].The unusuzl
pressure profile in fhis.case was due to the large bevel angle of 10° and\the
coefficient of friction between rhenium and diamond.  In another experiment now
undgrway using 5° bevels, the pressure profiles are smoothly varyiﬁg without the
step seen in Flgure 2. A

In ano;her study on GaSb we found two.new phase t;an;icions to 110 GPa.
Table 2 shows the comparison of qucula;ed ana experimental interplanar spacings
and inéensities of GaSb assumingia disordered éimple hexagonal structure for this
néwly found phase [5]. - A

In some cases approximate first principle theo;e:ical calculations have

been made and these are compared with experiment in Table 3, The agreement for

InAs 18 excellent,” for Ge good and for 81 excellent (perhaps fortuitous) in two

-cases and only fair in the third case and for GaSb only falr. . We were somewhat

surprised by these'lgst two comparisons which involved ab initio.péeudopoten;ial
caleculations,

. In the past year a wiggler with wpite iadiation bééame available on the A-
line ‘at CHESS. A wiggler 1s a magnetic system which forces the electron beam
into a trajectory with a smaller tadius of curvatu;e than obtained in the dipole

bending magnets by using a larger local magnetic field. The wiggler is of

interest because it greatly increases the intenmsity of x-ray radiation at high

energies. See Figure 3. 'We illustrate this in Figure 4 and Table 4 where we

show’results for primitive hexagonal silicon at comparable pressures and times
using the same collimator [13}. 'ﬁe get twice as many well defined pesks with th
beam from the wiggler aé fromKth; beam from the bending wagnet. That could be
very important in sirugtural detérminatiﬁna. .

Figure 5 shows diffraction patterns obtained for golq witﬁ the beam from ‘
the wiggler in 5 minutes and in 13 seconds (bp:h at-1i2 GPa, sam§ collimatot,>'

same spot on the sample). The 13 second pattern clearly suffices to show that

-gold 18 still fec at this pressure and to de&ezmims,ghe pressure. . The gold




Saﬁple in this case was of 25 pm diameter in a spring steel gasket and the ; Table 1. Comparison of observed and calculated intgrplanar spacings for rhenium
collimator diameter was 20 um. There are no gasket peaks in the spectrum. This ; at 216 GPa (V/Vo = 0.734). The calculated interplanar spacings (d) are based on
B . v T e ©

18 an important result because it suggests that with the wiggler we can get to a = 2,491 * 0.003 A, and ¢ = 4.020 * 0.005 A and c/a = 1.614 t 0.004 . The

. . ' A
shorter times or use collimators with smaller holes. In fact this result and our excellent quality of diffraction data at this pressure 1is indicated by the small

earlier result on rhenium suggest that good diffraction patterns should be o ; fractional deviation of the calculated line pasitions from the observed ones.

attainable for such materials using a 1 um diameter collimator. Of course the

sample will have to have grain sizes in the range 0.1-0.5 lm. : . : (hkl) dobs dcalculated doba - dcal
‘ | : ° : °
: (4) 4 dobs
100 - 2.154 2,157 . -0.0014
) i 002 2.004 2.010 0.0030
- CONCLUSTON . , _ .
y 101 . - 1.901 1.901 4]
Finally as a review of the past we consider the maximum pressures at Vhich
' : - 102 1,468 1471 7 ~0.0020
good diffraction patterns were obtained at CHESS by our group versus the time at ]
' ‘ 110 1.246 1.246 0
which papers were submitted. See Figure 6. A pattern is good 1if it has at least \ )
y: : Y 103 . 1.139 1.138 . 0.0009
five good peaks and preferably six per lattice parameter. A sage once said, ) ) .
; ' . 200 ' 1.078 . SN TR -0.0009
"Never make predictions, especially about the future." Ignoring such good advice | : ’
: ~ 112 1.056 o 1.059 } ) -0.0028
we have extrapolated the curve to the end of this decade and shown the : : . - o
v . : 201 ©1.043 1.042 ~0.0010
approximate times when very good x-ray diffraction patterns should be obtained at ’
: 202 -0.9506 ' 0.9504 ’ 0.0002
higher pressures (in parenthesis). If all goes well we should reach the maximum ; . )
' 4 ? 211 0.7996 0.7991 . 0.0006
pressure attainable strength for diamond anvils calculated by Whitlock and Ruoff ; . .
: ‘ 114 0.7831 0.7821.° 0.0013
[14) approximately at the end of this decade. We expect to be working with ‘ i ‘

_diamond tips with flats of only 25 um in diameter and with ! um collimators.
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sample in this case was of 25 um a1ameter in a spring steel gasket and the
collimator diémeter was 20 uﬁ. There are no gasket peaks ;n the spectrum. This
ia an important result because it suggests that with the wiggler we can get to
shorter times or use collimators with smaller holes. 1In fact this result and our
eatl;er result on rhenium suggest that good diffraction patterns should be
attainable for such materials using a 1 pym diameter collimator. Of course the

sample will have to have grain sizes in the range 0.1-0.5 um.

- CONCLUSION
Finally as a review of the past we consider the maximum pressures at which
good diffractién patterns were obtained at CHESS by our groﬁp versus the time at
which papers were submitted. See Figure 6. A pattern is good if it has at least
five good peaks and preferably six per lattige parameter. A sagé once said,
"Never make predictions, especially about the future.” Ignoring such good advice

we have extrapolated the curve to the end of this decade and shown the

approximate times when very good x~ray diffraction patterns should be ébtained at

higher pressures (in parenthesis). 1If dll goes well we should reach the maximum
pressure attainable strength for diamond anvils calculated by Whitlock and Ruoff
[14] apptoximately'at the end of this decade. We expect to be'working with

_diamond tips with flats of only 25 ym in diameter and with ! um collimators.
ACKNOWLEDGMENT
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Table 1. Comparison of observed and calculated interplanar spacings for rhenium
at 216 GPa (V/V0 = 0.734). The calculated interplanar spacings {(d) are based on
a = 2,491 0.063 R, and ¢ = 4.020 % 0.005 ; and c/a = 1.614 £ 0.004-. The

excellent quality of diffraction data at this'pregsure is indicated by tﬁ% sma}l

fractional deviation of the calculated line pasitions frqm the observed ones.

kD) d ] ‘ a4

obs . calculated obs cal
: * @ -

160 : 7.154 75T ~0.0014
002 © 2.004 2.010 ‘  0.0030
101 - ' 1901 . 1.901 0

102 ' 1.468 1471 7 -0.0020
1o 1.246 1246 0

103 , 1.139 1.138 . 0.0009
200 o8 . 1.o79 ' " -0.0009
112 1.056 ‘ 1.059 . , -0.0028
201 © 1,043 1,042 -0.0010
202 -0.9506 0.9504 C 0.0002
211 v 0.79 - o0.7991 0.0006
114 0.7831 . 0.7821 © - 0.0013-
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Table 2. Comparison of calculated and experimental interplanar spacings and

ine .
ntensities of GaSb in the gdisotdered) simple hexagonal type structure at 56.6
GPa. The lattice parameters used are a = 2.6981 R and ¢ = 2 4?50 Z The

calculated relative intensities were obtained uaingvthe procedure deascribed in

Reference 1, A sample thickness of 20 um was assumed,

5
hk1 a, @ | dcal(Z) Obs. Int. Cal. Int.
001 2.468 2,479 sz 18.0
100 2.336 2,336 64.7 57.9 |
101 1.702 1.700  100.0% 100.02
110 o 1.348 1.349 30.5 27.9
002 : 1.240 1.240 4.9 6.8
111+200 1.185 1.185, 1.168 ‘ 61.5 ~ 47.?
Table 3.

Comparison of Some of our Experimental Transition Pressures with

Calculated Phase transition Pressures

Material -5
ater al Exp?;;msntal ' Calculated Reference for
— - a (GPa) Calculations
.InAB 7.0 7.8 » 28
8.4 ’ 29
‘ 17.0 19.5 ‘ - 27
. GaSb 26.4%2.6 - 52.8 29
st 7823 ’ 80 30
76 “ 30 °
116 4 3ll
Ge . 74 84 12
102 . 105 (a) ' '12.

(a) The calculations show that the h

dhep phese. founs expetimentally.cp phase hag & lower free energy than the

104

Table . The comparison of the diffraction data for the high pressure primitive
hexagonal phase of silicon obtained at the bending magnet and the wiggler station
(Fig. 5). The E (observed) are the experimentally measured diffraction peak
positions while the E (calc.) are the ones. calculated based on the parameters
indicated.

Bending Magnet . Wiggler

P = 34.0 GPa P = 35.5 GPa
a=2.4680A, c=2.327A a=2.4626A, c=2.32T7A
(£d=39,628) (Ed=37,720)

By (keV) Epgei (keV) By (keV) B (keV)

(hk1) (observed) (calc.) (hkl) (sbserved) (calc.)
(001) 17.020 17.025 - (001) < 16.249 . 16.205
(100) 18.539 13.561 (100) - 17.709 17.688
aon) . 25.176 25.172 (1o1) 23,987 23.988
(110 - 32,100 32.114 (110} 30,606 30,637
(002) 34.045 - 34.051 >(002) 32.422 32.410
am 36,345 - 36.348 S 34.556 34.658
(200) 37.091 37.082 . (200 35.340 35.376
(to2) - 38.781 - 38772 o) 36917 36,922
(201) 40.828 . . 40.804 ~(201) ' 38,901 38,911
’ T 44.629 44,598
(ziO) 46,772 46.798
(202) ~ 47.893 £8.615
(0035 © 48,588 48,615
@y 49.482 49.525
(103) 51.727 51,733
(301) 55.427 55.486

@) . 56.897 56,926
(113) ’; 57.463 ;7;454

'
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(Diffraction angle is 9.311°.) The twelve peaks in the spectrum are

indexed aécording to a hexagonal close packed structure. The

diffraction pﬁttetn was recorded with a 10 um pinhole and the data

collection time vas 90 minutes.

The spectrum shown is raw data.
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PRESSURE-INDUCED STRUCTURAL TRANSITIONS:
A REVIEW OF RECENT PROGRESS

A.ONODERA,  Y.FUJII

Department of Material Physics, Faculty of Engineering
Science, Osaka University, Toyonaka, Osaka 560, Japan

Recent rapid progress in attaining very high static pressure
has made it possible to undertake exploratory studies searching
-for pressure-induced phase transitions in solids, The transitions
observed in simple systems, other than silicates, are in some ca-
ses of relevance to geophysical as well as planétary interiors im-
plications, In this paper we review such transitions exemplified
by two groups of materials ; NiAs-type compounds and iodine,

The hexagonal NiAs-type strhcture is formed primarily by chal-~
cogenlides or pnictides of transition metals. These compounds exhi-
bit interesting magnetic and electrical properties arising from
the incomplete d shells of the component transition metals [1].

It has been argued that the NiAs structure is likely to be formed
in the lower mantle by simple oxides [2,3].

" We have studied four different NiAs~type compounds with axi-
al ratio;, c/a, approximately equal to the ideal value (MnTe with

c¢/a=1.62 and high-pressure phase of MnSe with c/a=1,63), very

small (CrSb with c/a=1.32), and very large’ (TiS with c/a=1,95).
Among the compounds studied, ‘each NiAs phase of MnTe, MnSe, and
CrSb undergoes structural transition into MnP-type structure at
pressures 24, 31, and 17 GPa respectively, This transition is ac-
companied by a conspicuous decrease in the. electrical resistivity
in the case of MnTe [4,5) and MnSe. However, no discontinuity is
observable in the resistivity of CrsSb, )
A Table 1 summarizes the structural and electrical properties
of TiS, MnSe, MnTe, and Crsb at high pressures. As the axial ratio
becomes smaller in the NiAs structure, the pressure for the tran<.
sition to the MnP structure becomes lower.

Figure 1 shows chaﬁges of the axial ratio with pressure for-
the NiAs phaéesAof MnTe, MnSe, and CrSb, The axial ratios in Fig.1
deviate from the ideal value 1,63 as the pressure 1ls increased to-
ward the collapse of the NiAs lattice into the MnP lattice. Not
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increases from the ambient value of 1.95 to 2.02 up"to 9 GPa and
then decreases to 1.95 up to 22 GPa. No phase transition occurs
in TiS below 22 GPa,

Table 1. Sequences of the pressure-induced phase A
transitions in the NiAs-type compounds

“NIAs=type
Tis (c/a=1.95)
semiconductive
NaCl-type H NiAs—tyge : MnP—type?
MnSe i (c/a=1.63) : »
semiconductive : semiconductivef 'metallic
10 GPa . 31 GPa
NiAs—type : : Unknown v i MnP-type
MnTe (c/a=1.62) i o s :
semiconductive i semiconddctivei metallic
. 10 GPa 24 GPa
NiAs- type : MnP—type
Crsb (c/a=1.32) i
metallic H metallic

17 GPa

For simulative study of metallic hydrogen possibly existing
in the Jupiter, iodine may be the best material because it is dia-
tomic and it can readily be manipulated at room temperature. Opti-
cal [5,6], electrical resistance [6-8] as well as x-ray diffrac-
tion [9-15] studies have been carried out on this material under
static high pressure, Also, Hugoniot has been measured under dy-
namic compression up to 180 GPa [16],

As given in Table 2, lodine has four ‘phases under static
pressure up to 65 GPa {10~ 15]. Tne three high-pressure phases are
all monatomic, The structure at the highest pressure is face-cen-
tered cubic,. being neither hexagonal close-packed nor body-cente-
red cubic, ’ ‘ ) '

Figure 2 shows interatomic distances of iodine. While in the
ambient molecular phasé six different interatomic distances are
observed, the number of the distances is~decreased in the monato-
mic phase and it finally becomes single in the fcc phase. k
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Table 2; -Sequence of the pressure-induced phase
transitions of iodine

Phase 1 I . 111 v
Transition 21 GPa 43 GPa 55 GPa
pressure
Volume 8.1% S o . 1.8%
change : . ]
bagse~ body-~ body- - face-
centered. ceritered centered cetered
Structure  orypo- " ortho- * tetragonal cubic
rhombic - rhombic
18 . p25 , 17 a4, 5
Space D, ~Cmca D5¥ -Immm D,/ -14/mmm  Of-Fm3m
group 2n 2h 4h ‘ h .
Lattice  aa7.136 a=3.301 a=2.934 .
parameter b=6,686 b=2,904 c=04,733 a=4,238
o c=9.784 c=5,252 (49 GPa) (64 GPa)
(a) (0.1 MPa)

(30 Gpa)

Recent experimental results shown above are expected to

throw some insights into the interiors of earth and planets, On-

the other hand, theoretical approaches to the
ded. ' '

subjects are nee-
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STRUCTURE AND DYNAMICS OF SIMPLE MOLECULAR SOLIDS
UNDER PRESSURE )

W. B. Holzapfel
Physics Department, University-GH~Paderborn
Paderborn, F.R. Germany

At first, high pressure data on structure and latticé
dynamics are discussed just for the elements’ which form
molecular solids. Whereas HZ' Nz, O2 and F2 show very éar—
ticular bghavibur, strong systematics are seen for Clz, Br,

and 12 under pressufe. A comparison with the behaviour of :
IBr, HBr and HCl uhder pressure shows further systematic;
and contributes to a better understanding of H-bonding. The
formation of syﬁmetxicvﬂ—bonds in_HBr and DBr as well as in
H,0 and D,0 is discussed on. the basis of high pressure
Raman, I.R. and X-ray data aﬂd simple model calculatiohs. A
look at some other diatoﬁic molecular solids under preséﬁre
‘reveals th&t,_in genefal, the traﬁsitiohs from moleqular V
to ionic or covalent strﬁctures under pressuze can be raéher

compleéx.

INTRODUCTION

The progress in high pressure technology in recent years
has stimulated very strcnély experimental as well as theoretical’
studies on structures and dynamics of simple solids in the ex-

tended pressure range of up to 100 GPa and above.

First of all, structural phase transitions in simple metallic
and covalent éolids undér'pressure were considered as a test

. ground for various theoretical apprcaches {1,2,3) %o the cal-
’ 120

culation of structural energy diffefénces, and in fact, not

only know transitions pressures were reproduced with remarkable
accuraéy, but also new phasé transitions were predicted for the
first time rather precisely (4,5), as shown by -later experiménﬁal
observations (6). In some cases, however, the experimental studies'
found new and unexpected structures (7,8) and stimulated thereby

further theoretical studies.

For molecular solilds, on the other hand, the thecretical methods
seem to be still less developed. Therefore, more support by ex-
perimentai studies 1s still required in these case ‘to establish

extended pressure temperature phase diagrams and develop some

~ deeper understandung of the observed phase transitions.

In fact, one can expect to gain a fundamental uﬁde:standing of
even the simpler molecular solids under éressure only 1if both
more theoretical efforts and experimentalbstudies are devoted to
this subject where structural studies are just one stérting

point but more details may be revealed by lattice dynamical in-

vestigations.

In the present paper, I wént to illustrate, therefors, the 1nter;
play of these different studies just on a few examples of simple
molecular solids.to reveal some of the many 6p¢n questions 1ﬁ- '
this field. However, before I discuss some of ﬁhe results, I
would like to review vgry'shqrtly the techniques,'which are

presently used for these studies.

EXPERIMENTAL TECHNIQUES

The major progress in the experimental stnéles of moleculaf

solids under pressure has been achieved by the various develop~
123 '
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ments in diamond anvil high pressure techniques, Besides just
visual observations, various techniques of optical spectrometry

and X-ray diffraction were further developed for these studies.

In rhe case of high pressure powder ﬁ—ray diffraction, the use
of synchrotron radiation with and without additional cryostats
for the samples (9) led to significant progress. Inrhigh pressure
single crystal X-ray d;ffractiom, single crystals of new high

- pressure phases were grown under'high pressure as for‘instande in
the case of oxygen (10,11,12) ana some delicate samples like I,
were handled by'the use of 1iquid nitroéen as pressure trans-

mitting medium (13). A detailed discussion of some of these tech-

niques has been given just recently (9,14). In the optical studies,

progress has been made not only with Raman scattering (15} but
also more’recehtly with Brillouin scattering (16,17) and FTIR’

techniques (18).

EXPERIMENTAL RESULTS

In our experimental studies, we looked first of all for
families of substances with similar behaviomr. From this point
of view, the heavier,halogens chlorine, bromine and iodine form

a family of molecular solids with first of all the same crystal

structure at ambient pressure and at sufficiently low 'temperature,,

and there are other subétanqes like_the~interhalogen IBr and some

hydrogenhalogens with closely related structures (20) . Therefore,

I would like to review at first the high presgpure results for
'these substances and than try to compare thede results with some

earlier data on the high pressure behaviour of ice.
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| THE HEAVIER HALOGENS

The ambient pressure crystal structure of the heavier halogens
chlorine, bromine . and iodine is illustrated in figure 1 (21). This
structure (DZAB—Cmca) containes four molecules in the orthorhombic’
unit cell and can be considered as a layer type structure-as long
as the shortest intermolecular -distances within the bc layers, r,

and r:, are much smaller than the shortest intermolecular distances

3

between these layers, r, and rS} vVarious attempts were made, to

determine the variation of these distances in iodine under pressure
by X-ray measurements using either powder (22,23) or single crystal
diffraction’techniqmes (13). The results of these studies are re-.
presented in figure 2. A comparison of these different sets of data
shows that the earlier powder data (22) fit closely to the more
precise single crystal data (13) and the discrepancy between the
two sets of powder diffraction data may indicate that it is very
difficult indeed to extract atom pqsition parameters from high

pressﬁre powder X-ray data.

On the other hand if one considers this structure in comparison
with a cubic close packing of the individual atoms, one can notice
that the distortions from a cubic close packing represented by

+r +r, % rg*rg is continuously reduced within-thls

1 2% 7
structure under pressure up-to the phase transition at about .

20 GPa for iodine, where its "molecular" character is lost (24 25,
26) . Very recent X-ray measurements on 1odine in an extended
pressure range show indeed (27,28) that the cubic close packing
is finally achieved in metallic 1odine through two more phase

transitions at .45 and 55(2) GPa.
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'5ronine and ehlorine at ambient pressure.and low temperature are
much furtherlaway from this “molecular'dissociation" under
pressure. Howener, a comparison witn iodine may nelp,fo make
some predlceions about the high pressure pehavicur also for these

substances.

Since only polycrystalline samples of bromine-and iodine were’
studied upyto now by hiéh pfessure Xeray dlffracticn (29,30,31),
it seems appropliate to apply some scallng rules in a comparisonl
of lhese data with the.mo;e.detalled data for 1od1ne..Thevnatural
scale to be used thereby seems to be the . bond length in the free
molecules ro. From the literature (21,32), we take rg = 198,8(1) pm
for chlorine, ro = 228,1(1) pm for bromlne and ro = 266,6(1) pm

for iodine to scale all the interatomic distances ryi presented in

figure 2 for«iodine together with the ambient pressure data for

bromine and chlofine (21) from powder x—ray measurements. Finally,

w2 plot the scaled interatomic distances ri =1y / ry with re-
‘spect to scaled atomic volumina v = V/r just in one cdmmon ’
d.agram as shown in figure 3 and we can notice that this scaling
placea the embient pressure data for bromine and chlorine just

on a smooth curve with the corresponding ambient and high pressure
data:of iodine. Encouraged by thie qbservation,'scaled lattice
parametera‘§ = a/r,, b =v’b/ro and © ='c/ro are also 1nc1uded‘in
this Qiagram as derived from the literature data for iodine (23)
and from the data given in Dlising's thesis (29) together with
more fecent datav(31) for'bromine and'chlorine. Finally;'the
parameter d, = VEZ + (c/2)2 /2 is- also included in figure 3 as -

a lower bound for rz. As one can see, the perfect scaling of all
.theae structural parameters may give some strong support to the
aasumption that also the not directly determlned variations of the
interatomic distances ri for bromine and chlorine under ‘pressure

‘may follow closely this game scaling..
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Stimulated by the success of these scaling laws for the structural
parameters, a similar scaliné was also tested for the lattice
dynamical data (19,33,34,35), however, there, the scaling showed

cnly qualitative similarities but was not quantitatively perfect;

Therefore, it will be interesting to see in lattice dynamical'
nodels, which of the paramters may still be scaled and which- do

not follow a simple scaling. .

In fact, an earlier preliminary lattice dynamical calculation
showed‘variations of the effectivegbond charges (qf,qz,q3) place
on the bonds Iy, Iy ¥ 3 (36, 37) which are reproduced here in

one common diagram! figure 4, by the use of the scaled volumina
¥ for the different elements. Appeaxently, this sCaling works,
however, the additional special "bond coupling parameter"kwhich
had been incroduced before (38) to accouni for the special soft-
ness of ﬁhe Ag scretching mode with respeci fo the Biq stretching
mode does not follow this scaling and a basic nnderstanding of

the physics behind thils parameter 1s indeed still missing. (39).
INTERHALOGENS

From point of view of structural systematica,'also a close
similarity was revealed for lBrvﬁith respect>t9 Ié and Brzvundep
pressure (40). However, lattice dynamical studles (41) on IBr at'
intermediate pressures (0-15 GPa) as well as on ICl in a similar
pressure range showed a rather complex behaviour and indicated,
that also the structures have hot yet been resolved in.deteil in
fhis~pressure range. . '

BN . l,
On the other hand, there are'good reasons to assume that the
strycture cf the hlch'pressurebphasevof.IBr (P‘> 1. GPa) is
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: these data (44 the results of th hi
closely related to the high pressure phase of HBr, and, therefore, ) (a4}, sulits € gh pressure Raman gtudy

: ] . : can be plotted also with t _as shown in figure 7
a better understanding of IBr may also contribute to the under- e P € oW respect to volume 9

standing of the hydrogen bonds in HBr, HCl and similar substances (44) . Two remarkable features can be seen in this diagram. First,

a steep initial decrease in both the molécular stretching frequen-
under pressure.

cies, which may be related to a straightening of the hydrogen

. - bonds at low pressure, and second, the very strong decrease in
HYDROGENHALIDES

the stretching frequercies just before the phase transition to

HC1 and HBr crystallize both at low temperatures and ambient phase IV, typical for the formation of symmetric hydrogen bonds

. . 46,47) . Detailed latti
pressure in the orthorhombic structure C%% with proton ordering (46,47) etalle a ce dynamical calculations for these

S hydrogen halides under pressure are performed at the present
(42,43) . This structure is isomorphic to the structure of IBr

- time (48) and are supposed to result in new quantitative models
at low pressures and low temperatures and is also closely related ) »

. : . for the hydrogen bonding.
to the normal structure of the heayier halogens. As show in

figure 5, the usual assignment of the axis a, b and c differs

from the usual assignment in the case of the halogens. For HCl ICES

andyﬁﬁr, the differences in the values of a, b and c are small "’ ‘ » o For ices, the formation of symmetric hydrogen bonds hdd
(42,43,44) and the hydrogen bonds seem to be nonlinear at ambigﬁt " been predicted already long ago (49) and first experimental
pressure (44). ‘ » o h evidences for this effect were seen in Raman measurements on

ice at low temperatures and high pressures. (46,47) and have

As indicated in figure 5, this structure can be related also to :,‘:= been discussed as indications for a first order phase transition
a cubic- close packing of the halogens which is slightly distorted . betweernr . the phase ice VIII with nonsymmetric ordered hydrogen
by zig-zag chains of hydrogen bonds. - o L _ bonds and the new phase ice X with symmetric ordered hydrogen

s bonds corresponding to the cuprit structure (46). Additional

Raman studies on both HCl and HBEr at low temperatures {100 K) and evidence for the formation of symmetric hydrogen bonds in ices
pressures up to 40 GPa (45) gaue strong evidence for a first order . was found also in Brillouin measurements on ices VII at room ~

phase transition in HBr at about 32 GPa and for no new phase in - -" ; temperature and pressures up to 67 GPa f17). In this case, the

HCl up to 42 GPa. Preliminary powder x ray measurements on HBr - S ’ transition seems to be of second order. Both these studies just

at 160 K and pressures up to 30 GPa confirm the orthorhombic . i ' have touched aﬁ other range in the phase diagr;m of ice and

sttucture for this phase IIT with a= =b <C and show that the unit : have in fact already stimulated various theoretical considerations
. cell volume is reduced at 160 K with respects to the volume at - ’ Von»the detuilé of the phase diagram of icé inrthis extended
_ambient pressure (phasg I). by 50 % at 30 GPa (figure 6). with -~ ‘ pressure .range (50,51). S ' )

. : . : N % S N
“426 127




CONCLUSIONS

The diamond anvil technique has opened up for experimental

studies a wide new range in high pressure physics where interestipg

phenomena can be studied not only on metals and semiconductors

but also on molecular solids with a rich variety of phase tran-

sitions and anomalohs variations in the 1attice dynamics.’
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X~-RAY STUDIES OF THE‘SEMICONDUCTORS SnAs, InTe, TS AND
T1Se UP TO 43 GPa

G.B.Demishev, S.S. Kabalkina, T.N.Kolobyanina, T .I.Dyuzhéva,
" V.G.Losev

Institute of High Pressure Physics of the USSR Academy of

Sciences, Troitsk, Moscow region, USSR

The structures of the semiconductors SnAs, InTe, T1S and
T1Se have been investigated using high-pressure (HP) diffraction
technique ~ a gasketed diamond anvil cell (DAC)_[i]. The pressu-
re was measured by ruby fluorescence technique, ’

The first order reversible transition from NaCl to CsCl
structure was found in SnAs with volume discontinuity 5%; the two
phase area extends from 32 to 43 GPa. The volume change V/VD (P)
of the SnAs is shown in Fig.1. In agreement with gomology rule
[3/, the same pressure‘effectvhas been found in SnXSb1_x at
P=9 GPa /[2].

Two first order phase transitions were observed in .InTe in

a "hydrostatic" environment (ethanol-methanol mixture 13 4): type

T1Se {InTe I) —> type NaCl (InTe II) - distorted type CsCl
(InTe 1I1). The transition semiconductor-metal I - II is irre-
versible- [Q], the volume discontinuity is 8% at P=0,. it falls to
zero as the pressure reaches 9 GPa; two phase. area is 3,7-16 GPa,
InTe IX appeared at 3 GPa when the sample was in a nonhydrostatic
environment. ;

Distorted CsCl type (InTe 1I1) appedared at 17 GPaj the dif—
fraction pattern corresponds to the superlattice of the simple
tetragonal (ST) structure with c/a=0,97, that can be indexed on
the basis of the orthorombic unit cell a=6, 71 A b=6,95 A' Cm
3.07 A Z=4, (P=36.9 GPa) on the contrary to the atructure CsCl
determined in /5/. ' :

The three first order transitions-were found in TlS° type"
T1Se (T1S I)—» type « ~NaFe0, (Tis II)-> distorted type
o ~-NaFeO, (T1s 1I1) —» type CsCl (Tls IV). T1S II exists at 7-
11 GPa and transforms to T1S III at P=11 GPa; phase I is retaine
up to 30 GPa. T1S II is metastable under gmbient conditions, The
lattice parameters are: T1S II - a=3.938 A; c=21.7h X; c/a=5,52;
Z=6; R3m (P=0); T1S IV - as3,202 A; (P=35.5 GPa). Band gap value
for Tls 11 was estimated by the optical absorption spectroscopy -
,g=1 OHO 1 eV at P=0,

137




"The first order reversible transition to distorted CsCl ty-
pe-ST was observed in TlSe at 19 GPa, Volume discontinuity is 2%,
Volume change V/V with pressure for InTe, T1S and T1Se are shown.
in Figs.2-4, The volume data were fitted to Murnagan-Birch equa-
tion, The bulk modulus Bo and its pressure derivatives B} (P=0)
are given in Table, )

Bulk modulus Bo and its pressure derivatives Bé of the
phases of InTe, T1S and TlSe at P=0

Compound Structure fype B,,GPa Bé P, ,GPa Pps g _
InTe I T1Se 12 13 3.7 3.47
InTe II NaCl - 40 5.6

TS I . T1Se 29 6.7 6.0 3.30
T1S II «-NaFe0, 47.5 4.5

TiSe I . TiSe 26,8 4,7 21,0 3.28

Instability of the type TlSe is relsted to the electrostatic
repulsion of ions In*1 in InTe and T1% + in T1S and T1Se spaced
along © [67 The experimental results show that semiconductors
of the TlSe type transform at pressure Pk' which corresponds to
ry=c/2 (Table), Phase of T1Se type retained up to 16 GPa in InTe
and up to 25 GPa in T1S, when .appeared the phase of CsCl type
(T1S8) or distorted CsCl type (InTe, TiSe) - the more dense phases
of these compounds.
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PHASE EQUILIBRIUM DIAGPA“* AND FORMATION OF DIAMONDS

Yu.A.Kocherzhinsky
Institute for Superhard Materials, Academy of Sciences
of the UkrSSR, Kiev, USSR '

Artificial diamonds preduction started from phase equilib-
rium diagrams. R.J.Wedlake 1/ indicates ", 1t was not until
the work (/27 Yu,K.) of Leipunskii (1939) ... that people had any
reasonable idea of the pressures required® (for diamond formati-
on,Yu.K.}. Later on diamond-graphite (D-’G) diagram has been re-
peatedly refined /3-5].

In this work /27 0.I.Leipunskii has &hown all the conceiva-
ble (permitted by the laws of nature) methods of diamond forma-
tion from graphite:

1, Direct G-D transformation in the P-T region of diamond
thermodynamic stability undetr conditions far from DG equilibri-
o 2. Recrystallization through the liquid or gaseous phase in
the region of diamond stability near D=2G equilibrium,

3, Epitaxial growing of carbon on the diamond crystals PN
faces in the region of graphite thermodynamic stability.

Recrystallization through the metal melt is the main 1ndust-
rial method of diamond production, The melting diagrams for car-
bon-metals systems proved to be the necessary tools in mastering
the technological conditions of diamond production. The P-T re-
glon of diamond formation start in the presence of the given me-
tal is found to be specified by the intersectlon {in P-T coordi-
pates) of DaG equilibrium line with the line of carbon~-contain-
ing eutectic in the given system (Fig}1). The diagram specifies
not only the minimum P and T for'pOSSible‘formatioh_of diamond
from the given solvent, but also the temﬁerature region (AT) in
which diamond formation is possible (with thefgiven solvent and
pressure), the composition of the alloy in the given system ( whet
the solvent comprises more than one metal) which provides mini-
mum T and P for the start of diamond formation dnd maximum tempe
rature region for diamond growth, the behaviour of carbon concel
trations change in the melt at graphite and diamond boundaries
with P and T, i.e. the concentration difference causing carbon
diffusion through the melt from graphite to dxamond {or vice ve:
sa). The diagrams of phasé equilibrium at high pressures have
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been constructed for a number of metals-carbon systems, binary
(with Ni, €o, Fe, Mn, Ta) and ternary (C-Ni-Mn, C-Ni-Fe, C-Fe-Al,
C-~Fe-S51), these diagrams are shortly reviewed in the reference
book [6]. '

~ There are statements, however, about "catalytic" effect of
nard (érystalline) metals on diamond formation [(7,8/. Actual ex-
perimental basis for such suppositions is the fact of diamond
formation (e.g./9,10/) in the presence of some carbide-forming
metals (Cr, Nb, Ta, Fig.2) at temperatures lower than equilibrium

solidus temperature for carbon phase (note that’'in this case car-

bides, metal-solvent and nontransformed graphite are always pre-~
sent together with diamond). For instance, in Ta-C system (9,107
TaC+D21lig. eutectic appears higher than 10 GPa, 3525K, but dia-
mond is formed at 6,5 GPa, 2070K, i.e. by 1455K lower, this oc-
- curs. only in the case when primarily graphite was in contact with
tantalum metal and in the'présence of TaC'"ihsigniricant quantity
of diamonds identifiable only by X-ray diffraction has been ob-
tained* (/97 p.37). v

New interpretation of this fact is suggested in the work
[31]. A metastable eutectic melt (eutectic of the starting pha-
ses) is primarily formed during the contact melting of materials
capable to form intermediate compounds., If when increasing the

content of the second component the liguidus line is sharply des-

cended from both sides of the diagram, ‘then the point of metasta-
ble eutectic is significantly lower than stable solidus; The pre-
sence of (metastable) liquid melt being in contact with graphite
promotes diamond formation and growth on graphite surface,

Fig 3 shows the schematic diagram of Me-C system with an in-
termediate Me C compound, Extrapolation of 1iqu1dus lines (being
the limits of componenta solubility in the melt) w111 give their
intersection in the E point (metastable eutectic). At the tempe~
rature 1ntermediate between E and E1 (stable eutectxc) the ther-
modynamic potential of the system ‘in the state of the starting
components mixture is maximum, while its stability is minimum.Af-
ter formation of MexC compound the system has its minimum energy
i.,e. it is stable, The third state with an intermediate energy
is, however, possible, the melt, When the starting components
mixture 1is heated to the given temperature'range (between E and
'E1) the transformation to both states with the lower energy are
energetically beneticial for the system and the part of the mate—
rial tranaformed to each of them will be specified by the veloci-
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ty ratio for the corresponding processes, The velocity of carbi-
de formation on the contact surfaces of the starting phases is
specified by carbon diffusion through the crystalline carbide,
and the velocity of liquid eutectic melt formation is specified
by carbon diffusion through the melt; diffusion velocity in 1li-
quid is higher than that in crystal and so in the first moment -
the melt formation is kinetically more bereficial. This melt me-
tastability results in the prbceés of immediate crystallization
with formation of all phases stable under given P-T conditions
including diamond in the case of contact melting under pressure
ensuring diamond thermodynamic stability.

The possibility of metastable melting has been experimental-
1y proved on chromium-carbon mixtures.

The four metastable eutectics can be constructed (in the or-
der of melting temperatures lncrease) by extrapolation of liqui-
dus lines for Cr-C stable diagram: Cr-C, Cr—Cr3C2. Cr-Cr7CB, ‘
Cr703-C The first three melt lower than Cr-Cr23C6 .equilibrium
eutectic, the last one melts higher than Cr23C6 and lower than
Cr7C3-Cr302 eutectic, :

The tablets, 0.7 g each, compacted from powder mixture of
chromium and graphite (14 to 42 atomic percent of the ilatter)
have been investigated by differential thermal analysis while he-
ated in argon at atmospheric pressure with the rate of 60 to )
120K/min. One or more first heatings of mixtures with carbon con-
tent higher than 21 atomic percent surely reveal endothermic ef-
fects lower than the equilibrium solidus temperature for thelgi—
ven composition, and in many cases at the lower temperatures as
compared with the most low-melting eutectic for the stable dia-
gram (Cr—chBCG). Both phases- included to the starting nixture
are monomorphic at atmospheric pressure and so nothing but melt-
ing can induce the endoeffects. Fig.4 shows the DTA-curves for
three heatings of mixture comprising 34 atomic percent of C, the
rate of heating being 60K/min, The first one exhibits the follo-
wing effects: that of Cr+Cr23C6 eutectic melting at 1810K (very
slight) and that of incongruent melting for Cr,sCq at 1830K (ve-
ry strong) and Cr7C§Cr C2 eutectic at 2020K, Besides, additional
effects are observed at 1680K and 1725K unrelated to stable dia-
gram, The further two curves. exhibit no other effects but those
usual for the given composition according to diagram, i.e. 2010K
solidus and 2130K 11qu1dus.
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. Metastable melting diagram constructed from experimental

data for chromium-carbon system is presented in Fig,5. o ? ’ . . 4000
The allowance for éontact melting of metastable eutectics : ; T.K O -
makes it possible to interpret the formation of diamonds in the T ! ®-2
. . 3500 @ -3
presence of metals from common positions: in any case metal is a N P
solvent and. acceleration of diamond formation (a “catalytic* ef- ‘ %
fect) is associated with recrystallization through the liquid 3000

phase,
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THE INFLUENCE OF PRESSURE ON THE o(«A -~ W TRANSFORMATION IN

Zr AND ITS ALIOYS - .

A,V.Dobromyslov, N. I Taluts, K. M.Demchuk A.N. Martemianov

Institute of Metal Physics, Academy of Sclences of the USSR

Sverdlovsk, USSR _

Asax@sult‘pfhighpressure'application, in Zr and alloys based
thereon with small content bf /3 —stabilizers th§ 12) Qphaée is
formed. The () -phase is retained in a metastable state after the
pressure is removed due to the presence of hysteresis. The study'
of the formation mebhanism of the W -phase under pressure is of
great iﬁportance in ofder to understand the nature of 1ts appearance
in 2r and Ti alloys in the piesence of hig; J% -atg@ilizer values;
However, the structural features of the o - W +iransformation
are not fully atudied. Our task has thus been to study the ﬁorpho-
logy and structural imperfection in the W -phase formed under ‘
pressure and establish the atomic crystalline peehaniém of the

&~ W transformation. ‘4 .

Zr and Zr-2,56Ti, %Zr-2,5%Nb alloys were used for the investi-
gation. The quenched specimens is the shape of disks, 4 mm diam and
0,1 and 2-3 mm thick, were subjected to Qolumetric quasihydrostatic
compression in a toréidal container of 1ifhogréphic eténe.

The crystallography and morphology of the initial structure.

Zr and Zr-2, 5hTi alloy in quenched state has the structure, contai-
ning the mixture of massive and lath martensite. The massive martgn—
aite is 6b‘served in the form of grains of different configuration.
The lath martensite forms the packets of groups of parallel lath.
The packets belong to different variants of Burgers orientation re-
lations. The laths inside the packet are 1n close or twin orienta-~

tion with one another. The plane between the 1athe coincidea with

‘ {0111} of ‘t.he oL ~-phase.
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;n 2r-2,5%Nb alloy after quenching the plate in%ernally twin-
ned martensite 1s formed. The structure of this alloy is not uni-
{orm, the silzes of primary and secondary marfensitic plateg differ
substantially.

The morphology'and imperfection of () -phase formed under

pressure.Asastult‘ofhighpressureapplication, the noticeable
change in the structure of quenched 2r énd Zr-2,5%Ti alloy takes
place. Part of the lath maftensite,packefs ig fully destructed and
subgtituted by the large regions of W -phage. The other part pre-
serveg its morphology, but thevexamingtion using microdiffraction
shows that ite internal structure is also that of the W ~phase
(Fig.1p,g3. The bright-field photogfaphs show the speéific stgipe ‘
contrast. The enalysis reveals that this is due to the great number
of disordered stacking faﬁlts.The influence ofpressure on Zr-2,5/ Nb
alloy does not lead to any particular changes in morphology of the
quenched structurg. The externsl forms of primary and secondary mar-
tengitic plates are fully preserved, however the platesg have the v
(p‘-phase stfucture. After the action of pressure the trahsforma—
tion twins inside the martensitic planes disappear, and are sgbsti—i
tuted by the stripes (Fig.1€3 éimilar to the case of pure Zr. Some-
times the astripes are "allowed", and the speciflc contrast due to
the stacking faults is observed. The crystallographic analysis showa
that the stacking faults 1lie in the planes {2110} of the W -phase.
' The formation mechanism of the (. -phage. The analysis of the

chenges in structures of the quenched Zr and Zr-Q,S%Ti and Zr-2,5%Nb
alloys after‘the action of high pressure reveals that the difference
in initial structures does not influence substantially the atomic
crystalline mechanism of the o - w transformation. The diffe-
rence in the igitial morphologic forms of the & -phase in Zr and
?r-Q,SﬁNb leads only to the fact, that the (W -phasge formnd undar
- The Figur@ is givwn at the end of the bOOn
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pressure hag the.form of the massive or lath martensite in Zr, and
the form of plate martensite in Zr-2,5%Nb.

The appearance of the diffuse scattering having the form of
planes in the reciprocal space of the ~phase (Fig.Z), rgveals the
existence of a large number of linear defects, apart from plane de-
fects in {2iio}w . The direction of the linear defects coincides
with {900{] of the W ~-phase. The existence of guch lin;ar-defecta
in the W -phage lattice indicates that the formation of the high
pressure phasé in the d--phase lattice occurs by means of the dis-
placement of the atomiﬁ rows, [9001] rows in the W -phase being
the continuation of theae rows. - It may be shown, from the orientatlo
relations betwsen (/3 A and W phase, that this fo:mation me-
chanism of (W -phase from i —phase is poasible, if the lattice
rearrangement fakes place by the displacement of <j12q> atomic rows .
of the ¢ -phage. ’

The process of o > transformation under pr essure mugt be
accompanied by the essential increase in the elaatiu energy of the |
metal or alloy. It follows from the fact, that'the initial morpholoé
glc features of the structure of lath or plate marten51te do not
provide the minimum of the elastic energj of the A >¢U transfor-
mation, because the appearance of these morphologic forme is due to
the néceasity to>reduce the elastic energy in the process of vﬂ ﬁ>;a
transformation. Thus, the increase in the elastic energy in the Zr
and its alloys affer pressufe treatmenf muat lead td the additional
structural featufes during the reverse W < & transformation.

The reverse (W > ‘l;ransfornlgtion. For the reverse W =g

transformation the specimens of Zr and:Zr-2,5%Nb alloy were held at
300-500°C for different time. From X-ray diffrection it follows tha
the stability of the ® —phase derer tg hcth or temperature and on
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.the .time of heat treatment. The generalized data on the stability

of the W -phase dre repremented on Fig.3. .
The morphologic ﬁeculiaritiea of the u)—phase formed under

" pressure reflect in the character of Zr structure at reverse () -
transformation. Therefore the annealed A,—phhse rather often is

obgerved taking form of packets, outwardly resembling those in 2z -

after queriching. However, in a number of caées the boundaries bet-~

ween the laths vanish ahd the:grains of the dr—phase-with new ori-

entations appear in the packet. At the same time, due to the elastic

gtresses in the specimensvheld under pressure, the relaxation twins -

are formed during the reverse (J »>d trensformation (Fig.1ﬁ5. In
Zr-2,5%Nb alloy after the reverse W -4 transfqrmétioh the res- -
toratibn of ‘the transformation twins inside the martensitic plates
tekes place. The elastic stresses in erz,S%Nb alloy may epparently
achieve considerable values,vleading to pomewhat unusual way of v

" twinning at reverse W . transformation (Fig.téﬁ. In the case

of Zr-2,5%Kb alloy the relaxzation twine are formed in some equiva-

lent-systems.'The crystallographic analyais shown, that the twinning

- - %
plane coincides with {p111}.of the  d -phase (Fig.1f).
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planes.

Fig.3.Temperature-time diagram of the W + « transformation,
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MECHANiSM OF PRESSURE INDUCED BODY CENTREL TETRAGONAL
TO HEXAGONAL CLOSE-PACKED TRANSITION IN Hg AND ngcd1 -
ALLOYS ‘

SURINDER M. SHARMA, HEMA SANKARAN, S.K. SIKKA,
R. CHIDAMBARAM

Neutron Physics Division, Bhabha Atomic Research Centre,
Trombay, Bombay, 400085, India

Our recent experimental studies have shown that the ambient
pressure body centred tetragonal (bct) phase of cdy_,He, (x>0, 25)
alloys transforms to a hexagonal close packed (hcp) structure un-
der high pressure (for x=0.35, P,=2 GPa and x=0.5, Py«6.4 GPa)
[17. A natural extension is that elemental mercury also will tran-
sform from bct phase (P> 3.5 GPa) to hcp'phase'at a higher pres-
sure. It was also pointed out that the bct and hcp structures’ are
geometrically very close. Recently Lindgard and Mouritsen /2] ha-
ve presented an.analysis of bcc »hep transformation in terms of
Landau thecry of two coupled strains & 1 and E . & represents the
uniform strain required to take 8, towards 120°and 5'2 the inter-
nal strain representing the shuffle of alternate (110) planes.
Since the bct phase can be treated as special case of a more ge-
neral bec lattice, we provide a test of Lindgard and Mouritsen's
analysis by evaluating the softening of WN in Hg by a frozen
phonon calculation,

Phonon frequencies are computed by a technique which uses
Andersen's force theorem /3] and the linear muffin tin orbital
.méthod [47 to evaluate the electronic eigen values. The phonon
distorted cell corresponding to 1/2 [11qQ7 <110> mode is a four -
atom simple tetragonal super cell, shown in fig.4 in ref./1/.
Sixty points in the irreducible wedge of the Brillouin zone were
- taken,

The changes of c/a of bct cell, caused by the strain 6'1,'
an input to our calculation, has been.measured under pressure on

a Cdg, steg, 5
mond cell /57 with full cone energy dispersive x-ray diffraction

alloy. A Syassen-Holzapfel type of high pressure dia}

system was employed (with a cone angle of 6°) For more details

see ref,7. The results of the experiment are shown in Fig.1 along

with alloy data [&]. »
The phonon frequency WN-was calculated under the following -
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conditions. (i) volume varied witn‘c/a held fixed, (ii} doth va-~
ried according to Fig. 1, {iii) volume fixed and c/a varied. The
frequencies are plotted in Fig.2. '

It is at once evident that wN does not soften completely un~
der any of the above conditions, Curve 1 in Fig.2(a) shows that
the system, in fact, stiffens under pure compression. On the other
hand, as is shown in Fig.2(b) the varistion of {(c/a), at a -fixed
volume, brings about a significant change in WN ~ a 10% increase
in {c/a) results in 23% decrease in Wy. Curve 2 in Fig.2(a) repre-
sents an Intermediate situation with c/a changing according to
Fig.1. From the above, it is logical to conclude the absence of COom~;
plete softening under any realizable state of this system. There-
fore, this transformation.should result from a large anharmonic
coupling between the two strains as shown by Fig,?(b) confirming
the suggestions of Lindgard and Mouritsen. It is also possible that
in the defect strained reglons, {eg. near dislocations) there is a
favourable distortion of the bct cell (i,e. increase of c/a) gi-
ving rise to the realisation of a 'localised soft mode!' [°87. This

-may lead to the formation of nuclel of hep in the bet matrix and

perhaps explain the time dependence of the resistance change after
the transition point VTR

The authors are grateful to Prof. W.B.Holzapfel for details
of diamond anvil cell,
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" ON THE THEORY OF GERM FORMATION AT PHASE TRANSITIONS IN
ELASTIC-PLASTIC BODIES

V.G.Baryskhtar, V.V.Tokii, D.A.Yablonskii 7 )
Donetsk Physico-Technical Institute, Academy of Sciences
of the Ukrainian SSR, Donetsk, USSR ’

Non-uniform fluctuations of the order paremeter (OP) in so-
1ids give rise to elastic shift deformations which considerably
affect the OP fluctuation energy and the phase transition charac-
ter itself. However in the vicinity of the second order phase
transition line and also mear the stability boundaries at the
first order transition the OP fluctuations become abnormally big.
8o it becomes necessary to account not only elastic but plastic
‘deformations as well., These aspects are considered in the present
paper.

We shall consider only phase transitions which can be- descri—
bed within the Landau theory [I] For aimplicity we restrict our-

selves to the case of the Bingle-component OP and neglect the cry- .

stel anisotropy. Since at phase transitions the main contribution

is made by the long wave fluctuations the plasatic properties are -

most easily taken into account within the Genky medium /27 with .
shi £t modulus }Jn depending on the shift defomatlon intensity
[= \/2 " 4!55“0_‘;‘” Here U;, 1s the deformation temsor.
Then an expression for the thermodynamic potential den51ty
has a-form of < r.
n K2 ap
P P(p)+ An “u*Td ‘ iy (ryrar, -
i, ' :

P Por 3 A | -
where 1. is the'striction constant; n =T and 2 for linear and
quadratic striction,

) In a perfectly elastic. body (particular case of the Genky

- medium) Pa(f)=p end (I) at n =2 is transformed o the known

relationship. P
Similarly to /3/ we choose the model of an elastic—plastic

© body which passes f£rom the elastic state Pﬂ(r)"P -to the state
of perfect plasticity- 3Jn(r) ty [ when the tangential stress

ntonstty. €= g (81, s ducer)? (Gix 1s tho stross ten-

sor) reaches the yicld strength T4 .

To consider thé_0P~nonmlinaar fluctuations 7 = ka) of an
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arbitrary form is, quite naturally; impossible. In this paper an .

. expréssion is obtained for the volume energy density of spherical

and lamellar fluctua‘bions. g

Using an equilibrium equation gx:':=0 one can determine de-
formation distribution Uix(r) in a body at the predetermined di-
stribution n (r) and then exclude Uiy () from (I), And it should-
bevmentioned that deformations caused by the OP fluctuations
exist not only within the fluctuation region but outside it as
well, Nevertheless 1t appears that the energy of"deformations
outside the»fluctuatiun is proportionallto its volume. Therefore
total volume energy of the ¢ fluctuation volume can be presen-
ted in the following form (for simplicity we give only the exp-
ression for the fluctuation in the symmetry phase)

F=§CPdu={CPU1) * h By )+ ) 807- rmJ] @

where @(q) is the Heavyside 8§ -function

J- 21 (k*‘q‘}‘) 31 ke i3 p

v P
zq':rz"fnvt/qsf‘”zs

— sphere
H): w | » . (3
Zrt: rtn - ('(:n — plate

It should be mentioned that piastic properties of a body are
manifested only if the OP Fluctuation amplitude q is grester
than some critical value qs determined by the yileld strength,

elastic constants and striction bond value } . Assuming K~ p
we obtain . U

| st /2
Provided that 1~T¢q, (Te 4is the phase transition témpeﬁit_ur_e,
O¢ is the lattice conetent) and = Ts - can vary from substance
to substance over the range of (10~ -2 10_9)ju' we obtain at7}~102K.

-7
~Qs~(m Hde

-10 )———~4 10
The attention should be paid to the fact that in the lamellar
fluctuation both elastic and plastic (at|1> q, ) deformations
are located only inside it. At the spherical fluctuation elastic
deformations appear both ;nside and outside it. If, however.ll7qs
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the fluctuation of radius ch is limited by the spherical shell
of plastic deformations with external radius R R Qll’[s)%
At R<Rqg and R?R, ‘deformations are of pure elastic nature.

Since there is a great interest for the investlgatlon of the

role of shift stresses (both of 1nner and external origin) and

plastic deformations caused by them in the problem of germ forma-
tion at the first order phase transitions we shall 111ustrate the
developed technique by an example of appearance . of non-symmetri-

cal phase germs, We restrict ourselves to the quadratic striction )
(I) with an accuracy to rls' .

case (N =2) and expansion-of CP(Q)
The condition of the first order phase transition ie

B=B-21/k<o

Using (3) one can show that at Q? fls the volume density of the
‘lamellar germ energy is less than that of the spherical one. The-
refora we shall consider only the lamellar germ.

The standard analysis ahow that at the germ-matrix equilib-
rium tempsrature( F =0§’ F,‘l =03 FQ > 0) depending on the rela-
tionahip baetween the body constants both elaetic germs with

t -8 3 :
v = d § - )
and plastically de_formed ones with ' ' )
L) | v g% (s
qn. T {J+2cos[5dzccos(l 2uq5, ”B)J S

can appear. It is intereating to note that in the d LS phaee
. diagram there is a line where energies of both ‘equilibrium germe
coincide.
. As is seen from (4), (5) tbe OP value in the equillbrium
' serm coincides with its value in a uniformly distorted phase
5‘5 1 /ud "only in a plaetically deformed germ and provided
t \ t‘_s =0,

Thus the .analyeie per.formed shows that the use of the undia-—~

- torted phase parameters for the germ charactenetics j.s etrictly
,eubetantiated only for perfectly plastic bodies ( Ty =0).
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HY ORODINAMTK AT, ASPECTS OF DESINTEGRATION
OF METASTABLE PHASES.

R.G.Arkhipov, Kh.Sh.Akhmetshackirova
High Pressue Physics Institute,
Troitzk, Moscow region, USSR

Th’e coxﬁplete phase transition can be achieved only if . the ex-
perimental arrangement (the "thermostat") consumes the latent
heat and the wvolume differvence. In isolated system the transition:
terminates itself due to the Le-Shatelliet principle and the fi-
nal concentration of a new phase is proportlonal to the 1nitia1
oversataram on (the difference of thennodynamlcal potentials of
initial and new phases AP = & (p, T.) - P(p.T)). 1f the latent
heat and the specific volume change are both small, it is easy
to have a formula for the excess which ensure 100% ingtant tran-
sition on condition of thermoisolation and fixed ‘volumes

8F = (28 over(Z) aste2 (]

This poslitively deflmte quadratlc formm may be rewritten in form

Cip-Cav
AP =-(Vi- V)?ﬂw) c,f Li dT‘ T) ] 1}

_ Spontaneous transition from metastable states are of particu~

ASAV

lar interegt. In infinlte resting media one has to deal with two

discontinuities at least to connect initial and final states. In

the case, when A®is small, it can be proved, that number of pos-

sibilities, socalled "scenaria', is limited and one is ableé to do
complete investigation. Theéy asre by no means to satisfy all .hydro—
dynamical congervation .law 7. ‘

PfV diagram is the most convinient for ‘consideratibn. We are
inside the dashed region which corresponds to vthe mixture of_ini-'

tial and final phases not far from the phase equilibrim line, Star-
ting from the point marked by asterigk ¥ one can draw the iso-

entropy for.initial media Vilp), Sy and the isoentropy for equi-
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libriun mixture V' (P), S , which are equivalent to shock

wave curves. The mutual situation of both curves are determined by P .

dimensionless parameters: P*
9 7 o

& = ;_; Crv —~ / . o

’ e ‘ ’3/)) ( /{/) > :

IV.

wO
I
!

3

AV = QL}“ _—y ,2 :gpv‘) {t)P |

The whole necessary information about the new phase is inclu~ |

O WV

ded in the equation of state for the initial phase and(lp) and

(cTJ) in the point(¥), The sound velocity in the mixbture is alwaya . '
smaller then in the inltlal phase, but always real /2/(‘—‘«C /(HG— A

The simplest is the case,. when one can draw a tangent to the

23 - ;u K . xs G’T'(t ‘) \/'
x v y7+etc? Vo

tinul sies can be solved e.nalytlcally. First goes the shock wave ) : 3 . - fu = 1-P’ + —E—P‘

| AR
. | 5@,—m+(¢t I)P,
L £, F ' ’

Fig.1. The slow fusion regime. The pressure is measured from

detonational curve from the initial point fixed on the isoentropy

<

VR

Sy by Yy = -—7 o Wnen ( 1is small the case of two parallel discon-

without transfomatlon (fig.1) and then front of fuslon, correspon~

ding %o the Jouguet point, after which occuers a mixture of ini-

tial and new phases with the concentration X of the new phase.
When (H;UT‘AV/;?‘(1~:)(f+€Tjthe detonation regime is also possible,

In this case first goes the dgtonation wave, corresponding to the the point (¥) of crossing isoentropies with the phase

Jouguet point, then after relaxation goes a wesk discontinuity equilibrium curve. 5’_‘:_}’&1 = velocities of discontinu-
(fig.2). This type of transformation is considered more thorough~ ities, U~ mass Yelomty'.]

1y in/%7.
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THE INFLUENCE OF HIGH PRESSURE ON THE RAPID SOLIDIFICATION
OF THE SUPERCOOLED MELTS

V.V.Brashkin, S.,V,Popova
Institute of High. Pressure Physlcs
Troitsk, USSR

The influence of high pressure on the basic parameters of
the rapid solidification is analysed in the framework of the ho-
mogeneous theory of crystallizatidn using the well-known expres-
sion for the nucleation rate (I) and the growth rate (U) Veva

4@’ Ve -2 -1 ‘ -1
I~ exp|- —;-E—ﬁs“ .(I— ) axp (I-0) (1)
: m

, [rAg | |
Un {-I - exp [_ %_ l (I-— T)-I]} exp[(_ E(;-_> (I_.C)'-I], (2)
. : m m .

where « is a geometrical constant, 6 is the surface tension,

V ~ the volume of solid per mole, Hm- the latent heat of aolidi-
fication, T -~ the meltlng temperature, NG - the activation ener—
gy for nucleation, £G" - the activation ensrgy for cryshal growth,
R - the gas constant,

T-1T AT _ -
i = ———' - the relative supercooling.
Tm ) Tm .

The mean grain size (d) can be expressed from I and U like

; =",‘/ AR,

where T, is the 1nterval‘6f crystallization, T ~ the cooling rate.
To reach some fixed value of the supercooling it i8s necessary to
have the cooling rate /271 ’

'i-uz_,mc\/ﬁl{ : W

The temperature interval of crystallization can be approxima-
tely represented aes:

(3
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B, 77 (T - m*
63V2 (47T —5’1‘2 e ) 2

AT ~

c'

’ L ®

Let us ‘suppose that A&G"fVAAXGIN/XG then from (I), (2), (3)

and (5) it follows that
NG N HmT'
- — |1~ S (6)

2 TE(T "
3v2(4m -3 '1‘2) o

€Xp

and at the same time

d~exp o« 6772 ,-21 [I-—e _ BT o . ('7)‘
. [mcmnmz € , = RT-

So using the expressions (7) and (6) we can find the depen-"
dence of the values AG(P) and 6(P) in case we define. the a(p)
and A T(P) dependences, :

Some pure metals (Pb and In) are quenched from the melt at a’
pressure of 0.7 - 8 GPa with the cooling rate ~ 107 K/c and their
aversge grain size, morphology and microhardness (H,u) are investi-

gated at room pressure. Also the supercooling (Z&T) of the melt is

measured under the same pressures,

The supercooling was determined by chrcmel-alumel thermocoup—
le located in the center of the sample. :

The amplified signal of the thermocouple was stored by oscil-
lograph C8-I2, All values (Tm, T, AT and T ) were measured in
each experiment at the particular pressure,

The values of H (P) for Pb were taken from /37 and for In
Hm—3 47 kJ/mole at P=I GPa ® (for higher pressures H (P) was ex-
trapolated). Other data necessary for the calculatlon were taken -

from [4/.

It was found from the experimental results (see Table) using
expressions (6) and (7) .

A\ G(P) AG(0) +ﬁp, o (8)
where pB= —3— V, - atomic volume,- ' '
the values of & are in a good agreement with the model

6@~ 1@ v, : @

3 ﬁgeee data were.given by. L.N.DZHAVADOY before the publication
7 . | iblic

where Y — the shear modulus, if we use the Y(P) data from the

ref. (57, - B

The experimental (T_,AT, d, Hec) and the caloulated

(d, A®) results for Pbo and In A
P b Anl o4 H o G
(GPa) (K} ()] (pm) (MEQB in units of 0| (kJ/mol)
Lead '
0 600t 5 55%5 200  60%I0 6o 8.6%0,1
2 735810 75%5 90%I0 I00%I0 (I.15%0,02) 20%3
5  935ir0 123%5 35%s  120t10 (I.37%0.03) 33%3
7.5 1085310 160%5 I2%2 190%I0 (I.77%0.04) 533
Indiqm" ’ .
0 430ts  28ts 50 1ats 0. - 6.6%0.1
I 490t10 2355 25%s  38ts  (1.17%0,02) 12ir
2 510810 40%s 15%4 . asts  (1.25%0,03) 17%2
5 625810 50f5  3%1  80*IO (I.sufo.o4)  33%3

It was found from expressions (4), (8), (9) that the value
(T) from (4) for the "normal-melting" substances may either incre-
ase or decrease (to IO -IO3 times for (.-—%— ) at P <5 GPa, but
for P~I5 GPa it must.decrease (to 105—107 times for € -—3— Y.

For Cu it was found that at P>6 GPa the morphology of grains
changes from dendritic to cellular and the dimension of grains de~

 crease from T4 pm (2 GPa) to 2,5 um (8 GPa). These data allow to

estimate the relative increasing of 6 (0,03 GPa~ Ty ana AG
(0.1 GPa~ ) at high pressure.

Under high pressure (up to 8 GPa) some binary copper-based
alloys were rapidly quenched from the melts. It was found that at
least for some compositione of these alloys the eritical cooling
rate decreased to about IO3 times and more,
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THE STRUCTURE AND PROPERTIES OF THE BULK AMORPHOUS
GALLIUM ANTIMONIDE OBTAINED BY QUENCHING FROM THE MELT

V.D, -Gorbatenkov, V,I. Larchev, S.V.‘Popova, G.C. Skrotskaya
Institute of High Pressure Physics, Troitsk, USSR

The bulk "amorphous samples GaSb were obtained at high pres-
sure /7-9 GPa/ by rapid /Bc10 X/c / quenching. from the melt, It
was shown that Raman spectra of the amorphous high pressure phase
a-GaSb very much resembled the corresponding data for thin amor-
phous films /1/.

By changing the initial conditions of the synthesis /the
external pressure and the temperature of thé melt/ a different
type of disordered samples can be obtained. The increase of the
disordering results in the decrease 6f conductivity. So one cén
observe the metal-insulator transition that eccompénies a large
changing of conductivity, which decreases by a factor of 109 at
T~10 K /2/. This phenomenon is well known-for &ll tetrahedrally
bonded compounds /for GaSb see ref. /3] /. »

The temperature and the heat of crystallization of a-GaSb
were investigated using scanning calorimetry method f4]. The
heat of crystallization was found to be 8.7+0.4 kJ/mol, The ratio
of the heat of crystallization to the heat of melting is 0.35 and
it is closé to the corresponding values for a-Ge /0.34/ and a-Si
/0.23/. The temperature interval of crystallization /440-500 K/
is close to the corresponding data for sputtered films of a-GaSb.

In this report we describe some preliminary experimental
results on the short range order structure /SRO/ at room pressure
and the stability of a-GaSb under high pressure,

A X-Ray diffraction was performed by transmission on a HZG-4
diffractometer with monochromated MoKy rddiation. After measuring
the scattered X-Ray intensity, all corrections, normalization and
Furier transformation were made in agreement with the rules des-
erived in /5/. o -

The radial distribution functions /RDF/ are shown on Fig.1 in
comparison with the RDF for amorphous thin films of GaSb [&].

‘The positions of the firat and the second peaks /R1-0 260 nm ; Ry=
0.438 nm/ and the numbers of the nearest neighbours /N =3.75,
N2°'12/ are in a good agreement with the data for the thin films,

But the appearance of the third peak with RB-O «525 nm," N34V13
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obviously indicates the microcrystalline structure of the bﬁlk
samples. ‘ ’ . :

In any case the bulk samples of a-GaSb ‘have the dismond-iike
structure although the melt has the structure close to the primiti-

ve cube and the metallic fype of conductivity;So the gquenching
from the melt at high pressure

metallic amorphous rhase,
ducting one at room temper
known that sputtered amorp

must lead to the preparation of
This phase must transform to a semicon-

hous films of GaSb undergo reversible
transition from semiconducting to metallic state at & pressure of .

about 2.5 GPa (7). But the pressure needed for synthesis of a-GaSpb
by rapid Quenching from the melt is much higher, One of the assiim-
ptions is that the temperature of crystallization of the metallic
and semiconducting states depends differentiy on pressure,

In connection with this we invesfigated the stability of

8-GaSb in the wide range of /P,T/ conditions by isothermal annea- ..

ling during 10 min., The crystallization of the samples was
led by a X-Ray method after annealing. Also the electrical
tivity was measured as a function of pr
It was found that the temperature of cr

low pressure and increases at high one. The sign changes at a pres-
sure of ~ 3,0 GPa. The drop of electrical rgsistivity occurs within
the pressure range of 3.5~4.0 GPa (see Fig.2).

All these experiméntal data lead to the conclusion that by
rapid quenching from the melt at high :
a-GasSb can be prepared. The electrical
crystallization; Raman spectra are very
properties of the sputtered amop
microcrystalline.

control~
condic-
essure at room temperature,
ystallization decreases at

pressure the bulk samples of

properties, temperature of
close to the corresponding

phous films, but SRO is probably
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FORMATION OF AMORPHOUS ALLOYS BY SOLID- STATE REACTION
AFTER HIGH PRESSURE ACTION

I.T.Belash, V.F.Degtyareva, E.G.Ponyatovsky

Institute of Seolid State Physics,
USSR Academy of Sciences, USSR

The amorphous state of materials attract attention of both
theorists and practical workers due to its gpecific physiéal and
mechanipal properties, An interest in the formation of amorphous
alloy has traditionally centered on materials produced by rapid
quenching from 1iquid state. It has been shown that a number of
émorphogs alioys_may be formed via solid-state reaction,for example,
by slow heating gf thin films, In our investigation on the higﬁ
pressure effecf on the phase equilibria of binary alloy systems we
have found a Bpontanéous amorphisation of some alloys undér the
normal condition aftei the high pressure action. This phenoménon
was first observed in Cd and Zn alloys with Sb Y1 ,21. More recently
tha amorphous state was received in Al—Ge alloyﬂ.

The experimgntal date on amorphous alloys are summarized in :
Table 1, in which afé given fhe alloy combositions contents, the
pressuré-temperature treatment parametEré correspondent to the
gocurrence of new phases, their sﬁperconducting tpansition tempera-
ture (T o)s the conditions ofalloyamorﬁhizationand the conditions of.
amorphous alloy crystallization.

- The analyaia of the experimental data shows a nunber of common
fectors ‘favourable for the alloy amorphisation in the solid state
after the high pressure action. ‘ _ ’

‘1, Initial alloy in the’ equilibrium state contains a semicon-~
ductor phase: compound (in alloys Zn-Sb and Cd-ub) or element (in
_alloy Al-Ge), - o
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2. A new iniermediate phase is‘formed in the alloy at high
pregsure. The composition of the new phase is different frém
gtnichiometric composition of the original semiconductor phase.
As a rule, high pressufe intermediate phases exhibit a metallic
type of bonding end are superconductors (see the review [31).
The new phéses £d-Sb and Al-Ge alloys have a simple hexagonal
structure (Y ~phase), and new phase in Zn-Sb alloyes has &

y ~related distorted structﬁre ( 5‘~phase).

3. High~preqqure phase is quenched after the pressure 1s

removed at a low temperature (~190° C) and retain in the metastable

atate at normal pressure in liquid nitrogen.
4. Quenched high pressure phases are destabilized on heating
to 20°C returning of the nlloy to its ariginal state is inhibited

due to a low atomic mobility and slow components redistribution,

which lrinder the attainment of the necessary stoichiometric compo-

sition for cfystallization of sémiconductor phase.All these reasons

provide the existence of potential barrier for the equilibrium
phages formation and lead to a spontaneous alloy amorphization

(Fige1,2).

5. Amorphous alloy are not found to decompose at low tempera-

tures, while tranaform t6 crystal state by prolonged annealiﬁg'at
higher kinetically.sufficient temperatures (see TableL‘ . The
temperature and time of crystallization anmealing depend on the

alloy congtituents.

A1l these factors being satisfied one can expect the molid

gtate amorphization to occur in the'other'binéry and multicompo—.f

nent systems,
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Fig.1. Diffrection patterns of alloy AlgnGeqq (Culy):

‘a) in equilibrium state

b) subjected to 90 kbar, 32000; quenched to - 190° c,

1 bar and heated to 20°C at 1 bar;
o) annealed at 200°C for 1 hour.

Fig.Z. Diffractlon patterns of alloy Znsosbso (buK«)
a) aubjected to 90 kbar, 350 C), quenched to - 190° ¢,
1 bar and heated to 20°C at 1 bar;
b) annealed at 150° ¢ for 2 hours.
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ELECTRONIC STRUCTURE AND HEAT OF FORMATION OF COBALT AND IRON HYDRIDES

C. Demangéatl, C. Minotz, NI, Kulikév3
lLHSES (UA CNRS n° 306) Université L. Pasteur, 4, rue Blaise Pascal
67070 STRASBOURG, FRANCE. ‘

2Chimie Théorique (UA CNRS n° 506) Université Paris Sud, Bat. 490;
91405 ORSAY, FRANCE

3L'Ff Vereschagin Institﬁte éf High Pressure Pliysics, 142092 Troitsk,

MOSCOU Region, USSR

ABSTRACT

Total energy local §pin &ensity gnerg} band calculations are eﬁployed
to study the heat ;f formation of the Co H system. Total energy of ferro-
maénetic fece cobalt and of the hydride in ‘the NaCl structure have been deter-
mined as a fonction of volume. Thg electronic structure of the iron-hydrogen
system has been performed in terms of band structure caleulation baged on the
Extended Hﬁ;kel formalism. Allowing the iren lattice to relax, we minimize
the energy of‘the system in terms of a vati;ble Iattice parameter. In the
(FeV)2 H system with hcp stacking the hydrogen aiom located at tetrahedral
interstitial site with 3V and IFe at nearest neighboring position appears t;

be the configuration with the lowest energy.

I. INTRODUCTION

' The determination of the physical properties of solutions of hydrqgenp
even in sﬁch important and iﬁteresting transition metals as Fe, Co has reé-
mained scarce so far. This is related to the extremel; low solubility of
hydrogen at atmosplieric pressure. The huge nimber of eipetimental data
concerning. the influénce on the properties of these metéis ahd their allois
was generally obtained for hydrogen concentrations comparable with those of
various defects. In order to isolate the role of hydfogen a; an alloying

element we must be able to vary the hydrogen content over a wide intervnl

of concentration. Hydrides can be synthe-
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Itized by placiag the metal in an atmosphere of hydrogen whose thermodynamic
potential is raised by gomptession to high pressures. The work with high
pressure hydrogen, however, involves many experimental difficulties. Thi; is

‘related to its high compressibility,‘éxttemely low visc&sity and chemical
corrosiveness which greatly inéreases with temperature and pressure.
Baranowski tlJ was able to overcome this difficulty by designing a system
in which é bronze bomb containing hydrogen was placed in a hydrostatic high
pressure chamber up to 3GPA. He was Ehereforeable to synthetize nickel and
chromium hydrides under equilibtium-gonditioné. To synthetize iron hydride
a higher pressure was necessary and tﬂis wasvdone under thé auidance of
Ponyatovaky [2] The results of 1nvestxgat10n of phase d1agrams of metal-
hydrogen systema, crystal structure, thermal Stablllty, as well as magnetic
and superconducting properties of recently obtained hydrides are reported
in the book by Ponyatovsky et al [3].

The purpose of the present paper is to focuss on eleccrouic structure

and heat of formation of Co and Fe hydrides [4-7] .

II. THE CoH SYSTEM

. Switendick [b] has recently reported a;lf-conslstent electronic energy
band attucture of palladlum and nickel hydrides, palladium and titanium d1—
hydrides, in the soft core appraximation.
The present papér reports on the heat of formation AEform éf the cobalt. hy-

dride, which is given by :

1.
ABeorm ™ Bcon ~ Fco 3 Eyp 2

" whereas Edo and E co 9T respectively the tocal energy of the monohydr1de
of Co and of the pure cobalt ; Euz is the Hartree-Fock energy required to

separate a hydrogen molecule inco its constituent electrons anms protons.

Very few calculations have been devoted to COH syatems [10 ll] H unfor~

?
tunatly thase papera are res:rxcted to the paramagnec;c phase [IO] or to the
detetuina;i@n of che band structure [!i] Inthis vork we study the gtound—
state popettﬁea ‘and tbe pteﬁﬁﬂre inducad magnetic properiize of bulk Col wehog
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a total-energy approscihr : we have eﬁgluyed the LSDA avwd calculated the total
energy as a function of volume by means of linear muffin-tin orbital . (LMTO)
method [12]. The Von Barth-Hedin exchange correlatioﬁ'[IB], a scalar relati-
vistic approximation for the valence electrons and a fully relativistic treat~
ment of the core electrons,_are utilized. Total energy for Co and CoH in the
fee and NaCl ?hases have been performed iu.terms of the lattice parameter [4].
Yet; the hep phase of Co has the lowest energy and we have to include th; dif-
ference between hcp and fcc phases [ijor a correct determination of the heat
of formation. We obtain AEform = 0,31 eV, in good agreement with the experi-
mental value 0;4 eV»[ld]. The magnetic moment, per Co atom, decrease from
l'SBuBTto l'auB in going f;omvpure Cobalt to the mohydride of Co.

.

Calculatioﬂs pertaining to other unstable hydrides will be reported

in a forth coming publication fis].

B

I1I. THE FeH AND (Fe]_ V_ ) H SYSTEMS
XK=y

This is certainly a most difficult'subject. Only a vety few Ealgulations
concerning H on Fe [lé,ll] and references therein) or H in Fe ([5] and re-
ferences gherein) have appeared in the }iteratﬁrg. The calculation
of H in Eep?eséﬂted here use a less ;ophisticated‘Extended Hiickel method.

With this rather simple approach it is possible to have an idea of the stable
structure of the iron-hydrogen system by computing the total energy of the
syqtem'iq terms of a variable lactice parameter and wich different hydrogen
positions. We have performed calculatipqs on the effect of hydrogen on the
bee and hep ‘phases of iron. Our results can be summgrized as follows [5] i

é) He hAve shown that in bp;h cases, the hydrogen atom is most proba-
bly located at the tetrahedral interstitial site.

. b) The heat of formation of the hydride rgmgins endothermic but, where-

as the bcc phase of iroq is more stable than the hcp phase is, the effecﬁ of

hydragen is to stabilize the hcp phase ; this is consistent with experimental

findings [3].
c) Totsl erergy of different types of geometricsal &fzangements of the
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- hydrogen lattice have been estimated. Thée most stable airangement appears
to be the one with hydrogen atom at 3td neaéest neighboring positions.

These results are in agreement with a more general Switendick-Westlake cri<
terion [18| which states that B-H distance is never less than 2.1 }.

‘d) The H site is found to ﬁe slightly positively chdrged i;e., we have
charge transter from H to the neighboring metaliic atoms. To investigate in
more details these charge transfers, we have performed calculations on va-
rious Fe6 H ciusters. Investigations of this small cluster consisting_of
four iron atoms in a tetrahedral symmetry and a hydrogen atom at top, bridge,
hollow and inseetion positibns has bgen performed. This calculation mimics
egsentially surface adsorption vs. insertion in the bulk. The results ob-
tained for the heat of formation are exothermic for. top and bridge positions
whereas hollow position and insertion are clearly endothermic. This trend is
related to a change of charge transfer. When the charge transfer is from me-
tal to hydrogep, the system is exothermic, whereas a charge transfer from hy-
drogen to metai leads to endothermic energy.

Point d) needs to be clarified through a systematic investigation of a
complete series of transition metal hydfides. Up to now, we have results on

vanadium hydride. the system is exothermic with a charge transfer

In this case
from bydrogen to the metal l6| which confirms our hypothesis. A complete re-
port on a tentative correlation between the sign of the heat of formation and
the sign of the charge transfer will be reported elsewhere |19]. ‘
‘ We have confirmed that hydrogen is exothefmic against Vanadium whereas
ié is endothermic against iron. One interesting question' to ask now is the fol-
lowing :.how is the formation related to vanadium concentratiom in a Fe, . V;
alloy. )
Our calculations are restricted up to now to model periodic>stacking
of FeV, Fe3V and .Fev3 structure with hep and bee atackingf Only results‘per¢
taining to the FeV alloy with model hcp stécking (one Fe layer followea by
a layer of V...) have been comple;ed. Paraﬁeters of the c;lculation are

those of pure Fe and V systems |5,6]. Charge transfer is minimized by iter-
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acéion. The FeV stoichiometric compound in the bcc phase appéars to be more
stable than the Fe and V isolated system.

In our hypothetical hcp system, build through a layer by layer repre-.
sentatlon, two different T sltgs (TI and T ) are present. In site TZ' the
hydrogen atom has 3Fe and 1V as neighbors ; In site Tl' the hydrogen has 3V
and 1Fe.as ﬂeighborsm.Iﬁe systea with hydrogen ?n T] sites is more stable
by 0.93 ev with respect to alloys with T, sites occupied. This result isAcon—
sistent with thé fact thét hydrogen is endothgrmic against iron whereas it
is exothérmic agéinst vanadium.

‘ An hydrogen atom introduced in a lattice tends to dig its hole by pushing
far away itn metallic neigﬁbors. The result is an increase,of the volume of
the metal. We have mereforecomputed”the total energ; of the system in terms
of the d1lacatxon of the interlayer contalnxng the Tl sites. We have found
maximum stabxlxcy ‘of a distance of 2.17 & whereas the Fe, V interlayer with-
out hydrogen is separated by 2.14 X (the c/a ratio is now equal to 1.57).
We have also estlmated the stability of the hydrogen atom along .the C3 axis -’
which relies T the center of_the tetrahedron to the Fe.a:om. The lowest
energy is not ﬁbtained when we increase the Fe-H distance as we would deduce
at first sight through a correlationm with the heat'of formatiun, but is ob-
talned when we move H towards Fe, along the C3 axis. Thxslseems to he a most
interesting results whxch may probably related to the relative stabxlxtxes

of the V-H and Fe-H molecules. More on thls partxcular p01nt is under

present investigation.
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PHABE WPAR,FORMA“LGNS I¥ THE sImANIUMmﬂvDROGEN SYSTEM \
AT HIGH PRESSURES :

I.0.Bashkin

Institute of Solid State Physics,
USSR Academy of Sciences, USSR

The well~known eutectoid T-x diagraxn [1] des_crib_es phase
states of the‘Ti—H gyatem at_atmospherio pregsure, i.e.; golid
golutions of»hydrogen in the high—temperature»b,c.c.;p ;Ti
undergo the eutectoid reaction below 590 K and decompoée
fofming the h.c.p. solid solufidn of hydrogen in o-Ti -
(x=H/T1£0,1) and the f.c.c. defioient ¥ -dihydride (x*1.3),

The o to w transition occﬂrﬂ in'pure titgnium at high
pregsures [2].'50, one cah suppose that this fransition should
result in some peculiarity in the T-P-x diagram of the Ti-H
system. )

In the preaeht work we repori some results concerning the
PeP-x diagram of the Ti~H system and properties of the high- .
presgure phases in this system. -

The effect of hydrostatic pressure to 27 kbgr on the

eutectoid temperature, ’ was studied by DTA and resigitnce

eub.
measurements on TiH in the oomposition range 0.33€ x4 O.Gb [3]
Experimental resulta are represented in Fig.i.

The eutectoid reaction had a hyateresis of 50+20 K. There
was observed a small differenoe in the values of T ut. meaaured
using the two techniques. We explain this difference by the
different character of the:trénsformatidn at rapidranq slow
heating [3.4]. The euteotoid temperature slightly deoreased when
pressure was inoreased to 20 kbar, dT... / dP=-(0,420.4)K/kbar,

When' pressura was inoreasad over 20 kber, Hwo aeparafe jumps

of opposite signs appeared in R(T} cuxvaes insbead of the anomaly
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due to the eutectoid reaction. This is an evidence of a ‘new phase
region in the T-P-x diagram of the Ti-H system. The lower boundary
of the discovered region has a slope of (- 45 and -115)+10 K/kbar
on heating and cooling, respectively. The slope of the upper
boundary ia 5Qi10 K/kbar both on heating and on cooling,

On decompression transition points in Fig.1ilay’either at
the line of transformation. into the Cotty )~atate (T¢548 K) or

at the extension of the line of the high-temperature transformation

on cooling (T=573 K). Hence, the equilibrium value of T,,. 1lies
between 548 and 573 K. .

In order to elucidate possible connection of the high-pressure
phase (HPP) with s hydrogen-modified uJ-phase; we performed a
study of the effecfvof hydrogen on the « te_u) transitiou pressure.
The‘trausition pressures were determined from the snomalies in the
R(P) isotherms et quasi~hydrostatic pressures to 80'kbar and
T=373 to 553 K [3]. , :

‘The R(P) anomaly due to fpe o to w trangitionvat these;
temperatures had a form of a jump occuring in g pressure interval
of 10 to 20 kbar width. Hydrogen content of x=0.13 lowered the o

~to w transition pressure by 4 to 8 kbar (Fig.2). Further increaee 
of hydrogen centent resulted in s reductiou of the resistance
Jump and avsmall additional decrease in the transition pressure
(e.g., the maximum effect at 473 K emounted to 12 kbar).

'»Mutual_poaitien of lines in Fig.2 as well as shapes of the

anomaliea at the transition led to a conclusion that the phase
region revealed at P20 kbar is the existence region of some
hydrogen-rich HPP [3,4].

' Investigation of the structure and proberties of the HPP was

» eerried out on the TiH(D)x samples quenched from the region
P=45 to 65 kbar and T=555 to 730 K to iiquid-nitrogen temperature
[6-9]. : ' ’
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In the concentration range x£;0.65; quenched gamples oontained
) ~phase which was not superconducting over 1.5 K and had the same
lattice parameters as pure (D-Ti a=4.625+0 005 X c=2, 828+0 OOBA.

A amall amount of the w -phase could be discermed even at x"'o T0.

A new phase coexisted with the W ~phase at hydrogen contents.'

0.13£x50.7. Quenched ee.mplea with x %0.75 did not contain the
W -phase. This new phase denoted as g -phaee [6 7] beoame super—

'oonducting at T -4.3+O 1 K. An orthorhombio structure with lattice

parameters a=4.34, b=4, 18 c=4.02 A has been suggested for
& -Tiﬂo 71[8] Recent atudy [9] showed that superconducting
phasea of the Ti-H(D) aystem have an f. e.c. structure (aal4.16 A)
distorted to a differend degree. An inverse 1sotope effect was
displayed by the inorease of euperconducting tempereture to-
P,=5.0£0.1 X when hydrogen was substituted for_deuterium. The
enhancement of eupercondueting properties of the quenched samples
is conneoted with the transition of interetitial H(D) atoms from
tetra- to octasites of Ti sublattice 10] ;
The superconducting etate inv‘.l'iH(D)x is meteataﬁle at atmosphe~
ric preeeure. A non—superconducting to 1'5 K f.c.t. '~-phaee '

(an4.208+0 005 A, c=4.613+0 005 A) was observed after heating of
the quenched samplea to room temperature, This phaee deeompoaed

on further heating of quenched Bamplea to T %430 K, and the
samples returned to the initial (o + x)-state.
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Fig.1. The T~P ‘diagram of TiH, hydrides in the composition

-range x=0.27 to 1.35.

DTA TiH; gs: O 5 @ - the main pesk and @ =~ @&
satellite peak, Shown are intervals of heat release.

' Resistance measurements: A , A ~ TiHy 7.3

v,V - ‘.l'iHoM85g . - Ti}io 563 points at

) Pz 20 kbar correspond to the temperatures when R(T) -

devinted from a linear dependenoe. Cooling points are
black. Points at atmospheric pressure correspond to

DTA peaks in MHg 67 [5]
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P (kbar} ,
Pig.z. Some lines of the T—P—x diagra.m of the Ti-H ayatem in
) the ‘TP projection.

‘o o w transitions in Ti- O and in TiHo 13~ o .

* Pransition intervala are shown with solid (for TiH, 13).

an daahed (for Pi) bars. A , V - transformations in

‘1'1Ho .” and '.l'iHo g5 o’ heating.
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SOME PROBLEMS OF THE MODERN THEORY OF FREEZING

V.N. Ryzhov, E.E, Tareyeva

Ingtitute for High Pressure Physics, Academy of Sclences,
Troitsk, USSR

The first-principles description.of the ordering in liquids
is one of the most difficult problems of statistical mechanics.

Now we present a version of the theory, recently proposed by Ra-.

makrishnan and Yussouff fi/ and the authors [2,3,4] and based on

the ex'act nonlinear equation for the singlet distribution function

(SDF) /2,37 ' '
LT PRS2 N 2w>* "

% F(ZHW)--V"F('ZKHW’)dz'zm d gt },

where 2 is the activity, SK*,(?,....ZW ) 1s the irreducible clus-
ter sum of Mayer . functions, P-1 /RT’ s 1 ~temperature, P - the
mean number density in a volume V » \P(’l)- the external field. v
Using eq.(‘l') one can obtair_x pressure and activity as t_he functio-
nals of SDF. For two phases to coexist in equillibrium, their tem-

peratures, pressures and activities must be equal

TizTo, PitPy, it2q. @

"The SDF P(Z):PF(?,) in the crystalline phase may be represen-

ted as follows: . ‘ )

' i i

pRPLeap(), T jp(z)dz : s.
Here- Pg and f)s are the densitlies of the 1iqu1d and crystalline
phases, respectively, and AP('!) has the aymmetry of the 1attice. )
Using eq.(2) we obtain the set of equations determining the P; ’

. ! -

, Ps' ’ ,AP@) . The properties of the liquid are included in thes:
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equaetions through the set of ihe direct correlation functions only
Approximaie sclutions of these equations give the satisfactory ag-

reement with experiment. AP(}) may be expanded in a Fourier se-

riess

2@ prterp L 4 e»"“,_

where K is a vector of the reciprocal'lattiée. Yo determines the
» denaity change at the'transition.vFroﬁ the equations it may be seen
that if Yy = O then necessarily QK=0‘. This means that for one-
component classical Eystémétherearenotmaximaonthééurve of free~
zing at the P-T plane /3]. ‘ _ v
Two different broken symmetries QiStinguish crystalline solid
from isotropic liquid: translational and rotational. These two‘syﬁ-
metiries are not independgnt. Rotatiné one patch of perfect crystal
relative to anbther digrupts not only orientational correlations
buz tfanslational correlations as well. But it is possible to ima-
gine states of matter with 1ong-range‘correlations,of orientations
of locally-defined crystallographic axeé,‘having shoft—range tran-
slationél order. The éossibility of existence of such three-dimen-
. 8incnal anisotropic states w@svexamined in /57 b& the computer si-
muiation of Lehnard-Jones particles. In /5/ it is shown that upon
gupercobling about 10% below the freeéing temperature exfénded cor-
relaﬁibns between orientations of the vectors (bonds) cdqnectihg
 ne1ghbor1ng atomsapbear with little or no increase of the transla-
txonal.correlation 1ength. We propose the microscopic description
of ﬁhé transition of isotropic liguid into anisotropic phase‘baéed
on eq.(1). | . o o
The long-raﬁge 5ehav1§ur of_the correlatiop function of the
bond orientational order is detefmined by the four-particle distri-
bution function Fq'(z‘} T2y Uys Z“) when Ty, 23 and 2y, Ly~ two
" pairs of neer nqigﬁbpurs. and 12 ] =R" -, o

The equetion fow’F¥ Cis CLgo gy Zq)_cén be obtained from
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eq.(1) with ¢ (2 )} created by thiree particles at the points 7,, sy
Ty ) ) .
Wwe shall write Fy { %s, T2, T3, T#) in the following form:
Fu (i, Te, 25, 1) = § (|0 =20 )G Uas=1d) (4 +f (2, 22,25,
), ’
where'{' ( ey L1y 7-!“1 Ty )+{ when R_“'" . 9‘(1'1.|) - radial distri-
bution function, For { (%, %2, T3+ Ty) we have the expansion

m - . .
22,10, 10)= I B (2 0) Yo () Vet (1),
where 'Z.=7-.«—'?.z,P='Z;- B, R=U-T3, fNyana foare the

angles of 7 and P with R respectively.
For R>?1{ we have: '

B:'!u ~ exp(-P\/{{",1 ),

m m SN i
Ri is the correlation length. R! tends to infinity when £ =6,

: m . . :
The behaviour of Ri as a function of temperature at den;ity

P 20,973 is shown in Figure. The instability occurs at T - 0.5,

The computer simulation /5/ givesTe = 0,63, This instability cor
responds to the phaéé'transition from isotropic to aﬁlsotropic 11;
qufd state, 1n thié case the rotational symmetry of the pair dis-

tribution function is broken without changihg the symmetry of SDF.
The new phase contélns some elemenfs of 1cosahedra1 symmetfy which

correspond to m=5,
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Pressure induced phase transition imn quasiérystailthe Al-18 a/o Fe

Mohammad - Yousuf*;, V.S, Raghtinathan¥*, N.V. Chandra Shekar®*,
S. Baranidharan? and E.S.R. Gopal+ .

*Indira Candhi Centre for Atomic Research, Kalpakkam 603 102, India
+Physics Dept., Indian Institute of Sclence, Bangalore 560 012, India

Abstract. Electrical resistivity of quasicrystalline (qc) Al-18 éé Fe
indicates a reversible sharp drop at 57 # 2 kbar, The pressure effect on

the crystalline (c) state of the alloy ia remarkably similar. That s, a
sharp and reversible registivity drop occurs at 65 kbar. We argue that

the transition is electronic in origin.

QC phase 1s metastable and 1s having an'apefiodic atomic arrangement, the
effect of pressure on these system is expected to be 1ﬁterest{ng [1]. We
report ouf high pressure electrical resistivity atudles., Our principﬁl
results are: (1) The qec alloy undergoea a reversible transition at 57
kbar,(2) This phase exhibits a hierarehy of resistivity dt;ps,(J) The
The ¢ phase exhibits remarkably similar behaviour, for instance, theretis

a large elecirical resistivity drop at 65 kbar.

Fig. 1 indicats a continuotis variation of electrical resistivity of qc’

Al-18 a/0 Fe under = pressure. Initially the resistivity decreases

gradually. Above 20 kbar, the resistivity of the gc phase becomes almost‘
insensitive to the bressure variatiod.A -Howéverl above 57 kbar, the
resistivity undergoes a -steep dto$. bereove!, it 1s 9bserve& that the
resistivity drop is assoclated with a series of Buali steps cauéing a‘
hieraréhf of changes. The 1nfe!estiﬁg paét of the.expeiimental result is
its reversible nature associé&éd with a hyéte!esis. The hierarchy of

changes in resistivity dis conspicuouniy absent during the unloading

191




cycle. When repressuFized, the gc sampie x‘eptoduées the steep decrease
in resistivity alongwith the same hierarchy of changes. Experiments have

also been performed on ‘the ¢ Al-18 a/o Fe to understand more ébouf the

observed pressure effect in the qc phase. ~ Although the electrical

resistivity of the ¢ phase is smaller by a factor of 5, the reversible

transition is indeed noticed at 65 + 2 kbar as shown in Fig. 2. Ir is

worth noting at this point that the hierarchy of transitions observed in

the qc phase are absent in the ¢ phaBe‘.

It has bgven argued that an aPproptiate candidate for yielding qc .phase on
rapid splidi_ficafion is that alloy which has an inherent tendency to form
icosahedral c’lustgtn in their crystalline state. ‘As a consequence the
loclll atomic arrangement and hence the local electronic strfucture in the
qc pﬁase must'resemble' thoée in the c¢ phase. It then follows thaﬁ the
similarity of transitiona in the two phases muat be ascribed to the
influence of pressure on the local atomlc rearrangement and the ensuing

changes in the electronic structure.

* Comparing the high pressure behaviour of qc and ¢ phases of A1-18 a/o Fe,

it is noticed:. that the. tesistivity drop occurs in similar range of
" pressure (57-70 kbar). A well accepted model for qc Al-Mn is the - ane
based on Mackay icoaahedron following the atomic distribution in the ¢
Al-Hn—Sl phase. Simllat attempts have been made to model the decagonal

phase of Al-Fe. In the ¢ AJ.'13 l’e , .the Fe atoms are surrounded by Al

acoms, so that the d elctrons are locallsed on Fe atoms, consequently the
d bands ate extremely narrow and lie very close to the Fetmi enetgy.

This leads to a strong Tesonant scattering of the conduction electrons

~and results 1in: a largg contribution to the resistivity. This -

contribution will be similar in mgnitude for both qc and ¢ phases. The
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high resiativity of the qc phase 18 therefore expected to bhe due to

defects-.

It is pertinent to consider Ce and other RE in which. similar anomalieg
under pressure 1s found. The RE'S are endowed with extremely narrow £ .
levels which.delocalise'under pressure. Recalling the fact that the d

levels in the subject alloy are alao extremely localise, explanatlon

pertaining to RE's can automatically be aplied ‘here. Fiﬂally, we point

out that the efforts at developing structural models of qc phase based on
the 1ocal atomic arrangements in the c phase is conclusively justified by

the obaerved Bimilatities of the elect!‘onic transitions in the two

states. : : A

One of us (MY) 1s grateful tobPadmabhushan Shri C.V. Su.udatam, br. P.

Rodriguez and Dr. K. Govinda Rajan for thelir continuous encouragement.
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NEUTRON STRUCTURE INVESTIGATIONS OF SOLID HYDROGEN
UNDER PRESSURE

V.A. Sukhoparov1, A.S. Telepnev1, G.V, Kobelev1, R.A. Sadykov1,
S.N, Ishmaevz, I.P. Sadikovz, A.A, Chernyshovz, B.A. Vindria—
evskiy

1L. F.Vereshchagin Institute of High~Pressure Physxcs,
Academy of Sciences of the USSR Troitzk, USSR

I.V.Kurchatov Institute of Atomic Energy, Moscow, USSR

Parahydrogen as well as orthodeuterium are'the thermodynamica-b
1ly stable modifications of molecular hydrogen at low temperatures.
These molecules are spherically symmetric and isotropic central in- -
termolecular interaction predominates in cryocrystals formed from
them. Being the simplest molecular crystals, these cryocrystals pos-
sess quantum properties: the amplitudes of zero-point vibrations

constitute a noticeable fraction of the crystal lattice period. The;_

refore they seem to be expanded and have a high compressibility.

The hydrogen isotopes are noticeably different in mass, so that the
comparative study of their properties under pressure leads to bet-
ter understanding of the role of zero-vibrations and of the inter— -
action potential over rather wide range of 1ntermoleeular distan-
ces., V . o ) :
The possibility of polymorphous phase transitions was of gre-
at interest and was the topic of much discussions [A7. The direct

structural investigations of solid hydrogen under pressure were caré,
ried out with the aim to solve this problem. The comparative analy- -

8is of results for light and heavy isotopes enables the predictioni
of the equations of state of solid deutero-hydrogen and tritium.

The investigations were carried out on two beams of pulsed ne<
utron source from the LINAC "Fakel™ (I.V.Kurchatov Institute of Ato-

mic Energy). The experimental facility consists of: 1) the gas sys—

tem for the sample preparation and its preliminary pressurization’
{the gas purification- unit, the ortho-para-converter, the thermo-
and the membrane compressor) ; 2) the hydraulic press; 3) the spe--
cial cryostat enabling the pressurization of hydrogen samples in
piston-cylinder chamber at temperatures T=10 ¢ 300 K ; 4) the gas-ty~
pe pressure cell {04600 bar) ; 5) various pressure cells (V =0.7+

15 cem, P=0.4425 kbar) ; 6) the safety system for work with hydro-
gen under high pressure., 196 '

There ie a set of neutron spectrameters on beoth beams, It is
possible to measure the total interaction cross section, diffrac-
tion and inelastic neutron scattering on one sample simultaneously
using the whole spectrum of neutrons and the time-of-flight tech—
nique. In detail the experimental ‘technique has been described in
[2-5]. |

The observation of structural phase transformations especial-
1y at low temperatures can bé complicated by slow kinetics of pro-
cesses. In order to remove this uncertainty we used various means
of preparing the specimen, up to its melting under pressurekend
subsequent cooling at various rates. In the pressure range (0425
kbar and at T=4,24120 K, crystals of parahydrogen and orthodeute-
rium have the hexagonal close-packed structure. No o t‘h er
phase was detectéd. o ’ )

Up to 6 reflections could be»resolved'reliably. The relative
widths of diffraction peaks didn't change with pressure. Thie sig~
nifices the uniformity of its distribution” throughout the speci-
men volume. The crystal lattice parameters of hydrogen isotopes as
a function of pressure were determined ; and it can be concluded
that c/a ratio is practically constant and is close tq the ideal
value /5,67, :

The lattice parameters were determined at. T/T‘io 3 where ther-
mal expansion is negligible so that the experimental equations of
state for parahydrogen and orthodeuterium correspond to T=0, The
p(V)-dependence, obtained eﬁpefimentgliy, was approxi?ated by the
Birch expr‘ession. PLV)= <V°) “z An[(—") -|] , where Ajz 5 Bo,Aq® TB (B, H)
and Vq, Bo N Bo -resp. molar volume, bulk modulus and its pres-
sure derivative at P=0. They are o

v, cc/mole B, kbar B(') 8 A, kbar | A kbar

p-H,  23.00$0.02  1.8640.03  7.040.2 2.790.03 6.3330.20
0-D,  19.93x0.02 3.35:0.05  6.910.2 5.02#0.08 10.840.2

All the paraﬁeters were determined experimentally without ad-
ditional data, as oppesed to other equation of state measurements.
It should be noted that the values of B,=7.040.2 for classi- -
cal cryocrystals of inert gases_and for quantum "ryocrystels (iso~

- topic modifications of helium and nydrogen) are the same notwith- -
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standing different interaction potentials ; conseéuently the law of
corresponding states is applicable, The information for contribu~
tion of zero vibtations may be obtained from comparison of equati-
ons of state of two isotopes, masses of molecules being different
twice as much, Supposing'that the interaction potential is identi-
cal for all isotopes and estimating the contribution of zero-point
energy in harmonic approximation we get experimentally undetermi-
ned equations of state of other solid isotopes of hydrogen wlth .
parameters'

o-20.96 cc/mole, BO-2.71 kbar, B;a6.9 - for deuterohydrogen;‘
V,=18.86 cc/mole, Bouh.23 kbar, BB-6.8 - for tritium,

It follows from our results that the minimum of the lattice

potential energy for hydrogen isotopes occurs at V=Vo=15.6 ce/mole,

which is appreciably less than their equilibrium values at P=0,
The value of the hydrogen bulk modulus at VaVg (Bg = 11.2 kbar) is

comparable with typical values for the solid inert gases at P=0,

' The zero~-point vibraﬁions thus expand the lattice appreciably and
determine the main differences in compressibility of the solid iso-
topes of molecular hydrogen, ' ’
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diffraction on solid orthodeuterium at %ressure up to 25 Kkbar®,

HIGH PRESSURE EFFECT ON PHASE TRANSITIONS IN
FERROMAGNETS AND FERROELECTRICS

E.A,Zavadskii e
Physico-Technical Institute of the Ukrainian Academy of
Sciences, Donetsk, USSR

The development of high pressure technology makes it pos-
sible to study such pfopertiés of substances which are ﬁot re~
alized at atmospheric pressure. Thougﬂ the high pressure region
is very diverse it still covérs only a part of poasible states.
Those states which were "hidden" in the reslon of negative pres-
sures remained unaccessible to experimentators up to now. At
present, however, there are undeniable proofs showing that the
magnetic (electric) field can indﬁce, at atmospheric pressure,
those magnetic (electric) states which shéuld epontanebugly ap-
pear only in the negativq pressure région. This.became possible
by changing the conditions of phase stability in external fields.
The eccumulated data on this matter are presented in monographs
and review papers [1—6] . ’

The magnetic (electric) field is kmown to shift the boundari-
es of the first order phase transition. It is easy to show that
the temperature of the phase transition between states I and 2

is determined by a relationship

PLVa-V) _ H(Ma-M)
S2- 8y - 52- 5y

wbere‘VL ' P1L and 4. denote the i-th phase volume, magnetlzat1-

T=To+

on and entropy, respectively.

It is quite obvious that Tl changes in the fleld. But it

is also obvious that at the fixed transition temperature the ap-
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plication of a field is equivalent té'the pressure change. In

fact, the phase transition temperature does not change if condi—;
tion P H M?. 4}/ \/g \/4
is fulfilled.

Depending on the sign of the volume change st the transfor-
mation the transition boundary shifts towards either positive or
negative pressures.

Let us assume that state I is a corresponding paramagnetic -
phaée and statg 2 is a ferromagnetic one. Then Vl -‘v‘determine
spontaneous magnetosfriction. Since in a ferromagnet with the po-
sitive spontaneous striction the Curie temperature decreases un-
der the action of pressure, at dT‘ /dp< Dthe magnetic field
should shift the phase transition boundary towards the pressure
increase and at dT& /dP > (0 backwards.

It was shown [2.?] that in practice the phase boundaries
can be shifted more than IO kbar. Within an intermediate region
separating the initial and final states of the system the magne-
tic field can induce a ferromagnetic phase. Once appeared, this
phase remains existing for an infinite period of time [3] . In-
duction fields are the functions of temperature and pressure and
can be adJusted by changing the cbmposition of specimens [2] .
The most interesting are those substances in which.the boundary

"of the spontaneogs appearance of the ferromagnetic phase is 10-‘-
cated within the negative pressure region and the boundary of its
disappearance is located within the positive pressufebregion. In.
this case even a shoft-time application of the magnetic field
causes irreversible appearance of a new state of the substanpe‘
which cannot be induced by‘any other means.

'Ifu in the. high pressure magnetic phases dTK! vd}:’jvoi in

_the high ficid The boundaries of thege phases ahilt towards low-
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er pressures therefore they can be'induced even at the atmosphe-~
ric pressure. ‘

Classification of possible P-T diagrams, criteria and mecha-
nismg of induction are described in thé monogpaph [5] ;

In ferroelectrics the boundaries of the first-order phage
transition afe shifted by the elecfric field. Since transitions:
from the ferroelectric (FE) phase to the antiferroelectric (AFE)
phase are also of the first order a ppssibility appears to draw
an analogy between the induction of a ﬁagnetic phase by the mag-
netic field and the induction of a "hidden"‘FE phase b& the
electric field. In [&,5] an investigation was carried out of -
phase transitions in solid solutions of lead-lanthanum zirconate-
titanate (LLZT) over a wide ranée of solid solution components
under the action of strong electric fields and high hydrostatic
pressures.‘ ..

It was shown experimentally that substitution of lead by
lanthanum results in broadening of AFE-states towards lead-tita-
nate concentration increase. Between the FE- and AFE;states a
region of FE induction has been Ioﬁnd. From the analysis of ex;
perimental and calculated P-T-diagrams the metastable character
of the FE-states in this région ig proved.

Interaction of the regions with the FE and AFE~-type of or-
dering coexisting below the Curie point and mechanical stresses
inherent to systems with coexisting phases determine an- abnormal—
1y blg smearing of paraelectric phase transitlons. The obtained.
results permit to explain, from one‘atand, all peculiarities of
phase transitions in the LLZT system in terms of FE—AFE phase
transitions. ‘

. Bxperimentsl revealing of .the "hidden" phases stimulated an
investigétidn of cenditions at which these states become étaﬁle.

Such investigations are carried out in two dirsciions. The firad
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one is the study of the very process of induction of new states by
the field, and the other one is connected with the analysis of pro-
bable mechanisms of the induced transformation. -
.The main conditions of inducing "hidden" phases are found. Me-
thods of determination of lability boundaries of these states are‘
developed. As for probable mechanisms of the induced transformati-
ons only the main ones have been outlined at present. But we hope
that the revealed mechanisms will be further developed and the ef=-
fect itself will be more completely described.
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UETERMINATION of the THERMOﬁYNAMIC PROPERTIES unaer
HIGH PRESSURE

LeN.Dzhavadov ana Ju.l.Krotov
The Institute for High Pressure Physics of the USSR
Academy of Science, Troitsk, USSR

Thé method of adiabatic compression (decompression) at small
pressure change is atvractive meaning the possibility to stady the
thermodynumic properties behaviour = the knowledge of(a1"as func=
tion of pressure and temperature allows to determine T = P depen—
dences of C., § 6219 »&@ [1,2]. The account may be carry out in
general cage and also using the corresponding atates law approxi—
mation ( Cy= f(Q))

General case.Llet's agsume the temperature dependence of heab

capacity at normal pressure, C (T 0), and values of in some

a7
BP
T - P field adjacent to axis P~O to be known, For calculation of
GP at given T and P the adiabat maintaning"selected T and P is de;
termined and then the change of heat capacity along this adiebat
is calculated, In corresponding states law approximation Cv rémaina
consfant along the adiabat‘consequently in resl cage the task will
be redused to calculation of small. correction,

In éxperiment the ﬁeasurement of AT is made under adigbatic

conditions at finite value of AP, The derivative( is determined

2P’s
as ratio %% and that is the average value in AT - 4P field however3

the initial and final points on T =~ P diagram‘belong Just the game
adiabat. Consequently the adiabat covering the préssure interval

éxceeding AP may beconétructed.by gsimulation the experiment in whigh
|
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the temperature and the pressure sfer each pressurs Jump becoms
T
initisl for the next step. The values Of(ap for each atep at
guccesive consbtruction of adisbat must be taken in the middie of
the specified AT = AP field, The dividing axis P by equal intervals
of AP the adiabat begining from T (P=0) may be determined as fol=-
lowss : d ‘
T(P) =To + 4P 2 Tgi
oo i=t

where J_,(J —(—3—1) ) is taken ab P=P;_, +—AP and T which is found

sl e \9P’s : 1T 2

from equation: T - ’T.
J('r P, %AP) =2 -

AP

The experimental data necessary to congtruct the family of adia‘batsv

are temperature dependehces of Jg along isobars Pi—i*éi"ﬂ? where

1=1424344.Ns
The change of heat capacity along S=Const., line may be writ-
ten as follows: ’

(;—ﬁe)gz”rcr( > ay

L 1797 .
whers the designation j_= =J.=={37) is used. After integration
o sT T e T ap)s .
one obtainess

¢p(Ty,R) =‘X (m)dp

CP("‘o, Co(T,0)

Thus C (and consequently( ) ) may be calculated at given T and
P. If the volume is known as function of preassure at some fixed
'hemgerature '1‘ it :Ls posaible to calculate the full equabion of

states: V(TP =v(T,, p) +S }S(T P)C qn P)AT

At presence of first order phase transitlon the change of entrdpy

Jump, Astr, along the equilibrium iine is determined by equation-’
das,, 4 dT
S -4 {ecr g% -a(Be ,)}
' . 204 .

The accurasy of the cglculaté thermodynsmic functions is de-
termined mainly by x;alues(—:—);’—‘)ri.e. by differsnce CP(T°.07ACP(T?P)
where To' T, and P belong to the same gdiabat. Thus for a "simple"
object (C .is function of —} ) the changé of Cp along S=Const.
line will be obviously smaller then Cp-—C and at ~10% accuracy of
(315) the error of the ratio C (t,p)/C (TO,O) will not exceed ~0,5%
as for majority solids the diffarence CP—CV does not exceed ~5% of
C,_. The accuracy of adiabats constraction in first approximation

v
will be: 'AT(P) - [’T‘(_P)_—'T',]

which for the error of J ~2e 3% gives 1 - 3 K at P~ 5,0 GPa.
In this case the relative errors of computing C and (31.) will
exceed the relative error of C (T, O) by not motre than ~ 0 5%(0 )
and ~ 3% ((2£), )

‘The corregponding states law approximation. It can be shown
that the ratio ‘.S' and consequently Gv are constant along adiabat
if ¢, is fuhétion ofg-; and chardacteristic temperafure, & , depends
only upon volume. The characteristic temperature, in particular. '
Debye temperature, alters at compresgion in the sahxé extent aé the
temperature T along the adiabat ‘doés. Consequeﬁtly if Iy (®) is
known one -can calculate the pressure depaendence of 8,

&' 6¢p) j e / dp .
&[o) cy 48 ‘
) To estimate themoi;namlc properties in CP—C approx:l.mation
following (1) the function J (T,P) can be presented in forms
J (T,P)-’I“P(P) 1.e. in this' case it is su.fficlent to known the pre-
sure dependeuce of J only at single temperature,

In present the experimental technigue allowes to carry such
experiments’in pressure range up to 3.0 GPa and tempei'ature range
from 300 K to 700 KD 4} Fig.’l represents an example of the ther—

mod,ynamic propertles of Indium’ determ:.ned by this method.
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" The high pressure cell containes sample, heater, and tem-
perature and pressure gauges. This assembly permits also to deter—
mine the phase transition lines both by thermal analysis (using -
the temperature dependense of heater resistance for temperature
control'and derivation of the registered signal with.an operating .
amplifyer which provides gufficient sensitivity without any etalone
and auxiliary thermocoupie, Fig.2) and by "therﬁo—baric" analisis
(registering the exess pressure in the cell during the heating ’
which ig a pensitive indicator 6f volume change at phase transi- .

tion).
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AA STUDY OF PHASE P-T DIAGRAM oF RbEZnBI'4 BY NQR METHOD

1.P. Aleksandrova, E.V.Shemetov, V. L. Serebrennikov

L.V.Kirensky Institute of Physics, USSR Academy of Sciences.
Siberian Branch, Krasnoyarsk, USSR’

It is common knowledge that [I/ the temperature dependences
of NQR, NMR, and ESR lineshapes within the high temperature region
of incommensurate phasa (I ) of crystals KZSeO4, RbEZn014,RbZZnBr
and {N(CHa)u} 2Z9014 are well described by the model of referen—
ce phase lattice modulated by the plane wave (Mpw), The spectra in
the low temperature region of the Ic—phase are described with;n apf
pfoximation of phase solutions lattice (PSL)., In this region there
are regularly alternéting,neérly commensurate domains of ‘phase (F);
to which the'"iock-in" tranaitién occurs -at T' and solitons(walls),
where the phase. of the order parameter changes abruptly. MPW mo~
del predicts . continuous-variation of the modulation wave vectqr
q‘ = (I-6)c® /3 when it approaches the “commensurate® value .

= ¢¥ /3 of the F-phase in T,. This is confirmed by diffraction _
dgta [2-4] on Rd,ZnCl, end KZSeO4, as well as direct observation -
of the phase soliton lattice in Rb22n014 near T, [5] Meanwhile’
rest1ts of works on. diffraction [5—87 speak for Qg to be equal
to const in RbEZnBrh up to 2I0 K, where the slope of .the straight
line changes and at T = I90 K § rapidly falls to O, The tempera-
ture dependenca qf was assumed /%7 to be discrete and -
Y= q6/21rc U/V (U and V-are intergers) successively take va~- .
luest 3/I1; 5/17; 5/234 9/29; I1/35 at T-vT + 0, This is consis~
tent with the famous idea of the "devil stalrcase" [97:vinstead
of a single whole 1hcomménsurate phase there is a succession of

narrow temperature regions of ¢ommansurate long periodical struc-

tures. Neutron—diffractlon 1nvastigation of the modulated phase
of Rt:oEZn.'Br‘+ 187 revealed coexistense of at least three modulationsi
' 5/I7 over the whole region from Ti to P, » II/37 and /23 near T,.
‘Besides, the odd-odd values of U and V were selected hgving in
mind the maintenshce of the F-phase point symmetry in the succes—.
sion of thé moduiated phAses,_whiqh by [IQ] is not compulsory.
As the width of a singlé component of frequency distribution
is Pinite, at V> IO (V determines the cell multiplicity) the NGR .
spectrum of a- long periodical commsnsurate structura is hardiy di-
stinguishable from the continuum distribution of frequencies limi-
ted by singularities; which 1§_characterigtic for the really ince-
' 208

muensurate phase. As in the succession of iong periodical struc~
tures pointed out in /¥, 87 V grows, in the NQR spectrum appro-
aching T + O there should be smoother overlapping continuum di-
stributions. The discrete spectrum is to be- registered only beluw
T, for the structure with Y= I/3 (F-phase).

In our first work [I17 the NQR spectra of IBr and 79Br were
recorded with the temperature pitch 5,..I0 K far from the phase
transitions and ~ 2 K near the transitions. Obviously, Rb2ZnBr
NQR spectra are to be thorougly investigated especially at the
temperatures T-<T + 30 K. Applying pressure in the region of the
expected "devil staircase" will probably expand the temperature
interval of the existence of some phase at the others expense,
thus making their observation easier. .

The previous work /II/ recorded I2 lines of NQR of BIBr and
79r in the vicinity of T.. Under the conditions of this experi-
ment in the NQR spectrum below 205 K at the background of conti-
nuum distribution there were selected I2 lines (F) with intensi-
ties increasing sharply in the vicinity of T ¢» 8nd a group of 1i-
nes (H) with intensities reaching their max1ma in the temperature
range I192-I90 K. Within the pressure range up to 250 MPa lines F
and H coexist, and not only in the region of the modulated phase,
but below T too. The inpensities of the lines of group H grow
contlnuously as the pressure 1ncreases, and over 250 MPa the spe-

.Cbrum consists of discrete lines H only (Fig.I). The lines of-

this group correspond to some high pressure phass (HPI). With the
spectrum of about 500 MPa the NQR spectrum changes againt there
- are only four intensive singlet lines observed, The phase transi-
3 tion into the high pressure second phase (HPII) is the first or
der transition, Flg 2 shows phase P-T diagram of RbEZnBr4.

The assumption that in the range where gg =
mensurate

const the incom-
phase of Rb ZnBr is in fact a long periodical struce
ture with 3’ 5/1I7 does not contradict the data of NQR spectra
{17+ Both high pressure phases are periodical structures having
small values of V, as the observed spectrum is discrete. At atmno-
spheric pressure it is possible to lsvlate a Lemperature rangs
from T, to Ty (TH‘>T ) where H lines are of the highest intensi-
Ties. AS the pressure rises Ty increesus and there forms a line of
phase diagram limiting HPI phass {Fig.2). ‘tha temperature diffe-
rence between T and T al stma ¢ préeasvys is comparable to
the one cited in (127 Wor two breptitions,

In the vicinity of ~ thensity of tﬁe 8pec-

K ovar @
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trum is concentrated in the lines forming at 8-— O of the ferro- Vi M mx
electric structure, which is in accordance with our interpreta- o : 80 I SREp o A
tion suggested in /[1,11/. In the vicinity of T, our data do not : 0-0—0-0—0-0-0+ . haiaied
exclude formation of modulations I (5/I7) and II (I1/37) /87 ' , ' : d
which are to emerge in the spectra as continuum distributions. . ! n{ P DT, el L TP
Modulation III, containing the "staircase'": 7/23; 9/29 and II/35 _
/87, corresponds, to our mind, to continuous diminishing of & o ' 8 o—owpo_o. . : L
parameter of the waye vector qg =(If6')c*/3 below T=T + 3 K. - ‘ ‘; ‘ _ ] * P e e ek S e

In Fig.2 the dash line indicates the lines of the phase dia- - 0000000 7 - - g—ewTTTR T 4y
gram obtained from dielectric measurements /I37. An importanﬁ fe- f 601 002003 TRSL
ature of this diagram distinctive of our data is the existence on };' 0-—4‘*‘“*4;ﬁ7—““_”‘*T?3““”
it of a triple point at P=60 MPa and T=I90 K. Measurements at at- = | | g:iﬁiﬁ:::j:"’Lfﬂﬂ*'
mospheric pressure showed that the more imperfect is the sample, ) : Say — . -
the wider is the interval between Ty and T.. The possibility that = : ooog - . M
some impurities can shift the triple point into the region of ne~ ' _ _ T °1Hw3&5=;::::::::::__*;**
gative pressures can't be ruled out. In this case only the NQR 1i- 1 v s6 e .-ttt
nes. of IV phase /I%/ (in our denotations - phase HPI) are obser- . : i R g PR
ved in the spectrum, :f . !

o 10 300 T P.MPa
. Eeiir:ncezrov .. BuBline ot al.. ohep.IV, in "Incommem - Fig. I. i?othermal dependence of frequencies of Br NQR'spectrum
: sﬁréteepigges ig'dielgétéicé", 1.Fundamental, ed.by R,Blinc and ; lines in Rb22n3r4vat I7% K1+ .0 are spectrum lines recor-
A.P.Levanyuk, North-Holland, Amsterdam-Oxford-New York-Tokyo, = ded in work /II/; € are the lines never observed before
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Fig.2. Phase P~T diagram ofﬁRbEZnBr4 in the region of temperatu-

res and pressures under investigation, -
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PHASE DIAGRAMS AND PHYSICAL PROPERTIES PECULIARITIES
oF 21VBYcyl GROUP CRYSTALS UNDER HIGH PRESSURES

®.1.Gerzanich, A.G.Slivka, P.P.Guranich, V.S.Shusta
Uzhgorod State University, Uzhgorod, USSR

A%ngCGVI crystais belong to ferroelectric-semiconductors
family with displacive phase transition (PT) and’Cgh:zr Cg symmet—
ry. They include Sn,P,5¢, Sn2§2896 and SnéPZ(Sex si—x)G’ '
(Pben1_x)2P236band (Pben1_x)6PZSe6 solid'so}utions{ The isomor-
phous ions substitution results in Curie temperature drop Tc‘
which can be described by equations:

T = 339-319+x-372e%° | for (Pb,Sny_,)oPoSg
T_ % 130-213+%-611-x° ~ for (Pb Sn,_,),P,Seq
2

T, =33h3-255'x—100°x for SnZPZ(Se 1 x)6

It follows from the equations that for (Pb L SBq_ x)zPZSG
near x=0.62, and for (Pb ST _ x)2P25e6 near x=0, 41 the value of
TC-OK.

On x, T-diesgram of SnZPZ(Se 5, x)6 solid solutions at

x-0.23 + 0.02 the Lifshitz point (LP) is realized, splitting tran—

sitions onto commensurate and 1ncommensura§e,phases (IP).

‘At x» 0.23 the paraelectric-ferrdelectric (FP) phase transi-
tion is realized through 1ntermediate-incommensurate phase. In
Sn2P28e6 two transitions take place under the ‘atmospheric pres-

sure: the second order PT - paraelectric IP at T =222 K and the

first order PT - incommensurate-ferroelectrical. phases (T =193 K).

described by
In (Pdb S0y x)2P23e6 crystals the Ti(x) dependence is de
theequationT£—221 163x—269x whichshows,that near x=0.66 the va-

luse of T1-0K.
The aim of the present paper was to study p, T—Phase dia-
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grams of the group AZ Bgcgl crystals and to compare experimental

results of the different physical properties anomalies studies
with theoretical conclusions. v

To build p,T~-phase diagrams the ekberimental study of {ha
opticel absorption edge énd‘the temperature variation of light
transmission with fixed wave-lengfh, the temperature dependence
of spontaneous polarization and of dielectric propertiés unaer
high hydrostatic pressures was made, The ekperimental technique

of physical properties study under the high hydrostatic pressures

is described elsewhere /5/.

Fig.1 presents phase p,T-dlagrams of Sn2P2(SéxS1_x)6 crys—
: ’
tals with 0§x$0.20. The dotted lines are the second order PT,
the full lines are the first order PT.'From the experimental re -

sults obtained it follows that in SnZPZ(Se )6 crystals the

X" 1-x
hydrostatic pressure increase results in FPT temperature drop.
Under the p=p; pressure the second order FTP (T ) changes into
the first order transition (T ). A further pressure increase

(p> pl) results in the gain of the first order FPT character.v
This is evidenced by the magnification of Jumps in the fixed wa-
velength lighf transmission, spontaneous-polarization and energe—
tical position of the'optical absorption edge Jump at Tc' Along
with the phase pfder chahge, the FPT line splitting occurs recor-
ded by the temperature dependence of 1ight transmission, dielect-
ric constant € and the slope of dielectric loss angle tg f: The

dashed line in p,T-dlagram 1n,Fig.1 at p> P is the second order

DT line (Ti) from paraeleciric into incommensurate phase, .

' In the Sn2P256 crystal the LP occurs on p,T-diagramvat
p=p = (0.18 ¢ 0.02)‘G§a and T = TL_Q 295 K. With Se content in-
creasing in Snzpz(SexS1_K)6 the.Flmv&Bue is 1imear1y‘decreasing

and at x = 0.23 + 0.02 the LP oceurs nver the atmospheric preszsu-

. re. For crystels with % 0.23 LF ¢ rezlized iu the negative pres-
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sure region. Table 1 lists some phase p.T-diagrams characteristics

of the crystals studied. ’
In the presence of LP on the phase diagram between the va-

lues To' Tc and Ti the following relationship exists /6/

T -T '
oy, 1)
Ti—T
By differentiating (1) with respect to p one obtains:
9T, dT, " 4T , '
5.4 * -4 —L=_C (2)
: dP . dp dp

dTo .

—_— ch/dp and
dp

dTi/dp (see Table 1) one easily gets sure that equation (2) is

On the bases of the experimental constants

gatisfied for crystals S“ZPZ(SexS1-x)6 with 0.‘:x§0.20.

By pyroelectric effect studying in SnZPz(SexS1_x)6
(0% x £€0.20) crystals under high pressures, the spontaneous po-.
larization P temperature dependence transformation is studied
along p, T-phase diagram. Fig. 2 shows temperature dependences Py
for SnZPZ(Seo.Ohso.96)6 crystal under various pressures. At
p< p1-0.1h GPa the temperature change PS in the vicinity of FPT
has continuocus nature. But at p>p; in the Pgq
which is an‘evidence of the phase transition

(T) dependence the

a Py Jump occurs,
character change..W1th a distance growing from LP(p> pl) the
first order-character of FPT is increasing. This is evidenced by
the pressure dependence behavior of the APS/PS value (PS - the

value from the saturation region of Pg (T) dependence PS(T) Y

Ps
nto account that

wnich is given on an insert of the fig.2. Teking i

at p; = 0.14 GPa in the SnZPzﬂ'(Seo.OaSO.96)6 crystal the phase

transition is continuous in its nature and the temperature chan~

ge P repeats the order parameter variation, one can evaluate the

crltical index JG ‘value and to follow its variation on approaching

the LP on the second order PT line of the p,T phase diagram.
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To find }9 we used the Domb's method, the essenée of which is
»3 follows /7/.
At T<T0 temperature the temperature change of spontaneous

polarization case be given as follows:

Py = const * (T —_T)/? (3)

by differentiating and taking iogs of the right and left hands
of the equation one gets:

dPS
dT

lg

= lg?”x—ﬁj’j—l— . igPS + const, (4)

From the above ohe can see that the linear dependence slope

. . -1
lg = f(lgPS) defines the B

value which permits, on the ba-
sis of experimental results, to find ‘p ;value. Table 2 lists the‘
critical index values calculated by the above method. On approa-
ching LP j&—value drops énd in close ﬁroximity to LP thelp -value=
= 0:19 # 0.03. The obtained f3 -value for SnP, (Seq o4~ S0 g6)6
crystal near LP coincides with the theoretical one (/3= 0.19:0.02)
/8/ and the }3—value got from temperature dependence of the optic
axes plane rotation angles in the solid solutions of SnZPz(SexS1_x%

near LP under atmospheric pressurev/B/.

- Table 2. A value of critical index /9 for SnZPZ(Seo.thoggs)s’
cryatal under different pressures C .

0.0001 0.40 + 0,03
0.0300 0.34
o0.0760 0.30
" 0.0900 - 0.26
. 0.1149 C 0,24
ERE 0.19
' 216

On the basisz of the results gdt one can conclude that the

Lifchitz point was included by the high pressure on the‘p,T—diag—

v VI
By

‘ram of the group Agv C6 crystals and the criticel indeng,

characterizing the order parameter behavior, is shown to coincide

~with its theoretical value,
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POLYMORPHISM OF Pb1_xCe*Te ALLOYS SYSTEM AT HIGH PRESSURES

N. Serebryanaya1, Z. Malyushitskaya1. M. Leszczynskiz.
T, Suski

Institute of High Pressure Physics, USSR Academy of
Sciences 142092, Troitsk, USSR

UNIPRESS Polish Academy of Sciences, Sokolowska 29, X ¢
01-142, Warsaw, Poland

The IV-VI compounds crystallize in three structures: rhombo-
hedral As-type (&) in GeTe and its alloys, cubic rocksalt (p) in
SnTe, PbS, PbSe, PbTe and their alloys, and orthorhombic GeS fy-
pe (¥) in GeS, GeSe, SnS, SnSe and their alloys. Pressure induced
transitions in SnTe, PbS, PbSe, PbTe have been revealed by volumetric,
electrical resistance and X-ray diffractionh methods 13,27 at 1.8,
2.2, 4.3 and 4,0 GPa respectively. The X:J phase transition into
cubic. structure CsCl type took place at 25.0, 21.5, 16.0, 13.0 GPa "
respectively [1/. Pby_,GeyTe alloys system was chosen as the mo-
del to detect k~p;¥.d sequence of transitions at the same con-
centration and to compare with early studied Snq_yGe,Te alloys sys~’
tem [2]. '

Pb1 xGexTealloyswere obtained by annealing during ‘four weeks
at 873 K following by quench up to 300 K. They form continuous so-

_ 1id solutions with continuous J&ﬁ transition. This report seeks

to investigate crystal structure and resistance anomaly R/Ry (p)
up to 12 GPa for two concentration of Pby_,Ge,Te alloys : x=0.25

(1) and x=0.375 (2) Both alloys are crystallized in &-GéTe type
(d) with small angle distortion:< 10,(1) and 32’ (2), because of .
their diffraction data (MoKy) were indexed on the base of pseudo-
cubical facecentred structureS°a°-6 33440.005 A (1), Qg =6. 303+
0.005 & (2).

The anvil type apparatus was used for both experimental me-
thods in loaded and unloaded cycles. Polyethylene-mixed (1:5) sam~ |

ples for X-ray diffraction (MoKy4) were put in a hole (4 0.11 mm)

in a boron annulus (¢ 2 mm), Pressures were estimated from the

equation state /3] data of NaCl used as the internal ‘standard,

The electrical resistance was measured in the apparatus with pyro-.

phyllite and AgCl as pressure transmitting media, i
Figure 1 shows the variation of the resistance as a function

of pressure for alloys (1, 2). Two phase trahsitions were found in
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On the basis of alloys (1,2) investigation 'e» think that prege-
sure induced phase transitions might take place as follows:

,type NaCl (B) - type Ges (¥) - type Cscl (d')
type J-GeTe () - .
“type TIS (¥) - type cscl (§)

This hypothesis is consisted with to generalized phase diag;
ram of IV-VI compounds grounded on the quantum mechanical parame-~
ters [ﬂ]. According to this diagram rocksalt structure is stable
for the ionic lead chalcogenides but 4 -GeTe, GeS and‘TiJ struc-
tures are formed with increasing of covalence, Pressure induced.
x=1{ phase,transition of high Ge-atoms Pby_xGeyTe alloys may
take place without NaCl phase. ) .

Thus depending on the ¢ ~-phase angle distortion, the sequ-
ence of A:{B:b’ transitions (x=0.25) or £=Y ‘transition (x=

0.375) may be fourd in Pbq_xGe,Te alloys. . ‘

We wish to thank Dr A.Szczerbakov from the Institute of Phy-

sics PAN for the crystal preparation. : :

alioy (1) at P»1.5 GPa and p35.0 GPa. The.latter transition is ac-
companied by twofold increase of resistance, but X-ray diffraction
data revealed only one transition at 4.9 GPa. Diffraction data in .
the interval 0-6 GPa were interpreted as P -phase. In the inter-
val 5-11 GPa the Y -phase structure was proposed to be orthgrhom-
bic GeS type, sp. gr.Pbnm, Z=4, parameters of cell:( =4.43 A ’
B - 11,51 A, C=4.32 A at 6,8 GPa. Compressibility data v/ (p)
alloys (1,2) are plotted in Figure 2, o

' The strongest X-ray reflections of Y-phase and 4-5-fold in-
crease of electrical resistance (Figl) of alloy (2) were found at
~4,3 GPa. The X-ray diffraction data of alloy (2) Y -phase co-
uld correspond GeS structure or more»stmetrical T1J structure
with just the same probability. Unlike alloy (1), reflections with
h+k=2n+1 were absent at the pattern of alloy (2), However these
reflections were weak and their absence might be caused by the lar-
ge absorption of high pressure cell, The ¥ -phase structure of al-
loy (2) was proposed to correspond T1J type due to supposed diffe- -
rent changes of R/Ro(p) and diffraction data. In the interval 0-6
GPa diffraction data were indexed as ﬁ-—phase, and in the interval
h.3-12.OOGPa a8 TlJ structure, gp.gr. Cmecm, “Z=4, cell parameters:
O =h.21 &, b=11.56 &, ¢=4.37 K at 6.5 GPa. Hysteresis of B=Y tran-
sition was absent at quasihydrostatical COmpression because of
P -phase was found under unloading at 4.4 GPa, The volume decre-
ase was ~ 3 per cent for B=Y phase transition of alloys (1,2).

The bulk modglus Bo and its pressure derivative Bé at p=0 for
p and Y phases of both alloys obtained by fitting Murnaghan-
iBirch equation to volume-pressure data were given in Table.’
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CONVERSICE OF ELECTRONIC STRUCTURE IN CRYSTALS DURING
IRRLVERSIBIE POLYNORPHIC TRANSFORMATION UNDER HIGH PRESSURE
E.A.Shurakowskiy, Ja,W,2aulitchny

Institute of Material Science Problems of the UkrSSR Academy
of Sciences, Kiev, USSR

Introduction. The creation of high pressure metastable phases

(IMP) is caused by rebhilding of the electron energy spectra (EES)
of crystuls under compression. Due to the fact that HPMP in normal

. conditions preserve for a long time crystalline structure and pro-

pertles acquired under pressure, the EES in them may have simila-
rity to those in compressed crystals.,

The aim of this psper therefore is to estimate by means of X-
ray emlssion and photoelectron—spectroscopy the changes of EES in
PFF relative to initisl crystals with metal (Zr,'MoGea), metal-
covi:lent (C,Tall), ionic-covelent (3N, 5102) and ionic (ScF.) bonds.

Ihe HP.F wW-Zr, The Zr-vilence band consist of hybridised 8=,
b= &nd d-states, As revealed from comparison of %ﬁé,qs— and
%;’bog,Z—X—rey spectra of oLT and W -Zp, the J->w-transformation
results in the drift of delocalized pd-states to EFermi and appea-
rense of two-topes structure for these spectre. In this case the
pe:ks of the density of locealized d~states do not shift and coin-
cide, though the energy of delocalized p-states increase by 2,0 eV,
Buing compressed, h- und G-atomic plenes in o —~Zr move nearer each
other until they reach distences, which are cbmparable with Bq—Bq—
distunce in w-Zr, Then the interaction between delocalized hybrid
pd-orbitols, with the increasing energy [1], some new stronger
localized bond B1—31 appears, ’ C

The HPLP B-loGe,. The oA -trunsformetion in MoGe, shifts

“Lhe peuk of deloculized p-state of Ge, like those in the EES of W~

Zr, by 2,0 eV to EFermi’ while the energy distributions of d-states
of lo in themboth phases are similar, The dim;nishing of Mo-Ge-dis-
tences leuds increase of energy of delocalized p-states of Ge at
vilence band bottor end to overlapping of p-wave functions of ko
and Ge 2toms resulting in rising of p-electron charge on Mo atoms,
Therefore p-electrons which teke part in lo-Ge-bonds . (these bdndﬁ?
in)Q--L:oGe2 grev in number and became more lccalized) S{g»éloser~
in lo-stomng in respect ti—boGez. This leuds to increasingf@bog?
1,6 times) of the integral intensity Lo M4’502’5 4-rey emissionsin
its high-energy part snd thet of low-energy part of GngS-bands
drops. The negstiv chsrge redestribution in lio~sites couses the

sbift of ioZdy ., core level to iy opmi ~Foint too.
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The HFP V-Tal and Tall 1 The energy ol delocwlized pd-hyb-—
rite states taking part in most prolonged Tu-N-bonds, which are
oriented in basis planes (0001) of the crystsls, may incresse un-

der compression of metal-like £ -TaN to such an extent that these
bonds can collapse. By approaching the Ta atoms to eic¢h other the
distance between them becam so short, that they create the shortest
possible bonds Ta-Ta, In this case cohesion forces arise which will
move the Ta-atoms situated between (0001) planes on these plunes.
Shifted from the above mentioted plenes in the same directions N
atoms are building new stronger localized bonds with Ta &toms
(fig.1,8). The energy of electron states occupying these bonds must
be stronger and so the position of NKd -emission band in P-Tal is
by 1,8 eV higher than in £ -TaN, However, in valence band of V-Tall
in the accordance with the calculeétions there are still present
delocalized pd-hybride states. The incresse of bressure leads to

further high ehergy shift. of the above mentioted states[ﬁ]. is a re-

sult of it as scon as pressure reaches the level corresponding for
a J-TaN —» TaNcub—transformation the specified deloculized stutes
riss over EFe ml.,In the whole the intensity of NK«L —ewsission band
in TalN decreases twice and their pesks begin to coincide with
energy subuaximum 6 in }) -TaN, The comparison of the calculated
zones for Y-Tal and TaNcublé] reveals that Np-states are concen-
ratsd predominantly in this region of EES TaN_ . while in Y ~TolN
ther eis_present a great density of pd-hybridised states. As czlcu-
lated there is considerable quantity of free Np-statesin oll points
of the Brillouin zone in TeN_ b beyong the EFerml

The HPMP lonsdaleite and diamond. We have sbudied the EiS for
three modlfic&tion of carbon., It is evident that in the energy re-
glon occupied with delocalized pzstates in graphite the intensity
of CKd band is by 16 per cent lower than in lonsdaleite, beczuse
‘under compression the graphit atomic layers sre moving closer to
each other but energy of P, -states increas and they are reformed
to G'~orbitals. These transformatlon of carbon.p -stutes are ref-
lected in the form of CKJ peak in lonsdaleite, wthh moves to

high energy side by 2,4 eV, The shape and intensities of X-ray emis-

sion’ spectra do not change or chsnge inslgniflcuntly in other re-
gions of EES, correspondlng to the localized Py ~orbitals of O
character in yraphlte during graphytmlonsdaleite—dlu&ond transfor—~
mation.

The HPMP cohesit and gtishowit. In covalent Sdo—uartz nonbon-
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the most compressible C—-
\,1cctlcn[§{ nd correspond to the low ensrgy mexdiimum in OKod~Lund
spectro,. Liter coupression becomes enough to form cohesit these
orbitals overlap end there appear & bonding abital with the incre~
sed energy. It is reflected in the weukening of intensity‘of the

tbove mentioned low energy maximum and, on the contrary, in streng-
thening of short energy slope of the OKd -emission band in cohesit}
(fig. 1,b).

The action of increased pressure (\460 kbar) needed for the
creation of & stishowit HPMP phase, leads to the energy increase of
wixed pd—étates, possessing & lesser delocaliztion extent. Loreover
the p-states density in neighboorhood of Si atoms augments due to
the increuse of overlap of weve functionsof Si and O and of cordi-
nuetion number, whet is revealed in»lntenslty growth of Sikel band
by 1,8 times. ] '

The HPMP BN“ and BN b' Graphyte-like. modlflcatlon BNg with
ionic-covalent bonding hus a layer structure, The pdrt of electron
charge which is distribﬁted between luyers (0001) is 'mainly concen
treted on the nitrogen &¢tous, sz—stutes under compression trans-
form into G-bonding stetes @nd increase their energy QEBKJ?1’2 eV)
much wmore than sz—states due to their higher delocalization. Ther
fore” the intensity of BK in BN in region of energy corresponding -
BKJ,—peak in BNg is by 12 per cent smaller, but the 1nten81ty of .
hlgn—energy subpeak is greater by 28 per cent. Such increment of
electron density in S-~atomic sphere is connected with adudxture of
Np-states in newly created G-bonds. Conhsequently that part of BKoL
band in BNW reflects & new G-bonding orbital generated during BNé4
ﬁNw—transformation under compression. While newly created G*-anti-
bonding orbital is reflected in the peak situated near the threshc
of generution of the quuntum X-ray. yidld spectrum in BN . Distribu~
tion of p—orbltals in the crystal grating of the BN pointsout the
"Hofrleren" of layers during increasing overiap of Bp - and Np ~01
bitals is possible only due to the rise alternating 674bond1ng and
6‘—unt1bond1ng orbltals in the atomic B-N-B-N chains dlrected
aiong to C-axic,. ) .

12§_ﬂ§ﬁ2L§223_§_- The ionic fluorides ScFEI and ScFBﬁ have

,tightly localized around snions Fp-states which are reflectsd in

X-roy FKd-emissions. FKi—emissthin ScF,I and ScF5ﬁ has the same
energy position and half maximm width, The shift of density of p
states in the direction to Sc-atom Guring be£31~>SchHtransfbrmmw
results in double increase of imbeuwmity of the uc{P5—bcnd.
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Conclusions. The influence of high pressure on electron stfucj
ture ¢nd chemicul Londing of crystels may by summarised os follows;v

1. In process of.creation of IFLF delocalized electron states ars’
tr;nsformdng . %o locéiizéh-étates and enhahcé $heir energy there-
efter. In this case high-energy shift of peaks of the demnsity of
p-states is Lhe greatest in metuls and ig diminishing during in-
crezsing of the ionicity (e.a. localisation of p—stgtés). Dec?eé~d'
sing the quéntity of delocalized states (which is reflected in
peqks of the X-ray emissions)in initial crystals resulis in smwller
diminish there the intensity of spectra of HPMP (fig. 2). The ener-
gy of localized in chemical bonds d-stutes chonges insignificantly}

2. During the creation of HEME in the binsry crystuls the
electron density. grows owing to the. increase of the overlap of p— .-
wave function of metal &nd nonmetal atoms. )

D QF}Cy—trunsformation occurg by. meuns of destruction of Ji-
bonds during rise of (3 -overlap along primsry direction p-orbi-
tals with resulting equalization of the lenght of bonds ¢nd the
desribution of charge.

p= _6'1xb'm-
b , -

The crystel cheulstey mechonisa of phnse transformstion
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- THE INFLUENCE OF ELECTRONIC BAND STRUCTURE ON THE
PHASE STABIL;TY

E.S. Alekseev, R.G.Arkhipov, L.B.Litinsky, A.F.Tatarchenko
Institute of High Pressure Physics, USSR Academy of -
Sciences, Troitsk, USSR

Introduction

The nitrides of tranasition metals are exiafed ugually in rock-
salt structure, except the hexagonal nitrides of tantalum and niobiu
in which a violation of a stochiometric composition is present ea
well. We connect this violation with pecularities of electfonic band
gtructure. ‘ ) .

We calculate the band structure of stochiometric hexagonal d-
phase of TaN and details of band structure and Fermi surface by APV
method in a small region of k-space for engrgies near the Fermi le~-
vel. The band structure of stochiomeiric hexagonal NbN was calcu-
lated by LAPV method (the parameters of lattice for Nbn a = 5.5766
at.un., ¢ = 5.2401 at.un.).

Main part

There are five valent electrons 3323p3 and 6525d3 for nitrogen
and tantalum respectively. There are a great gibridisation of states
of nitrogen atom 35 p° +1 in the field of hexagonal symmetry, in ‘
which there are eight eYectrons. The states, which origin is d-zone
of tantalum, are separated from the sp-zone may be filled by the
last two electrons and that may lead to the dielectric state. But
the weak intersection with the d+1 and d+2—zone leads to semimeta-
lic state. The detailed calculatYons have been done near the G-A 1ir
and G A4 level (not degenerated) and GSA6 level (twice degenerated)
(see fig. 1)}. They intersect in the point of accidental degeneratioc:
close to the point, which is positioned near at 0. 5 of the period
G-A.

The twofold degeneration went out at the motion from the s=iaz
in any direction. Ap it is well seen from fig. 2 near point G {fig.
29) the zones of heavy electrons GBH'and light holes are.in sombacs
and the zone of light electrons G,H and 615 ig free near A point
(fig. 2¢).The heavy and light electrons zomes wre in contact and
there is & gap between them ard light holss. %3 heavy elestros
level is chenging drastisalily et . thrsugh the poimt . of
aocldental degencration (fig. ). wi, o f curve i sltuaisd




at the hexagonal axis and the minimum is reached at a small distance
from the hexagonal axis.

The weak overlap of zones (instead of cantact) leads to filling
by electrons, which are went away from the part of light holes zone
near the A point to the region, which has a form of distorted to-
roid of minimum of electronic energy near the point of accidental
degeneration. The surface of holes, which has a form of a spin,
which 1s surrcunding the A-point and elongated between the points
of accidental degeneration in neibouring zone. .

The volume of the region should be equal to volumes of two elec-
tronic toroids, which are surrounding the spin near the two ending
pointa (the points of three-fold degeneration).

It 1is 1nteresting'to note that this kind of Fermi surface is
very stable to changes of band structure. Only the value of small
intersection near the A point is sensible to the ways of the cal--
culetion.

Conclusion

The estimation of concentrations n* =1~ equals to 1073 - 1074

. per one atom. This is anomalously small value. It showed lead to
effective attraction of electrons and holes, exiton formation and
inatability to the transformation to the dielectric. But it is seen
from experiment, that the instability is manifested as a violation
of stochiomety by approximatly 10 % loss of nitrogen from the lat-
tice. ’ - -

The rigorous calculation of real defect structure is out of
posibility now. It should be noted that the same results were ob-
tained at the band structure calculation of hexagonal niobium-ni-
tride. There are no such pecularities in the band structure of
stochiometric ReC with the isomOrﬁhic structure. '
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SAMARIUM HEXABORIDE ISOSTRUCTURAL EIBCTROW
TRANSITION POSSIBILITIES UMDER HIGH PRESSURE

Ju. B. Paderno} E.S.Konovalova} T.N.Kolob,janina2 o

1Institut;e for Problems of Materials Science
UKrSSR Academy of Sciences, Kiev, USSR

2Institute of High Pressure Physics
USSR Academy of Sciences, Moscow,USSR

Rare earth hexaborides with cége boron lattice snd conse-
quently rigid structure have very small siructure dimensions
dependance to the vacancies and impurity atoms. Some publications
related to rare earth hexaborides elastic characteristics ob-
taind by ultrasonic and X-~ray methods under the high pressure,
Shown that samarium hexaboride lattice with the mixed valency

--of samarium atoms is nearly 20% soif'ter then that of other hexa~-
borides with entire valency independently of its value +2 or +3.

. These éarlier investigations were carried out up té the preasu-
re 6 GPa /1,27. The results of our electrical resistence and
Hall-effect investigations at the pressures up to 10 GPa shown
the change of electron structure and conduction electron concen-

. tration at low temperature /3,4/and didn't rule out the possibi--
lity of samarium valency change from mixed to entire value at
pressures up 5,5 GPa in its hexaboride.

We have investigated the high pressure effect to the struc—
ture dimensions of mixed valency - (SmBG) and entire valency
(CeBG) compounds.

, Luttice constant a(p) under preasure was determined from
{:X-ray diffraction patterns - indices up to (411) plane. Bulk
wodulus was calculated from the interplanar space changes of

~ the (200),(210),(211) diffractions (see Figure).

' Specimens were prepered by nixing CeBs'o? SuBg powders with
sodium cloride powder as pressure sensor and pressing between -

‘two boron or diamond punches. One may'pay attention the uniform

; spread in results for CeB6 along whole reglon of pressures - in
contrast to SmB6 that has the more spead in the middle of investi-
mated range. It was used the linear approximation for the bulk

k:modulus calculations. The bulk modulus values of some hexaborides

 'obtaind in our experiment comparing with the,literature data are
presented in the table. The calculations were produced in two
assumption. 4% first approximation for cerium and samarium hexa-
borides bulk modulus was performed in whole pressure range. The

Fig. 2. The detail of NbN band structure in the direction H-A at different
distance from A point.
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Bulk modulus B, of some rare earth hexaborides

Materiall B, | Pressure Literary source

. : »GPB GPa

LaB, 191 0-6 [£17

CeBg 166 0-2 (2,57
166: 0 -10 " our data

SaB; 139 0-6 [
167 0 -10 our data
45 0-6 our data
190 0-10 . . our data

BuBy 157  0-6 £z

GdB, 190 0-6 17

-~ -

results have good sgreement with literature data for ceriuam hexa-
boride/3/, but the value for samarium hexaboride bulk modulus

exceeds both literature at pressure up to 6 GPa and cerium hexa~

- boride data in this approximation. Secondly the approximation
was made in assumption of two linear regions p= 0-6 GPa and 6-10
GPa. The knee of 6 GPa was estimated by maximum dispertion a(p)
and the energy'bend gap dissppearing. In this case the bulk mo-
dulus at p= 0-6 GPa is in agreement with 1literature data and
at p= 6-10 GPa value is larger and close to the others tri-
valent metal hexaborides. This anomalous is absent in cerium he—

..xaboride.

On account- of our experimental data it was calculated that
thesamarium hexaboride bulk modulus change by pressure that is
connected with the valency changes of samarium in its hexaboride.
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THE 2;4§PHASE TRANSITION INVESTIGATION UNDER PRESSURE IN
BiSb ALLOY BY ACOUSTICAL METHODS

S.G.Buga1, B.B.Voronovz. L.K.Zaremboz, A.I.Korobov2
IHigh Pressure Institute, Academy of Sciences, Troitsk,USSR
2Moscow State University, Moscow, USSR

The 21/2 phase transition (PT) phenomenon in metals, which
is connected with the changing of a Fermi surface (FS) topology
was predicted by I.M.Lifshitz /[17. As shown, the PT has to be ac-
companied with specific peculiarities in metal kinetic properties
(electro- and thermal conductivity, thermoelectric power).

At the same time, there are anomalies in acoustical proper-
ties of metals near the PT point. The theory of the long wave so-
und absorption is considered in /2/. The nonlinear acoustical ef-
fects in the vicinity of PT were investigated in /%/. There was
shown that the metals were the acoustical media with the essen—
t:elly new type of nonlinearity. The exact solution of the elas—
ti.city equations in "terms of simple Riemann waves éswell as the
acoustical wave (AW) profile changing during the propagation were
¢ meldered. It is a rather difficult'problem to investigate the
profile of the propagating AW experimehtally. The most convenient
method for the experimental investigation of nonlinear acoustic
.p:roperties of metals consists in the observation of harmonlcs of a
monochromatic AW with the finite afplitude.

In the case KQ°&4 (k is a wave number, Ly is an electron free:
path) the expression for the linear et and nonlinear [ w ©lastic
coefficients near the PT can be written in the form /47

~ W ~ 5 4 {/a - . ’
e 8- 2y un - .;x)/1=CV‘AC, @

-

QH s CH %\((ulx ull '/1

.CH+ACH, (2)

K“ﬁx li' (A 1is the deformation potential component, which is
defined by uhe polarization and the direction of propagation of
the AW), Wh s 3";'
: U ® ;i‘ . ia & staetic critical deformation corresponding to
tha PI.poivk, Q Cu aro linesr and nonlinear ¢lastic coe

elents correspondihgly a$% the assumption of l( =4 ¢

& A
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is a static deformation of the eamples

Thus, both linear and nonlinear elastic coefficients obEain
the certain corrections in the vicinity of PT. Moreover for (u
coefficient which describes the cubic anharmonicity. the correc-—
tion ACH exceeds the coefficient itself as IUu u“ [« in
(u\x' u\i ) |Il

In the present work we investigated the pressure dependenci-
es Uy(P),UrnlP) of 1ongitudinal and transversal bulk acousti-
cal waves (BAW) at o 2 4{y% 30MHz at T = 4.2 K in Te dop-
ped Bio 9268b0.074 alloy. The method used -is a new strong defor-

" mation Zup to 0.3%) method based on an unisxial coumpressing of

bulk monocrystallic samples /57. Different types of the phase
transitions initiated by this kind of deformations were observed .
in Bi and BiSb alloys using Shubnikov - de Haas method /&/. Sound
waves of different polarizations were propagating along the trigo-
nal axis of the sample.

The Uw and lng amplitudes pressure dependencies of the
transversal BAW polarlzed along byssectornal axis of the sample,
pressure direction being along byssectornal axis, are shown ab
Fig.I (two of three ellipsoids of an electron FS diminish during
the PT and disappear at critical deformations). The analogous de-
pendencies of the longitudinal BAW for the stress direction along
the bynary axls are shown at Fig.2 (one ellipsoid disappears).

At the range of stress, corresponding to the PT point the ex-
perimental values change drastically. Decreasing of U corresponds
to the rising of the absorption coefficient dw . Increasing of

Uqw signal shows considerable increhsing of elastic nonlineari-

ty because of the large value  of the CH coefficient in the vici-

nity of PT. . .
The nonlinear parameters [ for longitudinal and transversal
BAW arei |

e Eesn) T o

According to (I-3) the ratio of nonlinear ﬁarameters for
transversal Arc%/ r:‘ab and longitudinal &l / F;P
waves is /W7 ’ ' co '
Arc%/ afp _ 3Cxn+Cam

Y

2
Ay
—_ s 3,
M :
where P is the pressure value, The experimental value for this
ratio is 2.51005 which is a good agreement with theoretical data.
237 ‘
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. Using /27 we can estimag;e the electronic contribution to the
absorption coefficients - Aglu, ratiq for longitudinal and trans-
versal waves /4/t : ‘

¢ 1
adw cas Kl 1Aal* Unp (e \ AN
' t (3 1 h A - L‘,
84 np K'ap 1Aa|* Ucab Cuu 3/

where .U.f'.lp. Jeab the longitydinal epd transversal sound veloci-
ties correspondingly. The Adw c;b/m(u, np ratio obtained from the
experimental results is 31,

Thus the experimental data analysis shows that the observed
enomalies in Uw and U2w under uniaxial pressure in BiSb al-
loy samples are due to the 2'7] phase transition which takes place
at critical deformations. The vary fact of the PT was confirmed’
by direct observation using Shubnikov — de Haas method /&7.
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ANCGHIIIES T THE BLASBTIC PROFERTIES AND S(mp FEATURES OF
THE ELECYRONIC TRANSITIONS IN TANTHANUM AND PRASEODYMIUM
UNDER PRESSURES UP TO 84 KBAR

Yu.Ya,Boguslavskii, V.A.Goncharova, G.G.,Il'ina

Institute of High Prsss_ure Physlics, Academy of Sciences

Troitsk, USSR

It is a poirit of view, that the structure sequenee HCP-Sm-
type—double—HGP—FCC ree’.lized‘\-i’n' trivalent lanthanides under i
pressﬁre is a measure of a occupancy of d~-band [’I] . Pressure

- ephances d-character of the conduction band of metals with un-
filled or partially filled d-statess upon compression the rela-
tively free 6s-states are overlapped more strongly _than do the
more 1ocslized 5d-gtates, |

The experimental results obtained for some anemalous baric
ctanges of the elastic properties of La and Pr in the dHCP~ and
Fcc-pheses as well as at Kknown dHCP~FCC~transformation and pha-
ge transition with a distortion of the FCO-lattice are presen—

tad. One proposes an explanation of the observed features,

The measurements of the propagation for longitudinal - V(p) '

and transverse V (p) elastic waves in polycrystalline samples
~ of .La and Pr were made by the pulsed—ultrasound method at pres-
sures up to 84 kbar. The experimental procedure was described :

in [2]. : "

Measured dependences of y(p) and % (p) (Fig.1) have per-

mitted calculation of the pressure dependences of the bulk mo-
dulus Kp(p), shear modulus G(p), Debye temperature 8(p) (Fig.2)
and reduced volume V/Vo(p).A The decrease of " the trans-

_verse pound velocity in La and Pr_et the pressures of '18-2v3 and

30-49 kbar, respsotively. and a large hysteresis of I (p) (~ 13
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for.La and ~ 25 kbar for Pr) confirmed here the first—order phe-
se transition and permitted the determination of its parsmeters.
The obtained transition pressure was equal to 23t2 for La and
502 kbar for Pr. A considerable hysteresis of this bransition
in Ta and all the more in.Pr is due to the small difference in
the specific volumes of the coexisting phases. The pressure de~
pendence of the longitudinal sound velocity Y (p) for both me-
tals does not “exhibit any hysteresis.

The softening both of longitudinal and transverse acoustic
phonons with a concomitant ultrasound signal attenuation was ob-
served at the pressures of 62-76 for La. and 66~81 kbar for Pr.
The lack of hysteresis in the ?4 (p) and 'Zg (p) curves points
to their features are not connected with the first-order phase
transition. Decresse of ?f(p)‘ with pressure in the intervals
of 62-76 and 66-81 kbar respectively for La. and. Pr. leads tio the
continuous lowering of the bulk modulus KT(p) as 9 and 4% with
the congequent its rising (Fig.2).

" Decrease in transverse sound velocities for both metals
at the pressure of 66-80 kbar in our exper.l.meni_: we connect with
detected at ~ 70 kbar continuous distortion of FCC-lattlce, thab
was classified as a second-order phase transition [3] . Howe-
ver, in spite of high sengitivity of the ultrasound technique
we Wers unable to detect any bulk modulus discontinuity.

Anomalies in elastlc behavior of La and Pr in interval of
62-80. kba:c can be explained within the framewoz'k of the pseudo-
potential method with sllowance for 6s~5d-electron transitions.
Physical cause of the anomalous increase of these metals comp-

ressibility under pressure is &n izereasing ¢f d-character of

ths conductivity electrons, that in Hurn esphences their connec=




tion with the nucleus. It leads self-conglistently to the less

effective repulsion of valent and ion core electrons,

.The analysis of our obtained expressions [4] for the equ- -

ation of state and the bulk modulus within the»frahework of the
pseudopotential model allowed to conclude that the obgerved
decrease of the bulk modulué'is due to the accélerated 68-5d~
electron transition process at 62-72 for La and 66-76 kbar for

Pr. It is possible, that the decrease of compliance to contrace

tion of the distorted FCC_lattice of La and Pr above B0 kbar is

due to the Fermi--repulsion between electrons or due to the more
thin effects connected with a permanently changed bottom curva-
ture of the s— and d-bands in the process of the s—-d-transitions:
7 Due to partially filled d-states of metals studied it was
estimated the effect of the 6s~5d~electron transitions on the ’
barlc change of the compresaibiiity within the framework of ob~
vioug Fridel's model. The estimation results showed that the
compressibility anomalies observed are due to the éccelerated
6s~5d~electron- transition process also. Thus, two different mo-
dels show the same cause of the anomalies,

Deviation from tﬁe experimentally observed equation of
state and calculated one within thé framework of the Fridel's
model coincide satisfactorily.

Unlike the bulk modulus, the shear one G(p) is determined
by the structure-dependent terms in energy. Band energy consti-
‘tutes a cdnsiderable part of the polyvalent metals shear modu~
lus,. d—charactef enhancement; of the conductiviﬁy electrons gives
rise to increasing that in turn leads to dec¢reasing shear modu~
lus, ‘ o

Lgt us note in conclusion that. due to the same reasons it
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should be éxpected the decrease in the shear and bulk moduli ne-
ar the isomorphic electronic transition in FCC-Cs under pressure.
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“mium. ‘ Fig. 2.  Pressure dependence of the bulk modulus KT,'shear modu-~

lus G, -and Debye temperature © for polycrystalline lantha-~
num and praseodymium ; o - calculation data for KT(p). :
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STRUCTURAL. PHASE TRANSITIONS UNDER HIGH PRESSURE
IN PORQUS CRYSTALS

0.V.Kholdeev, I.A.Belitsky, B.A.Fursenko, S.V.Goryainov

Institute of Geology and Geophysics, Novosibirsk, 630090, USSR

The lacy fremeworks of zeolites which form systema of
through pore channels are ideal models for the investigation
of atructural phase transitions of the polyhedroﬁ rotationbor
pure displacement type in porous-crystals under pressure.

Natrolite, Na2A128103O10°2H20, and paranatrolite,
Na2A125103010’3H2Q, with similar structure motives of the
(Al1,Si,0)-frameworks characterized by the order of Al and Si
ag well as by occupation of HEO gites in channels were gtudied
at hydrostétic pressures up to 50 kbar. The experiments were
carried out in a diamond anvil cell using the methods of opti-
cal polarization microscopy,'multichannel Raman microspectgo-‘
scopy and X-ray diffraction. ' ‘

Two gtructural phase trangitions were found during natro-
1ite‘cdmpression in water: natrolite I —> II at a pressure 7.5
kbar [1;3] and natrolite IT —I1IT at a pressure 13.0 kbar. .
The features of structural changes occurred are‘displayed in
the Raman spectra (Figs '1,2) and X-ray diagrams obtained at a
high pressure.

The'investigation results allow the following conclusions
to be made about the nature of structural phase‘transitions in
narrow-pore cryétals of the natrolite group.

1. A principal differencé in the natrolite behaviour has

been found depending on the molecule size of the pressure trans—I

mission medium. Durlng compression in non—penetratlon media
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such as ethanol, methanol, glycerine etc., a linear dependence
of crystal compressibility on pressure is observed without
phase transitions, single crystallinity being conserved. The
compression in penetration medium (water) is followed by the
structural phase transitions in natrolite I—1II, II—-1I1
with the disturbance of the single qrystallinity of the sample.
The phase transitions are completely reversible and are not
quenched by depressurization.

2. The étructural phase transitions observed in natrolite
are of the iype of polyhedral tilting or displacement [4]-
The phase transition of natrolite I—1II 1is due to the intro-
duction under pressure of HEO molecules in%o the sites W2 in
the framework channels, which leads to the[}12813016}§pain
turn in the (001) plene with a correspondent increase in the
parametérs a and b as well in the unit cell volumé, i.e.
with an anisotropic "swélling" of the crystal, aignificgnt
tensions being occurred which result in the destruction of
the crygtal into microblécks acqording to the bleavage planes
(110), (110). The phasé transition of natrolite IT -~III is
followed by a decrease in unit cell volume with' the general
ordering of the phase III structure.

3. The Raman gpectra and X-ray diaérams show that para-
natrolite is different in structure fiom natrolite I and is
close to natrolite II. A good coincidence»of~frequencies and
relative intensities of the basebands of framework vibrations
{140, 427, 530 cm 1) as well as of the shape of stretching vibra—
tions OH (3460 cm 1) was shown by comparing Reman spectra of

. natrolite ITI and paranatrolite (Fig.1). The X-ray diagrem of
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"natrolite II is close to that of pargnatrolite. The unit cell
parameters of both zeolites are similar: ao'g bo = 19.09(6), -

c

o 6.47(2), V, = 2360(14) for natrolite II at 7.5 kbar and
a, 19.07, bo = 19,13, ¢

o = 658, V, = 2400 for paranatrolite
under normal conditions [5],

4. The structural difference between natrolite T and para-
natrolite is due to the fact that the airéngement of Al and Si
in the former case is ordered and. in the latter case it is dis-
ordered as well as to the presence of H20_molecu1es in the W2~

sites under normal conditions in paranatrolite (in natrolite I
these sites are vacant), 7

Under pressure in penetration medium the deformational
disorder of the natrolite I structure occurs and it transforms
into natrolite IT where the statigtically disordered occupati-
on.of the W2 gites by the H20 molecules incorporated under
pressure 1eads to a deformation and displecement of the tetra—
hedrons TO4 (T = 81, Al) with a disorder of valence angles
0-T-0, T—O—T the ordered spatial arrangement of Si and Al in
the tetrahedrons belng conserved. This type of structural trans-
formatior, which is due to a change of order in the filling of
channels with rescpective changes in the framework order, can

be widespread in porous framework silicates,
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Fig.1. Raman spectra: 1 - paranatrolitev(in water), 2 - natro-

lite I (P = 1 bar), 3 - natrolite II (7.5 kbar), 4 - nat-
rolite III (13.0 kbar).
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THE STRUCTURAL VARIATIONS IN METALS DURING
HIGH—PRESSURE DEFORMATION

L.N, Larikov, E.A. Maximenko, V.N. Dneprenko

Institute of Metal Physics, Academy of Sciences of the
UkrSsR, Kiev, USSR

" The deformation of metals under high hydrostatic pressure con-
ditions, as compared with the traditional deformation methods, re-
sults in a change of both the strength and plasticity properties,
It is due to the fact, that pressure effects on a behaviour of the
crystalline structure defects specifying a metal structure forma-
tion. The structure formation is largely specified by an activi-
ty of the competitive processes of the localized and delocalized
deformations. A comparative investigation of the local inhomoge-
neous structure being formed under applied high pressure conditi-
ons and without one was the aim of this work.

The deformation structure after drawing and hydrostatic ext-
rusion was studied in Cu, Ni and Al metals. An axial texture ha-
ving mainly QO+ II) orientations is formed by both-kind deforma-
tions. As the X-ray microscopic investigation has shown after as-
little as 30% deformation each component of the texture corresponds
to a definite kind of the dislocation structure /1,27. A formation
of the cellular dislocation structure is the result of a deforma-
tion localization. So, for example, for copper an average cell in
the component (1OQ) is twice ag‘small and dislocation density is
about three times higher than those in the (III) texture component,
For each texture componentithe cell boundaries are regularly arran-
ged respectively to a deformation axis in an axial_section'of the
samples. For the (100)component the deformation is localized on
the cell boundaries oriented along a texture axis and may be des-
cribed by traces of the crystallographic slip. planes {100} . As to
the texture component (III) the cell boundaries are arranged along
directions essentially different from a texture axis but parallel
to the {III} plarde traces.

According to the mechanism described in [17 the deformation:
is localized on the slip planes, the result of that the cell walls
are formed parallel to the acting slip planes. In consequence of
this, the {100) texture component is formed by nonoctahedral slip--
ping but the (III) is formed by the octahedral slipping.
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The difference in the deformation methods effects essential-
1y a guantitative relation of the texture components. The X-ray
date of Cu texture investigated by the reverse pole figures are .
given in Figure. The (III) : (I00) pole intensity relations for
drawn (o) and hydroextrused (e) copper at various deformation deg-
ree 6 were taken. For the hydroextrusion samples with,the increase
in deformation degree the number of the (III} component inerases
more intensively than that of {IOO) one, During drawing the textu-

re component relation is constant approximately to 50% deformation -

but then a portion (III) increases sharply.

Ag two texture components are formed by acting of various
slipping systems it may be concerned that the hydrostatic pressure
promotes activation of the octahedric slipping during the early
stages of the deformation, Later on a change occurs and the {100}
plane slipping prevails,

A behaviour of the texture in Ni is the same. For aluminium
in the early atages of hydrostatic. extrusion the greater amount )
of the {100) component is formed than that during drawing and with

the increase in deformation degree the texture component relations .

are sltered only slightly, It is due to the fact, that the pressu-

re leads to the increase in splitting of the dislocations, slipping

along the {(III} planes [L]. As copper; possesing greater stacking-
-fault energy, with increasing degree of the deformation and the-
refore the pressure during hydrostatic extrusion a splitting of
the dislocations .increases. As a result of this a cross slipping
of the dislocations is inhibited and the less amount of the tex-
ture components (III) is formed. For aluminium the texture forma-
tion is effected earlier by the pressure, that is due to the lower
magnitudes of the elastic constants.

With increasing. deformation degree and the pressure a quanti-

" tative redistribution of the texture components is due to the par-
tiale delocalization of‘the plastic deformation in the {I1I)tex~
ture component, and an increase in the localization of the defor-
mation along the {IOO} planes accompanied by formation of the lar-
ge amount of (IOd) texture,

For casting Al-based alloys the defects of pore type were he~
aled by high pressure under quasihydrostatic conditions, In the
most cases the pores have been healed completely, but an array of
Iine pores arranged alpng the grain boundaries was observed only

"in some places. Healing has a pure deformation character and is ..
asgociated directly Qith the localized plastic deformztion, as the

252

deformation is usually localized along shear bens between the po~
res (57. As compared with a monolithic wmatrix of the samples a lo-
wered microhardness near the residual pores was observed, The dy-

namic deformation softening seems to take place near the pores du-

‘ring high pressure treatment.

In Mo single crystals under high’ pressure a dynamic fragmen=
tation process takes place. While treating the undeformed single
crystals the dislocation plle-ups prevail in the structure, which
represent the localized plastic deformation, While treating the
predeformed single crystals rolled parallel to the {III} surface
along the <II12) direction the dislocations are distributed more
homogeneously owing to high pressure, The superimposed stress
filds of the two-kinds seem to result in a stress relaxtion which
initiates the plastic deformation delocalization. It is well-knowh
that a decrease in the stability of some dislocations in bcc me-
tals under the high pressure conditions results in the decrease in
the fraction of the locking dislocations in the total density of
the dislocations [f67. '

Therefore, the structure rearrangement in -metals during de-
formation under the high pressure conditions is due to not only
a changing magnitude of the extension of -the dislocations but to
a changing degree of the deformation localization as well,
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PHASE DIAGRAM OF DEUTERATED COPPER CHLORIDE IN VARIABLES:
MAGNETIC FIELD, PRESSURE, TEMPERATURE

V.A. Galushko

Physico-Technical Institute of the Ukrainian Academy of
Sciences, Donetsk, USSR -

The paper presents results of experimental studies of high
hydrostatic and axial pressure effect on the form and pafameters
of magnetic phase diagram (MPD) of antiferromagnetic single crys-
tals of deuterated and hydrated copper chloride, These antiferro-
magnets (AFM) refer to rhombic class of bipyramidal crystals with
two molecules in a primitive cell., Space group is D2h’ Magnetiza-
tion easy axis coincides with crystallographic "a" axis, .The equip-
ment used for investigations made it possible to study the MPD of
these antiferromagnets over a temperaturé range of (1.0-7.0)K in
magnetic fields up to 7.0 T under the action of hydrostatic pres-
sure up to 1.5 GPa or axial pressure'up to O.I GPa. The MPD para-
meters, namely TN' Neel temperature, Tt' the triple point tempe-
rature , H;, the triple point field ; H,» the spin-flop transition
field of hydrated and deuterated copper chloride are given in the
Table, It was found experimentally [17 that transition from an-
tiferromagnetic (AF) and spin-flop (SF) phases to paramagnetic
(PM) phase goes as the second-order phase transition (PT-II).
Transition from the AF to the SF-phase at the external magnetic
field Hn goes in the form of the first order phase transition-
(PT-1) with the formation of a intermediate state, i.e. thermo-
dynamicélly stable domain structure of AF and SF phases over a
temperature range from Te1.0 K to the triple point temperature.
Parameters of the phase diagram of Cu012-2D20 become 3% less ‘as
compared to the values of similar parameters of the phase diagram

- of the hydrated copper chloride which can be éxplained by tHe de- .
crease of the exchange and anisotropy constanﬁs due to the incre-
ase of the crystsal lattice constants at deuterstion,

High hydrostatic pressure shifts the MPD of these AFM to-
wards higher values of external magnetic field and temperature.
And it should be mentioned that hydrostatic pressure up to I,5 GPa
does not alter the order of phase transitions AF SF, AF PF, SF
PF, Investigations showed linear dependence of the spin-flop tran-
~.s8iltion field Hn on the pressure magnitude. F?r‘both AFMs dependen-
ces TN' Tt’ Hn are the linear functions of pressure.

’
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Parameters of magnetic phase diagrams and their

toelastic con-
pressure derivatives, and magne
stants of antiferromagnet CuC12°2H20 and

CuCl,+2D,0 .
CuCl,* 2H,0 CuCl,+2D,0
T, K 4,33 k.25
.20
T, K 4.31 4.205
Hx10™ T 8.5 8.3
H x107 T 6.78 '6.67
n
dT/dP  K/GPa 1.8 1.72
dT,/dP KGPa "1.53 1.56°
dK_/dP T/GPa 0.142 0.148
: nan 0,21 :
dH_/ap T/GPa aph 0.07
' nen 0.05
- ugn 3,04
dTy/dP K/GPa WE" 0.65
- g -0.,13
_ nan 2,44
L(e) X 1023 TZ/J GPa npn 0.53
nen -0.11
L(es 23 Z/J aPa LS55 -Z2.1%
— x 10°71%/3., o6 0.59
1 .
i . 0'43 0.29
2
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The study was made f2/ of the effect of the axial compres~
sion of the specimen along the "a®, "b® and "c* axes on the Neel
temperature of CuClZ-ZHZO. The maximum change in TN is observed
in case of compression along the magnetization easy axis ("a®
axis). This change is greater than in case of hydrostatic pressu-
re, Values of dTN/dP for ‘"a", ®"p®, "¢k directions are given in
the Table, Experimental results of the investigation of the spin-
flop transition field at axial compression of the specimen along
Wan, ®pw, Mct directions are presented for T=I.75 K, With the axi-
al compression incréasé value of Hn grows linearly for all direc-
tions studied, The most drastic change of Hn occurs in case of the
crystal compression along the magnetization easy axis, Over the
whole temperature range of the investigation of magnetically orde-
red state of Cu012'2H20 at axial compression along the %an, ®p¥
and "c" axes the spin-flop occurs as the first order phase transi- -
tion. Coefficients dHn/dP for "ah, Mp*, ®ch axes are given in the
Table, These experimental results show that exchange and anisotro-
py determining.the spin-flop transition field at the axial compre-
ssion are anisotropic aiong the "a", "b", "c" axes and change li-
nearly. The results obtained in our experiments made it possible
to calculate, based on the theory[}L the values of magnetoelastic
constants L which are presented in the Table.

The investigations performed yield the following conclusions:

1) Hydrostatic and axial gompresékxs do not change the order
of phase transitions in CuCl,*2D,0 and GuCl,s2H,0.

2) Hydrostatic and axial compressiaﬁlenearly change exchange
and anisotropy constants of these AFMs which is evidenced by the
change of the parameters of magnetic phase diagram of these anti-
ferromagnets, )

' 3) Axial compression changes the values of parameters of mag-

netic phase diagram of AFMs more drastically than hydrostatic one
does. . ' :

References

1, Galushko V.A., Ivanova 5.V., Pashkevich Yu.G., Telepa V,T.
Pressure effect on magnetic properties CuClszDZO at low tem~

peratures//Fiz.nizk.Temp.-1981.7, N7.-P.8%3~900

2; Galushko V.A., Kul'batskii V.P., Fashkevich Yu.G., Sobolev V,L
Telepa V.T. Axial compression effe on Heal temperature of
antiferromagnet CuCl,°2H,0//Fiz.tverd.Pela.-1983,-25, N8.-
P.915-917. 22

3. Baryakhtar V.G., Galkin A.A., Ivancva S.V,, Kamenev V,.I., Falys
kov P.I, Magnetoelasgtic rperties of coprer chloride dihydraﬂ
te under pressure/ /Fiz. tvird.Tela,- 1979, 21.-N2. R I515-152L

257




ISOBARIC ELECTRICAL RESISTANCE ALONG THE CRITICAL LINE IN
NICKELt: AN EXPERIMENTAL TEST OF UNIVERSALITY

. Mohammad Yousuf, P. Bhaskara Rzo and Anil Kumar *
Indira Gandhi Centre for Atomic Research, Kalpakkam 603 I02

Indisa :
# Physics Dept., Indian Institute of Science,

Bangalore 560 0I2 India

Abstract, Analysis of the electrical resistance data élong
the critical line of nickel yields & = = - O.II430.008, A/A’:
= I.25610.007 and D/D': I.210.I. These values are close to those
predicted by the theory and are insensitive to pressure variation,
The concept of universality demands that if a field variable
does not alter the ‘symmetry of the ordered state, then all the
quantities characterising the universality class should remsain
unchanged under the field variation /I7. Our motivation is to
test this idea in nickel, a Heisenberg ferromagnet with d=3, n=3,
Since, the magnetic energy is proportional to the electrical re-
sistivity /27, in the range T-~T8: R = C, + Cit Cat2+Atﬁ* x
x (I + Dt0'57)... (I), Similar expression with prime coefficient
and exponents is used in the range T— T¢ . Characteristic to
solids is the presence of imperfections and lattice strains lead-
ing to a distribution of Tc¢ s /3/. In order to account for the
above, the data points are fitted to R*(T,Tc,ﬁ‘)i/h(T,chX Yax
e+e(2). Here g, (%) is a Gaussian in x of width ¢ . The integral
is done numerically, using I5-point Hermite integration, and the
. width of the Gaussian is varied from I0”- to I K to obtain mini-
mun in the rms error, The values are reported in Table and Figure.
. From the Figure and the Tsble, we notice that .our investiga-

tion quantitaetively verify the crucial assumption of the renorma- -

lisation group theory thet a field variable, in the present case,
pressure does not alter the values of o , <, A/A" and D/D’, This

finding is & reflection of the smoothness of the critical line of

nickel, An earlier investigation along the ‘A-line of He (d=3,
n=2) led to similar conclusion, bubt our findings are the first
ones in the magnetic systems. In case, the critical line has an
extremun, the gquentities which characterize s universality class

shall be surely>1nfluenced byvpressura or any other appfopriata
field variable in the neighbourhood of that extremum, Such a gi-

tuation, indeed, occurs near a double critical point or even
in entiferromagnets,
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Best fit values and the gssociated Ims error m

Te . L =’ IV /D’ m_.  [From

P
(kbar) Eq.

10°7 620.64 ~0.TI5X0.006 I.27%0,002 I.2%0.1 5.8xIO:Z (D
630.284 -0,1I5%0,005 1.I3%0,007 I.2%0,I TI.IxIO (2)
20 638,26 - -0,II8%0,008 1I,23%0,02 1.2%0.1 6,310~ (D)
638.369 ~-0,1I7%0,007 I,I7£0,007 I.2%0,I 9.7x107 (2)
40 648,33 -0.TT4%0,008 T.25%0,002 I.2%0.I 9,6xI0~% (1)
648,663 ~0,IT7%0,008 I.16%¥0,002 T.2%0.1 3xI0™2 (2)

[

50 e52.T4  -0.114%0.008 I1.23%0,002 I.2%0.1 I.IxI0™> (I)
- 652,146 -0.II5%0,006 I,I6%0,0I 1.2%0,I 9,6xI07° (2)

Symbols
Tes Curie temperature m,i rms error v
t = |T=Tc|/Tc o4 t Critical exponent
As Critical amplitude D ¢t Confluent singularity amplitude.
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PHASE TRANSTTICNS IN INTERCALATION COMPOUNDS OF GRAPHITE
UNDER PRESSURE ’ .

N.B.Brandt, S.G.Ionov, V.A.Koulbachinskii, O.M.Nikitins
Moscow State University, Moscow, USSR i

When acids, salts and alkali mebtals are intercalated into
graphite the electronic demsity between the carbon atoms and the
intercalating substance is redistributed. In the compounds formed
by intercalation into graphite (GIC) the number of free carriers
increases by several orders of magnetude - holes when the inteica-
late is a acceptor. The energy spectrum of current carriers in
GIC is determined by the intercalation stage (number N of stage
is equal to the number of carbon layers situated between the nea~
rest layers of intercalating substence) and properties of interca-
late. Fermi surface (FS) of GIC consists of several cylinders si-'
tuated at the vertices of a hexagonal Brillouin zone, Their num-
ber is determined by the number of stage N and the value of Fermi
energy (concentration of carriérs) /[17. '

For second-stage compoundé CIGICI in Shubnikov—dq Haas oscil-
lation (8dH) there is one frequency corresponding o cross-section
of FS 8,=290 10_425 cme/s-zi for third-stage GIC C,,ICL fhefgeare
two frequencies corresponding to the cross-section 35=25 I0 "“g=
x cn/s™2 and 52;530 10'42520m2/s'2. At helium temperature positi-
ve magnetoresistance and Hall effect are observed. Hall effect '
doesn't depend upon the value of magnetic field. Concentration of
holes ave 2.6 T0%° m™> in GpIC1 and 3.7 10°°w™ in C,,TC1. Under
pressure in GIC C; IC1 decreasing of extremal cross-section are
observed at a rate &1nS,/ 8P = -0,17 GPa-I. When pressure
P 3 0.I GPa at helium temperature (this pressure corresponds to
PR 0.4 GPa at room temperature as fix pressure method was used 1
chamber with a kerosin-oil medium and the pressure at room tempe-
rature is < 0.3 GPa higher then liquid helium temperature) . Quaii
tative change of oscillations is occurreds in GIC CI6ICl new tre=-
quency are observed which corresponds to intermal cylinder croga-
section of FS of ChyIC1 s%». o :

, When pressure goes up, the value Bg increases at the rate
Blnﬂ%/bIEO.EV GPa"I; Permi energy aand conceniration of holes

decrease under pressure.
The ctructure of the specimen arising in “he courss of the

‘phase Transition cem be explared on the basisz «f the domain model
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of- GIC. Since the penetration of the intercalate proceeds from

the periphery of the specimen towards the center, domains of a .
particular stage, whose:dimensions are smaller than the dimensi- -
ons of crystallites, can form with the appearence of interfaces

in the form of deformed graphite layers. Under the action of pres~
sure at room temperature the iodine monochloride mclecules diffu~
se in the basal plane,accompanied by a corresponding displacement
of the domain walls, as shown in Fig.Ia.

In a framework influence of pressure on binary GIC of first
stage CIoCuCI2 0.6 ICl are investigated. In this compound the suc-
cession. of layers are the next: graphite—CuCl2—graphite—ICI—gra—
phite and so on. Under atmospheric pressure there are two frequen-
cies in SdH oscillations, corresponding to the cross-sections of
the FS 5,=64 T107*% g%m?/s™2 and 51=1720 107*%g%u?/s~2, When
pressure rises, S;increases, Cross—section SI increases at the ra—
te 21nS;/@P = -~ 0.1 GPa~l but under pressure greater than »
~0.2 GPa is not observed. Under hydrcstatic pressure a new fre-
quency appears in the SdH oscillations, corresponding to the ¢ross
-section of FS §,=290 102 g°
the second-stage compound CGpoICL /27. The data obtained confirm
domain model of GIC. Iodine monochloride in CIOCuCI2 formes a
first stage inside of domains of C1oCuCl, during the process of
intercalation of GIC CioCuCly 0.6 ICl, Under the action of pressu-
re at room bemperature the iodine monochloride molecules diffuse
in basal plane and form a GIC second stage CygICl near boundaries
of domains CIOCu012 (Pig.Ib). So, under pressure we observed phase
transition first stage - second stage. With an increase in pressu-
re the amplitude of the SdH oscillations corresponding to the cross
-sections' 51 and 83 decreases, while the amplitude of oscillations
corresponding to the cross~section 82 increases. This indicates an
increase in the relative fraction of phase volume 016101 in the
specimen. When pressure iz vemoved, the initial structure is par-
tially restored (Fig.2).

The'change in holes concentration P depends upon change in
-cross-section of F§ and height of Brilleuin zonet

lnp _ 3lns 28 (ds + JL),‘ ,
» 2P P

o X
here d =3.35 A , d; + d, - repeat distance of the compounds, Com-
_ pressibility of GIC is approximstely two times grater than of
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cn?/s™2which is characteristic for.

v

gréphite, for graphite oln.d /o0P = -0.28 IQ—B GP;IZZ]. For
our samples .lalnS/an [ 1n (dot 4f Y9 P| . It means that un~
der pressure the hole concentration in GIC CIGICl falls, be-
cause cross—-section of FS .SZ decreases. In GIC CIOCu012 0;6 ICi
the both cross-sections 55 and SI increases under pressure, and

hence. concentration of holes increases, .
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Fig.2. Dependence of the SdH oscillation on magnetic field in

- GIC CIoCu012 0,6 ICl under different pressure P:4GPal )
I ~10~4; 2= 0,13 3« 0,26} 4 = 0,563 5 - I0 after»
cycle of pressure. oo ) o
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‘THE INFLUENCE OF HYDROSTATIC PRESSURE TO THE GLASSY BEHA—
VIOR OF FERROELECTRIC (Ba,SI‘)TiO3 SOLID SOLUTIONS AND FER-

ROELECTRICS OF RELAXOR-TYPE . -

P, Roth, " E. Hegenbarth

Technical University Dresden, Section of Physics, German -
Demopratic Republic .

The thermal and dielectric glasslike properties of relaxor
ferroelectrics (single crystal and polycrystal) at low temperatu-
res are well established /47, (2], [3]. The glasslike behavior at

very low temperatures T£1 K can be described by quantum—mechani—‘

cal tunneling of atoms or groups. of atoms in a double-well poten-
tial (DWP). The dielectric behavior at higher temperatures T§;10 K,
which is marked by a large dielectric absorption peak found aro-
und nitrogen temperature in many glasses, is not well expldined
yet /4]. Pressure investigations allow conclusions about the vo-
lume dependence of the excitations responsible for the glassy
properties.

Figure 1 shows the temperature dependence of the dielectric
losses (g£") of (sry_g4Bag, 39)Nb206 (SBN 39%) single crystal at
different hydrostatic pressures. At ambient pressure &Y has a

‘maximum at the temperature T M '=59 K. By hydrostatic pressure the .
loss maximum is shifted to lower temperatures, while the loss
.peak becomes higher and sharper., The increase of £''(T) at tem-
peratures T> 100 K is due to the dielectric losses which are con-
nected with the diffuse ferroelectric phase transition (FPT) at

-350 K. At pressures p 2 0,3 GPa the loss maximum is shifted

with dT"/dp,v- 9 K/GPa. In the vicinity of T ﬁ‘ we have found ano-
malies of the dielectric constant (£' ). At pressures above 0.4

_GPa £ '(T) has a small plateau at Tj 70 K, which is mnot essenti-
ally influenced by : pressure, A "similar behavior exhibit our pres—.
sure investigations at Pb(Sc0 5Nbo 5)03 and Pbo 915La0 08§Zr .65

Tio, 35005 (-
Contrary to the behavior of the ferroelectrics with diffuse
FPT, our pressure 1nve5tigations at polycrystalline (Ba <SRq_ x)T105
(BST x), x = 3%, show an entire different behavior, Figure 2 in-
dicates the temperature dependences E'(T) and &£ ''(T) of BST 3%.
_ At ambient pressure BST 3% has a sharp FPT paraelectriCﬁférroelec-
tric (T =37 K) which is accompanied by a maximum of € ''. The
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loss maximum at 75 K is due to the burning conditions of the poly-
crystalline specimen /6/. The glassy loss maximum at Tﬁ'-11'K is

not shifted by pressures p(x%aO.ZB GPa, At pP=p_ the position of

the los maximum Jumps to Th'-30 K. Further application of pressu-
re does not change Tﬁ'° Pe is the critical pressure which is sup-

pressing the FPT, At temperatures Tﬁ = Th'+2 K the dependence
£ '(T) changes the slopes or shows weak plateaus. At increasing
pressure the loss peak becomes broader and the height é'ﬁ' (witho-

ut the ferroelectric background) decreases exponentially, as it is
shown in Figure 3., A similar behavior we have found at BST 6%,
BST 20%, and KH,PO, [b/.

Under the simplified assumption of weak interacting electri-

cal dipoles the Debye equations

g _ v
ENT 1
( ) fokaT j+wiet ' )

and

-2
NP . Wt
Eoks T {+u?2?

£'(7) = (2)

are valid, at which N is the number of dipoles per volume, ¥ their
average dipole moment, and /27 the measuring frequency..In the
case of a thermal activeted process the Arrhenius law is-valid, and
the relaxation time T is described by

T = T, exp (Ea/kBT)' . (3)

with the activation energy E . This process can be- visualized by a
particle moving in a DWP with barrier height. E . First of all we k
consider for simplification no distribution of E and T, « '

By evaluating the temperatures Tj, and Tj}', where & '(T) and S

are maximally respéctively, one geﬁs by elimination of T o 2n equs
tion for E,: ’ '

kT (E ~kpTh ') exp(2E /kBT ') = |2E ~E, (2k sTh' -kBTM) k 'TM'] x

x exp (2E,/kgTy). ' (%)
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¥ith the experimental values of Ty and Th' we have calculated Ea

numerically according to Eq.(k). The results for SBN 39% indice-
ting a linear decrease of Ea with increasing pressure. A linear
extrapolation of the dependence E (p) gives E,=0 at a pressure of
about.1.3 GPa. The increase of £ " by pressure 1s a result of an
increase of Np . Hydrostatic compression lowers P if one assumes
that the effective charges of the dipoles are not increased., The-
refore the increase of Nﬁz by pressure is caused by an increase
of the number of excited states, ' '

An entire different behavior show our pressure experiments at
BST 3%. At pressures P< p, we calculated Ea‘“1o meV, At p= P
the value of E, Jumps to E, ~ 100 meV, By further application.of
pressure Ea is not changed., The sudden change of E_ is ccnnected
with the change of the lattice structure. This behavior suggests

the connection between FPT and glasslike excitations and is caused
by & Jumplike decrease of T

o @nd a jumplike increase of Nﬁz due
to the change '

of the lattice structure.
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PHASE EQUILIBRIA UNDER HIGH PRESSURE‘iN A1-Si, Al-Ge SYSTEMS 7 and Tc=8.2 K. The other one has a low-symmetry structure, and is
O denoted as X-phase, its composition being 45450 at.% of Ge and

0.I,Barkalov’, G.V.Chipenko® ‘ ’ ; . Te=5+2 Ko

Institute of Solid State Physics, Academy of Sciences v . At room temperature the ssmples with ¥ -phase undergo a
of the USSR v » o crystal-to-smorphous state transition. Crystallization of amor-

2Instituta for Superhard Materials, Academy of Sciences ; phous alloys takes place when sample are annealed at 200 % for
of the UkrSSR, Kiev, USSR ) | 5 hours, '

So, at high pressures the region of solid A1(81), AL(Ge) so-
lutions is extended and two new-intermediate superconductive pha-

At atmospheric pressure Al-Si, Al-Ge alloys show simple eutec- ges are formed.

tic T-C phase diagrams with limited solubility in solid state /1.
Some binary alloys of B-elements, studied earlier (27, dis-

; References
played & monotonous increase of the superconducting transition . .
temperature (T,), as the electron concentration of the alloy (the P 1. Hansen M,, Anderko K., Constitution of Binary Aldloys. McGraw
quantity of valent electrons per atom) increased. The highest T, , Hill Publ.Co., New York/Toronto/London I958.

s - : R 2 2. Ponyetovskii E.G., Degtyareva Vv.F, New electron phases of B-
values werse opserved for alloy with close~packed structures. So, T element alloys-ob%ained by high pressure. ~Fizika i teknlka
one might expect that fcc Al-rich 801id solutions of Si and Ge - visokiknh davlenii. - I98I, 6, 3-24.
should have high critical temperatures, T .. . v 3. Degtygreva V.F., Ivakhnenko, Ponyatovskii E.G., Reshupkin

_ ; - - v V.I. Crystalline Structure and Superconductivit of Pb-Bb
The T-P-C phase disgrams of Al-5i, Al-Ge were investigated : Alloys after Action of High Pressure. - Fizika Fv.Tela (Sova),
by means of differential thermal analysis (DTA) and by the “quench- ; 1978, v.20, No,2, 4I2-4I7. - -
ing-under-pressure” method. The superconducting transition tempe- 1 4. Degtyareva V.F., Chigenko G.V., Belash I.T., Barkalov 0,I.
Ponyatovskii E.G. F,C.C. Solid Solutions in Al-Ge, Al-S1i Ai-

rature, Tc’ was measured by the induction technique. The crystal
gtructure of the samples was analysed by the X-ray powder techni-
que at - I50 °C, For detail see paper [3/. )
Solubility of Si and Ge in Al increases drastically under
high pressure (up to IO GPa). Solid solutions of ‘20 at.% of Si and
I8 at.% of Ge were obtained. Rich solutions of silicon and germa-

loys under High Pressure.- Phys.State Sol.(a), I9é5, 89,
KI27-KI3I.

S sy

nium have high critical temperatures, T.=II K and T.=7 K, respecti—
vely,Figs.1,2 /4/. _ _ ,

) We used the model of regular solutions with non~zero confusion
volume to calculate Al-Si, Al-Ge 7-P-C diagrams abt pressures up
to 10.3 GPa and 7.5 GPa, respectively. In calculation we took ac—
count to thermal phase expansion, the compressibility of all ' the
phases being assumed equal. Eutectic temperature vs pressure. cal-
culated and experimental (DIA) curves are presented in Fig.3. Iso-
baric cross-sections of both of diagrams are given in Figs.4,5. In
the melting curve of eutectic in the Al-Ge system Fig.3, one can
see a break line &t the préssure of 7.3 GPa dus to the forma-~
tion of new intermediste phases, These phases-were obtained by the
WQuenching—under-pressure" method after treatment at 9 GPa and
- 3000%, The first phase Y of 70 at.® of Ge 2ontent has a simple
hexagonal structure with a=2.830 i, €=2,622 A (20,005 1), c/a=0.927
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EFFECT OF HIGH PRESSURE ON PROPERTIES
OF ZINC~-CONTAINING GLASSES ’

A,S.Smolyar, E.B.Vishnevskiy, N.N.Nekoval?t,
4.l Kryuchkova, V.G.Malogolovets ’
Institute for Superhard Materials, Acadeuy of
Sciences of the UKrSSR, Kiev, USSR

High pressure beginhing from a certain value (so called
®threshold® pressure) changes a numbgr of gléss properties f1],
among which the changes in their density have been studied mbst (454
a1l [1, 2]. ‘ o

The present paper studies changes in some properties of crys-
tallizable zinc—borosilicate'glasses and in their structure due
to the exposure to high pressure with and without heating. The
glasses under étudy exhibit a higﬁizihc oxide cohtent (Pable ).

It is seen from Tablé that high pressure processing increa-
ses microhardness oi glasses by 5.4 to 20.7%. It follows from the
figure that most microhardness measurements (75%) made on the glass
N7 fall at the same value. Scattering‘of microhardness values 1s
considerably lower than that for initial glasses. 1t shows that
the high-pressure processing of glaés results In its higher homo-
geneity as well as in its highvstrength (judging by en average
microhardness value) [ 3].

' Under pressure of 10 GPa the glass density increases by 3.12
to 14.29% and approaches that of glass ceramics in this system
(4000-4190 kg/uw’), and refractive index increases by 2,42 tc L.59%
The effect of high-pressure dependence of glass density decreases
witn increase of silicon dioxide content in glasses Cu].

In IR-spectra from starting glasses the absorption at 940 and‘
570 ca~' related to the vibration of [si0,} groups increases on
passing from the composition 1 to the composition 5 and from the
composition 6 to the composition 11 [ 5] end the intesity of bands
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1.725 3.85
1.715 3.56
1.718 3.18
1.708 3,70
1,702 3,52
1.708 4.59°
1,706  3.90
1.710 3,83
1,705 2.83
1.715  3.31
1.696 2.42

1.661
1.656
1.665
1.647
1,664
1,633
1,642
1.647
1.658
1.660
1.656

.18
6.55
4.76
3.23
3,12

14,29
6.76
7.48
9,75

‘4.72
3,20

3.95
3,90
3.96
3,84
3.97
3.84
3,79
3.88
3,94
3.99

Pressure 10 GPa
3.87

3.72
3,66
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3.72
3,85
3,36
3.55
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3.59
3.81
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5.43
14,31
8.72
9.34
10.72
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20.70
19.72
13.37
12.04
9.42
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630
618
619
619
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Binal composition and properties .of
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glasses before and after loading

Pressuré'h.j'GPa
microhardness H.10™/'Pa: density A /1000 kg/m™ refractive index

515
552
550
567
569
506
512

517
546
548
573

.
*
.
.
H

10
15
20
10
.15
20
25

‘QOxide content,
mass %
35
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25
20
15 .
40
35
30!
25
20
15

65
65
65
65
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60
60
€0
60
60

of

Number
glass
10
11

related with [Boilgroups decreases (1300, 700 cm_1). All IR-specton
contain a 1050 crn"1 band, which characterizes the vibration of
[Bc,) groups.

High pressure effect results in smoothing the bands attribn-
“ted to the vibration of [Sioh]and [Boj]groups (950 and 1300 cm 1),
which is due to the lowering. of local symmetry of the structure
groups of silicon and boron. ‘ .

Zinc-borate glass 6 waslsubjected ta pressufe of 5.2 GPa
and temperature of 1300 °c. Due tq'crystallization under pressure
the density of the glass increases by 26.3%, its microhardness tri-
ples and attains that of fopaz. Coordination of zinc concerning
oxygen does not’change, and under thése conditions, unlike normal
ones, the tolal boron transition from ternary coordination (con~
cerning oxygen) to quarternary one is observed. Metastable crystal
phases do not precipitafe'and the high temperature zinc metaborate
. B—ZnO-—B203 is the only phase in it, the interval of 1ts occurrence
in glass ceramics under high pressure extends by more'tﬁan 200 %c
1. | |

zinc metaborate is found to be far harder (the hardness is
8 Mohs) than any other known borate, moreover it crystallizes
both at high pressure and at atmospheric presgsure. Using IR-spe-
gtroscopy the structure is shown té exhibit B—O‘teﬁrahedra [BOAJ

" in combination with Zn-0 octahedra [Zn06].

References

I.Masypus O.B., Crpeasumsa M.B., Wpatixo-lBaiixoBckas T.II,
, :CBbﬁGTBa CTOKON U cwem@oodpaaymmnx pacnﬂaBOB; Cupaaounnx; 7.1,
f»,ih{ Hayka, 1973. - 444c; 2.2, 1975, -632¢; T.3, 1977. -bB8c,
2. lpaumusukon B.ll. Cpcrema KDeMHE36Ma. wH.:GTpoﬁnsnéT.

TO7I. - 240 c.
2T




- 3. Cmonsp A.C., Manoronosen B.I'., Hekosams H,H, v np. Bimsuue
BHCOKOPO naaneﬂnﬁ HA IMHK—-GOPOCWINKATHHE CTERJIAa. // dusuxa u TOX~—
HEKS BHCOKEY nameunﬁ. KneB. Hayxona nymua, 1980. - -k, C.79_82.

4. Cmonap A.C., Hexcmans H.H., Manorososen B.I'. u mp. V3mene-
- yue CBOICTB GOpATHHX -GTeKoa mon Telicreuem masienmsi IO Illa. //Bunsi-
H1e BHCOKOT'O NARWIGHWA HA CTPYKTYDYy W cBolficTBa MaTepuanoB. — KmeB::
WM AH YOCP, 1983, — C,87-90. '

5. Cwmousap A.C., Basrep A.A., BmmHebcwuit 9.5. m mp. BinaHme

BHCOKOT'O NanRleHysA ¥ HAI'DeBa HAa IMHKOOOPATHOE CTEeKIO, // Tusuxa #

: TEXHWHA BHCOKHX ﬂameﬂnﬁ. - Kyes: HaykoBa mymxa, 1860. 12.0.82-85.

T
o

Number of measurements,%

caNgsggadas
1§

500 600 100
MiczoBardness HI0 Pa

Distribution of glass (N7) microhardness:
1-bgfore loading ; 2-after being subjected to 4.3 CPa

278

HIGH PRESSURE PHASES OF B-METAL ALLOYS -
NEW ELECTRONIC PHASES

V.F.Degtyareva

Institute of Solid State Physics, USSR Academy of
Sciences, USSR

Flements of B-gubgroups of the periodic table are inclined
to pulymorphism under préssure. The main trend in the structural
change of B-e 1ements is transition with a pressure increase into
a denser, metallic state, This trend can be extended to alloy
systems and it has been supported by the experimental investigat~
ions of several binary B-metal alloys under high pressure {1]. The
newly found high pressure intermediate phases have a metallic type
of bonding, and their structure is determined primerily by an
gverage valence electron concentratlon (VDC). In thigs sense a new
fanily of B~B phases can be congidered as Hume—Rotheryiphases, if
one wants tb extend the definition beyond the VEC range of the
original, noble-metal based Tume-Rothery phases.

With an increase in g there occurs a transformation to liess
compact structures with decreasing the coordination number, N, and
packing density, @, . A éeries of the electron B-B phases begins
with the Hume-Rothery phases of 142 el/atom VEC range (N=12+8 and
@ =0,744¢0.68), The chain of the electronié phases can be continued
by high;pressure phases [1] and éplat cooling phases | 2-4 | in the
range of hibher e The B-B—phase of n =375 el/atom can be grouped
according to their structures into simple hexagonal x and simple
cubic f phases with N=8+6 and n/=0.6290.)2. These strpctures al
arranged by stacking of atamic nets, hexagonal or‘squére, in
sequence AAA... Simple hexagonal and simple cublc structures

produce a whole fanily of related'atructureé by slight lattice
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in In-Sb alloys

in

Charapteristic of intermediate phases
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distortion, The transformaticn of one to the other structu-

re is abtainable by small ntomic digplacements in cloge peacked
planes (Fig.1). The examples of the phases digeussed can be found

in the papers dealing with the effect of pregsure on the alloys

Tu-tb [ 5], Ge-5b [6], Ag-Ge, Au-Ge [71, Tv-8n (8], Zn-Sb, Cd-Sb 9.

The phase existence rangen are determined by the electron

conenntration related to an average atomic volume nO/v~= congt, [1[.

S Phis condition corresponds to the conastant value of the Fexrmi~sphere

rpdius for free electious 3&,F=(3n2ne/v')1/3 in the phase existence
range. A succegsinl éxplnnation of the stability of the Hume~
Rothery phases within certain values of ¢lectron concentrutioﬁ has
yoan given proceeding frem Lhe concept e the interaction between
the Fermi surlace of thelvalence electrona and the Brillouin zones
plances of the given struﬁturo,[10]. Similar reasons should also.
dotermine the structure stubility of the B-B phases under conside-
ration. Figure 2 represents Brillouin-Jénes zones for simple
atructures = ¥ p -5n and /i in extended é-‘—space. Table
1igts the values of the TFermi-sphere rudil snd Brillouin-plane
parameters,  caleulated from the expérimentnlvdata on )f . )p -3n

wnd- i phoses in In-8b alloys [4,5]:
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TO THE QUESTION OF BAROCRYSTALLIZATICON OF METALS AND ALLCYS

G.E.Borisov ' .

Institute for Casting Problems, UkrSSR Acadenmy of
‘Scilences, Kiev USSR

Presgure as well as temperature is én independent thermodyna-—
mic parameter which defines both the state of metals and alloys,
and the conditions of phase transformations being encountered in
them. Moréover, the pressure action on the phase transformaﬁions,
in some cases, may essentially top the temperature effect. On the
ground of distinctions in principle to the point of view of atoms
oscillation between the states of material of the given volume
and in the case of the attainment of this volume due to the tem-
perature variations or due to the uniform compression, the pressu-

‘re reveals, in essence, the new potentialities inherent in an ac—
tion on the condensed state of materials /17. ‘

Nevertheless, the main parameter in the comtrol of the pro-
cesseas of phase transformations in metallic systems (MS) until now
is temperature, and the principal method for the intensification
of the crystallization processes isinherent in the cooling rate
of MS. o ' .

An essential progress has been achieved in this direction as-
gociaﬁed with the deﬁelopment of high-speed processes of crystal~
lizetiion thfough.liquid—state hardening, sedimentation onto the
aubgtrata being cooled, in ion—plasma and thermal spraying, and

.also by laser treatment, providing for the attainment of cooling

rate values, V., up to 108 -.101° X/s. However, the amorphous layer'

‘thickness, with V = 0 X/s, according to Zé?, dces not exceed
I0 nm, and when V. =I0 X/8, it cannot top IOam since the inten-
sity of heat-removal is then limited by heat and physical proper-’
ties of that metal. Thus, the further rise of MS cooling rates
through the intensification of only heat-removal seems to have
‘achieved a certain limit even in thin filma, '

The way out of an es stablished situation can be found via the
‘high pressure. As 1s shown in work /%/, the applying to MS of tho
2~5 GPa pressure permits receiving some amorphous materials with
thickness I mm and the reduction in cooling rates by I.5=-2 the

as . compared to the rates required in air pPeSSUPL (105-104 K/s
‘ond 10° K/s, rﬂ»pectively).
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The realization of the process of barocrystallization provid-
ing for the progress of a required (for the volume crystalliza-
tion of the melt) supercooling.of MS through a proper increase
of liquid—soiid phase. transition temperature, under the action
of pressure, reveals the prospects as to achieving the high ra-
tes of crystallization (commensurable with the rate of pressure-
-arise, V) in by far large volumes of MS, than it was in the

" case of high-speed cooling., The last circumstance gains a speci-

al significance for casting technologies when solving the prob-
lem to achieve high degrees of chemical and physical homogenei-
ties of cast materials in sections of shaped castings and ingots

and the further upgrading of their quality.

Of an importance is the fact that in contrast to the crystal-
lization processes being carried out under conditions of outward
heat-removal which can be accompanied by the arise of a certain ’
temperature gradient within a section of the casting being soli-
dified, via the pressure it is possible to achieve the required
for the process of crystallization supercooling, in practice, si-
multaneously, at the whole of the vdlume of MS, with the rate of
the achievement of the barocrystallization pressure.

Hence tle bardcrystallization pressure value ‘can be estima—
ted so that the crystallization temperature increment, MC Aﬂb,
being achieved under the action of pressure, could meet condition

ATP > ATy + ATH’ , (n
where ATt is the value of the melt superheat over the melting
temperature at ‘atmospheric conditions; a TH = H/C_ - temperature

of an additional heating-up of MS due to crystallization heat 1i-
beration, Hj Cp - molten metal specific heat.

So, for example, for the molten aluminium superheated by
'y thIS K, with regard for the compensation of ATH according
to (I), value T  constitutes ~ 370 K. To achieve the rise of the
meiting temperature of Al by this value an additional effect of
the pressure of order of 6 GPa, will be wanted. Under conditions
of crystallization with the action of high-speed pressure value
aT (1) must be estimated with regard for a correction for the
compensatlon of the temperature growth of MS, due to adiabatic
compression of a T, oz,
An analysis of numerous experimental data (see Figure) indi-
cates that in the absence.of high superheats of molten MS the ro-

285




le of pressure as an intensifier for the process of casting soli-~
dification proves to be now at its very low values, coming to
hundredth fractions of MPa (I dots). Thne observed effcct can be .
schieved through the intensification of the heat cxchange process,
under the action of pressure, between the casting and the mold.

The subsequent growth of préssure along with the heat ex-
change intensification has all the more a direct effect on the
crystallization process (2-7 dots). The extrapolation of the ex- -
perimental curve shown in Figure corroborates the reality of the
realization uf the MY barocrystallization process in the field of
pressures measured in GPa, where the duration of the casting soli-
dification goes to zero, '

The influence of pressure on crystallizaticn processes is
especially noticeable when it is applied to MS where the superhe—
at corresponding to the development of nuclei of crystallization
has already been achieved via the heat removal. In the given con~
ditions even the highly negligible additional supercooling yet,
being achieved via vhe superposition of pressure, essentially cau~
ses growth of nuclei of crystallization., So, for instance, when
inereasing the sdditionel supercooling of mercury only by a degree
(trom I8 to I9 K), under the action of some 20 MPa pressure, the
number of nuclei of crystallization increases by 20 times /5/.

¥rom the said here findings it is obvious and advisable to
furtherly carry out the investigations as to determining the opti-
mum values of the reference temperature of MS as well as of the
pressure imposed'on'that tenperature, which both provide for the .
production of cast materials with the structures and properties
'assigned in advance,
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CHEMICAL INTERACTION AND POLYMORPHISM OF BORON NITRIDE
IN RHFZ-BN(R—Li, Na,K,NH“) SYSTEMS

K.P.Burdin31 Ya.A.Kalashnikovt O.A.Zanevsky2 .
1, '

Moscow State University, Moscow, USSR
2 .

Institute for Superhard Materials, Academy of Séiences
of the UkrSSR, Kiev, USSR

At present, great gﬁtention is péid to the development of
new technological c¢conditions for <BN
tion studies are carried out in our country and abroad to search
for novel efficient activators of hBN — cBN transformation.

In this work a generalizatlon is performed of experimental

data on the mechanism of cubic boron nitride formation in the pre-

sence of hydrofluorides.

xfbay phase analysis has shown that even at temperatures and

pressures well below the region of cBN

de is decomposed to medium fluoride and hydrogen fluoride. The pro-

cess of ammonium hydrofluoride dissociation differs from those for

alkali hydrofluorides, because in this case a gase phase céntains

not only hydrogen fluoride, but ammonia too:

/4L/ff; — MeF +HF,

NH HE, — NH,F+HF,
/VH#F - /1//7'3 +HF,
where Me is Li, Na, K.

Besides, together with hBN and cBN one more phase has been
identified in the reaction products. X-ray phase analysis has al—
lowed to suppose that this phase is ammonium tetrafluoroborate
(NHQBFQ) formed by the reaction: v .

Qf{F *'BA/ '4’A0%/6f; .
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synthesis. In this connec—>

formation the hydfoflunri-

" The presence of NHQBFA in the reaction products has been also con-

firmed by the method of IR-spectroscopy. Formation of this compound
according to diagram indicated has been also identified by experi-
ments conducted at atmospheric pressure in the sealed ampule.

The reactions indicated run during the short initial period
of time (10 to 15 seconds)® And only then immediatély follows

transfofmation

the process of cBN synthesis.That is hBN __5.cBN

starts now in a three-phase systems

hgﬂ_ﬁgﬂ.ﬂﬂiﬁ.&chﬂ/ ‘
hoy AHBEs AHs, BN, '

Therefore ammonium tetrafluorcborate in its pure form has been
logically expected to be also the initiator of hBN ..~ cBN trans-
formation. Experimehts with pure NHABFA obtained under atmospheric
pressure which was added to initial ppN confirmed the pointf

P-T phase diagqams'for RHFZ—BN s&stems, presented in Figure,
have been drawn from experimental data., The regions of cBN  in the
presence of other matters have been also shown here;v

An attempt has been made of formal kinetic description of

"hBN- . cBN transformation process in MeHFZ—BN(Me is Na, K) and

NHQBFA gystems.,

The initial stage of transformation (with transformation degree
values W£0,15 to 0.20) corresponding to the period of cubic bhoron
nitride nucleation has been found to run under kinetic conditions,

To find out the quantitational laws foricBH formation in tim
in the given systems with W>0.15 to 0.20 an experimental evaluatio
has been performed of the degree of hBN_—i.cBN transformation VEr=
sus conditions of this reaction realization. An immediate result ol

kexperiments coﬁducted under isothermal conditions was obtaining of

Ocodeﬂaocmn cunTesa S ~BN B ODHCYTCTBUK rrvgo%wopnnon me-
Jounnx metamnoB/0,A.3ausBeruli, K.l Byprune CeBacTBAHOBA
.4, KaﬂamHKKOB,/CBGpATBBpEHB Marepnaii, -~ 198 - C.S—éa
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kinetic curves in "transformation degree" - "“time" coordinates,
waf(Z), represented as diagrams, .
To reveal the limiting stage for the process a formal kine-

tic treatment of experimental relations w=f({) in the range of
0.15 £ W 4 0,85 has been performed using kinetic equation based

on definite models_of solids interaction:

fow) = baln 55 = oK, +mlne,
é{W):" l"il—w =K2.Z‘7-
-#,(w>=(1—iﬁ-wf= Ks T,

where K13 K2. K3 are the transformation rate constants and /L -

is the parameter depending on reaction mechanism, nﬁcleation rate
and nuclei'geometry.bThe starting reagents (hBN) diffusion through
the layer of MeF and NHQBFA which appears to run in condensed phase
50

has been identified as formal limiting stage of the process.
NaHFZ-BN and KHFZ-BN systems have been analyzed by DTA method

A

at pressures of 4,0 to 5.0 GPa and temperatures up to 1000 .
Thermogréms analyzed give a reason to state that in the given sys-
tems some phases cohtained in the mixture are melted under proper

A-KHF, § 2-NH,BF, ; 3-NehF, j & ~LiHF;

" conditions, The nature of reactions running in thé two systems ié .
’ ~ ‘ '5-NH,BF,, ; 6 -KF ; 7 -NaF ; 8-LiF § 9-HgsN; .

somewhat different. .

A complicated process runs_inAKHFz—BN system inclhding KHF2
melting and decompositionﬁﬁith further formation of NHABFQ and its
subsequent melting, Melting of NaHF2 was not observed in' NaHF,-
~-BN sysiem. Its immediate decomposition with practicélly simulta~
neous formation of ammonium tetrafluorcborate, ié followed by tran-
sition to its liquid phase,

Thus DTA data have confirmed the results of kineticvstudies

'and suggest that <¢BN is synthesized froﬁ the solution of phases

. indicated,
. 291
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THE PHASZ GHOER-ORDBER TRANSITIORS U%Q&h PREGSBURE

A.1I, Nosar', V.i. Ryzhkov, A.A. Smirnov -

Institute of Metal Physics, Academy of 5c1en¢es the UkrSSR,
Kiev, USSR

The statistics-thermodynamic theory of the equilibrium phase
order-order transitions in binary alloys taking account of avai-
lable nonequivalent atomic positions in an alloy crystalline—lat~
tice is recently developed [1] There are same examples of such
transitions, e.g., varying arrangment of the interstitial atoms:
on nonequivalent interstices, the atomic transitions between both
the bulk and subsurface nodes /27, etc.

Let us consider the problem conserning the order-order tran-
sitions under pressuré in the framework of the isotropic pair
atom-interaction model on the configuration approximation, negle-
cting the correlation effects. We shall neglect geometric crystal-
line lattice distortions of alloy, restricting ourselves by the
single-phase interstitial alloys, in which the atoms distributed
along iwo-type nonequivalent positibns may be described by one
single~component long-range-order parameter x.

The equilibrium distribution NH of the H-kind atomq along
the positions N (which consist of one-~kind N = v (1 N positions
(interstices) and the second-kind N2 = N - N1 nonequivalent po-
sitions (interstices) in the A-H binary-alloy lattice may be ob-
tained on condition, that the thermodynamic potential ® in the
self-consistent~field approximation and in the framework of a va-
riable-volume model is minimal,

The configuration part of the potential CP may be represen-
ted as follows

. 2 .
P = E(P,x) + PV(x,P) + kIN &, V (i)[p}({i)(x) 1n P 1) (x)e
+ (1 - P () ) 1 (1 - P{D () )], | @y

Here, (l) (x) is the prior probability for finding the H-
kind atom in the i~-th position, v (1) is the i~th location con-

centration, The probabilities P(i) (x) are lineary coupled with
the order parameter X,
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wh‘ere, A Uﬁ = ‘-—-5—'

?(i>(x) =c+ )%, : . (2)

where ¢ "Nﬂ_ , but the coefficients )’1 satisfy a simple rela-

=0 (Z'\) , 1). k is the Boltzman constgnt,.

tion % \) H)Y

T is the absolute temperature, P is the external pressure, E(P,x)

is the configurational part of the crystal energy. In an assumed.

approximation we may write _
E(P,x) = Nzg\)(i)Pﬁi) (x)[ % U Pl )z ()

+ 172 ) z U P 52(P) ) Zi H(Pi1) PHJ)(x)] (3)
J Pi
where, UHA(P 1(P) ) and U H(.Pi,l(?) ) are the values of the in-
teraction energies of atomic pairs A-H and H-H, respectively,
spaced‘P il(P) to be the radius of the 1- st coordination sphere,

being drasm around the i-th interstice under pressure P.

The crystal volume V(x,P) for the assumed model is determined
by the following expression

V) = V0 -2R) « NIV W, B ()

=V, (1 +aP)), a1, (&)

‘,where, Lui is the varying crystal volume with the H atom addition

in-the i-th-kind position, x&is‘the compressibility, Vo is the .
crystalline-matrix volume at Nﬁ =0, P=0,

Available external hydrostatic pressure in cublc crystals

results in an isotropic variation of both the interatomic dista-
nces and radii{ of the corresponding coordination spheres. Thus it
may be written

Ugp (P 2(P) ) = Uy (Pﬂ) +AU, o(P.c), (5)

UHH(PIl(P) ) = UHH(P gl) +AUHH Q(P,c),
[+

P12 d“

)P i1 P 11 is the-value of

Pil(P) at P=0, NH=0.
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The pressure.value P, at which the phase order-order transi-
tions takes place in crystal, is determined- by the equation system

Cp(xp'r)ao. CP(xPT)
(6)

P (x;,B,1)= P (x,,P,,T

» Under pressure Po a stepwise‘variation of the ovrder parameter
x by the value, Axl = 'xI - x2| takes place, which may be fixed

experimentally according to the corresponding abrupt variation of
the crystal volume by the value .

: ) (1) ' '
AvV(P) = N iV vu)i {iAx. : (7)
In the framework of the assumed approximations by using Egs.
(1), (3), (&) the system (6) may be represented as follows
) . . .
(. 0+x)—(—T;) L(x)

; % .
P=F [ - (8)
: d’I + X

. P S,
p* 7 LX) ¥y : '
g - a0 e

FAhJPI PR s
" i z;:—ﬁrxyf (1 - c) }n -

1 - Péi) (x1}

P (xy) P 2 2 '
-~ c 1ln — = (1 --) (x5 - xé)', (e’
Péi) (x2) v » px .
Here, L(x) = z: Ii 1n p&i) 0
NN ¢ I !
(r - YY) - L (x)

Y

p* are the parameters, not depending on F,T.x;
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P* ~10° bar, kT ~2 + 107

The order of the value of these parametefs is'*io)< I,ItiIlé:I,

-2 eV. A specific view of the parameters

« » Xqs Tc, p® may be found as algebraic relations from both

~gthe values U ( ) and AU11 (A= H, A). %
Hp P Hp (A=

As seen from Eq.(8), at T = const there is such a pressure

Poo = p¥ _ oo at which the system has an equilibrium solution
I ) ’

. x.= 0, i.e., there 1s no initial nonequivaléncé as to 1oca§ion of

the H atomes in the matrix,
By removing the pressure’ (P = 0), Eq. (7) is transformed into
the known equilibrium equation

KT L(x) = R?.x + Rg (9)

to be investigated in detail in [1]' It is seen, that at P £ 0
‘Eq. (8) may be rewritten in the form of Eq.(9) by introducing
Ry(P) = RI - ARI;', R,(P) = RS - ARzP. :

In this case ‘
: ' RO . o
Ry . - Ry

- FQTTTE;—:_:5117;;“ . ‘P = I;Rg v %o

R RS '
=___£' o, = & 2 -+ A'form of the values RS, RS 18 gl
RO I A RO ) 1 2
1 1

' in [T,

The investigation of the equilibrium equation (8), (8'') sh
kthat for the system with Ta»O under pressue the ‘order-order tra
sition with changing sign of the order parameter is only avalal
“but for the system with T £ 0 the same transitions are also ave
lable without any change. The parameter O(I determines the equi

" prium value ¥ at sufficiently large P(x-‘«&)

Let us consider particularly the H atomic distribution alo
" both the octahedral (0) and tetrahedral (T) interstices in fcc

tice metal A ( V(I) = 1/3, 9(2) 2/3, XI = 2/3, 3'2 = - 1/3, .

e¢’a If3, P%>0, T,” 0). In this case, when x>0, P(I) > P(z)

the interstitial atoms occupy the interstices (0) mainly, but
“x € 0 ones do-the interstices (T).
For such systems and at P=0 with changing temperature the
der-order transitions are available. In this case for alloys i
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ol o;>0 and with increasing temperature the atom transition from
“he (T) interstices into (0) ones takes place, but for alloys with
# ,4C the contrary one does. With increasing value of[lqo‘a mag-
nitude of the ordercorder transition temperature is lowered., The
external pressure P does not only shift this temperature but may
change the transition direction as well. If at « O> 0 and (xI/< 0
ihe transitions (T)-»(0) are also remained at P#0, then for the
systems with c(o >0 and & 1 7 0 at PO with increasing tempera-
ture the transitions (0)» (T) are already realized, The same va-
rilation of migration direction of the interstitial atoms with in-

creasing temperature for pressured alloys is available for alloys
with o(o < 0 and o; < O as well,

The order—order'transitions are also available at T = const
owing to changing pressure on}y. For the alloys with D(°:>Oj
G(I-< 0 and with increasing P the transitions (T)-% (0) are rea-
lized, but for alloys with a(o<’d, ol; > O the transitions (0)~(T)
take place, at the same time for the systems wtth’ctII<<I»a none-
quivalence of the H-atom-filled sites is vanished.

A sign of the parameter o(i, when’o(ﬂ,fc, determines a type
of the H-atom-occupied-interstices at high pressure P, as a corres=-
ponding transition direction -of the interstitial atoms during the:
order-order transitions. . ’

Figs I, 2 show the equilibrium dependences x(T), x(P), plot-
ted by formulae (8), (8'), (8''), having various o , and o(I. As
seen frem the figures, the transitions occur at pressures P04-0.7Px
(at a temperature of 0.05 T,)+ With increasing temperature the va-
luelof Po is lowered, as the order-order transitiQn temperaturef

decreases with increasing applied P.
\ We shall note in conclusion, that the pressured order-order
traréitions were observed in transition-metal hydrides /3/, when
the (T)-* (0) transition took place with increasing P.
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Figs I An équilibrium jisobaric variations of the order parameter x with the .
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EVIDENCE OF PRESSURE INDUCED- SHORT RANGE ORDER IK FeNi
INVAR ALLOYS

M.R.Gallas, L.Amaral, A.Vasquez and J.A.H. da Jornada
Instituto de Fisica, UFRGS
90049 Porto Alegre, RS, Brasil

“ INTRODUCTION

Iron-nickel alloys in the Invar region, have been the
subject of considerable investigations [1-5]3. The peculiar
behaviour of the magnetic properties is uSua]ly related to a
positive exchange “interaction between Fe- Ni and Ni-Ni pairs that
favours ferromagnetism, and a negative interaction between Fe-fe
pairs favouring antiferromagnetism. As a result, -there are
drastic changes in the magnetic properties with concentration
that should depend strongly on the degree of atomic ‘order.

In fact, from the ex1st1ng neutron diffraction and M#ss-

bauer spectroscopy studies, it is possible to see aconv]atwn
between the degree of short range ordef {(s.r.o) with hyperfine
fields [1,3].

In this work we present a study of the effects of high
pressure annealings on the M8ssbauer spectra in FeNi Invars.

EXPERIMENTAL

Iron- n1cke1 samples with compositions of 30, 32.5 and .
35 at% Ni have been prepared by arc melting under argon and then
homogeneized at 1273 K in vacuum for four hours. Nominal purities
are 99.99 at.% for Ni and 99.+ at.% for Fe. The high pressure
annealings were done at a pressure of 6 GPa .in, a Gilder type -
apparatus, with internal heating. The thermal streatments under .
pressure consisted in a stepwise coo]1ng from abput 1200 K to-

Fig. 2. An eduilibfium isothermal vériat :
ions of t
. parameter x with pressure ; he order

473 ¥, over a period of one week.

For comparison, thermal annealings under vacuum have been
done. The starting temperature was set at 4080 K, because
,according to high pressure diffusion experiment in FeNi system

«=-0,002;

£ 8)&(==0.001 ; = ~0,002 ; b) ¢ =0.00I ;X =~

I-'ts-—==0.05;2-t=0.1}3-t=0.2:
'To . g

«
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£23, » przssvre of 6 GPa would reduce the rate of diffusion for
about 16%. This procedure is important to keep the same kinetics
for comparing the treatments at zero and 6 GPa pressure. . i

The M8ssbauer measurements have been done in a conventional
‘transmission geometry with a 57Co/Rh source operated in the
constant acceleration mode. :

RESULTS AND DISCUSSION

The samples with 30 at % Ni annealed at zero pressure gave
single M8ssbauer absorption peaks, which were fitted with a '
Ltorentzian function, yielding a linewidth (1) of 1.3 mm/s, in
agreement with previous works [3,5). Annealing at high pressure
produced an inérease of 'y to a value of 2.6 mm/s. The reason
for this increase seems to be an increase in s.r.o., since
studies of M8ssbauer spectroscopy [3] and neutron diffraction [11
of FeNi Invar subjected to different thermal treatments, indicate
an increase in linewidth with s.r.o. for this composition.
However, the observed increase in T could be explained also by a
smail change in composition or strains, induced by the high
pressure treatment. In order to clarify the effect of strains
we measured the sample after a cold rolling, and observed a
considerable reduction in I', to a value of 0.7 mm/s. To check
if some chemical changes occur, we subjected the already pressure
annealed samples to a similar annealing under vacuum, and observed
that T returned to the value of 1.3 mm/s. Figure 1 displiays the
M8ssbauer, spectra of 30 at.% Ni samples, submitted to different
treatments. T .

Those résu]ts,. togeiher with the above'mentionedrremnts
of neutron diffraction, strongly support = the idea that pressure
induces an increase in s.r.o. .

A rough estimate of the change of the s.r.o. parameter
o was made as described in ref.4. Assuming that the hyperfine
field on Fe s1tes_is governed solely by its nearest neighbors,

a change in s.r.o. can be related to a change in-Ni concentration,

Taking the results of ref.5 ‘for the dependence of T with concen-
tration, then our results yields da/3P = 0. 001 GPa~
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for the 32.5 and 35 av % Bi sampies, gond ¥itiing were
achieved only by a distribution i magnetic fields. The spectra
contains one major contribution at 255 kGauss, for the 32.5 at%

“'Ni sample and two major contributions at 235 and 275 kGauss,

for the 35 at.% Ni sample. These magnetic fields increase

‘slightly for the pressure annealed samples.

For the 30 at.% Ni sample, we made also a search for evidence

" of long range order by means of a step scanning X-ray diffraction

using CoK radxat1on, with negative results.However it is
1nterest1ng to po1nt out that an ordered phase in this composition

range, related to L1, structure (Cu Au) has been proposed and

“gsearched for a long time, but no secure indication of success has

been reported till now. As ocur results shows evidence of increase
in s.r.o. with pressure, probably it would be possible to get

the ordered Fe3Ni phase at sufficiently high pressure annealings.
The authors thank Prof. J.Danon, for helpful discussion.
This work was supborted in part by CNPq, CAPES and FINEP.
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THE STRUCTURAL TRANSFORMATION SEQUENCE DURING THE SYNTHE-
SIS PROCESS UNDER HIGH PRESSURE AND TEMPERATURE FOR THE
Eu203-TbhO7 SYSTEM

Su Wenhui and Zhou Jianshi
Group of Solid State Physics, Physics Department,
Jilin University, Changchun, P.R.China

Abstract

This work includes the studies of EuTbO production quen-
ched under high pressure and the structural changes during the
synthetic processg using X-ray powder diffraction {(XRD}. A new
phase of solid solution (Eu3+Tb3+)03 which has not been reported
before and the sequence -of structural transformation at high tem-
perature and high pressure were studied. The magnetic susceptibi-
lity of (EuTb)O3 at room temperature was measured with vibrating-
-reed magnetometer, i

Introduction

Eu shows vibrant-valence phenomena and Tb possesses complex
electron configuration. They are striking elements in the rare
earth fémily. Up to now the ABOB—type compound or solid solution -
composed by the elements of Eu and Tb has not-been obtained, Ac-
cording to empirical ionic radii in the system of SP-76 (Shan-
non, 1976) we have calculated the tolerant factor t which is re
lated to the stability of perovskite-~like structure. For the
compounds of Em3+Tb3+03 and Eu2+Tb&*03, the factor t is 0,761
and 0,900, respectively. The latter falls into the stable area
of P-type structure, The factor t of Eu3+Tb3"o3 is too little to
stabilize it in P-type structure, But-because of the formula

Te(rgyse + ooz, )/221.098, Ew'Tb30, satigfies the stability

condition of B-type (rare earth oxide) solid solution, From tw
reference criteria t and T it is possible to synthesize EuTbg
compound (2*-4%) and solid solution (3%-3%) respectively.

High pressure plays animportant role for the synthesis of
ABO3-type compound (Su Wenhui, Wu Deiming, Ma Xianfeng et al,
1985). High pressure can stabilize the material which possesses
gome little factor t in perovskite-like struéture or its distor-
ted type {Su Wenhui, Wu Daiming, Li Xiaoyuan et al, 1985) . Fur-
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with a computer znd unit cell parameier were calculated and re-
fined by least-square method.

tﬁermore, some new materials that can not be made by normal che-
mical reaction could be synthesized under high.pressure and high
temperature, such as PrTmO3 (ibid, 1985; 1986). It is expected
to synthesize EuTbO3 under high pressure.

, The synthetic work was done with starting material of Eu203
{C-type rare earth oxide structure) apd Tbuo7 (flurite type
structure). Up to now, the studies of reaction mechanism for so-
1id state material at high temperature and high pressure, which
is a very interesting frontier problem,is rather scarce. If the

The errors in temperature and pressure during the process
are Y20 0C, I165 Kb, respectively. The errors in crystal parame-
ter 1s 0,004 A. . : : ;

The magnetic susceptibility of some producfs was measured
with a home-made sensitive vibrating-reed magnetometer (Li Xiao-
bing, Zhang Yupu et -al, 1985). ‘

The curve of TG-DTA in oxygen for the products was obtained
with Rigaku 8076E.Thermal analyzer to identify the valence of
products, The result is shown in Fig.2. '

transformation of starting materials during the high temperature.
and high pfessure synthesis could be identified, it would help
to understand this problem. .

The aim of this work is to.study the structural transforma-
tion of the products gquenched under high pressure for Eu203 +
Tbho7 system by X-ray powder diffraction, to synthesize.EuTbOB'
and to measure its magnetic susceptibility. :

Results and Discussion

The cell parameters and structures of products Eu’I’bO3 under
different pressures and temperatures are listed in Table 1.

1) It can be seen in Table 1. that all the products under
26 Kb and 1200-1410 °C are single phase with B-type rare earth
oxide structure. No trace of P-type structure has been found. The
crystalline quality of the products is fine. The product of 26 Kb,
1290 °C,60 min holding is the best one (shown in Fig.3(a)), be-
ing light yellow in color.
By calculating the weight gain due to oxidation, it was de-
termined that almost all of Tb ion is in positive trivalence sta-
te, so Eu ion is also in the same valence state, This result cor=-
responds with the same conclusion made by the Mdssbauer study
{Liu Ximoxiang, Su Wenhui, Jin Mingzhi et al, 1986). From this
point, it is believed that the product's formula is Eu3*Tb3+O
instead of Eu?*Tb**0;. , >
‘ In- order to distinguish the product EuTbO3 between compound
. and solid solution, the relative ratio between Eu atom and Tb
_ atom was changed to +10%, namely Eu, /5Tbg /505 and Eué/STbh/503’
 then the synthesis was carried out. From X-ray powder diffraction
pattern, it is obvious that the product's stiucture is still of
B-type, and its cell parameter changes continuously (see Table 1).
';This result means that EuTbO3 is a kind of solid solution(EuTb)OB,
which is also consistent with the result obtained from Mossbauer
studies, The result of Mossbauer absorptidn study shows that the-
re is a disorder of distribution between Tb and Eu atoms (Liu
Xiaoxiang, Su w§nhui, Jin Mingzhi et_al, 19863 .« ‘

Experiment

' ‘The starting material is Eu203+'1‘b407 with purity of 99.95%.:
Starting material weighed in ratio 2:1 was mixed and ground for
40-50 min, to make homogeneous mixture, Before the weighing and
synthesizing, the material was heated at 950 OS¢ for two hours
and sintered at 1000 %¢ for 1-2 hours in air, to eliminate the
moisture and absorbed gas. The samples were pressed into &4 mm
pellets with steel pill and then put into high pressure cell,

We used improved Girdle-type high pressure apparatus. The
force source is S00 ton two-anvil machine. The schematic dia-
gram of chamber assembly is shown in Fig.1. Thg’pressﬁre calib~
ration is decided by the transition points of Bi, T1 and Ba. The
temperature in-each synthetic process was measured and control-
led with Pt-6¥Rh--~Pt-30%Rh (¢ 0.18 mm) thermal couple. The sam-
ples were subdectéd to pressure before temperature was raised,
After holding at anticipated temperature for 30-60 min, the sam-
ples were guenched under pressure. The cooling rate is about 80~
120 9C/s. The pressure was then released. :

" X-ray powder diffractién was performed with a Rigaku 12KW
diffractometer, using graphite monochromator, Cu-K, ~ radiation
(=1.5418k), high-purity silicon as internal stendard, at a scann
ing rate of 20(29 )Ym;n, The diffraétlon patterns were iLndexed
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Table

1, Synthetic conditions and results

Formula - iz:§¥i§égs Structure a(g) b(X) C(g) ©)
(BuTD) 05 BT e 3288 39 w001
G, et B tioss A0 476 vertt
(Bmo, | ARNONC B ihioah .37 81799 10017
Tonystoey)0; 30 Gont B aite 3107 Bl 10outs
iy, TS G 3 B RTR BT
Gaoo, 2 Son P aeaos 3197 8.6t 1000
oo, BTl B 6o 53R A o
s, TR w0 L R
s, T IR s T MR B
o S R
Te, IR TS T T e 1 330 R
Trurio, T TR0 TEENES, TR $ibea it 100.08
(onmoyo, T Bu0i20, 06 TR0, TSI 3,65 BEM A0S
F—Tbho7
U U O e e
gy T I R

The SDIid solution B—(EuTb)O3 with single phase syntheslzed
under hlgh pressure and high temperature is a ‘new material which
has not been reported before, ’

>2) The X-ray powder diffraction patterns of the products
1isted in Table 1 were indexed to two kinds of cell.
one is the same as traditional B-Sm203 type cell with c2/m space
group and six mqlecules of R203. The first one also with C2/m
space group is analysed by the four-circle-diffractometer during
the siructural determination of single crystal EuTbO3
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also grown

The second

under high pressure (Zhou Jianshi, Su Wenhui and Yang Guangdi, -
1985), which includes two molecules.of RZOB' In general, small
cell is more believable than large one, but the results of index-
ing for the products listed in Table 1 demonstrate that under
given pressuré, the performance is better for the sample syhthe-
sized at higher temperature with the second cell and also for
that synthesized at lower temperature witn the first cell. The
-mumber of diffraction lines for.the product synthesized at higher
temperature is less than that synthesized at lower temperature,
This would imply that structural symmetry is increasing with the
temperature,

3) From X-ray diffraction pattern, it can be seen that the-
re is coexistgnce reg;on of four phase B'TbZDB' F—Tbh07,B-EuTb03
and B—Eu203 for the sample synthesized under given pressure and .
at less than 1000 °C. For the products synthesized above 700 °C,
the intensity of diffraction from B—EuTbOi.phase»inbreases obvi-
ously (see Eig.} c.d.e). The transformation of Euzo3 frqm C-type
to B-type is easy in the condition of high temperature and high
pressure, but the behavior of F—Tb407 in the similar condition
is unknown yet., From the data obtained before, the fluorite
structure M02 with unique Mh+ cations is stable at high tempera-
ture and even high pressure, but the condition is different for
Tb407 which crystallizes in the fluorite ;tructure with a lot of
oxygen vacancies. There are 50 percent Tb * cations in F-Tb407.
1t was believed that there are two tendencies under high pressu-
“re. The first is to increase coordinate number and the second is
to increase density. It is helpful to compare the density and

- coordinate number among several derivatives of ThO, .. The se~-
quences of coordinate number and density are C(6) B(6.7) A(7)

: F(8) and C F B A, respectively. The coordinate nqmber of F'Tbhofv
is less than 8 in average, Under high pressure, the transforma~
tion occurs from F-Tbho7 to B—Tb203 with similar coordinate num-
ber and greater density. In this process, Tb cation changes its
valence from 'l‘b“+ to Tb}*,_meanwhile thé'oxygen anions remove
from the lattice for neutrality. At this.point, there is a re-
ductive effect in the process of high pressure synthesis.

The sequence of the structure in the synfhetic process is
a8 follows: C—Eu203+F-TbA07,__+ B-Eu203+B¥Tb203___* B-(EuTb)Oa.
pecanse of -the similar crystal pargmeters of B-Eu203 and B-Tb205
<1t is possible there is a diffusion of Tb cation in B-Euao3 struc-
“ture and Eu cation in B—szo3 as well.
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4) The method of coprecipitation wasused in making the start-
ing material., The synthetic result is also listed in Table 1,
The XRD pattern shows that compared with powder mixtures, the
time and temperature for the synthetic process were decreased,
For example, under 2,6 GPa, the crystalline quality of the pro-
duct at 1240 0C, 30 min, using coprecipitated material, is simi-
lar to that at 1290 °C, 60 min, using powder mixtures.

5) The magnetic susceptibility of some pioducts was measu-
red., The molar magnetic susceptibility of Eu203 was taken as ca-
libration in the measurement, The results are listed in Table 2,
The symbol % indicates theoretical calculated results according
to the ratio of components and their individual magnetic suscep-
tibilities,

Table 2
Eu,0 Tb,0., - (Eu Tb Yo \ -
273 47 6/5""4/5'"3 (EuTb)o3 (Euh/5Tb6/5)03
calibration ) synth, star, synth, star. synth, 'star.
7.08 80.5 20.0 20.3* 26,0 23.6 - 26.5 23.4

The susceptiblility of synthesized materials is somewhat
higher than that of starting materials, but the former still be-
longs to paramagnetic material.
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-High Pressure Studies of the Tantalum/Hydrogsen Systam
A.W.Szafranski and M.Tkacz
Institute of FPhysical Chemistry, Polish Academy of Soisnces

ul .Kasprzaka %%752, 0l-22% Warszawa

1. Introduction

‘In thé previous paper’ [11 we ‘presentad. rasults‘ af aur

resistometric studias of the Ta/H system. It was found. that

tha R(Tj—relationship ig monotonic in the whole temparéture

range (1.5 - 400 K) but the dR/dT dgrivative-gnas through

sharp two or tﬁrea maxima. UWe as%umed that thagvindicated

phase traﬁsitiuns. Ona or .tmo transitions were obsarved af

elavatéd pressuraes and temperatures and one  mora “at low

temperaturas CLT).' X-ray analysis indicated that the LT

resistive transition corresponds fn‘ tha change of tha.
crystal structure ?rom‘ F.c. . orthorhombic -to the b.c.

tatraganél latticé (for H/Ta > O.QJ. Tha two high-pressuce

high—temperature transitioné ma$ in;arpréted as an_evidence

af tha existence of a neuw hydride pﬁésa. .

In this‘mofk the maximum‘pressura limit_mas increasad to 28

kbar aﬁd phus tha temperature and préssufa ranga' of -

axistencé of this new hydride phase could be astimated.

2. Experimental

'

The measurements at prassures excesding 10 and 20 ibar have
baen performed with use of the pressure devices described in’

2l and (31, respectively. The tantalum Sheet;'O.B mm thick,
’ ) - 31




was coated with pélladium lager, f431 in ardec to mnake
hydrogen absorption possible at relatively low temperatures.
The samples were heated with use of small cglindrifal
electrical heater placed inside the pressure device., Small
dimensions of the samples and their horizontal location,

perpendicular to the axis of ﬁha héater résulted in small
temparatgre gradient. The temperatufe was determined From
tha reéistance‘cf the reference platinum samples located in
close neighbourhood of the Ta samples. Thase platinum
seansors wers.calibrated at normal pressﬁre. The calculated

temperature was corrected due to pressure dependence of

rasistance of platinum,

The rest of axperimental details can be Found in £11.

3. Results

In Fig. 1 is shown a typical Ffor +the hydrogsn pressures
exceeding 30 bar temperature dependence .of the electrical
resistance of tantaium/hgdrogen system measured  in the

preséure chamber and thereafter in the crynuztat at narmal
pressure (with the samples displaced in the cooled down

statel). No marked hysteresis (i.e. not greater than 2 K)Vwas

observed in the high pressure raﬁgs contrary tgo the LT

region. The corresponding  temperature dependance of the

temperature derivative is also given in this Figure showing

8 relative sharpness of  the resistive transitions a% the

phasa houndaries. Tha pressure  dependence of +he derivative

related to the peak values is given in Fig. 2. 1t is worth

noting a steep increase of the derivatives correzponding to

hoth  pigh-prassure  transitions ahove ca 0 Yhar, The
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measured transition temperatures (i.el tha temperatures
related to the maxima of the derivative) of the Ta/H sgstgm
up to 28 kbar are givenv in Fig. 3. The Jtn am, an§ FL
regions correspoﬁd to F.c. orthorhombic hydride phase, solid
selution cf'hgdrogen in tantalum and the new high pressure
chasa, crespectively. The temperature rangs of existence of
the latter depends on  the hudrogen pressura.. This phase
appears first at 3C bar but tends to disappsar at high
hydrogen prossures. fbove ca. 5 Lbar the temperatures, Te.,
cf the JJP and ?4ﬁ transitions depend approximately linearlg.
on hydrogen preésqre and a simple extrapolation-.gives the
following high“temperaturé, high-pressure limit for the
existence of this phase: T«r=379i 2 K and pn==32.5+ 2 kbar.

an unexpected dependenae of resistance of tantélgm on Ha-
pressure was  found at’ elevated’ tampératgrés. A typical
picture corresponding to a single exparihent .is~givan on
Fig. 4. A marﬂed minimum in the Rf{pu=z)-relationship is
observed in tﬁé region of O(—phase. At a Famp?rafura of
335 K, i.8. in tﬁe region of é‘~phase the curve flattens
above 1 kbar. At the intermediate temp;ratures the Pipn.a)-
jsolherms intersect the phase vboundaries. No anomalies :an'
be seen at the}X~‘P or f—?’ transitians, put‘a rather sharp
decrease of resistance ocours  when gning' From the f’tu ;
phase. This suggests a markad diffsrence aof hu?rngen content
of both phases in eqpillibrium.

i i i - ase is
The resistance minimum which is present 1n'the(x ph

io igi of the
alsn obhserved in the_‘f“phase region. The aripin of
i ; ta  the
mirnima remains unclear. 1t is rather not due
) +irc 11 -|1i§
slpichiometric ocder of the  hydrogen sublattice since t!

. . .
g aw g6 cent H/Ta~2 while the
can be First eaxpected Foo  hydrogen cante /
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highest hydrogen conternts in. Ta determineﬂ after removing

the samples from the pressure device  cooled down to 220 K

did not excesd the value of H/Ta=0.8B6.
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THE INFLUENCE OF HYDROGEN INTRODUCED BY THE HIGH PRESSURE
’c TECHNIQUE ON SELECTED PROPERTIES OF THE fcc Ni-V ALLOYS
- S.M.TFilipek, A.W.Szafranski and S.Majchrzak
= Institute of Physical Chemistry, Polish Academy of Sclences
= 0I-224 VWarsaw, Poland -
1 20k Introduction
&? - Since the high préssure technique was successfulljused for
= = the synthesis of the nickel hydride from the elements /17, the
& influence of the hydrogen, compressed to very high pressures, on
3 the properties of nickel alloys was intensively investigated [2-
' %]. Among the nickel 2d-3d alloys a considerable interest attract
15} Ni-Cr and Ni-V alloys because of thelr electronicfpropertibs res—
ponsible for non typical megnetic behavior [E], electrical resis- :
3 4 S tivity /6/ and thermoelectric power /77, The interpretation of
log PHy lbar) —= . these properties is based on the concept of the virtual bound sta-
Fig. 4. Resistance vs. hydrogen  pressuce isotherms te proposed by Friedel /8/. In this aspect one can expect that the

. . . O influence of hydrogen on the properties.of both these alloys would
(single experiment), The dashed lines’ indicate roughly :

o . be also an interesting task of experimental résearch. However in
contrast to the Ni-Cr-H /3,97 there are almost no reperts con-
cerning the Ni-V-H system., .

In this paper the influence of hydrogen on the electrical
resistance of the fce Ni-V alloys is described up to. about 2.5 GPa
of the hydrogen pressurc. Low temperature behavior of the electri-
¢al resistance of these alloys in the hydrogen free and hydrogena—
ted states is compared. The structural data for the hydrogenated
alloys as well as their H/Me atomic ratios in equilibrium condi-
tions abt the several hydrogen pressures are also given.

phase baundaries.

Experimental

11 samples (Nig ooVg. 030 Mo,gu¥0, 060 Wio,91v0.09°

Nio°88 VO.I2 s N;O.BSVO.IB ) used in this work were generously
provided by professor Y.Sakamoto from Nagasaki University. The
hydrogenation was realized by use of the high pressure piston-cy-
linder apparatuses descibed elsewhere [10,11].;The hydrogenated
sémples destined for low tomperature measurements or for X-ray and
masspectrometric analysis (to determine the hydrogen to metal ato=
mic ratio) were taken from high pressure apparabtus cooled down to
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~-80 5, The Y-ray measurements were carried cut ot temperature
cf liquid nitrogen.

Results and discussion

The results of measurements of the relative electrical re—
sistance of fcc Ni-V alloys are shown in Fig.Ia and Fig.Tb. As
can be seen, the vanadium addition (even as small as 3 ab.%) in-
to0 the nickel matrix caused drastic change of the electrical re-
sistivity of the. resulting P hydride. In 5p1te of nearly the sa-
me hydrogen concentrations and lattice expansion effects the ele-
ctrical resistivity of pure nickel decreases about 20 % during g
hydride‘formation (127 while in the case of N10.97v0.0§ alloy al~-
most T00 % increase is observed. Results of low temperature measu-—
rements presented in Fig.2a show that this increase is due mainly
to the large increase of residual resistivity of hydride phase
causad by the introduction of vanadium into the nickel matrix. Si-

milar effect was observed for hydride phases of nickel doped with

iron fI27 or cobalt fI3%7.

A rather surprising fact is that hydrogen pressure corres-
poading to the hydride phase formation (directly related to the '
hyirogen activity needed to form the hydride) increases as a fun-
ction of vanadium content in the alloy. Moreover, as can be . .seen
from Table, the hydrogen uptake remarkably decreases with vanadium
coacentration in the elloy, In the same time the hysteresis loop:
observed on R_/R, _f(pﬁz) curves (Fig.Ia and Fig,Ib) become narro-
wer and disappears compyetely near Nio 9IVO 09° It means that the
miscibility gap in the hydrogen-alloy system should extend only to
this composition what is confirmed also by X-ray data plotted on
Fig.3, Similar behavior was observed by Sakamoto /I4,I57 also for
.Pd-V system in which the mlscibility gap was closed near 7 at.%
of vanadium.

The low femperafure negsurements of the electrical resistance
(Fig.2a and Fig.2b) indicate that residual resistivity of the Ni-V
alloys increases upon the hydrogen absorption. An anomalous tempe—
rature dependenca (cherige of the slope of the R/T) curves and hy-
steresis of the electrical resistance in Nip,99V0,0% (not presen-
ted here) and Nig 94vo 06 is observed below I50 K, suggesting pos-
s8ibility of the phase transition in the hydrogenated alloys. Howe-
‘ver the X—ray data, received for these hydride phases, carried

out in: liquid nitrogen temperature and in ~ 200 K are not different.
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Hydrogen concentration in Ni-V alloys as function
of hydrogen pressure at 298 K

Alloy Hydrogen concentration H/Me for the_;
following pressure :
0.75 GPa 1.05 GPa | TI.4 GPa
pure Ni | : 0.99
NMig.97V0.05 073 . 0.95 . 0.98
10,94%0.06 0.17 . 0.9 ° 0.96
Nig,91%.09 0.03 0.63 S
Ni, g8Vo,12 " 0,03 ‘ 0.12 0.27
Nig,85%0,15 0,02 0.09 0.15
Conclusions

On the basis of measurements performed the following conclu-
sions can be formulated:

I, The vanadium present in the nickel lattice increases the
hydrogen pressure nceded for hydride formation and has negative
effect on the hydrogen absorption in the alloy.

2. The miscibility gap in (fcc Ni—V alloy)-hrdrogen system
disappears near 9 at.% of vanadium,

3, The low temperature measurements indicate pogsibility of
phase tr apsit1on in hydrogenated Nio.97vo.oa and Nig, 94V0 06 al-
loys. o o
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BEHAVIOR OF ELEMENTAL CARBON UP TO VERY HIGH

TEMPERATURES AND PRESSURES

F.P. Bundy, retired from General Electric Research
and Development Center. Home address: PO-Box 29,
Alplaus, New York 12008, USA

BRIEF REVIEW

The pressure-temperature phase diagram for elementary carbon has a long and interesting histéry which is
covered fairly comprehensively in [1] and will not be repeated here. Figure 1 summarizes the "older® P, T phase
diagram, up to about-40 GPa, and 5000 K. The background forb the-graphite /diamond equilibrium line is given
in {2, [3}, [4], and lha.l for the melting line of graphilg by {5] and [6].. The positions and slopes of the melting
lines for metastable graphite and metastable diamond arc discussed in [3] and [S]. Reccat experimental results
suggest that the slope of the diamond melting line may be positive, and this will be discussed later in this paper.

"The solid-to-solid, martensitic transformation of hex graphite to hex diamond is discussed in detail in 7.

STABILITY OF DIAMOND

In the 1960’s and 1970‘5 it was gencrally believed that the diamond form of carbon would rcspond to the
application of higher pressures and temperatures in much the same way as its sister clements Si and Ge. Fore-
casts based on ionicity theory indicated that diamond would collapsc to a metallic I:orm at a pressure in the
range of 170 GPa [8]. This was proved wrong when Mao and Bell attained measured pressures of over 170 GPa
in ‘oppnsed diamond anvil apparatus [9] in 1978, and later when over 250 GPa was attained without ;lnyr indica-
tion of collaf)sc of the pressure faces ofthe diamond anvils >|1()]. This behavior of diamond, which is so different
from that of Si and Ge, had alrcady been prcdiclcaby‘Yin and Cohen-[11}, and by Biswas, et al. {12, using
improved theory which indicatéd that diamond should be stable relative to competing metallic structures (fce,

bee, hep, simple cubic, -tin, or BC8) up to pressures around 1200 to 2300 GPa.

PHASE DIAGRAM AT HIGHEfll P, Ts

Atout 1962, application of transicnt clectrical resistance heaung techniques to specimens in stalic preﬂsure
apparatus mndc possxblc tcmpcraturc excursions up to about 5000 K for time periods of mllhscconds Speci-
mens subjected to shock compression conditions {microseconds) had been studied for many years. In the’

rressurc-volume Hugoniot data curves from shock compression experiments the transformation of graphite to.
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diamond could be seen. For higher pressures and temperatures the shock data did not reveal cleasly any addi-
tional abrupt specific volume changes that might be inlcrprélcd as a phasc chungc in the solid state, - or to

melling.

T 1979, Grover {13] on the basis of an “cquation of statc” model for a metallic form of carbon which would
be consistent with data from shock compression cxperiments on diamond scperted by Pavlovskii [14], suggested
a solid phase of metallic carbon above 11.5 GPa and 3700 K. Neither of the models of [8} or [13] agrecs very
well with the older experimental observations by l}undy, [3], [5, or with the recent observations of Basselt, ef

al, [15], and of Shaner, et al. [16}, {17].

In Bassett’s and Weather’s [15] experiments small particles of diamond in some cquriﬁlcnls, or of graphite
in others, were embedded in NaCl ;'md were melted at pressures of 5.0 and 30 GPa in a diamond anvil cell using
a pulsed YAG laser. After such treatment the samples were removed from the cell and (ﬁc structures of the
quenched phases were studied by transmission clectron microscopy. The melted regions of the sample were
found to consist of nearly perfect spheres of carbon ranging in size from about lum to less than a few nanome-
ters. In the diamond sample melted at 30 GPa the larger spherules (>0.2um) were polycrystalline dlamond
with either a granular or radial texturc, while the smaller spherules gave diffraction patierns with four diffuse
rings that correspond to the 002, 160, 004 and 110 spacings of graphite. Detailed study of the diffraction rings
indicated a radial oricntation of the c-axis of the disordered graphite. The spa(;ing between the 002 layers
depended upon the pressure at the time of solidiﬁcalinn, ranging from 3.4A for rﬁelts at less than 10 GPa to
about 284 for melts at 30 GPa. ‘These observations are interpreted to suggest that in liquid carbon both sp?-
type (graphili;:) and sp>-type (diamond) bondings exist, al‘|d the amount of sp®-type increases with pressure.
Upon quénching, the smaller spherules retain enough of the crosslayer sp? *stitching bonds” to hold the average

002 layer spacing to less lhan_thal in simple graphite. The fact that the larger spherules go to polycrystalline

diamond suggests that a longer quenching time may allow recrystallization to the lhcrmodynﬁmically stable dia-

mond.

In the Bassett and Weathers laser-melting experiments one branch of the optical system monitored the

intensity vs wavelength of the thermal radiation emitted by the specimen region of the sample. By fitting the I

ature of the specimen was

atures the p

() curve obtained to I (A) curves for different black body'

P

obtained with an accuracy of about 300 degrees at about 5000 K. In most of the expari‘ments temperatures
between 5000 and 6000 K were indicated. The experiments that have been done to date indicate Fonglﬂy that

the melting point of diamond increases somewhat with pressure.
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The rcla[ivcl:v recent experiments by Shaner and colleagues [16), |17], usiiig shack compression techniques
have provided some information on. the staﬁility of diamond and the magnitude of its melting temperaturg, at
higher pressuces. In the cxperiments of [16] a special technique was used to mcasure the velocity of sound in
the specimen material while in the hot shock-compressed state. Tn their experiments with carbon the resulis
werc consistent with the specimen remaining as solid diamond in the range of 80 GPa, 1500 K to 140 GPa, 5500

: 3

l . . . i .
indicating that the melting temperature of diamond at 150 GPa must be at least 6000 K

In the work reported in I] 7] in which the electrical resisti < I
Y it
P! the elect ! tivity of the carbou specimen was measured at vari

ous pressures and temperatures along the shock Huogon u 50 GPa, 3600 K, no drop in resis
pressures d peratures along the shock goniot up to GPa, P {

sistance was °

observed that would indicate transformation to metallic solid or liquid,

Taking into accou cse ne P
g 'w experimental results, and an excellent review o the crmodynamlc prope:
nt th | d f th oper

ties of carbon by i 3
n by Gustafson [18), Fig. 2 portrays the author’s preseat concept of the most probable P, T phase
)

‘

dia i
gram for elemental carbon. The diamond phase occupics a remarkably large part of it

LIQUID CARBON

In [1 the anomaly was inted out that liquid [ b()n had been found by card experimenters to bC an HISU-
] y pol l that liquid car! a O y catiy ]

lator at low
pressures (<.02 GPa), but metallic at pressures above 1 GPa. Ferraz and March [19} mad
theorctical study of thi i .
A y of this problem and came up wlxlh the possibility that there might be two liquid phases, insulat

ingand . . S
g nonduclmg, with the metallic liquid phase existing at pressures above about 0.1 GPa

Shaner [20] very reccatly reported on experimcuts usmg elcc(ncal pulse healmg ol" glassy carbon 'rods of ini-
tial density of 1.8 gm/cc in inert gas atmosphercs at pressures up to 0.4 GPa to temperaturcs around 6000 K.
The heating was slow enough to assure constant pressure expansion but fast enough to avoid hydrodynamlc
instabilities in the molten carbon. Electric nesistancc and density were monilore;d The rods C()l;npaclcd to gra.

phite density at abo
y ut 3000 K and then showed a continuous increase in specific volume and a rough constan:
cy

in electrical resistivity of about 1mfl-cm, up to 6000 K.

Very recently som
e ve!
ry prcc:se and complelc experiments on the transient clcclncal resistance hcalmg of

T olytlcally rown hne whxskcm ()f aphite were repo (o eremans, e ] 21], which show definitel that
:4 graphite wer ep rtdbyH emans, et al [ ] y
3 s

Tiquid carbnu is me|
tallic with a rcmtmt
y of about 30uQcm and nearl
ly tempetature mdcpcndcnl Also
their

results uanmallvcly ver T of B“"dy 5] from
q ly the 1963 CSII"S ( ] EWCIII'IICDIS at about 4.8 ('l a in regard to the
B

temperature coefficien of resistivi Y O aphi Of variol rees T
Br ph tes rious eg of crystal pe eciion; the cnl py 0l
u i t of tivity of { d t fecti lh thalpy of solid

graphite at the melting pmm and the heat of fusmn ( ~25 kcai/mnle)

¢

During the last few ycars some very detailed experiments have been carried out by various groups using
lascr puise heating of highly ordered -pyrolytic graphite (HOPG), and of amorphous vapor-deposited carbon

films, to produce transicnt melting, The reflectivity of the irradiated areas were monitored by an optical probe

peam of different frequency. Experimenters using 248 nm, 30 nsec laser pulses, [22,?3,24] observed very

definile and quantitative evidence of melting, but found that ejected material from the irradiated arca fouled
the monitoring beam and made the reﬂcclivil).' measurements unreliable. However the melt dynamics analysis
indicated that the liquid phase had to have a thermal conductivity of a metallic liquid to explain the observed
results [23]. By contrast, other exj)crirnenters [25] tricd using laser pulscs of about 001 the duration (532 nm,
20 psee) of the other group, with (nc intent of getting the cnergy inscrtion accomplisﬁcd and the reflectivity
measured before there was time for cjected matnrinl to interfere. Their results indicated that an ultra-fast
phase transformation takes plncc during the pulse when the fluence rcachesb 0.14 mJ/cm? and that the
reflectivity of that phase is lower than that of the HOPG spccimen. This was opposile to that observed using
{he same system with specimens of semiconductors like Si, and also opposite to that f:xpcctcd for a metallic

liquid carbon.

For such short energy insertion times there are snxne nues(ions about the transfer time of the energy of the
electron system to \he crystal lattice, and about the induced pressure \!vithin the energizcd zone. Rough calcuta-
tion indicates that the transit time of a pressure shock wave through the thickness of the energized region of the
specimen is much larger than the duration of the laser pulsc. In this case the heatmg would occur at approxi-
mately constant volume because there would not be time for the region to expand Using the data from Gustaf-
son [18] on the molar volume of graphite vs pressurc, and Vs temperature, - shown here in Fig 3, - one can

determine the "thermal pressure” genemlcd in thc spcumen for, various allowed (by acceleration tune) amounts

-

P

of thermal bulk ion, AV. For Ic, from Fig. 3 one can see that the thermal cxpanswn produced by

heating from 300 to 4500 K could be cancelled by the compression of about 24 GPa pressure, which would be

the case of AV =0, - that is heating at constant volume. Thus, one can work out P, T paths that correspond to

AV=0, AV=1/2, etc. Figure 4 is the P, T phase diagram of Fig. 2 with aslogarithmic P axis, and on it are
dubbed in the P, T paths during fast energy insertion (as in laser pulsing) corresponding to conditions giving.
AV's ranging from 0 to 0.9. For picnscc pulsc heating, which corresponds to near AV;=0 circumstances, the P,A
T conditions track through the fast graphite-to-diamond reaction region wnerellransl'ormat.ion to diamond

coufd cause the drop in reflectivity and major increase in resistance reported in {25]. 1f the temperature rise

time is such that about 0.9 of the possible thermal expansion can occur then the P, T path would be about as’

shown by the 0.9AV curve. This crosses the melt ine of graphitc to the “metallic liquid, and could account for
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the results given in [23]. The constant pressurc "slow” experiments of Shancr [20] would track, as shqwn, across
the diagram at about 0.25 GPa 10 mecet the graphite melting linc near the Ferraz/March pmpos‘cd boundary
between non-metallic and metallic liquid carbon. A positive slope of the diamond melting line would account
for the 1963 result of Bundy {3] where Lhe frcezing of carbon within a shell of solid diamond at initial pressures
;bovc the graphite/diamond/liquid triple point always resulted in a mixture of diamond. and gl"aphilc‘cryslals.
With the liquid less dense than diamond freezing would cause lowering of the local pressure into the graphite

stable region and graphite crystals would grow.

- APPROPRIATE NEW EXPERIMENTAL WORK

In the author’s view the areas of high temperalure behavior of carbon that necd particular attention are: (i)

the slope of the diamond melting line, and (ii) the nature and character of fiquid carbon. Are there two liquid

phases, one metallic and the other non-metallic?

Determination of the melling line of diamond can probably best be accomplished by refining experiments of
the type referred to in [14], [15] and [16]. Determination of the character of liquid carbon will requirc great
refinement of experiments of the type referred to in [16] and [19]. These goals are now within sight, and it'is

hoped that they will be reached.

References
1. Bundy, FP, "Behavnor of Carbon at Very ngh Pressures and Tcmpcralurcs , Koninkl.Ncderl. Aka-
demle van Wetenschappen-Amsterdam, Pr dings, Scries B, 72, No. 5 (1969), pp 302-316.
‘2, Bundy, F.P, Bovenkerk, H.P, Slmng, HM, Wenlorf R.H. Ir, "Dlamond -Graphite Equilibrium me .
+ for Growth anq Graphitization of Diamondf‘, J. Chem. Phys. (1961), 35, No. 2, 383-391.
3, -Bundy, F.P., Duect Convcrsnon of Graphuc to Dlamond in Static Pressurc Apparalus J. Chem. Phys
(1963),38 No.3 631-643. ’
'4;, Kennedy, CS md Kcnnedy, G.C,,."The Equilibrium Boundary Between Graphite and Diamond", J.
. Geophys. Rcs. (1976), 81, 2467-2470.
'
5 Bundy,FP 'Melting of Graplme at Very High pressure”, J. Chem Phys. (1963),38 No. 3, 618-630.
-6

i Fateeva. NS and Vereshchagin, LF "The Mclnng Lme of Graphite at ngh Pressure”, Pnsma Zh
" Eksp. Teor. Fiz. (1971) 13, 157-159

330

TN

et

10.

11,

16

17

-
I

19,

e e — — . — »HAWMMM,«______ I

Bundy, F.P., Kasper, 1S, “chagun#l Diamond - A New Form of Carbor”, J. Chem. Phys. (1967), 46,

No. 9, 3437-3446.
Van Vechten, J.A,, “Quantum Diclectric Theory of Electroncgativity in Covalent Systems. Iil.
Prcssurc-Témpcralure Phase Diagrams, Heats of Mixing, and Distribution Coefficients”, Phys. Rev.

(1973), B7, 1479-1507.

Mao, HK. and Bell, P.M,, "High-Pressure Physics: Sustained Static Generation of 1.36 to 1.72 Mega-

bars", SCIENCE (1978}, 200, 1145-1147.

(,octtel, KA., Mao, HK,, and Bell, P.W., "Generation of Static Prcssnrcs above 2.5 Megabars in a Dia-

mond Anvil Pressure Cell" Rev. Sci. Instr. (1985),56(7), 1420-1427.

Yin, M.T. and Cohen, M.L,, "Will Diamond Transform Under Megabar Pressires?”, Phys. Rev. Ltrs,

(1983), 50, 2006-2009. '

Biswas, R., Martin, R.M,, Needs, R.J., and Niclson, O.H., "Complex Tetrahedral Structurcs of Silicon

and Carbon Under Pressure”, Phys. Rev. B (1984) 30(6), 3210-3213,

Grover, R, "Daes Diamond Melt?", J. Chem. Phys. (1979), 71, 3824-3829.

Pavlovskii, M.N., "Shock Compression of Diamond”", Sov. Phys. Solid State (1971), 13, 741-742.

Bassett, WA, and Wcatl;crs, M.S., "Mclting of Diamosid at 30 GPa", Bull. Amer. Phyﬁ. Soc,, (1987), 32,
No. 3, p. 608, Abs. of Paper GS6. . ‘
Weathers, M.S. and Bassett, WA "Mc!ling of Carban at 50 to 300 kbar”, accep(ed for publication’ in

Phys. and Chem. Mincrals (1987).

Shaner, J.W., Brown, J. M., Swenson, C.A;, and McOueen, R.G., "Sound Velocnty of Carbon at High

Prcssures J.de Physxque, (1984), 45, C8, 235-237.

Mitchell, A.C., Shaner, J.W. and Keeler, R.N,, "The Use of Electrical Conductivity Experiments to Study -

the Phase Diagram of Carbon™; Physica (1986), 140B, 386-389.

Gustafson, P., "An Evaluation of the Thermodynamic Propertics and the P, T Phase Diagram of Car-.

bon”, Carbon, (1986), 24, No. 2, 169-176.

Ferraz, A. and March, N.H., '"Liquid Phase Metal-Non Mcu.xl Transition, in Carbon”, Phys. Chem. Liq.
(1979), 8, 289298,

331




21.

Shaner, §.W., "Equation of State and Electsical Conductivity of Carbon Pulse Heated to 6000K", Bull.

Amer. Phys. Soc., (1987), 32, No. 3, 607-608, Abs. of Paper GS4.

Heremans, J., Olk, CH., Eesly, G.L., Steinbeck, J. and Dresselhaus, G., "Observation of Metallic Con-

ductivity in Liquid Carbon", submitted ta Phys. Rev. Lett. (1987).

G., Dresselh

Venkatesan, T., Jacobson, D.C., Gibson, J M., Elman, B.S., Br

D, 1h

, G, "M of Thermody

and lon Channeling *, Phys. Rev. Lett. (1984), 53, 360-363.

Steinb: M.S., Venkatesan, T., Jacobson, D.C., "A Model for Pulsed

k, J., Br

in, G., D Ik

Laser Melting of Graphite®, J. Appl. Phys. (1985), 58, 4374-4382,

Dijkkamp, D., Venkatesan, T., Wu, X.D., Steinbeck, J., Dresselh M.S,, and Dr th G., "Time-
Resolved Reflectivity and Transmission Study of Pulsed Lascr Induced EQapom(ion Dynamics of HOPG

and Carbon Films®, Bull. Amer. Phys. Soc., (1987), 32, 608-609, Papcrs GS10, GS11, GS12.

Malvezzi, A.M., Bloembergen, N., Huang, C.Y., "Time-Resolved Picosecond Op_lical Mecasurements of

Laser-Excited Graphite®, Phys. Rev. Lett. (1986), 57, 146-149.

332 -

M.S., and

ic Paramelers of Graphite by Pulsed-Laser Mclting

Fig 1.

LIQUID

DIAMOND

LIQUID

GRAPHITE
i S
2000 3000 - 4000
T(K)

"Old" P, T phasc diagram for elemental carbon showing: (A) region for catalytic !ransfor@aﬁdn of éﬁ- )

ol— . i
0 1000 5000

B

m

phite to diamond; (B) region of spc fast graphite-t ndl; (C) région of spontancous fast
} N ]
diamond-to-graphite; and (D) region of spontaneous slow martensitic transformation of hex graphite to

hex diamond. " ~

333

T;«a, i




. 200 . , l -
150+
DIAMOND
P

(GPa) 100 |-
50 -

. ’ D - . i v‘.\>,:>

NS A g~
og-'——r-'ﬁ““r' GRAPHITE
-0 2000 4000 6000
| Tk

. ‘Fig. 2.

Most probable P, T phasc hd reaction diagram for elemental carbon as of May 1987. (A) Region ofi

catalyst/sqlvent diamond synthesis from graphite. (B) Region of fast spontaneous graphite-to-diamond

transformation, (C) Region of fast spontancous diamond-to-graphite transformation. (D) Region of mar-

tensitic transformation of hex graphite to hex diamond.

© 334

| L TK)
300 . 1000 2000 3000 4000
63— T ‘ T T T T T T L
61}
59|
57 | ~
| ~ THERMAL
2 55| -~ BULK EXPANSION _
o B . .
£ » - ' |
N
En 53 _
o 51 : ) - -
| 49\ - BULK B
| : COMPRESSION
47+
45}
. 43+
S 41 - i : 1 . l
0o 10 20 30

P(GPa)

Flg 3. Bulk thermal cxpansion and pressure compression for grzﬁhitc from Gustafson [17}.

335




vi 0,000 ‘ ! T
1Q00 —
100

10

(GPa)
1.0

DIAMOND

DIAMORD FORMED OF ORGANIC COMEQUNDS

E.N.Yakovlev

The L.F.Vereshchagin High Pressure Physics Institute
Academy of Sciences of the USSR, Troitsk, Moscow Region,
USSR -

Today the main part of diamonds used in industry is manufac-
tured synthetic diamond, made from graphite by the solvent-cata-
lyst process at high pressure. Not only graphite but several dif-
ferent carbonaceous materials can be used to supply the carbon
for diamond synthesis in the solvent-catalyst process: wood,coal,
butter ... etc [1/.

Method of producing diamond by converting substances into

(kbar)

- diamond had been proposed
nay J.B. /2. But only in
ganic compounds transform
150 kb), high-temperature

one hundred years ago in 1880 by Hen-

1965 R.H.Wentorf /37 had found that or-
to diamond. In his high-pressure (up to
(up to 3000 %C) experiments Wentorf stu-
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Y4 ,
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Fig 4. New P, T phase diagram of Fig. 2
specimen would take during fast

means heating at t

T(10°K)

wnth logpnthm:c pressure axis. Dubbed in arc P, T paths a graphitc

eaergy insertion with various conslramts on bulk expansxon 0 AV
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died the pyrolysis of hydrocarbons and carbonaceous materials:
naphtalene, anthracene, polyethylene., Most of these ylelded dia—
mond some of these yielded graphite.

The diamond formed by pyrolysis of organic compounds [3] was
white, resembling paraffin wax in appearence and mechanical pro-
perties, : '

In our experiments under high pressure and high temperature
[4~6] we investigated hydrocarbons (C H ) and carbohydrates

(CnHmop) including substances mentioned in /[2].

Figure shows typical diamonds from these substances. The
crystals are 1-200 fum  in size, mainly 5—20/um in size.

Most of the diamonds obtained in the above mentioned experi~
ments were the polycrystalline aggregatés (druses), The separate
monocrystals of the druse were often in the form of octahedron anc
plate (see Figuré&).Usually the diamonds were transparent colour-
less, bluish, yellowish, greenish crystals depending on the start
ing material, The small crystals of diamond incorporeded into dia
mond during the growth were the only type of inclusions into the
diamond. The main parf of the crystals were twins, The isometric’
shape of the crystals appeared very seldom. The dark and skeletal
crystals were absent but such type of crystals was often generate
in the éolvent-catalyst process from graphite [7/.

The Figure is given at the end of the book.
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X-ray data indicated that the products of reaction were dia-
moud, diffraction lines were narrow /[4-6]. The graphite appeared
in the products too and was detected by its X-ray diffraction -~
pattern.

The yield of graphite increases with the decrease of P-T pa-

rameters, Under low pressure and temperatures the organic subs-~

[aidit]

tances whatever its nature was formed diamond. I is necassary to
note that this result is different from the results by ¥Wentorf /37,

In his experiments the compounds such as naphtalene, antracene...

which contain aromatic ringe favour the formation of graphite., On
the basis of these results Wentorf /3] made the conclusinn that
the amcunt of-diamond in the synthesis strongly depends on the

structure of starting materials.

With general peint of view the structure of the starting ma»‘
terial is very important for the parameters of diamond forming but
in our experiments we didn’t establish the connection between the
type of the chemical bond of the nydrocarbon and the yield of dia-

mond .,
The diamond synthesized from hydrocarbons (without catalys?®
metals) were investigated by ESR method [E]QATHG paramagnetic

nitrogen content is relatively low (1018 cm™ 7Y, The ESR signal we-
re only from the nitrogen atoms. The ESR charscteristics of the

wal dia-

dizmonds formed from hydrocarbons were closer tc.the pa
monds than to the diamonds generated in the solvent-calalyst pro-~
cess from graphite, The ESR line of the nitrogen with AH=3-4
had-been found only in the natural diamonds and in the diamonds
formed from hydrocarbons.

On the basis of these experiments the authors of (B8] had
proposed that the diamond forming‘from hydrocarbons is similar to
the natural diamond. )

The multiformity of hydrocafbons and carbohydratez allows
us to hope for the obtaining of diamond with a wide spectrum of
physical properties. We are at initial stage of the study of the
forming process and properties of such diamonds, By now was esta-
‘blished, that the electrical resistivity of these diamond is more
than 1010 Ohm-cm, that after heating to about 1200 °C in inert
atmosphere these diamonds didn't change the mechanical properties

but the diamonds obtained in catalyst process after the same heat-

ing were too weak.
The obtaining of diamond from organic substances without ca-
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talyst metals is very important for the better understanding of

“diamond-growth mechanism particularly in the nature and for the

practical applications in future.
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KINETICS OF THE GROWTH OF DIAMOND CRYSTALS UNDER HIGH.
PRESSURES o

D.V.Fedoseev, B.V.,Derjaguin
The Institute of Physical Chemistry of the USSR Academy
of Sciences, Moscow, USSR

Two steps may be identified in the diamond synthesis; namely,
~ nucleation (the formation of nuclei), and the growth of crystals
proper. In accordance with the colloid theory of diamond nuclea-
tion in the range of its thermodynamic stability /4,27, the dia-
mond nuclei are formed through a solid-phase transformation of
graphite crystallites that convert into a metal melt, when a
starting carbon material is dissolved (under dissolution).

The amount of work required for such a transformation may
be represented as follows:

U ® Upgm | M
where F 18 a function dependent on the surface energies of dia-
mond and graphite, the value of F decreasing as the contribu-
"tion of the prismatic faces of a graphite crystallite to its to-'
€2l surface increases; and Uhm“is the amount of work, required
for the formation of a critical nucleus.

We note that no suppositions on the saturation of a metal
melt by carbon has been made in deriving formula (1).
A difference in chemical potentials, AP , between diamond
and graphlte may be representpd in th= following form: '
P

by = j(vd-vp‘,dP (2)
Pe '

where Pe 18 an equilibrium pressure at a given temperature' P
is a synthesis pressure; V¢ and V@ are the atomic volumes of
diamond and graphite, depending on a pressure applied. Hence, the
metastability of graphite with regard to diamond at P7f334 is
determined by the fact that graphite is compressed by @ pressure
applied. The presence of a metal melt facilitates the initial
step, formation of nuclei. Note that the diamond nuclei formed
may be found in a nonsaturated carbon solution, these nuclei un-
“ergoing gradual dissolution,
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Moreover, the solid-phase transformation of a graphite crys-
tallite into a diamond nucleus is most likely to take place Just
in a nonsaturated solution.

In Yu,V.Naidich et al.'s works it has been shown that the
contact angles of wetting graphite and diamond by molten mekals
to be used during synthesis of diamond, increase as the molten
metals are saturated by carbon /37. Now, for example, at a tempe-
rature of 1550 °C the contact angle of pure iron with graphite is
equal to about 17°; yet the contact angle becomes equal to about
980, when it is saturated by carbon up to about 21 at.% - that is,
a substantial increase in the .interphase energy occurs. The ratio
of the surface energies of diamond and graphite remains practical-
ly- invariable when a solution is saturated, Therefore, in formula
(1) the value of F does not change. However, since the work in-
volved into the homogeneous formation of a critical nucleus (the
first cofactor in formula (1)) is proportional to cube of the
surface energy, the value of Upgm may vary by an order of magnitude,

Therefore, graphite crystalliteé will most likely transform
into a diamond nucleus at the initial step of synthesis process,
when the metal melt is not yet saturated by carbon, with regafd
to graphite (and is not supersaturated with regard to diamond).
The number of crystallization sites formed in the system will be
determined just by that step, while the nucleation rate will
further decrease drastically. This has been corroborated\by many
works on synthesis of diamond and cubic boron nitride [h,57.

The number of crystallization sites depends on the graphite-
-metal contact,Surface, on the structure of the starting coal- .
-graphite material, and on the preliminary saturation of metal by
carbon [7]. Thus, the nucleation step may be controlled, not only
by varying the preset values of temperature and pressure, but al-

"so by changing the dispcrsity and properties of the startlng co-'

al-graphite material and metals,
) The undissolved diamond nuclei will further grow from a so-
lution of carbon in molten metal, which is supersaturated with re-
gard to diamond. In a general case, the crystals growth process
comprises the steps of dissolution of graphite, diffusion of car-
bon toward diamond, and the growth of its. faces,

‘ Owing to transition of graphite into & denser phase, diamond,
the pressure in the synthesis chamber decredases, since the volume |
of the reaction spacé remains.invariablec Pherefore
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Mp"# MP * M*:

CMpe My, Me '

P Pr Px

where MP° is the initial mass of graphite having a density of
b ! M is the mass of graphite having a density of P‘ '

which has remained on the formation of My diamond; P¢ is the

diamond density, From these relationships, it follows that

My« My L0 P

0 -

» ﬂ\'fp P
The maximgm value of M, 1is attained, when, owing to a chan-

ge in pressure, the density of graphite becomes equal.to /3¢ N

i.es, the density under a pressure Pe . Since

(3)

h 3
Mam * 482, pul,
where meis the maximum size of a diamond crystal (in the assump-

tion of monodispersity of crystals that are assumed to be spheri-
- cal in shape), N is the number of crystallization sites, then

23 . MPo . PP»I'.PM

m” T (4)
15PN PacPre
The ratio .
22 (P PR)(Papp) Pa-Pp
| U (PromProd(Pu-Pae) ) PuPpe
" siuce the ratio may be written in the following form

__/2__5_ < - Pp '..PM . ' :
—_— _ (5)

Um .PPo-.PFe

Since the gréphite’density dependsvpractically-1inear1y on
pressure within 2 narrow pressure range, P"Pe s Lhen ’
) . (A . _
P-Pe * (Po-P)(I->1) = ()

Here Ps 1is the initial pressure of synthesis.

The formula for diamond crystals growth kinetics always in-
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S A

cludes a difference in the equilibrium concentrations of carbon
over graphite and diamond, AC . Since the pressure in the sys-
tem varies, then, while taking into account EQ.(7), we have

. 3 : ’
(4 . %
sc=ats(Im5) (7
where A(g corresponds to the initial pressure.
At PPy , the ratio 5 -= 1, and a difference in equi-

iibrium solubilities AC - o.m
Generally, when carrying out investigation of the diamond '
growth kinetics, the dependence of the following form is obtai-

neds: ‘di . : .
5 Ik, e, v (8)

where K\ - are the kinetic constants of diamond growth, graphite
dissolution, and carbon diffusion in molten metal.
If Eq.(7) is taken into account, the crystals growth kine-

tics 1s determined by the following relationship:

k3

e
o o)

ACot. o 9)

The limiting‘stage of sYnthesis process will determine a
specific form of dependence of a crystal size on the synthesis
time, : ' : '
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MARTENSITIC TRANSFORMATIONS IN CARBON AT HICH PRESSURES |

A.V.Kurdyumov
Institute for Materials Science Problems

Academy of Sciences of Ukrainian SSR
Kiev, USSR

At high pressures direct graphite-to-diamond transformations
can have either martensitic or diffusion nature. Martensitic mecha:
nism is characteristic at relatively low temperatures (tOerOOO Ky
diffusion mechanism is typical for highér temperatures and also for

low-crystalline original structures /[1,2/.

It is found. /2,47 that the first stage of martensitic diamond
formation is the transformation of graphite ipto lonsdaleite, Be-~-

ing a metastable high pressure phase; lonsdaleite transforms into

the stable phase - diamond. The succession of martensitic transfor-
mations graphite —» lonsdaleite—s diamond takes place as in sta-

tic compression so in shock compression,

The regular mutual orientation of lonsdaleite and graphite
(100), ]| (001),, [1070]4 |l [0001]g (1)

was firstly obeserved by means X~ray study of samples prepared by
high static pressures /57. We observed the orientation (1) when

studying<the shock compression products of graphite using transmis-
sion electron microscopy methods (Fig.1*),Therefore, crystallogra-
phy of graphite -»> lonsdaleite martensitic transformation in sta-
tic and shock compression conditions is the same. From relationship
(1) it follows that during graphite —» lonsdaleite. transformation
the (Q01)g planes are changed into the (100)l planes. For the first

time 1t was noticed by Lonsdale [67.

The graphite —».- lonsdaleite transformation pattern allowing
for relationship (1) was suggested in /7/. This pattern provides
for the formation of an intermediate graphitelike structure with
layer scquence ADAD (Fig.2), compression siructure ADAD along ¢
axis and splitting or flat (001)g layers into two planes (100)1,

. The formation of the intermediate ADAD structure as shown in Fig.2,

results from homogeneous shear of rhomboﬁedral graphite lattice -
with ARCA layer sequence through an'ahgle of 12°,

The study of $amples prepared using shock (3] and statie [47
The Figure is gilven at the end of the book ‘
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compression methods showed the lonsdaleite = diamond transforma-
tion to be of martensitic nature also. Bgtween these phases the
orientational relationship takes place B

(111)y ﬂ (001), . [112] d|r[1o?q}i3 (2)

Electron diffraction pattern with [112Q]1 Il [11Q]d zones axes
(Flg.g) allows to observe seme important fegtures of both pha-
ses. Using the dark-field images we determined the crystal blocks
dimensions being 4-5 nm for lonsdaleite and 10-15 nm for_diampnd.
The lonsdaleite hol reflections are broaded into diffuse hol
streaks, which are caused by one-dimensional disorder of its
structure. ) ‘

The formation of new diamond portions with the increase in
compression temperature is accompanied by relaxation processes of
polygonization, recrystallization and qne—dimensional ordeﬁipg of
diamond structure., While this long-period polytypes are formed.

So marténsitlc graphite — lonsdaleite — diamond transfor-
mations are realized bty formation of the intermediate ADAD struc-
ture and long-period tetrahedral polytypes. The ADAD structure
wos observed while studylng martensitic transformations in boron
nitride [8/.
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Fig.2. Homogeneous shear of rhombohedral : :
graphite ABCA lattice
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Jlattice as a reéult of the shear, & e s egr, c_ ADAD
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THE THERMODYNAMIC FUNCTIONS AND THE REGIONS OF P-T STATES
OF DENSE CARBON AND BORON NITRIDE MODIFICATIONS

V.D.Andreevl, A.B.BochkoZ, V.R.Malikl o
IInstitute for Superhard Materials, Academy of Sciences
of the UkrSSR, Kiev, USSR ‘ '

2Institute of Materials Science, Academy of Sciences of
the UkrSSR, Kiev, USSR )

For the first time the thermodynamic functions for boron ni-
tride end carbon were defined in the temperature interval of 300
to 4000 K by a computational procedhrewhichwas impossible in the’
previous empirical approach. This involved the application of the
theoretical functions from /I,2,3/. There the temperasture depen-
dence of the heat capacity is characterized by a sum of two Debye
functions that reflect the contribution of vibration modes of
different characteristic temperature into the heat.cgpacity. The
above-mentioned theoretical functions makelit possible to calcu-
late the thermodynamic function without allowing for the anharmo-
nic effect in the temperature range rather wider one than that
wherein +the initial experiments were conducted. It is sufficlient
for their computation to define Debye characteristic temperatures.
One of the procedures of their calculation using experimental en-.
thalpy data is described in /47, Bésides, this work contains the
majority of known experimental snd theoretical datawhich enables
to compare various methods of the thermodynamic functions charac-
terization. for carbon and boron nitride. ' S

The specific heat capacity of graphite and graphite-like bo-

ron nitride was calculated by the eguation /27

q
2 o/ 8, Lo (85 |
where Gd ’ @c are the Debye temperatures thet correspond to vi-

brations parallel (axis a) and perpendicular Kaxis ¢). to base

planes of graphite and g-BN lattices: R is the gas constanty T is
the absolute temperature.
" For diamond and sphalerite (wurtzite) -~ like BN:

Cys 3,RD(%>' | @
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‘ In the calculations the following magnitudes of the Debye
temperatures were usedt 8 8-2300 K, g =800 K, v9d=1850 K, .
8 c . = ; =
o gBN =2100 K, gen=720 K, gy =608 K, @ gy =I580 K.

According to-/3/ the Dﬁpye Ffunctiont

. T3 3d ) : : .
D(@/T)=%3—J i‘? 3 O

was calculated by two equations:

for up to I500 K

o622 (85 24l D S ) BT

for above I500 K
Kk
, B2 ,
__f__:L____;<fi> (%)
ko (2Ke3)(2K)AT /O |
whe re B2K are the Bernoulli's numbers.

The specific heat capacity, C_, was calculated by the semi-~
emp.irical formula deduced by Nernst and Lindemann /1] and taking
- int» account the equations (I) to (5). . S

‘ It was the .first case of applying the temperature functions
of the linear oxpansion coefficient and that of volume compressi-

. bility in the calculations. < - ,

- The graphite~diamond, g-BN-sBN and g~BN-w~BN equilibrium 1i-
~nes were defined on the M-4030 computer. The results obtained

that conform we}l with the experimental data are given in Fig.I.

' The problem of the isothermal carbon compression within the
entire temperature. range of graphite and diamond existence (T=0...
+++4000 K) was solved by the method of potentials of interatomic

" interactions for covalent and Van der Waals forces /%/. The fol-
lowing expressions were used for the potentials:
of covalent forces: ¢ m 6. nq
Soorsf 2 () ()]

of Van der Waals forcast

I ST R .
u(v)=Ar v cexp(-pe)
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-The theoretical compression isotherms exhibit the minimax
character similar to that of Van der Waals ones for the gas-l1i-
quid system (Fig.2). The points of intersection of the graphite
isotherm with that of diamond when superimposed on the (P,T)-dia-
gram are located.on the graphite-dismond equilibrium line defined
by the thermodypamic calculations and the points of maxima form a
line of barrier for the direct transformation which conforms well
with the experimental data.

The established force barrier line of transformation has a
corresponding energy barrier equal to I34.7 kJ°mol"I at T=0 and
lowering tc 50.8 kJ'mol_I at the triple, point. Considering then -

. the presence of the thermal enmergy {* ICVdT in the system one

can conclude that the numeric data obtgined satisfy the energy
condition of the’§¥aphite-diamond transformationA(Es_bda:Espg*sp3=
=62,8-7I.2 kJ*mol A) related to the necessity to translate carbon
atoms from sp2 to sp5 excitation state.
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that high pressure kinetics yielding the velume of activation can

help to locate the transition: state along the reaction axis [3] .

Actually, the volume of activation AV*'must be compared to the reaction

volume AV . . ) . _ )
As shown on the above chemical equation, the ene reaction invb]ves"

hydrogen transfer from the atom Z to the atom D, the migration is thus

termed as a Z--H--D transfer. -

EFFECT OF PRESSURE ON PERICYCLIC REACTIONS
WITH SPECIAL EMPHASIS ON ENE REACTIONS

G. Jenne}' )

Université Louis P a) C--H--0 hydrogen transfer |

A typical reaction is the addition of an activated carbonyl bond
{enophile) to C=C double bonds. It is evident that these reactions occur
readily when the enophile is substituted by electron-demanding groups °
and the ene component by electron-releasing groups {E =EC02R) :

asteur, EHICS, Strasbourg, France

Introduction » d y '

. Pl . . te . - E

i forming and bond preaking has fascina (/ E |

T}je mechamsn’\ of bond sure wgs found to exert a deep influence + \( v ’ I B oH
generation of chemists. Pres . RI/CH\H 'o | . ] »

tions were particularly co

all bonding changes The pressure study yielded the data listed in Table 1 [4] . The comparison

of AV* with AV (e.g. the 6 -value) is self-evident. The §-values are
consistent only with a concerted mechanism : the transition state is
structurally similar to the product. If an intermediate were invdlved,
the @ -value would. experience much lower values. Interesting addi tional
information can be deduced from the activation volume data. |AV¥[ is.
higher than JAV| in most cases. Such a situation would mean that the
transition state is more compact than _the final state and, in fact, was
also found in some Diels-Alder reactions involving transition states
stabilized by secoridary orbital effects. The present ene reactions are
undoubtediy related with a tight transition state involving angtﬂar
hydrogen transfer. : : ' '

_ on both processes. Pericyclic reac

These reactions involve transition states wherein

occur on a closed curve.
The kinetic pressure

effect in these reactions is usually strong

provided full concertedness (e.gd. simultaneity of a1.1 bond events);'

The most outstanding example is represented by the Dxe]s—A]der.reac. ion

whi‘ch has, been extensively studied by means.of high pressuret k1net1§sh[2]

either from the mechanistic standpoint [1} or viaa synt:het1c approac .
A less studied class includes the ene reaction which presents

v -Alder addition, except that it cannot have

¢ycloadditions. The reaction consists

on of the ene double bond, aHyHc

onent with transfer to the enophile

somé analogy with the Diels
elements of symmetry Vike [a+2]
in a multicenter addition with migrati

hydragen abstraction from the ene comp ‘ s
and creation of a new bond at the unsatura:ted terminl 2

X ’ X
D 4 D

'b) 0--H--0 hydrogen transfer .
A representative example is the addition of mesoxalates to a
carbonyl bond (E = CO,CH) ' ' :

y N ‘ » | ) _ |
~H H” - CH, ﬁ 2 ~c=o CH, _CH ,

The process understands brgakmg of the Z-H bond and formation © CH; P ‘___‘_/b « _e°=0 < ,C<
P . CH, OH . - : g B DoH

new bonds X-C and D-H..

The pressure study yielded following data {51: AVF= - 30 cm o1 ”! ,
aid @ = 0.88. In this reaction, § is stightly smaller than unity,

. | . '. )
1. Mechanistic considerations
- . however, the transition state is still close to the product. As a conse-

The mechanism Ao-f the ene reaction is of c‘o_nsiderable importance.

'Does'the reaction proceed via a pericyclic transition state ? Does it rt
im.lo‘lve intermediates and if so, what are the intermediates ? One way do
_opproach the problem is now well assessed. Numerous studies have showe
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quence, the breaking of the first 0-H bond and the formation of the
second H-0 bond should occur in a nearly concomitant way.

c) "C--H--N fiydrogen transfer : -

Diazene esters are strong énophi]es reacting readily with any
olefin. Pressure kinetic ana]ysés were effected with cyclic olefins [6]
(Table 2) '

| N 0k _CO,R
e, d | P N
N 2, N
<N Neor = P
H T2 CO,R

As immediately observable, these (C--H--N) ene reactions exhibit a
different pfessuré-behavior. The @ -values stand back from unity,
méaning that the reactions are less sensitive to pfessure. The most
economical explanation would consider a sequential mechanism, for example
the diradical pathway which would nicé1y accommodate the volume data.
This mechanism would certainly apply to the cyclopentene and cyclohexene
reactions ( # is 0.68 and 0.58 respectively), whereas higher.cycloalkenes
would react according to pathways in the borderline region of competing -
concerted and two—stép mechanisms .

As a conclusion, a concerted transition state is normally preferred
for ene reactions. However, as inferred from the activation volume-data,
the mechanism can range from a rate-limiting hydrogen abstraction throudh
" a spectrum of concerted reaction to rate-limiting biradical formation.

11, Synthetic considerations

The energy requirements for the ‘ene reaction make the thermal
uncatalyzed reaction a poor-yielding preparative procedure, uniess tempe-~
rature is raised over 150-200°C. The reaction, however, leads in these
conditions to unwanted side products.

As examplified in the first part of this paper, concerted ene
reactions are characterized by high negative values for the activation
volume. Consequently, high pressure may direct the ehe reaction toWard .
the desired path. An .early pressure application was made by @ladysz [7]
demonstrating the beneficia) effect of pressure on P -pinene ene .

.
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E ' : E
p —
. ' == intramolecular .
E fo] . - F

reactions : egcellent yié]ds of the ene product were obtained (75-100 %)

with full selectivity. The scope of the reaction was extended by applica-

tion of both pressure and temperature in a flow apparatus : toluene reacts

with the unactivated cyclohexene to yield the ene product [8] .
Cycloheptatriene enters several types of reactions depending on

the second addend. With homonuclear bonds, it reacts mainly according

to a [4 + 2] cycloaddition (norcaradiéne,adducts). With heteronuclear

bonds, the ene reaction competes with the cycloaddition. Since the

volumes of activation for both processes are of the same order of

magnitude, high pressure cannot differentiate the reactions. Nonetheless, :

it was found that pressure has a considerable effect on, the reaction

sequence as illustrayed below [9] (E = COZCH3) : ’

tntermotecular [4 + z] ’ ;E
) : e

g

+
mog—m

[:.J shivft‘] l

&
%

Under high pressure, only the norcaradiene adduct 1 is obtained via
inter- and intramolecular [4 +'2] cycloaddition, while at atmospheric
pressure, 1 and 2 are produced in a 2:1 ratio.

With the carbonyl bond activated by ester groups (mesoxalates),
cycloheptatriene reacts only under high préssure}to yield the ene
product in 72 % yield [9]. :

Reactions of 2,5-dimethylfuran or-thiophene with activated
carbonyl compounds at 800-1000 MPa give.adducts 3 presumably via an
ene mechanism [10] .
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Table 1.

Pressure effect on (C--H--0) ene reactions {volume data calculated .

" for 25°C)
Alkene R w2 | av? | P
1-Hexene -~ CH3 - 28.4 = 27.0 1.05
2-Methyl-1-pentene - CH3 - 26.2 - 26.5 0.99
2,4,4-Trimethyl-1- . CHy -.32.0 -30.9 . 1.08
) pentene - : : o
2-Ethy1-1-butene " CHy =389 . -33 1.2
2,3-Dimethyl-1-butene CH, -33.5 .. -31.9 1.05
(E-pinene C G - 29.2 - 28.0 1.04 -

.a The volumes are given in en®.mo1 ™!
B0 is the ratio  AV¥: av

Table 2.

Pressure effect on (C--H--N) ene reactions (volume data calculated’
for 25°C) o

Cycloalkene . avF o 0

’ en®.mol ! e mo1 ) .
cyclopentene - o -23.v 7 - 33.9 0.68 N
- cyclohexene . -19.7 -3 . 058
cycloheptene - 25.8 -3 - 0.76
cyclooctene ) . =-26.9 . -34 - - 0.79
cyclodecene - - 26.4 .- 34 . 0.78
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THE CAPILLARY PHENOMENA AND THE GRAPHITE-TO-DIAMOND PHASE

TRANSFORMATION IN THE PRESENCE OF METAL MELTS ~

Yu.V. Naidichl, A.A. Shul’zhenko?, A.V. Andreyev’,

O.B. Loginova1, V.M. Perevertailo’

1Institute of Materials Science .Problems, Academy of Scien-
ces of the UkrSSR, Kiev, USSR

21nstitute for Superhard Materials, Academy of Sciences‘of
the UkrSSR, Kiev, USSR

To study surface and contact properties in the interface
between multicomponent metal melts and diamond (graphite) is im-
portént both from the point of view of a further development of
the physicochemistry of surface and capillary phenomena and for
gaining a more deep insight into the mechanism of graphite-to-dia-
mond conversion in the presence of metal melts.

The surface and adhesion properties were defined in this
work by the "sessile drop" method in & vacuum of 16' Pa., For the
Cu-Mn-graphite system the wetting angles were defined under high
pressure conditions by a purpose-devised technique based on the
fact that an equilibrium shape of a melt drop lying on a graphite
substrate placed into a high pressure cell had been formed in an
inert liquid medium (flux melts) under uniform pressure, As a so-
1id phase the MII-6

amond ( (1I11) face) were used.
The concentration dependencies for the wetting angle obser-

ved when graphite and diamond. interact with binary alloys Cu-Mn
and Ge-Mn are shown in Fig.1. The analysis of the curves obtained
shows that manganese in an alloy with copper is an adhesion-acti-
ve component in respect to graphite both under vacuum and under

“high pressure. The adhesion activity of manganese grows with pres-

‘sure (the wettability improves).

The results of studyling the capillary properties of the melts

under investigation in respect to graphite and diamond were com-
pared with the degrees of- graphite-to-diamond conversion in the
presence of the same metal melts, Fig.2 shows curves for the con-
centration dependency of the adhesion tension and the degree of
graph[te—io—diamond conVersion in the process of diamond synthe-
s1s using Cu-Mn and Ge-Mn alloys.
In the Cu-Mn cystem a rather high degree of the graphite

wetting 15 attained at Mn content of 20 to 30 mol ¥. At the san
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graphite and single crystals of natural ai-

SRR

time the degree of graphite-~to-diamond conversion in the process
of synthesis is substantial and amounts to 33 to 36%.
In Ge alloyed with Mn_a high degree of graphite and diamond !

. wetting is achieved by an increase of Mn concentration in the al-

loy up to 70-80 mol %. It is these contents of* manganese in gerina
nium that lead to the degrees of graphite-to~diamond conversions
in the presence of these alloys which are closer to those definec
for the Cu-Mn alloys containing 20 to 30 mol % Mn.

As is seen from Fig.2, various alloys (Cu-Mn and Ge- Mn) con.
taining inequal amounts of Mn but having equal adhesion tension :
given synthesis parameters provide close values of the conversio
degree, One should also note a sharp rise in the degree of graph
te-to-diamond conversion in the presence of the Ge-Mn alloys at
60 to 70 mol % concentration of Mn, i.e. in the region of a shar
inciease in the wettability of graphite and diamond by these all
ys. The degree of convéersion rises approximately by a factor of
despite the .fact that the melting temperature of these alloys;

'higher in this .concentration range by almost 200 °c.

) The adhesion properties and the diamond synthesis process
re also studied using germanium melts containing nickel, mangane
chrome, vanadium and titanium as additives. Being inactive in re¢
pect to carbon germanium acted as a solvent for refractory trans
tion metals and allowed to produce alloys of different wetting ¢
lities and energies at the intenféée with diamond and graphite,.

Thus, it became possible to use for the dlamond synthesis f
se melts which equally wet graphite and diamond'but due to the
troduction of various transition metals into the melt are chara
terized by dlfferent Gibbs energy values for the metal- carbon
action (by a different-forming ability). The magnitude of this e
gy for metals used in this work increases from nickel to titani

The concentration dependencies oflwetting angles found in
interaction of graphite with germanium alloys,containingvarioué
adhesion—active'metals are shown in Fig.3. Pure germanium jis in
tive in respect to graphite and diamond surfaces (the wetting &
les are 147° and 145° respectively), which is defined by weak j
sical forces of interaction between -these phases. The affinity
metals to carbon increases in a row from nickel to titanium, Ti
weiting of graphite by the melts under investigation improves .
the same consequency, .

Fig.4 shows the depehdencias " of the degrees of graphite-

~diamond conversion in the process of synthesis and those of
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¢change in the adhesion tension of melts interfaced with diamond . 750
whose wetting ability is the same when interacting with graphite i

(wetting angle is 50°) on the magnitude of Gibbs energy in the re--
action of metal with carbon. With the increase of the carbide-for-

ming rate (the values of Gibbs energy are more negative) the de-~ ,ﬁ
gree of graphite-to-diamond conversion in the.system drops shar-

ply.

§

In the presence of germanium alloys containing titanium and

. vanedium the degree of converslon will be practically zero (in
spite of the fact that these melts wet graphlite and diamond rather

- well) which cannot be explained just by a certain increase in the
magnitude of interphase energy at the interface diamond - metel
melt.

Wetting angle,8°
g :

Such a sharp drop ln the degree of graphite-to—diamond conver-
sion in the presence of germanium alloy containing vanadium and ti~
tanium 1ig probably brought about by an intensive carbide forming

N

‘..'procese in the system what leads to a sharp decrease in the con- o 0“,6& ) 25 50 75 M”
tént of free carbon in the melt and prevents the transportation : . ’ o T _mo(;% ’
of carbon to the surface of a growing crystal. : _ Fig. 1. The concentration dependencies of the wetting of gra-
It follows that the major requirement to the metal melts which 3‘ - phite and diamond by the Cu-Mn alloy (1 - vacuum,
_axe planned to be used as a solvent-catalyst in the diamond synthe~ ' ilio; ?59P2}agh1t2,56658612m3ng)5 GPa) and the Ge-Mn
sis process must be their high capillary activity in respect to di- § :
smond. and graphite stipulated by the process of carbon solving in ;
a mstal, and not by the carbide formation in the region of contact. ;
I
3
F
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THE CHEMICAL COMPOSITIGN OF SYNTHETIC DIAMOND SURFACES
" AS A RESULT OF ACTION BY LIOUID-PHASE OXIDIZER3

V.G.Alyoshin, G.P. Bogatyreva, V.B.Kruk
Institute for Superhard Materials, Academy of Scjences
of the UkrSSR, Kiev, USSR

The type and the kind of superficial impurities in diamond
depend on numerous variable factors directly related to the teéﬁ—
nology of synthesis, concentration, recovery, sorting, clasgifi—
cation and so on., On the other hand, the information. on the sur—
face chemistry of diamond obtained in each particular case can
explain a number of peculiarities of the synthetic diamond beha-
viour in the processes of metal-coating, floatation, sedimenta-
tion, oxidation, in the sintering of diamond powders and in the
study of the adsorption processes and the interaction between di-
amond and various media,; The "pure“ surface of diamond can exist
only in theory.r ' ’

The supeffiﬁiél chemical composition of natural diamond pow-
ders has been most comprehensively studied by J.Thomas [1] and
E.Evans f2]. v

This work deals with the results: obtained when Study1ng the
chemical composition of synthetic diamond surfaces by the XPS- and
AES~methods. :

The diamondslstpdied were synthetized in the Hi-Mn-C system
and only those crystals that contained minimal inclusions were se-
lectead. The Auger-spectra were obtained by the technique described
in our work [3/. .

The results of the quantitative analysis of the diamond sur-
face composition related to the type of chemical treatment and
the time of etching by a flux of argon lons are given in the Table.

The tabled results indicate higher oxygeh content as compared -

to initial level after all types -of chemical treatment, Consider-
ing the low retention of oxygen in molecular form on the diamond
surfaces as was: shown in [37 1t is possible to suppose that the
chemical interaction occurs between the diamond surface and the

known oxidizers. As the AES-method is rather inefficient for defin-

ing a chemical interaction, a special study using XPS-method was
carried out. The experiments were conducted on the electron spect-
‘rometer BCKAJAB-5. Ko = radiation of magnesium was used as the
‘source of the X-ray quanta. The stu&y was done on AC15 grade
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345/250 diamond treated by strong liquid oxidizers such as those

based on six-valency compounds of chrome and. sulfuric acid; those
based on seven-valency compounds of manganese and sulfuric acid;

and concentrated sulfuric acid.

The influence of the‘chémical treatment on the
surface composition of synthetic diemonds

Speci-: tTime of Concentration of ele-
men Treatment : tetching @ .ments, % (atomic)
No : :by argon:
: » sions, s @ C H 0 v:S =N' :Cr :Fe
1 None . - 100 - - - - -~
‘ : 600 100 - - =~ = =
600 100 - = =~ = =
2 Mixturc of concentra- - g8 8 1 3 - -
ted sulfuric and nit- - 600 - 84 9 1 6 - -
ric acids (volume ra- *
tio 2:5) . . 600"
3 Mohr's salt ’ - . 57 12 3 - - 28
(Fes0, (NH,),+50, 600 o1 12 3 - - 24
00 0 12 3 - - 25
(2.5 % solution in :
bidistillate) 60 59 12.3 - -7 26
4 Mixture of 50 % chro- - 98 1.5 - - 05 :
mic and concentrated 600 94.4 3.3 0.9 1.4 5 -
sulfuric acids (volume 4 . .
ratio 1:1) 600" - -
5 Mixture of 40%-soluti- -~ g6 4 - - -
: on of caustic soda and 600 9% 4 - - - -
30% solution of hydro- C
gen peroxide (volume.
ratio 431) .
6 Solution of persulfu- - 9% 6 - - - -
ri¢ ammonium acid *
( (NH,),5,0g ) satura- 600
ted in cold
7 Concentrated perchlo- . .
ric acid (HC10,) - S
(without steaming) 600"

* ) :
Specimen charging occurs

The treatment with the liquid oxidizer based on six-valency
chrome compound in sulfuric acid medium cause an asymmetry in the
line of carben 1s-=lectrons (Fig., line 1), wich suggests the
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existence of the products resulted from establishing carbon -
oxygen links on the surface. The asymmetry of this line disapes-
‘red when the diamond surface was etched by argon for 60 s. Con- ~
sequently, the products of the chemical interaction is retained
in the thinnest surface layer what is confirmed by the diamond
surface oxidation. The retention of sulfur (1.9 % at) in the

form of soﬁ' anions on the diamond crystal surface 1s suggested
by the binding energy level equal 169,% eV for the sZp—liné;,

The oxidation-reduction process was also observed when trea-
ted with a liquid oxidizer based on the seven-~-valency manganese
ion at the presence of sulfuric acid. The asymmetry of Cis-elect-
ron line (Fig., line 2) is more marked than in the case of line 1.
The etching with argon for 60 s does not result in thic case in
the disappearence of the line asymmetry. The presence of the sul-
fur ions in the form of soﬁ' anions (6.4 % at) was also establi-
shed on the diamond crystal surfaces. - o .

The treatment of crystals with concentrated sulfuric acid at .
its boiling temperature also leads to the asymmetry of the Cis-
-electron line (Fig., line 3) and the retention of SO%' anion by
the surface (0.5 % at), :

The comparison of amounts of retained SO%“ anions when che-
mically treated in the above-mentioned manner indicates that the
levels of SOE' anions differ, that is, it is evident that the
amount of the retained soﬁ' ions allows to estimate the genera-
ted defectiveness of the diamond surface.

- The results obtained make it possible to affirm that the sur-

_ face layeér of the synthetic diamond crystal is chemically active,
the diamond carbon acting as a reducer, :
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XPS-spectra of Cis-electrons after treat-
ing the surface with oxidizers based on

the six-valency Cr ion (1), seven-valency
manganese ion {2), and concentrated sulfu- .
ric acid (3), The pattern of XPS spectra

of Cis-electrons in the high-energy region
when the interaction between the surface
and oxidizer does not occur is also shown
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THE GROWEH OF DIAMONDS ON SEED CRYSTALS IN THE
HIGH-PRESSURE APPARATUS OF RECESSED-ANVIL TYPE

S.A.Ivakhnenko, V.I.Vityuk, I.S.Belousov
Institute for Superhard Materials._Academy of
Sciences of the UkrSSR, Kiev, USSR ' .

The growing of diamonds on-seed'erystals ia a'complicated
methodical task. The reason lies in-a rather small (in order of
some cub. cms) reaction volume of the high pressure apparatus
(HPA) and in related problems of performing pxessure and tempera—
ture measurements and choosing materials for the cell isolation
and the pressure transmission. The HPA of recessed-anvil type [1]
has a number of advantages as compared with the "pelt®-type ap-
paratua[zl that is ueed in western countries of which main are
the simplicity and the reliability. S0 far it was not known, ho-
wever, whether there existed a possibxlity to maintain tempera—'
ture and pressure necessary for growing diamonds on seeds in the
recessed-anvil typa HPA for periode of time amounting to tens of

houra.
The diamond growth on seed crystals was performed in the .

. HPA of recessed anvil type of 35 L] in diameter. As a pressure=
-tranemitting media sodium chloride, pyrophyllite and lithographic
stone were used which had been preliminary heat—treated to remo-
ve crystal and’ adsorbed water [3].

‘ The temperature measurements in the cell at room temperatu—

- re were done byvdefining the resistlvity in the fixed phase tran-~

sition points of bismuth, thallium_amdAbarium. At high tempera-

" tures the differential method for pressure measuring was used [4].

The method conaists in that to measure pressure a temperature dif-

368

ference between two lineés of phase transition surficiently Luuwi
in the T-P coordinates is used, The T-P diagrams for gold, sil-
ver and copper constructed to high pecision by applying the pre-
cision piston-cylinder apparatus [5], Fig.1,were used tou this
purpose. The temperature differences were defined by the DTA uwe-
thod. The thermoanalytical curves are given in Fig.2. The mea-
surement of pressure by the above method permitted to choose
cell materials in such a way that their phase transitions at tew-
peratures up'to 1450 °C were prevented. As a result, pressures as
well as temperature of the diamond synthesis were kept constant l
during tens of houns.i

To grow diamonds, the temperature gradient method was used,
the gradient depth being the same as in [6]. Alloys of nickel-irou
and nickel-manganese were used as solvents.

The recessed-anvil type HPA used permitted to readily deve-
lop pressurea end temperatures necessary to grow diamonds by the

temperature'gradient method [6,7] and to hold them at levels ne-

.cessary for growing high quality diamond crystals in the durati-

on of 36 hours. The colour of the grown crystals was light yellow,
their heat conductivity being 1800 W/m K.‘ |

Thus the recessed-snvil type HPA can be successfully applied
for the diamond .growth on seed» crystals by the temperaturergra-

dient method.'
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-BIG ALCOHOLS FROM SMALLER OMES
HOMOLOGAT [ON OF ALCOHOLS UNDER CU/H2 PRESSURE

G+ Jenner and P. Andrianary
Université Louis Pasteur, EHICS, Strasbourg, France

“Introduction

Alcohois are valuable industrial prqducfs and are used as
T 05 ~basic chemicals (for example they are the starting material for
A ) ! K the synthesis of o{-o0lefins). In the last ten years, new perspec-

tives came to Tight due to the shortage of oil supplies. As a matter

of fact, alcohols may be used as additives to gasoline, either as

_fuels or to ensure solubilization of methanal in gasoline-methanol
“mixtures [1] .
The synthesis of higher alcohols from lower ones is called the

__homologation reaction and is achieved via catalyzed hydrocarbonylation -

R CHOH My g CH, CH.,OH

T 30K

. ., ) Two factors must be considered to make a Cl’)/H2 reaction a viable
Pig. 2. The thermoanalytical curves: melting and cvys- ‘economical process: conversion and selectivity. Selectivity is not
a problem, if the reaction products are used as additives. However,
if-the: goal is to seek a basic product, it is obvious that highest

.~ selectivity to the specific compound must be attained.

tallization of copper and gold:

i -~ heating, 2 - cooling.

1. Synthesis of ethanol from methanol

Methanol is a cheap material. It can easily and economically be
produced in great quantitiesAfromKCO and H2 or from almost anything
co‘taining carbon and hydrogen. The conversion of methanol to ethanol

a hydrocarbonylation is achieved catalytically and usually produces -
_a wide spectrum of compounds in addition to the desired alcohol. The
fbest ~catalytic systems combine cobalt compounds with free iodine or
iodides: (either ionic or covalent).

" The' homologation reaction does not proceed directly, but involves
acetaldehyde as intermediate, which leads to ethanol via subsequent
hydrogenation :




Table 1.

CHOH + CO + H, ——> CH3CH0 + HZO

73 2 Pressure effect in the homologation of methanol
l H2 - Pressure Methanol conversion’ Acetaldehyde
_ CH3CH,0H (MPa) (%) Turnover frequency® | Selectivity %

We have been, therefore, interested in the acetaldehyde synthesis and 0.1 o _ . -

_“have found that one of the critical reaction parameter is pressure. 16 18 ' 65 g

The pressure effect was examined up to 260 MPa in following conditions : 30 29 258 ) ' 36

catalytic system (cobalt acetate / iodine = 1 : 10 -molar ratio-), 52 a4 750 39

T (165°C), CO : H2 (1 : 2) (Table 1) . 100 ’ 73 ‘ - 2530 70

Visibly, high pressures are beneficial both for the production of 143 ) 94 ’ 3500 75

acetaldehyde {very high turnover frequenc1es are ach1eved) and for the 200 ) 88 : 3015 . 67
se1ect1v1ty to acetaldehyde. There is an optimal pressure range between

‘ 260 51 1615 S .. .66
130-160 MpPa. Beyond 160 MPa, yields are strongly depressed, whereas the : :
selectivity to ethanol is much less affected. The reason is still unclear
though most probably in the higher pressure range, there should be a _‘
detr1menta1 effect on the various equilibria of the mechanistic scheme -
which involves a complex catalytic cyc]e [2] whose d1scuss1on is. out of
context here. The many equilibria that are established during the activa-
tion process can be very sensitive to pressure changes. Condensed phases

2 mol CH4CHO/mo1 cobalt/h

Table 2.
Pressure effect in the homologation of alcohols

are promotéd by pressure, while equilibria allowing ligand abstraction : ] K a
. ; s : . Alcohol Conversion and yields® (%)
from the catalyst metal center are theoretically shifted in .the opposite Pressure (MWPa) 2 o . o~
direction. The most critical step in the formation of acetaldehyde is a I l i I
reductive elimination involving the acylcobalt carbonyl complex [3] : Ethanol Conversion 65. . 70 85 90 -
CHLCO Co(CO HCo(C0), —————> CH,CHO + Co,(CO Propanol yleld 16 I 7o 6
+ + .
4C0 Co(C0), + HCo(CO), —— . CHy 0,(C0) : . Higher alcohols 0.5 0.8 1 . 2
This step is thought to be pressure accelerated. 1-Propanol  Conversion g 56 - . i
2. Synthesis of higher C,, alcohols from the lower € alcohol Butanols yield 19 = 16 13 -
ynthesis of hig er C,,y alcohols from the Tower alcohols Higher alcohols 0.3 0.6 ; ]
. The homologation of the next higher alcohols via hydrocarbony]a— 2-Propanol  Conversion cg 65 76 . » .
tion is a difficult reaction [4] and could not be satisfactorily resolved Butanols yield 23 2 2
until recently [5] . We could show that the reaction proceeded in the .

Higher alcohols 0.7 2 3 -
presence of a complex catalytic system comprising a cobalt and a ruthe- . . -

. nium compound (in the adequate ratio) associated with free iodine [5, 6] .
Pressure was -shown to be a determining parameter as exempl1f1ed in
-Table 2. Reaction conditions must be strict : cobalt acetate : ruthenium
acetylacetonate : iodine = 5 : 1.: 10 -molar ratio-), t (170-200"C), '
€0 Hy (1:2), ¢ (2h). '

a‘Yields based on substrate. The results are not optimized
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For all the investigated alcohols, we found an optimal pressure
range located approximately between 40 and 55 MPa {for temperatures of

170-200"C). That the optimal pressure does not depend on the alkyl rest :

_of the alcohol is significant and refers probably to a very same hydro-
carboriylation mechanism. Another point deserving interest may be pointed
out as a pressuré increase leads to a further homologation reaction.

Again, as emphasized in the methanol reaction, the Targe pressure
dependancé of the alcohol yieid suggests the possibility of catalyst
transformations as integral parts of the catalytic process. For example,
complex catalytic species such as HRu3(C0)]]- derived from the initial
ruthenium compound were evidenced by spectroscopy. These species may
undergo a fragmentation with CO to produée more reactive ruthenium
hydrides. The reaction is known to occur only under sufficiently high
CO pressure, )

Conclusion

Cobalt or cobalt-ruthenium catalyzed hydrocarbonylation of methanol
and other C “alcohols allows the synthesis of the next higher homologs
(ethanol and C +1 alcohols). Though the mechanism is different according
to substrate, 1n each case, pressure increases the homologation activity.
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THE REGULARITIES OF THE CHEMICAL REACTIONS OF SOLID ORGANIC
COMPOUNDS UNDER SHEAR DEFORMATION AND HIGH PRESSURE UP TO
I0 GPa

Zharov A.A.
N.D.Zelinsky Institute of Organic Chemlstry. Academy of
Sciences of the USSR, Moscow, USSR

Until present about thirty chemical reactions of solid orga-
nic compounds under the combined effect of shear deformation and
high pressure (SD + HP) have been discovered.

The chemical processes occurring- in the single-component sys-—
tems have been studied most thoroughly ~« The regularities in the
interaction of compounds in the two-component systems were studied
much poorly, in particular due to the difficulties arising from
the inhomogeneity of reaction mixtures. '

The experiments were carried out under a pressures of I-I0
GPa at temperatures 77 to 200 K.

The deformation and compression of substences can be accorpli-
shed by different methods: with Bridgmen anvils (Fig.Ia), under
extrusion through a dic (Fig.Ib) and under extrusion through an
annual gap with the simultaneous rotation of the dorn (Fig.Ic),and,
finally, under a shock-wave compression accompenied by the plastic
deformation of a substance (Fig.Id). Regardless of the method used
for creating the SD+HP conditions just the same reactions occur
in solid reagents (Table I). At the seme time, these reactions do
not occur at the usual compression up to high pressures.

. The kinetic features of the process and their regularities have
been studied mainly on an opposed anvils device®. Particular atten-
tion has been pald to the two-component systems. In these systems
the yield of reaction products often depends on the method of pre-
paration of the reaction mixture.

An effective method for the homogeniza%ion of the reaction
components is to combine the reacting molecules or their fraguent:
in a single molecule, either as a complex, or a salt, or any othe:

_chemical compound, In the general case the reproducibility of the

observed resulta can be essentially improved by preparation of th
samples by cuoling the eutectic melts. 7
% Pharov A.A. The Polymerization Reactions of Solid kicnoners undez

Deggrmgtion % High Pressure, Uspekhi khimiiD 1984, v,SB, Ho.2; |
Pe220= .
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Table I. Chemical reactions occurring under SD+HP
conditions, effected by different methods

Reaction Comgr6531on Anvils | Shock-~ | Extrusion
. Pa -waves
Addition of NHy at B s . .

the ~-C=C-bond
(aminoacid synthesis)

Synthesis of amides
from ammonium salts. of
saturated acids .

Esterification reaction

1
+
-+

Polymerization of solid
vinyl monomers. - + o+ +

Peroxide decay - + +

Synthesis of peptides
from amino . acids - # +

+ the reaction does occur
- the reaction was not detected

The study of heterogeheous systems under SD+HP conditioms
was also carried out with the reégents dispersed in a chemically
indifferent compound (matrix). The concentration of reagents in
the matrix varied from I to IO wt.B. . '

The experiments with a large number of organic compounds sho-

wed that the reactions in the presence of indifferent compounds
chosen occésionally can be both accelerated and slown down, as
compared with the interaction of pure resgents,

Adamantan (possessing high plasticity and shearing stress . and
béing indifferent to many reagents) has found wide application as
a matrix. Table 2 gives the thrééhold pressures - Py, . (i.e. a
pressure at which:a chemicel transformation of a substance is de- -
tected) for various organic'compohnds and for the same compounds
in the adamantan matrix, The reactivity of the reagents is seen to
increase very sharply in the case they are subjected to defoima—
tion as mixtures with asdamantan.

On the examples of a large number of two-component systems, ca-
paple of entering various reactions under the SD+HP conditions, the
following rule has been, established: when the matrix possesses plas-

ticity and its shearing stress is geater than that of the reagents,
378 ‘ ‘
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Table 2. Threshold pressures (Pthres) for organic compounds
under SD+HP conditions

P (GPa), a Shearing
: thres o | stress of
Compound Anvils‘rotation angle %60 reagent at
Pure reagent | 2 % mixture S GPa (GPa)
with adsmantan
_Polymerizationvwith aromatic ring opening
Naphtalene . 4,0 2,0 - 0 175
o~-Terphenyl ' 4,5 3.0 :
Diphenyl : 7.0 4,0 0 155
Benzene ) 740 4.0
Hexafluorobenzene 9.0 6.0
2,6~ Dlmethylnaphtha— 10.0 3¢5 .0.145
1ene
Hexamethylbenzene > 10.0 7.0 0,055
Tetramethylbenzene > 10,0 3.5 0,140
Polymerization at -C=N bonds
Succinic acid ' . :
dinitrile IQ.O . 3.0 -
' Decomposition reaction’
Cr§00§6 _ 4,0 4,0 10,240
Mo(CO) ¢ 7.0 3.5 0.205
W(CO)6 ’ " 5.0 245 0,210

the reactivity of the latter in this matrix is higher as com-—
pared with the reactivity of the pure reagents,

The use of the plastic matrices with a high shearing stress
proved to be a very effective way to increase the reactivity of
substances under SD+HP conditions. In this case the pressure re-
quired to initiate the chemical reaction can be essentially lower
(Table 2). In some cases the deformation in the matrix produced
chemical transformations of even those compounds, which otherwise
did not enter the reaction.

In series of expériments with the matrices, matching each
other in nature and crystalline structure, a linear dependence
has been established between. the shearing stress of the matrix and
the rate constant of the reaction under SD+HP conditions.
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Methods for ¢reation of high pressure and shear deforma=—
tion in substances: a) Bridgman anvilsy b) extrusion turough a
. diej c) extrusion through an annual gap with simultancous rota-
tion of dornj d) shock-wave compression with plastic deformation
of a substances .
I-high pressure block{ 2~high pressure rodj 3-rotating rod (dorn)y
os

4-%13‘06 moving by explosion productsj 5-substancej 6-substance
after deformation under high pressure. - :
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TRANSFORMATION MECHANISM OF CARBON CONTAINING SUBSTANCES TO DIAMOND

V. Shanov

High Institute of dqerniéal Technology
Department of Semiconductors

1156 Sofia, Bulgaria

INTRODUCTION ) .

At present, the number of the reported suc'cessful methods for diamond synthesis

is considerably increased. Most generaily, the investigations along these lines
can be divided in two main groups: synthesis in the thermodynamically stable
region for diamond and metastable growth. The first one i:equires the use of high
pressure (HP) and ﬁigh temperature (HT) and covers the well known catalyst processes
and the direct transformation of gfaphite to diamond at high static presshre or
by shock campression, as well. Upon the metastable grokth is realized the crystal-
lization of diamond from carbonacecus gases. (1-2) or by employing accelerated
carbon ions (3). It was also reported for overgrowths of diamond in a dissoluticm
medium in the presence of nickel at atmospheric pressure (4).

pue to the variety in the methods for growing of diamond crystals, it can hardly
be proposed a uniform transformation mechanism of carbon containing’ substances

to diamond. There exist a number of hypotheses treating the separate processes
for diamond synthesis. A detalled discussion upon them is given in (5-6). The
hypothesis present;ed in this paper, reflecté some theoretical and experimental
considerations regarding growing of diamond crystals, both at HP catalyst process
and at metastable Crystall‘ization fram carbonaceous gases.

D1SCUSSION

From our point of view, in order to perform a successful transformation of
carbon containing substances to 'diamond, twe basic conditions are important
to exist: v

1, The carbon atoms or small groups of these atams have to be Brought to free
atomic state. : ' ' ’

2. Presence of seed crystals is necessary and it should organize the free atoms
into crystal structure of diamond.

The truth of above conditions is cbvious for' the case of metastable growth of
dianond seeds. We think that these considerations could be applied also for
the catalyst solvent processes at HP and HT. In the latter case the graphite
is dissolved in che netal-catalyst which provides disorganized atanic_ carbon.
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Most of the metals, including those from group VIII upon melting do not undergo
considerable structural changes (7-8). In the metal melt of the catalyst, cer-

tain regions keep the far order of the: crystal state and remain in it as clusters.

These micro-crystal clusters of the metal-catalyst in the metal-carbon solution
could play the role of seed crystal nuclei on which growth of diamond in the
conditions of liquid phase heteroepitaxy starts. The opposite process of gas- '
gi'\ase epitaxy of -the popular catalyst nickel on diamond crystal (9) is known.

Fram these points of view, the surprisingly high similarity on the crystal
structures and in the lettice parameters between the most frequently used cata-
lyst and the diamond can be explaind - Table 1. In support of the supposition
expressed are a nurber of X-Ray and neutron diffraction structure analysis
{11-12) of the synthetic diamond which show the presence of metal clusters
epitaxially connected with the lettice of the diamond crystals. Besides the
above pointed out similarity in the crystal data, in order to perform success-
ful transformaticn to diamond, the melt catalyst should be a good dissolver of,
carbon so that it could bring its atoms to free atomic state.

On the basis of the abovementioned consuieratlons Fig.1 shows the schematic
energy level diagram for carbon when transformatlon to diamond in its thermo-
dinamically stable region takes place. lLet us assume, that the carbon atoms
are dissolved and the dissolver does not have the same crystal structure as the
diamon, i.e. it is not a catalyst. Although the thermodynamic driving force

AG will be less for the growth of graphite as opposed. to diamond nucleation,
a small energy barrier AG; may allow graphite growth without the spontaneous
nucleation of diamond. In this case, the energy barrier of diamond = AGY is
bigger than.t:hat of graphite AG; , since the presence of clusters of graphite
nuclei is allowed in the system. If a free carbon atom starts out with free
energy ch then it is easier for the atom to go over the smaller energy bar-
rier AG* for graphite Thus, most of the free carbon atoms will form graphite
under these conditions. In this way, heterogeneous nucleation of graphlte on its
own seeds will take place.

. If a metal-catalyst with a suitable cfystal data exists in the system, the ener-
gy barrier of the diamond G} can be lowered and to become lower than that
of the graphite. The clusters of metal nuclei shall serve as seed crystals on
which could start the growth in the conditions of liquid phase hetercepitaxy.

In this case, most probably occurs the spontaneous hetercgenecus nucleation of
diamond in con'parison with the graphite. Since the carbaon atams have a statis- -
tical energy distribution, same atoms will ‘go over the large energy barrier

AG* to the graphite lett'lce, while most of them will go over the diamond

lettice. :
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The proposed hypothesis is not applicable for the cases of direct transformation

of graphite to diamond at high static pressure or by shock wave ccmpressitén.

Upon these processes, however, the possibility for contamination of the graphite

charge with impurities of metal-catalyst, for example iron, is not excluded. The

latter may occur from the sample holder or from the metal parts of the HP appara-~
tus. In this case again an occurence of the catalytic mechanism can be expected,

as part from the whole process of the carbon transformation.

In conclusion, it could be said, that the presented hypothesis could‘ give soame
general considerations in the research of a new catalyst for diamond synthesis

Table I, Comparison between the lattice parameters of
‘metal-catalyst and diamond

Element

iieter o | R s | g
[} : catalyst and diamond - pe

(a) (%)
Pt 3.9238 ‘ 9.08 ' fec (F)
Rh 3.8030 6.21 . fee (F)
Pd %.8902 : 8.31 fce (F)
Mn 3.8624 7.65 ) fce (F)
Fe 2.6467 . 2.19 v fee (F)
Co 23,5442 : 0.63 o : fce (F)
Ni 3.5238 , ' I.22 fee (F)
Ta © 3.3074 © 7.83 . bee (I)
Diamond 3.5667 o] fee (F)
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UM SOLID STATE DIAMOND NUCLEATION AT STATIC PRESSURE

u. Gerlachl, G. Rissel, H, Vollstédt2

1Centralenstitute pf Solid State Physics and Materials
Research, Academy of Sciences of the GDR, Dresden, GDR

2Csntral’Institute for Physics of the Earth, Academy of

Sciences of the GDR, Potsdam, GDR

Diamond synthesis is usually carried out in the region of .

5 - 8 GPa, 1200 - 1800 °C in a metal catalyst system, Up to
now the nucleation process is not fully explained, especially
the question whether the nucleation ie a homogeneous, hetero-
geneous or solid-state process and where a martensitic solid-
state. transitien takes place, in the melt or in solid carbon
phase, . : '

Diamond formation under those conditions depends strongly on
the structural perfection of the carbon source used, Fig, 1.
Amorphous-carbon, diamond-like carbon.{i-c), glassy carbon or
carbon black cannot transform into diamond, only the graphi-
tization process takes place. A,A, Shul'zhenka /17 showed
that thies graphite resulting from the first step can be
successfully used in obtaining diamond in a second step of
resynthesis, In the case of coke it was showed by Kasatochkin
et al. /27, that the extent of transformation into diamond
goes with the degree of grapﬁitization. Dissolved diamond

(in metal catalyst) is not able to nucleate new diamond and
only graphite can be found, even though dismond is thermo-
dynamically stable /37. Also during synthesis recrystallized
or. grown graphite cannot transform into diamond,

These experimental facts point out the precopditione for
the diamond-nucleation process: ‘
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- & wsll oeystalline graphitic stvusiurs

-~ mechanical or heat treatment of the zrephiiic source
material. 7 : ,. .

We also investigated the effact of HP/HT-treatment on a carban
source from natural graphite at conditions w6 GPa/1400 °¢
and considerable deformetion of the source /Fig. 2/. The meta-
stable 3R-polytype of graphite was produced and is stable
under these conditions. Naka et al. /37 also found a partial
conversion of 2H~ into 3R-graphite at 14 GPa and high tempera-
tures. This 3R-formation is eas;ly possible by mechanical
sliding of the carbon layers in a well-crystalline graphite
/Fig. 3/. On the other side many stacking faults and defects
are produced by the HP/HT-treatment, the crystallinity of

this graphite is lowered. In this time also the diffusion

of metsl-catalyst atoms into the graphitic structure takes
place. '

At normgl pressures this 3R-graphite will be unstable at high
tempsratures about 1500 °C and the 3R-polytype changes slowly
into the 2H-structure, but at high pressures there is & kine~
tic stabilization due to lower mobility of the carbon layers
las'aorasult of the decrease of the layer distance toc about
3.1 A, It means that the equilibrium adjustment
T
3R ;::::::ﬁf 2 H
mechanical

is kinetically hindered,

At a thermodynamically consideration of the different graphite
‘polytypes we can state, that the 2H-structures are, as a ruie,
the thermodynamically form; e.g. 2H-graphite, -Pbaz, - MoS

. 2 '
~ TaSe,, ~ GeS a.s.o. The 3R-polytypes should have higher
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snthalpy and entropy values, as other higher polytypes,

For the enthalpy difference of hexagonal and rhombchedral
graphite Boehm and Coughlin have measured a value of
0,586 % 0,17 K3/g-atom /57.

This higher energetic level of 3R-polytype has 'a conse-

_quence to the phase boundary line between graphite and

diamond, because the usually used line is the 2H-graphite/
diamond line. With the enthalpy value of 3R-graphite and
a-somenhat higher value of entropy at normal conditions we

can estimate an equlibrium pressure of about 0,3 GPa lower
than for 2H-graphite. Because the 3R-phase will not be

stable at HP/HT-conditions the 3R/diamond line is established
below the 2H/diamond line alsc at higher conditions (graphite
grown during the synthesis is 2H-graphite). This 3R/dismond
phase boundary line /Fig. 4/ is situated between the other
calculated lines of diffarent carbon-materials ‘by Vereshchagin

* [87. The lower.equilibrium pressure of 3R/diamond means, that

the transition 3R-graphite into 3C-diamond is thermodynamically
preferred to 2H — 3C. The way 2HG 3R 3C corresponds to ’
Ostwald's step rule and at the HP/HT-graphitizaticn.of diamond
also the kinetically stabilized 3R-graphite was found by

Titova and Futergendler /[77.

TEM-invesfigations, carried out by means of a JEM-200 CX,
show the transition of graphitic plateé with uniform orien-
tation, if natural graphite was used as a source as '
in Fig, 5 = 7% These investigations also point to.a solid-
state transformation of graphite into diamond in the '
catalytic synthesis process,

Considering the structure dependsnce of diamond formation,

the effect of HP/HT-treatment on the crystalline graphite

and the thermodynamically position of a 3R/diamond equilibriuﬁ
line we can conclude, that diamond nucleation process )

3 - . ’
The Figures are given at the end of ths book.




. is a martensitic, solid-stats phase transition from

3R-graphite polytype into the dense 3C~diamond structure "phd“ tronsitions of dqferent 0050:‘7

' - Farmation of 3R-grophite 8y HP/HT
. materials (5-8 6Pa, 1200-1600°C,

. is only possible by use of well crystalline graphite . metae- ca(tGEgst) 'tf"EGimBﬂt(SOUiCE /OU/’LfLEU natural
crystallite (in or without anothsr carbon matrix) under 71; gfﬂPﬁLte) _ »
HP/HT-treatment by partial formation of 3R-graphite. a-C ‘ . !

-C .
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THE GROWTH KINETICS OF SFONTANEGUSLY RUCLEATEL
DIAMOND CRYSTALS IN THE Mn-Ni-C SYSTEM

M.Ya. Katsay

Institute for Superhard Materials, Academy of Sciences™ ol
the UkrsSSR, Kiev, USSR

To resolve the set problems it was necessary to define Lhe

: character of the interreiation between the phase interface (R)

movement in the process of the crystal growth and the duration

(z) of the synthesis cycle., This was achieved by the induced stii-
ation method. The zonal structure was produced by a periodical
short-time raising of temperature durihg the crystal growth and .
subsequent going back to the basic synthesis temperature, The mul-
tiple temperature fluctuations allowed a set of light bands to
form in crystals and delineate their contours.at the moment of the
peak temperature {1]. The above temperature fluctuations conducing
to the activation of the growing surface of faces do not cause any
distortion in the pattern of the growth kinetics in contrast to
the techniques involving-a temperature lowering accompanied by an
entrapment of the crystallization medium.

The temperature within the reaction volume of the cell was
controlled usingthe platinum/platinum-rhodium thermocouple (Pt/
PtRh10).

The rate of the diamond crystals growth in the {100}d1rec~
tion was defined by the movement of the phase interface which was
measured from the center of growth to the face along the normal du-
ring the intervals between the heating cycles.

The estimations of the initial and a current pressure in the
synthesis process that were based on the evaluation of the copper
melting point detected by the Pt/PtRh10 thermocouple and corrected |
according to Kennedy in (2,3} were achieved by the periodical rai-
sing (lowering) temperature in answer to the observed thermal ef-
fect ocufring concurrently with the melting of the reference metal
1t was found that the drop of the initial pressure within the tem-
perature range of 1523 to 1610-K amounts to 7 to 10% in, the time
span of 1200 s.

As a carbon source the graphite of MI', OCY7-3 type was used,
The experiments were carried out in the interval of'1500 to 1580 K
the deviation from the equilibrium Iins [4] within the cell heing :
0.98 to 0.18 GPa (AP) and +

thin the reaction voluwe helng 7 8
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it is established that the temperature perturbations induced
during a period of 120 s from the beginning of the synthesis cyc-
le were indiscernible in diamonds of any size to which they have -
grown in the synthesis cycle; When estimating the linear growth
rates there was an uncertainty for the time interval relzted to
the first occurrence of delincation which was stipulated by the
lack of information about the moment of diamond nucleation.
Depending on the growth conditions the linear growth rate for
the crystal studied measured up to 670}m1varied from (5—&)-10'5
T to 0.5-10-50m°s_1. :

The study on the interrelation between the movement of the
front of growth (R) for the (100) face and the duration of growth
(t) has shown that the growth of diamond crystals at AP=0.98-0.18
CPa and temperatures of 1580 to 1500 K is limited by the kinetics
of the surface processes because the linear dependence of R on

cmes”

1 .has been discovered. The.lowering of the pressure in the reac-
tion volume of the cell does not affect the limiting stage what-
soever. : ’

When increasing the initial pressure up to AP=0.92 GPa at
1523 K a deviation of the R (T) function from the linearity was ob-
served on diamond reaching a size of hOO}mh The similar tendency
was observed in the case of raising the process temiperature (Fig.1).
Prchably, the subsequent growth of the crystals would lead to the
change'of“the limiting stage. ' . ‘

It is established that Lhe maximal growth rates for the cubic
faces of diamond of the same size growing without entrapping the
crystallization medium go higher with the pressure lowering (Fig.2).
The diamond growth activation energy for the (100) face was defi-

ned by the function an(1/T) and it equals to 130 kJ/mol at 1523 K

and 1580 K. .

The results presented make it evident. that within the pressure-
~Lemperature range of interest the growth of spontancously nucle-
ated diamond crystals in the Mn-Ni-C system-is 1imited hy the kine-
tics of the surface processes.
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Fig. 1. The movement in time of the growth front (R) for

the cubic faces of diamond crystals at AP=0.58.GPa and
1580 K. . S : .

«f o
V,i0 scms
15

10 7

057

T T

0 05 o 45 20
' o R0 em
¥ig. 2. The linear growth rate (v) and the size (R) of die-

: : " : , s '
mond crystals growlng without entrapping any inclusions at
1523 K ond AP 0.35 (1). 0.25 (2), 0.15 (3) GPa respectivaly.

293




THE SYNTHESIS OF DIALIONDS FROM CARBOHYDRATES

L.F.Kulikova, M,D.Shalimov, V.N.Slesare\} -

The Institute of High Pressure Physics, USSR Academy
of Sciences, Troitsk, USSR

Wentort® studied a number .of different organic compounds
which were heated to about 2275 K for about I5 min at a pressure
of about I2 GPa.lMost of compounds formed diamond but a few formed
of graphite. The experiments with antracene, naphtalene, chrysene
showed that the formation of diamond is not impossible.

In order to investigate the possibilities of diamond forma-
tion in C-H-0 system we studied the behavioﬁr of organic carbohyd-
retes (sucrose, for example) in the 'preceding; diamond formation.
The pyrolysis products of carbohydrates at high pressure and tem-
perature were hydrogen simple carbohydrogens and such oxygen cCom-
pounds as carbon dioxide, carbon oxide, water, that differs from
the pyrolysis products of carbohydrogens,

The pressure in the apparatus used to compress the sample
was estimated with the reference to the resistance change in bis-
- muth, berium at room temperature. The temperature of the sample
was measured by chromel-alumeél and platinum-platinum-IO rhodium
thermocouples situated near graphite heater, with feollowing extra—
polation to more high temperatures. The compounds under investiga-
tion were packed into graphite tubes whic were heaters, and expo-
sed to high pressure and teﬁperature. After cooling and release of
.pressure the sample was examined bx various methbds, including
X~-ray diffraction,.electron microscopy, IR-spectroscopy.

The results of thermobaric treatment in the region preced—
ing diamond formation are summarized in Table, It was discovered
that during the first stage of thermobaric treatment sucrose under
investigation underwent thermal destruction giving rise.to carbon
material with only a (002) L-ray diffraction (IR-spectra of adsor;w
"tion showed that sucrose pyrolyzed at 523 K). With the increase of.
temperature its structure becomes more ordered up to that of a well
orderea sraphite, comparabTe with a natural Ceylon graphite. A

® WenE orf Ko H,, The behavior of some carboneceous materials at

Yéry hlgh pressure and high temperature J.of Phys.Chemistry
ri 69,K¥0.9, 3063-3069 ’ e
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further increase of temperature results in appearance of the
first diamond area. )

The obtained diamonds actually represent ﬁolycrystalline
aggregates formed from monocrystalline octazhedra or plates of_up
to 80 Amm size. The obtained diamonds are transparent and have
light-green and yellow color. There are monocrystals of diamond
of octabedral and plates form.

The stability to oxidation by air for these diamonds is al-
most the same as for the natural ones.

The structural changes of the pyrolysis products of
sucrose in consequence thermobaric treatment

Temperature, K 550 703 1063 1123 1343 1623
Diffraction lines OOé) 002) 002) (002 (002 002
éIO) gIO) §10) %8? (IOO% 2100;
(oos)  (oo4) (102) (IOI 101
. ) 004 102 102
103 004 004
II0) (I03 103
. 110 110
112 (112)
terstomi e - - o
égozr?n;? © Spa‘ e . 0.3289 0.,3382 0,3366 0.3363
Degree of graphiti- '
zation . : )
- - 0.61 0.6 .0.88 0,98
0.344~ dggp o 2 -
Halfwidth 1ine - - 0.40 0.35 0,30 0,26

A 002 (grad)
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INFLUENCE OF METALS ON PHASE TRANSFORMATION OF DIAMOND
INTO GRAPHITE '

A.V.Nozhkina
NPO VNIIALMAZ, Moscow, USSR

Quality of diamond tools depends to a considerable extent
on the interaction bhetween diamond, bond components and workpie-
ce material: dissolution of carbon of diamond with formation of
intermediate phases, adhesion of diamond with metal, phase tran-
sformation of diamond into graphite at high temperatures. Stu-
dies of interaction between diamond and metals are devoted main-
ly to problems of wetting and adhesion [ﬁ-i]. Influence of metals
on phase transformation of diamond into graphite has not been
studied completely enough, »

The aim of the work was obtaining complex information about

processes of contact interaction between diamond and metals at
high temperatures, Results of investigation of influence of me-
tals on the process of phase transformation of diamond into gra-
phite in the temperature range of 500-1900 9c were used in the
process of the work,

1t is known that equality of molar (g.at.) iscbaric poten-
tiels corresponds to diamond—graphite equilibrium as in the ge-
nersl case Gg'Gd' Under usual conditions (P-9 8 -10“ Pa, T=298K)
this equation is not fulfilled In fact, applying the expression

G=H~TS 4 ’v_ (1

to 1sothermal transformation of the system from state I to state
11 we can write down the difference

4Gy = Gy = Gy = afip - T asT - ()

where AHT - heat of transformation at constant pressure;
AST - -corresponding change of entropy,.

Heat of diamond-graphite transformation H0298 = «453,2
cal,/mole, Entropy of diamond s° 298 = 0.5918 e. Uey entropy of
graphite s° 298 * 13737 e.u,

"Thus, AS; = 0,7819 cali/degree*mole for transformation of
gram-atom of diamond into graphite and according to equation (2}

- ag® 298 ° ~685 cal./mole. In other words, under thess conditions
transformation of diamond inte graphite is connected with reduc~
tion of isobaric potential, 2nd transformation of ‘dtemond into
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graphite must proceed spontaneously from the point of view of
thermodynamics. In practice this is not observed because of ex-
tremaly low speed of the process which can be accelerated by me-
ans of increasing temperature, According to Ormont calculations
activation energy of diamond graphitization process is above

100 -kcal/mole. Experimentally diamond graphitization was obser-
ved in vacuum or in the atmosphere of inert gases; diamond gra-
phitization in vacuum takes place at low partial pressure of )
oxygen [6-9/.

In calculating activation energy of the process of phase
transformation of diamond into graphite’under the action of me-~ -
tals, which are chemically active to carbon, it ‘was supposed
that graphitization energy Q; =0 7. )l subl, (sublimation energy)..
The value of bond energy C-C of diamond in contact with a metal

Op_c was evaluated by means of phase-boundary energy (é;s~1)
Evaluations have shown that transition and nontransition carbide
forming metals are catalysts of phase transformation of diamond

into graphite, in this case activation energy of the process is

95-110 kcal/mole.

Table gives losses of diamond mass -in the process of, sinter—
ing with metals in vacuum at T=1100 °C, 7 =2 h, '

Activation energy of phase transformation of diamond to gra-v
phite in sintering diamond with metals depends on metal nature
and reduces considerably in contact with Mn, Ni and Cr and in

“smaller degree in contact with Si, Ti, W.

It is proved experimentally that if diamond sinteres with
metals which do not form carbides in the studied temperature ran-
ge phase transformation of diamond into graphite does not occur.
diamond surface does not change, cotrosion of diamond does not

.observed,

According to increasing catalytic action on the phase tran-
sformation of diamond to graphite during sintering metals may be
arranged in the following order: Si, W, Ti, N, Cr, Mn. Activation

‘energy of the process is maximum for Si (40 kcal/mole) and mini-

mum for Mn (13 kcal/mole).

RRate of phase transformation of diamond to graphite in its
metastable region depends on crystallographic orientation of di-
amond, inclusions and medium.contacting with diamond. Rate of
phase transformation of perfect'crystals is very low in the me-
dium inert to carbon at T <1900 C because of extremely high

'ryy of bond between carbon atoms in diﬁmond, great values of
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free surface snergy of Jdiamcnd and activstion energy of the pro-
cess (above 100 kcal/mole).

Mechanism of phase transformation of diamond to graphite un-
der the influence of temperature includes two stages: producticn
of a layer of surface carbon on diamond with a disordered struc-
ture of carbon atoms and. production of graphite stable structure
az a result of rapid crystallization of amorphous carbon,

Influence of metals, reacting with diamond chemically, on
the process of phase transformation of diemond into gréphite co~-
mes mainly te sharp increasing the value of diamond free surface
energy on the boundary with metal, decreasing activation energy

of the process. Mechanism of phase transformation of
diamond into graphite in ‘presence of metals includes

the following main studies:chemisorption of metéls, producing of
intermediate phase of amorphous carbon, catalytic.crystallizatin
on of amorphous carbon, diffusion of carbon into metal and diffu-
sion of metal through the iayer of surface carbun to the surface
of diamond, » ’

In prinéiple it is possible that mechanism of phase trans-
formation of diamond into graphite includes sélution of diamond
inmetal and subsequent separation of amorphous carbon and graphite
from the solid supersaturated solution of carbon in metal or nonstable
carbide because of temperature gradient or chemical potential
gradient of carbon in diamond and graphite (M - Mgr < 0). Howe-
ver calculatlons, taking into account constitutional diagrams

‘of Me - C for studied system and experimental conditions, show

that phase transformation rate of diamond into graphite accord-
ing to this mechanism as well as according to the mechanism ba-
sed on Kirkendall effect may be one order less than £hose obser-
ved in the experiment,

Local graphitization of diamond powders. takes place at
pressures corresponding ‘to the range of diamond stability at
temperatures from 800 to 2000 °C this graphitization is deter-
mined with the presence of zones of metastable -state in diemond
grains subjected to pressure, Graphitization rate increases in
the presence of transition metals, in this case IV-VI group me-
tals are also catalysts for graphitization, Kinetics of carbide
production has been investigated in the system of carbide layer
growth on diamohd surface under conditions of diamond stability
and metastability at high pressures.

Thus, it is found experimentally that transformation of di~
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amond into graphite is not observed when diamond interacts witi
transition metals in its stable region. Interaction of diamond
with transition metals of IV-VI groups of the periodic system -
runs through the stage of catalytic phase transformation of dia-
mond into graphite at high pressures and temperatures, corres-
ponding to metastable diamond region.
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QUANTITATIVE ASCECTS OF HIGH PRESSURE EFFECTS
ON THE RATE AND EGUILIBRIUM OF CHEMICAL REACTIONS

B.S. El'yanov, E.M. Gonikberg

N.D.Zelinsky Institute of OrganicAChemistry,'Academy of
Sciences of the USSR, Moscow, USSR

The equations of linear free energy relationship (LFER) typs

have previously been proposed for the description of the influence
 &0£ pressure on the rate and equilibrium constants of liquid-phase
~‘reactions: ‘

g (kp/ ko) - A.’Y° P, 2

i.where Avo is the activation or reaction volume at atmospheric

pressure and P isa function of pressure, common to related reac- .
tions /1/. Analytical expressions have been proposed for (P as a
function of pressuret :

Cp‘P/(HbP)anId ' (2)

A

for ionization reactions, where 5 = 9.20+10 MPa -1 in aqueous

solutions. For the non-ionic organic reactions

P [(1+00p-(4/8)1#8P) En(1+ppY] /R tn 10, 3

where o is taken to be 0.170. The aim of the present study is to
verify the general nature of Eqs.(1-3) on the basis of numerous ex-

" perimental data, to refine the value of b , and to determine p'
for the reactions of different types,

For reactions of each type the values of b or  determined

by the Joint statistical treatment of a large number of observed

dependencies of the equilibrium or-reaction rate constants on pres-
sure /1/. Next, the equation (2) or (3) with the parameter determi-
ned together with the Eq.(1) were examined using different tests of
fit and accuracy indices [1,27. ‘ ’
The following tests were Used:
I. Special tests (for each reagtion):
1) the test of linearity for the dependence "lg k -~ " ;
2) the test of systematic error absence (Abbe test).
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.II. General tests:

1) the test of error randomness ; 2
2) the Abbe test. T gL L
) . . (2]
The reactions which did not satisfy the special tests were o : E = ! 0 o
successively excluded from the consideration, and the parameter o wl”
was recalculated. Next, the parameter values_finally determined & =] § ~ ~
were examined by the general tests. The data given in Table show “ el B . ]
that the special test for the‘majority of the reactions were sa- g : g g o~ F m
tisfied with a fajir accuracy. The general tests for the reactions o E ¥
of all types, and also for the ionization reactions with b=9.20x E ]
x 107 MPa'1, were also satisfied. Graphical cheéking showed good g § 4 I | \ ) o~
linearity for the reactions of all types in the coordinates lg k - “ -
versus (P . ’ R o : . w : ‘3 &l - ' o~
» An empirical equation describing the influence of pressure ,3 & ﬁ '
on the diffusjon-controlled viscous flow was proposed: v & “ :
AV% g . db' . ) o % % + & - ’ﬂ g
Ve taVe + g (14 o R i |zlz
' PP qa.o RT F IﬁﬁP 3 E E i - NI ) "

. : . : : < ~lo :
where is the viscosity, V is the molar volume, 4Vo is the @ a 5
activation volume of viscous flow /3/. However, it was found that ;: ? : | ¥ ] ' Ly
thisiproéess cannot be described by a common equation of the LFER :E . 3 :
type ; in 24 from 58 cases the test of linearity for the dependence Z al I S g} 2
Mg k-P" was not satisfied. o 4 4 : w" n = :

. Based on the values of 6 and B, the valuesBz[‘(aAv/aP)/Av_JP’U ) PN S o e g
can be calculated ; there are equal to 2b for (2) and «f for (3). o g § < 5 ~ >
1t is clear from the Table that-these values can differ signifi- Ny —
cantly. In our opinion this variation is con?ected with the diffe- 5 %gﬁm» § © “ -
rent contribution of the free volume into AV, ¢ the higher the a4 & & o m N a
fraction of free volume the greater the compressibility of AVBf s o o = &
and B value. The change in the free volume depends on the change v %. né~L
of the mobility of moleéules or their fragments during the:transi— g~. &gr*g é' o o ‘o o
tion state formation /4/. The contribution of the free volume in-. ° “ gﬂiﬁ'g 8 8 2 e
to AVe - is minimel for the reaction of homolytic bond scission; p . @
it is larger in the case of the formation of new bonds, and is par- a BEh. 99 2 o 2 ¥R
»ticularly large for the diffusion.processés /3/. In the reactions g zook¥ - o \ i3
“of /3,3/-sigmatropic shift the changes in the proper volume for a < g 3
tbe bonds being formed and broken are of o‘ppositg sign and, hence, E" E 5 g E% :
they partislly compensate each other, .There is no compensation for > » g ° ﬁ:n g
"t1'e increments of the free vclume, and that is why the B-valus for » §' E' ‘3?’, 4y ';IZ
theone reactions is 1.5 bimes mg pgreat as that for Diels-Alder te- g -ﬂé} —a g o L g
antions. For Menshutkin reactions the contribution of free voluwme o gu g4 9o 99

. ’ : mo M3 nu g A4
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13
21

13
21

12.1
13.9
33.6

8.24

7.12
19.4

1000
26Q
800

13
9
21

in acetone

"a} in nitroben-
zene :

/3.3/-sigmatropic
b)

shnift
Menshutkin reac-

tions
**4 Test is satisfied j - test is not satisfied ; +- doubtful case.

% £ value for Eq.(2)




into AYe increases due to the "freezing" of the sclvent molecules
ir the solvating sphere of the polar TS, and this leads to an in-
_crease of B values, As could be anticipated, the @ value is larger
for the reactions in acetone than in nitrobenzene, .
The equation (1) has been used for precise calculations of
AVO and AA\Q y which allowed to reveal a number of delicate pe-
culjarities of the TS structure and the mechanism»of the processes.
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SO TE-SEATE WIANTTCS OF ESTBRIFICATION 4300 AHIDIZATION
_UNDER EHEAR DEFORMATION AND HIGH PRESSURES UP TO 8 GPa

V.M.Zhulin, N.P.Chistotina, I.I,Yakovleva, A.A.Zharov

N.D.Zelinsky Institute of Organic Chemistry, Academy
of Sciences of the USSR, Moscow, USSR

The kinetics of the solid carboxylic acids esterification

© with solid alcohols and of their ammonium salts smidization under

shear deformation and high pressure (SD+HP) was studied. The ex-
periments were carried out on an apparatus of Bridgman anvils '
type* at 293 K, 2-8 GPa.with anvils rotation angles up to 720°,
Examples of the systems studied are given in Tables I~3.

Table I, Conditions of experiments under SD+HP and yields
of esters in the reaction of solid acids with solid alcochols

Acid' Alcohol Reagent ratio| P . | Yield of
‘ : (w/¥) " |(GPa) (deeree) ester (%
. : theor,
| value)
“Mandelic  Borneol ] I 4 180 - 640
Mandelic  Borneol - 51 4 520 - 15,6
Mandelic  Borneol 611 3 260 5.3
Mandelic¢  Borneol 611" 7 360 20,7
Mandellc Menthol I 4 520 6,4
" Mandelic  Menthol I2:1 o 520 . 10.4
. Mandelic Adamantyl— 31 4 520 10.0
’ carbinol .
Benzoic Borneol . - IsI & 520 2.3
Benzoic  Menthol LN 4 520 I.2
Benzoic = Adamantyl- 1 4 520 ester noti
: carbinol : detected-
Picolinic Borneol 51 4 360 I.2.
KNicotinic Bormeol 31 . 4 360 244
zionicoti— Borneol . 51 4 360 4,8
¢ . :
Adsmantan- Adamantan- 31 4 520 8.6

carboxylic carbinol

It can be seen that the yield of the reaction products (e~
ters and amides) increases with the growth of pressure and shear
deformation. The reactiv1ty of the reagents varies within wide de-
pending on a particular acid-alcohol pair (Table I). Thus, benzo-
i¢ and mandelic acids readily interact with bormeol and menthol,

-3 ZHatov A.A., Chisbotina N P. "An Apparatus for the Measurement

of Shearing Stresses under High Presaure“ﬂ PrE, 1974 No.2,
PR 229-25
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. Succinic
* Glutaric

whereas only mandelic acid interacts with adamantylcarbinol. The
isomeric pyridinic acids (picolinic, nicotinic, isonicotinic) '

interact under SD+HP conditions in different wayss isonicotinic -

acid is four times as active as picolinic one, and their reacti-
vity does not correlate with their ionization constants.

Table 2, Yields of mono- and diamides of dihydric acids

Ammonium salt

Yield t 8 GP = ©
of acid (%), a a, © = T40°, 293 K

Monoamide - Diamide

Malonic

je)
.

COO00OOFN]

Adipic

Pimelic
Suberic
Azelaic
Sebacic

FHODOWOIN
» s 0 0 8o o

e B ¢ 8 & =
QOIS OMH

VNNV HH
WHORHPPDHOO

. e

Table 3. Yiélds of mono- and diesters on deformati
of mixtures of dihydric acids and borneol FasLon

Acid 9 Monoester yield Diester yield M K

(degree)| (% theor.value,MI) (% theorfvalue, 2 _Kg
_ M) Ik
Suceinic 360 0. ‘
Glutaric 360 32> 8'?8 :
pic 0 0.60 0. 0.

Adipic 180 I.2 0.32 0.5% 28

Adipic 360 2.7 . 0,60 0.23 %0

Adipic 920 6.2 1.5 0.24 20

Suberic . 360 4,5 0,70

Azelaic 360 7.6 1.0

Sebacic %60 3.8 0.40

can c;rhe rate constants of the reactions under SD+HP conditions

* caange very essentially depending on the composition of the
reaction mixture . This behaviour of rate constants‘can be rela-
ted to some physical properties of the reaction mixture (plasti-
city, shearing stress). Thus, an increase in the plasticity of
the medium and its shearing stress, resulting from the increase-
in the mandelic acid content in the mixture with borneocl, leads
to a groyth of the esterification constant (Fig.I).

The rake qonstants for the reaction between mandelic acid

and borneol under SD+HP conditions and in 1liguid phase wers a2sbi-

406

SAsREL

watod. The rate constants in the first case wers found to be mo-
re than IO4 times as great as those for the iiquid-phase proces-

8@8. . .
Series of experiments with mixtures of dihydric acids and

alcohols and with ammonium salts of organic acids revealed a pe-
culiar feature, i.e. a comparatively high content of diesters
and diamides at low conversion values (Tables 2 and 3). The so-
lution of the system of differential equations, which describe
the esterification of dihydric acids

O . 2K.AB - KM, B B kB

ax T eh1hT T tatrTe ax T te'r™e )
(where A, B, MI’ M2 are the concentration of the acid, alcchol,
monoester, and diester, respectivelyj x is a shearing stress),
allowed to calculate the rate constants KI(monoester formation)
and K, (diester formation) for the model reaction between adipi-
nic acid. and bormeol. It was found that K2 is considerably grea~-
ter than Ky, and the K2/KI ratio decreases with increasing conver-
sion, For the elucidation of these results it was suggested that
the deformation of the sample was nonuniform, but rather occured
within certain zones. In this case within the sliding zones the
gshearing stress value is greater than the mean valué for the sam-—
ple, and a greater value of deformation ensures higher conversi-
ons.

~ The calculations based on the assumption of nonuniform she-

"ar deformation, supplemented with a natural conjecture, KI = KZ'

showed that to reproducé the observed ratio of mono- and disub-
stituted products one should adopt that the yield of the monoes—-

per in the deformation zone is 50-60 % of the theoretical valus.

Similar calculations were carried out for the amidization
reactions to arrive at .the same conclusion on the nonuniform de-
formation of the ammonium salts under SD+HP conditions.

Thus, it was shown that for the reactions of esterifica-
tion and amidization under SD+HP conditions the reaction mixtu-
res are subjected to the nonuniform deformation. The kinetic dat:
obtained in the experiments show that the deformation of a sub-
sbence within certain zones of the sample may be I0-INO times as
great as the mean value for the sample. '




GROWTH OF Gal SINGLE CRYSITALS FRON THE SOLUTION

5% |

- UNDERE HIGH MITROGEN PRESSURE

1.Grzegoru .J.Jun and St.Krukowski
High Prassure Pesearch . Center "Uniprass” Polish Academy of
Sciences, 01-142 wgrsam,-Sckulowska 29/37, Poland.-

Abstract

The high pressure - hiqh‘temperatura solution growth has

béen used to - obtain GéN ‘single- crustals.  High, températures

N A - . : = increase the solubility of nitrogen in 1liguid aallium LK high
[} . ;.v ; i ‘ 1] F G ‘ -
/Omaﬂdeebc OC/d ‘ - pressure is necessaru to prevent thermal decompof51t1‘on of GaN.In

Dependence of the ester . i ordec to increase crustal growth rate temperatures up . to
. yield and the ester ' ‘
rate K on the composition of the mandelic acid/%ﬁigggion o

,mixﬁure (4 GPa, 293 K, anvils rotation sngle 3600), 109t and pre@éures Up-YD 18 kbar were used.

after each process a thin  polucrustalline GaN lauer was

found on the gallium éurface. kelativelu large tseveral mm: Gal

s:inale crustals were grown on the internal side of . the film, The

“plate~-like ¢r column-like crustals were grown iﬁ depeﬁdenca an
tre temnerasture éﬂd cressure_used. Cru#tal shape seems to he
ccn:rnilad bu crgstai growth kinetics. Hicfoscopic vmbservat;qhs
of crustal surfacezstructurs sugpgst‘thaﬁ several mechaﬁismsubof

.ﬂrdmth musratéu

bolrRoogl oM,

Gallium mnitride is a wide direct band gap (3, 5eul
semizordustor which has not uet been vrepsred in  the form of
leram single crystals., There -are  seridus  technclogical

SoFPieulties in growimg high o qualitu largs’ ‘singim  orustals,

103 ; : : , _ : 409 ‘




which coula be used for mMEasLUrzZIENLSE Jna daﬁiluﬁt{ﬁﬁé. Thesas
difficulities are directiy ralaﬁed TQ thermooynamical propartizs
of Gal~Ga-tie system. zallium _nltflde ras  an exéremelu 1o
solubility 1n the liquid gallium st temperatures noemallu  ussd
tfor crystal growth of Garl trom  the liguid phase Ll 2}, =one
attsmptsvtc grau Gai crystals from tha sJiutiocn Do the  uss . of
ammonia as an active nitvrcgen source weEre ranoroed
al £31. Ihis method was ﬁcﬁt successtiul betwssn osid-1oLUL

Ine sotubiiity of Lat in gaiirum coan be inoreased Oy rising

temperature or the process. However, at higher tesperatures  (zaf
easily decomposes and 1n oraer to prevent- this, . hign  pressure
has to be applied. H:gh pressure solution  growth  of - Gal was

.carried out by fMadar et al [23. They have succeded 10 preparing

crystals with dimens:ions belew | mm wusing nioragasn gprassure

{7 kbar and temperature 1200 <. The growth rate . &t suuh
conditions was several hundreds microns pec day.

The descripticn of corystal goouth

nitrogen pressure’ tlce-i18hke

radiznt  solutian

method was the purpose of this study.

I . THERMODYNAITICS.,

The synthesis of Gas from its constituent elements can  bg

‘dascribed by the reaction:

o

Bla + Ho = 2Gan : T
Equilibrium conaitions for guexlstence of the tnhraeg  phasas - at
high pressure Lup‘tn‘bo kbar? and tempecature Lup - to CUOU {11
were messured. 1he molar biobs _fresi ;nerglés of a1l the

componants wers analysed Lo estimate  the 1nfiuence or n;dh

[}
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standard Libbs fre=e energu of reaction

pregsure on the
'&1) f41. 1t was conciuded that this influence 1S determined
msinty by the pressure activitu of compressed nitrogen and  that

one can neglect the corrections  due te mechanical. stress in

liguid ang sol:d chases. it was also shown that ~ the solubility

of " nitrcgen in gallium  dces - not  significantly - chenge the

chemical pntential of th; ligquigd gallium.

1he p-1 cenditions fer chemical eauilibrium_of the reaction
Ll were ‘determ:hed evperimentally [S) and the wvalues of
nitronen astivity corresegondifa to equilibrium temperature and
sressure were caloulated. Since :cmureésed nitrogen deviat=s

srronoliy From the 1dea)l gas. its pressure activaty reaches the

~i1gher than the aonlied cressure. For , example at
W, iv subtiges o osoply 1B kbar to reach this achivity

calus ohich Foo trs ideal gas would require 200 kbar.

estimated that . mnitrcgen

10-~ ‘mole fraction &t

small rgrustal. growth

from =he liould gellium soluotior, (in th= cther. harnd.one | of

| bnown features of the Ea-Mo-GaN ‘system  that liguid
reacts rapidiu  with nitrogen  at High temperagtuuTes

creatitg Lalt polucrustailine orust on the oallium surface.

it mallaium from gasenus and the rate of (Gafl

ls fFronw tha

talls.iker the growth of

tening.,

g T




'.ESUL

In oroer fo incresse the progth rata of ul Logan et el .ol

The fial crust o3s alwayus observed on the gallium surfFace in
propased tne use of the temperature gradisnt  solutlon method : g
- - -  puriewgerimants.Ihe crust  preserved  its shape after gallium
with Ni- as a nitrogen souraoe. Lhey conciudad that gl : . ] N .
' - . i _etehing.lhe cenerzl vismw of such crust is shown in Fig.3 and 4.
temperature gragdlent across the melt was Sunergetlc with the the :

hservsd that the crustals of various habits  were drown  on o

formation of large ares of Gah epitarial layers. Howevsr Eiuels

. . internal surfecs of the crust. Ire crustal habits diftars
BT al. opserved that the temperatUcg graaient transpart has L

wrtn temperature =rd cressure of the procesz. [n Fig.2  we  show
a significant erfect on crystal growth of Gal frcm tha solution R

the

diagren

indicating  the crustal srape dependence on  the
in the temperatura range Y0U-10UU <. We have concluded that -

: > £ : oressures uszad in our sxperiments.
the temperature gradisnt combined witn tne diffusion of the and @re s ne

. - R - ors
solute led to statiognary conditions for crystal growth Cses R613t1V919_1?r°~ (i-gmm} column-like erystals wer2 Fourd

£ Ul . for the pressure as high as 17 lhbar and temperaturs 1360 ©C, As
section .

. ’ . rentiogned gkove, the crustals grew on the crust in the cooler
One cen also increase the cirystallization rate by the use RERLLIO 2 - . .

. - zonme of arh ompartment.  This  tupe of crystals had well
of higher temperatures. Kouwever this raquires hlgh nitrogen zome ot each  comes b

cerarounced 10§00 Fases and topoed with puramidal form  created
pressure to entorce the cundltlon of bali stabliltu

by wuoul)d srd ClCI2) face In addition we have alsc rhdervesd

n

Our technlcal apparatus permlts us to apnply nltronen ‘under

ouite  diftferent cuasi-solumnarc crustals. Iheu had B-arm
pressurs up to 20 kbar and temperatures up to 1700 =, : N

ztar-libe structure, lhe grms were comparat:ively lonc ard they

. : structureg on the t n aof each of them. The
2, Experimental arrangement.

urrounded by Flat thin walls creating the reqular

TeLTuTIuUre wEg

: . g : . recasen.,. F1g.5 shows onz of  such crustals.  Similarc cmlumnar
Tha harizontally arranged crucible, diviaded intg ‘three - o - .

o i ) psttsrns ware observed for 15 hber and 1380 ¢ as  well .. as
1solated compartmants was used to investigate the temperature . .

influence on the grawth procass. The crucibls,  with -tha ‘thras

X - - : ' Crowth of plate-lile crystsls accured' for -the higher
galllum.samples inside. was placed into. the high temperature . T '
: temreratur?s at the same . vressure, The aeneral view bf the
Eurnace Ihe e%parzments were carried out in the. high pressure : ! :

rltat2s grown on the GalN crust is presanted in Fig.4ﬁ ) .
‘vesssl, The nitrofen gas ‘pressure apparatus was similar tg that '

ample of interemediete r2oion where both forms uvere

= : . '

houn in Fiz.e. :
*. .

figs 72 =nd 9 show the

gescribed in (%1, The thermocouples were wused. to measure  tha

pal
1

!
El
"
@
in

tempsratures 1n the important zanes of the system. Fig.l shous
A ; - .

tha sxperxmental arranasment‘used 1n this wbrk Ths temperatureb

gradxent along tha cruﬁxnxa was about 50 Tt sem and the maal.um'
.

The Figure is given ut the end of the book.
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tampsrature in tha sgstam dxn not s»cned the equljlnrlun ore for’

the raactxnntl)

412 ‘ .




1N ch8 growling

CEMMS L TR
is 1ltustraten [t srmELrG- OF

crustals.

UL DISCUSS UM,

As 1t was shawn 1n Tie Previous sgonian, e have OOSET

zal crustals vitn qulte>dlfre 2nt shapes. inere &are, [ata IRF-REI- ol

—
o

some regularities af those crystal arocwth patterns, bince 1n a
: h

the nresancs of  iail

Aur | experiments  ws  have

palucrustalllna crust on the wal

sum surrace, we ooriclude that

-

i
-

rhe tormation of  ©his CoUSE AT

crystallization process. we are conv.nced that the tirst

15 completed when rather thich GaN crust is crested s that b

affectivaly prevents free access’ of nitrogen and bBlocis
s,rface reaction,
‘after tne crust formation LD ProCESSES 087 DUCL:

i/ GaN crust disselves 1in gallium UGS saturate the solution,

dirfus

ii/ mitrogen from the gas phase penetrates, iy
throuqnvfha'c;usc, ard recgnstructs disscilvad orust.
toc thermal gradient across +ha solution  the situation

s quite different.

ra

~coler parts of the sustem
diffarent at gifterent’ temperatures we
transport from the hotter to  tha

» processes 10 and i1/ continue

0 e : cosler zone, where he
gescra A : ) .
¥ )
P fiam Crystallization pocurs.
temperay D .

~\) : g STUSE serves as a spureces of
tha expery ' £ :
) ~ sults in the dense wood of  wsll
gradiant glu p . *

' ’ - on this surfece (£Fig.101. fha
tomparature iv.- .

rmation 1s governed by the mechanism

ﬁhg raactioncl) .
. 414

comnetet on gorowth,. Indeed. larger crustallites  arow faster

thouring  small ones. As  the

rigxributed ‘larage column—like

Liamr tm nrust surface, 1s observed. It seens

jesding to this transformation. is - analicgous

Shwe peEohEgTlism DoSEr

in constrawned dendritic arowth £5,77.

from tha growth of large

ibuted very densely ta the

of elcngated, sparsely

the previcus s=zction

‘.tk:s rattern chse: Al much lower © than the

the eguilibrium one ue

ToSrrve 2

srystals. The crustals

hec

ame plate-libe :ndicating that the orowth rats an L10iC3

15 arester

in dirsctizn [U0OC11. Upservation

e tie orystals tecome developsd in (GO0 directicn
fe e, mopomnelibes voen bha pressureg 1S hiah or the Eemmeratura

conditions  when  the plate-like

19 o beth column o and | plate-like

£y the orust  surface. This

o that the arowth is nalsily due to chermal

the solutbion.

ge rucleatsd lausrc’

cruystals crew by the

of the lavers on  th

w cruestel facas

1s 8 1rring or the.stolute fram

soarn o pgre Tt




The edge nucieation may lead, :n  ths esteramz, ta  tis

unstables growth that is freguently chsarved on the (i010D

In the lower temperature reagion oo lump-like :ru;talsh [E)
i .
cbserved specilal kind of unstable forms (Fig.5'). 1= sesms thab

these star-like torms are created hy the combicstion of adge

nuclsation snd depletion  zone formacion. ihese obhsarwvations

suggest that 1in beocoh éases the surfecss of scighedral Gal

crystais becoma morphologically unstabla oy Pr
|dges of - Ccrystals. . the psssibte connectlar psTwesn tharmal
conditions, crustal gimensinns and ohe instabllities, 15 strll an

~OPEN guestion. S = L
UL LONCLUSIONS .

High préssura—hxgh temperature th of Gafl toom Lha.sclutzon
temperaturs canSISts ar two staqas: surrace 'Suﬂthﬁsiﬁ reaccian
leading to the creatxnn‘mf palgcfgstal]xne Gal crust and crystal
gtowéh from thé soplutian precipitated on thé~1nternal surface ofF
the crust. 1n .ths secnnd sﬁage the transiticn from the growth of
the>danss'mdodvoé small crystailites to the nfomth of sparsely
distrlbuted relatxvélq large crﬁstals ococurs. In this way ‘the

crustals of mm Size can be grown during  several hour Sition.s

axpnlhé material tor crgstéll1zétlan 1s prowvidsd by th' 01ut1nné
gi1ssin the hotter pact or tﬁé caﬁpaptment.

The h;bit cé thae crystals change trom the coLumnar' ta. the
Dléte-lxke wl;n the change Qﬁvtemﬁerapure and brassure}

The dnmlﬁant qrcméh mepﬁanlsmAis thelgage nucleaten layer

growth but sometimes twordimensilonal nuclieation on LOUGT

crystal face 1s aiso obsscved. . c
. N . . . . . . -
Laogu nucleaticn cdrrelatea with deplsoed zone tarmation

ipads to the pgrouch of mmrunallca&ellu unstal @ Forms.
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MONO- AND POLYCRYSTALLINE DIAMONDS PRODUCED FROM HYDRO-
CARBONS )

O.A;Voronov. A.V.Rahmanina
Institute of High Pressure Physics, Troitsk, USSR

As shown in the paper [I], the fine crystalline diamond pow-
ders can be obtained by recrystallization of graphite at high
pressures and temperatures in presence of metal catalyst. The po~

- lycrystalline diamonds can be produced in the same manner also
[2,37.

Produced by this method synthetic diamonds have one common
defect in comperison with natural diamonds. This defect is the
presence of metal inclusions entered during the process of re-
crystallization, These inclusions result in destruction of synthe-
tic diamonds during their heating to temperatures about 900-I000 %
without dccess of oxygen, The low thermal strength reduces compe-
titive abilities of synthetic diamonds in comparison with natural
ones, '

We realized the method of decomposition of hydrocarbons at
high pressures and témperatures /4/ which allows to produce car-

-bon in the forms of coke, graphite of diamond:

CH2X'_—¥ C+JCH2>

The carbon forms depend on condition of decomposition of the’

molecules. This decomposition does not require metal catalyst, the-

refore resulting diamond does not contain metal inclusions.

We have prepared the diamond powder consisting from crystals
I-ZOO}mm in size (Fig.f) using decomposition of hydrocarbons to
carbon and hydrogen at pressures and temperatures corresponding’
to thermodynamically stable region for dlamond.

. The diesmond crystals obtained from hydrocarbons tend to'grow
into octmhedral shapes with good mirror smooth faces. Practically
all crystals are colourless, optically transparent, natural-1look~
ing. There is certain amount of isometrical crystals, but many
crystals are flat triangular'and sixangular plates, There are
‘double crystals, sometimes star double crystals and meny crystsl
aggregates'among them. The skeleton crystal forms sre abeent, The
sample représent excellent diamond according to bthe Y-rav i ffypc-

The Figure is given at the end of the tock,

Y

:ﬁicn‘pattern; The electrical resistivity of colourless crystals
'is more than 10'! Onm.ca.

Using this method we also obtained the polycrystalline dia-

'mond aggregates. These aggregates are cylinders up to 12 mmyin
‘diamater /57. The photograph of one type of the aggregates is

shown in Fig.Zt These aggregates are white cylinders with black

'layer on the side surface, which has thickness up to BO/nn. The

size of the aggregate crystallites varies from I to IO0O0 pm. These
crystallites have octahedral configuration. Produced aggregates
contain less than 0.2 wb.% of incombustible impuritiés (ashes).
These consist mainly of aworphous and crystalline silicone dio-
xide. The colour of ashes is white, with local spots of yellow.
Pycnometer density of aggregates is 3.49 g/cmz.

In appearanée these aggregates most of all resemble to well

known Brazilian natural polycrystalline aggregates.
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Introduction

It may be the best interest for a diamond-synthesis resear;.

cher to grow larger and more peffect diamond single crystals
which are by no means inferior to the treasure.of natural dia-
monds, Fifteen years after the first synthetic diamond was born
in G.E.Company, U.S., the same company claimed they had got syn-
thetic gemésized diamond single crystal about 5 mm in size and

about 1 carat in weight /17.

After that, Japénese researchers in

NIRIM /27 and in Sumitomo Elec.Co./3/, and Chinese researchers

in Shanghai Institute of Ceramics, Academia Sinica {47, also suc-
ceeded in making large diamond crystals by using

-which is

AT method

same as that in G.E, Co.

Cxeating a.new method of 6P, Wakatsuki [57 opened another
road to growing large diamond crystals. He discovered that it
,usually occurs that a lot of tiny recrystallized graphite flakes
cover around a well-grown diamond [8]. It seems as if they were
competing with diamond on the interface between graphite and -

flux,. He

phite could supress the nucleation of diamonds, According'td this

put forward his assumption that the recrystallized gra~

ass@mption,_following equation is expressed:

where N3
t:
s

-8,

dN =K .
AR (1)

= Kd-So {1-4glt) ~4d () }s
nucleation number,
time, v
the net area of graphite-flux interface, that is, the
area which has not yet been covered ejither with diamond
nuclei or recrystallized graphite flakes,
:initial surface area of graphite disc9

eL (t) and ol (t). ratios of surface area of graphite disc

already covered with recrystallized graphite and with

422

where

“.diamond, respectively, to the initjal area So; and
ia kinetic coefticient, given by '

: ;k.r_iéfl (7)o {55 )}

6d (2)
. 18264°
REPTS T AN
3KT(- )

Boltzmann's constant,
number of solute atomb striking unit area of emhryus sur-
face in unit time,.

number of solute atoms in unit volume of solution,

- intertace energy hetween diamond and solution.

 'At least, at the initial. stage of diamond nucleation, Ag (t)z>

'.fia‘i(t), therefore

g‘i K g- so{lwig(t)} . (3)

o ﬂe can see from Eg.3 that the nucleation rate relates to the co-

siorefer to Fig.1.
‘diamond and graphite in presence of solvent, P

and P

and

ing road,
“:ing the formation of recrystalliied graphite,

ments as follows. In order to make it clear, it
'”pressure for fresh graphite to nucleate dldmond

whicn is somewnhat ‘lower than P
"fto the ultimate temperature T. Feep this T,
few minutes to 1ét the graphite be recrystallized. After that,
raise the pressure up to ultimate value Pz(P
C range between P

-trarsform fo graphité,

that there =2xists plenty
for diamond growth i3 the
17 o '

svering ratio of recrystajllzed graphite. Thus opened a new think-

that is,. to control.the diamond nucleation by controll-

Experiments and Results

Based on -the idea'mentioned_above, we cah design the experi- .

is necessary to

In Fig.1, P, 15 the equilibrium pressure between
is the minimum
spontaneously,

is the minimum pressure for recrystallized graphite to nu-

£leate diamond spontaneously. First we ralse the pressure to P1

then raise'thebtemperature up
‘P condition for a

P,<P ) in the

and F ,” the diamond is thermodynamically stable,

" therefore the seed crystal could exist safely and would not re-

furthermors it cceld grow in condition
of graphite sourze. The driving force

solubiifity difference Latween graphite |

i osclutisn, for e pariioafar solvent and at a par-

L o . I




ticular temperature, it depends on the excess pressure op only.
Therefore as long as the pressure is higher than the equilibrium
pressure at the related temperature, diamond crystals could grow-
even if the temperature within the reaction cell is uniform. On
the other hand, because of the recrystallized graphite covering
on the graphite-flux interface the spontaneous nucleation of di-
amond has no position to occur. .

The press machine used is 3000 tons one with mono»pressﬁre
source, equiped with four-slides type apparatus. This type of
high pressure appafatus is of good synchronism of less than
0.05 mm, Fig.Z*shows the full view of the press and apparatus,
The curve of pressure calibration at room temperature is shown
as Fig.3. The control system for pressure and heating wattage
was made in ASEA Co,., Sweden, which precision is less than 0,5%
both in pressure and in wattage. This system has two modes: auto-
matic and manual. The automatic system is controlled by a micro
process unit into which we can set the P, W program in advance.

It is very important to determine Po' P* and T. In our case,‘

they are 4.9 GPa, 5.33 GPa and 1220 °C respectively.

The start material of carbon is spectrumagrade graphite ma-
de‘in Shanghal Carbon Factory, and the flux ﬁsed is Ni-based al-
loy. The seed crystals were chosen from synthetic diaﬁ*nds, they
are well-shaped and almost no inclusions, The assembly cf seeded
growth with S P method is shown in Fig.4., The experiments were
very'fuccessful, we got well-grown diamond crystals (as shown in
Fig.% ) among which the largest is about 2.5 mm, the smallest is
1.5 mm,

Discussion

" Based on the sclution mechanism me would like to treat the
diamond growth in dilute environmental phase.

After having worked out the thickness of the boundary layer
for diamond growth is much.larger than the coefficient concerning
the dynamics of solvent molecules exchange between bulk phase and
crystal sufface, that is, S>>/\, Liu pointed out that the growfh
rate of diamond is controlled by bulk diffusion /[47. As we know,
the crystal growth rate controlled by bulk diffusion is linearly
related to the supersaturation, ) L

Since the supersaturation for diamond growth

3 :
The Tlgurs is given at the end of the brok.

29X _ [V . '

- (4) 07
where ©OX: excess solubility,
diamond solubility in flux,

AV: molar volume decrease from graphite to diamond, !
R: gas constant, '
T: synthesis temperature,

§ P: excess pressure, i.e., P-P_.

From Eq.4, we know the supersaturation has a linear relation to
&P, therefore, the growth rate depends linearly on dp logical-
1y. This was confirmed by our experiments which were performed at
same temperature and within same synthesis duration, only by va-
ried pressure. As shown in Fig,b, the slope of the growth rate
line of the diamonds grown on bottom is 6.3 mm/GPa.hr which is
very similar to Wekatsuki's result 6.5 mm/GPa-hr /5].

As for the smaller growth rate of top crystal, we can ex-
plain it as follows. Because of the smaller density of diamond
seed than flux melt, the seed would float up during synthesis
process, thus increases the distance from seed to carbon source,
and the bulk diffusion of carbon becomes more difficult than that
in the case of bottom crystals. o
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THE PECULIARITIRES OF THE DIAMOND GROWTH IN MAGHNESIUM-BASE
SOLUTTION -~ MELT SYSTEMS

A.A.Shul’zhenko, N.V.Novikov, G,V.,Chipenko
. Institute for Superhard Materials, Academy of Sciences
of the UkrSSR, Kiev, USSR

The Institute for Superhard Materials of the Ukrainian
Acadegy of Sciences has developed a method [1:{f0r synthetizing
semiconducting diamonds in magnesium-base alloys, The mechanism

of the Bemiconducting‘diamond formation in these systems was coa-

,8ldered in EZi}. In this work the propérties and the growth pech—
liaritiesof the crystals were studied.

The crystals grown in the magnesium-base systems are overwhel-
mingly cubic, this habit persisting at all the synthesiﬁvtempera—
tures, The major peculiarity found in the crystals lies in the pres-
ence oflreadily seen positive growth steps on faces of a cube, the

steps forming concentric layers grown one over another and succes-

" sively reduced in size, The steps are well-polygonized and their

end faces are formed by a small number of rectilinear sections. An

en¢ face of a step that is more than 1 jm in height stands for a

‘'subface of octahedron. The steps extend in< 110> directions, i.e.

are parallel to th& edges between cubic and octahedral faces. At
low growth rates small sections of the steps arerlocated in paral-
lel to the edges of a cube and their end faces are subfaces of a

cubic. On tiers formed by larger growth steps a subétantial number

‘of steps of less than 1 um in height can be observed.

The steps formation occurs either at the center of a face or
is ghifted toward an edgé or the v -tex, At low groﬁth rates the
height of steps does not exceed 1 um and several centers of their

formation can be observed. Higher growth rates predominantly cause
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~the steps formation from one center and the height of the steps

may reach tens of microns. When carbon black was added to the re-

action mixture (20% against graphite) the diamond growth dropped

stiibstantially. In these condition numerous hillocks were formed on

cubic faces and the height of the growth steps was less than 1 }mL
“The formation of growth layers in the middle of faces characteri-
‘ses the case when the source of the layers growth is represented

by screw dislocations. Most probably, the growth of diamond cubic

faces in the studied growth systems is governed by the dislocation
mechanism of the growth layers formation.

To grow crystals in the magnesium-base system, seed crystals

‘of natural and synthetic diamond of various habit were used what

allowed to gather some in formation on the growth behavibur for
faces of different types,viz. octahedral and tetragon-trioctahed-
ral ones, At lower growth rétes positive steps of about 1‘}m11n
height are formed on octahedral faces. Unlike cubic faces the con-
centric arrangement is not observed-in these sfeps. At higher gro;
wth rates the steps are formed developing from the vertices and the
edges forming @ depreésiqn in the center of a'face. The tetragon-
-trioctahedral faces are rough due to the presense of Steps of abo-
ut 3 am in height extending in parallel to the'edges between cubic
(octahedral) and tetragon—trioctahedral faces. -

To define the growth rate (both the linear and the mass ones)
[3],the method of thermal cycling was used, namely, the twofold
short-time temperature lowering waes (with pime intervals of 3 mi-
nutes) resulting on thé formation of three distingﬁished zones in
a crystal. Fig.1 shows the 19cation of a crysfal in relation to fhe
carbon source (graphite) in the solution, In the (001), (100) and

(070) directions the linear growth rate was 2.3+107° m/s, 2,14107%

and 'ic8-10'6 a5 for the first, the second and the third zones
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cespectively. In the (00T) and (1I00) directions these values are
reduced by 1.6 to 1.8 timeé. The mass growth rates in the 1st;
the 2nd and the 3rd zones amounted to 8:10~7, 5¢1072 and 1.1072 g/s
respecti?gly. The highest growth fate was observed in the direc-
tion of the gfaphite location. Notwithstanding the higher growth
rate values the‘crysral»ié.characterized by a small amount of in-
clusions. In this case the factor that limits the maximal growth .-
~ rate allowing a singlé crystal to grow with a good quality is the .
twinning. '

The stength and the heat-resistance are some of the basic pﬁ&-
sical andvlechanicai properties of diamond crystals, The heat-resis-
i;ance i8 understood as the abiliﬁty‘ of»a"crystl:al f:o retain its stren-

_gth while being heated up to 1200 °C which defines the diamond per-

formunce when used in a tool. Féf the crystals of b00/315'grown'in'

our uxperimenta (withéut'sort;ng) the strength before and after the
heat treatmént‘was 66 and BAFN»respectively.'Being sorted into grqf
ups of '11ght‘»and 'dark",‘the strength_bf the_trystals of thé‘firf
st group before and after the heaf’treatment:ﬁas 69 and 40 N and -
that for the sdark® group Qa; 38 and 30 N fespeétively. Let us men=

tion for the comparison that the strength of the-ACSS-type crystals

of the same grit size synthetiied'invthe presense of iransient me-

tals at the growth rate of 6 to 7 times lower than that. for the
cryaialé in questioh and produced using a Speéial sérting method at’

that,is slightly higher (160}!) ﬁut their thermal resistance‘(}l&N) »
Vprdved to be evén lower than that of crystals‘gfnwh in the magnef
sium-base system. : s _ ‘ » ' v

It is'kgovn that the diamond cfystals grown on seeds in tran- K

sient wetals-base systems {the 5o-called onion-1ike cfystals) aré
of 1ow'atrenéth. The strength.of grown semiconducting crystals and
that of the initial seeod .éry‘::stgls_ Df ACT- t'ybpe were stndied in -r.mr;-.

work, .
4730

To define the compreasion strength rate 8 well-formed aeed

erystals of cubic-octahedral habit and 4 grown crystals of cubic

one were selected. ‘
The strength rate was calculated as a_ratio between the loa§

causing the crystal fracture and the contact area between the crys-

‘tal and the support. The average seed grystals strength (at ave-

rage contact area- of 0.31 mmz) was 4500 N/mm2 and that for the
grown crystals (at average contact area of 0,68 mma) amounted to

5000 N/mm?.
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The definition of the diamond growth rates: I, II, III are
aumbers of zones ;C,’ﬁ, L are carbon source, diamond and
melt respectively ;VI(OOI) is the growth rate for the (OOT)
face in the zone I. .
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Abstract

We preseht a series of photoluminescence measurements per-
formed at 2 XK on GaP crystals grown from the melt under high nit-
rogen pressure. The luminescence spectra are characteristics of
nitrogen doped GaP:i both single nitrogen and nitrogen pairs bound '
excitons are observed, The nitrogen concentration has been obta-
ined from absorption measurements performed et 77 K on sample sli-
ces of 207/mm - bhickness. It has been found to increase with the
growth pressure. A value of B.Sonlg'cm'3 has been meaéured for a
growth pressure of I9 kbarj such a concentration exc¢eeds the limit
of solubility of nitrogen in GaP when standard gfowing'processas :
are used. At high nitrogen concentration, the near bend edge lumi-
nescence disappears in favor of lower energy transitions NN3 and {
NNI. This is a direct proof of efficient exciton transfers via
hopping processes which increase with the nitrogen concentration
in the samples as predicted by statistical calculations,. o f

I. Crystal growth and doping

GaP crystals highly doped with nitrogen were grown from the
melt by the gradient-freeze method under nitrogen gas pressure up
te I9 kbar. The application of N2 pressure allow to obtain an ac~
tive source of nitrogen dopant and prevents the decomposition off
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GaP during the high temperature process of crystallization [I/7.
The nitrogen concentration ([N]) has been calibrated using the
method proposed by Lightowlers et al. /27 and the correspondence
begtween the predictions and experimental finding is given in Fi-
gure I, The Na,pressure dependence of substitutionally incorpora-
ted nitrogen in GaP follows the solubility curve proposed by
Grzegory et al./I/ and achieves the value of order B.SXIOI9cﬁ-5
for the highest N, pressure applied.

cern the same region of the phase diagram of the electron hole
system [E/ and can be fruitfully compared. The luminescence spect—
ra present a series of sharp tresnsitions which corresponds to the
transmission features plus a lower energy shoulder. SBuch a shoulder |
can be resolved and is then found to cdrrespond with the B state |
of the NNI exciton. The fine structure of both A and B could not.
be always resclved in these samples, this is probebly related to
the high nitrogen concentration which produce some screenings.The
most streaking feature on the luminescence patterns concern the
exciton transfer via hopping processes from the high energy states
towards the lower energy pairs when the nitrogen concentration in-
creases. Ccnsider for instance both the transmission and Jumines~
cence patterns NN5 and NN, in sample HFM-5. The absorption coeffi-
cient is stronger for NN5 than for NN4;‘simple arguments enable
~ us to say that the density of NN5 traps is higher than the NN, -
one, On the other hand, the NN4 luminescence is stronger than the
one corresponding to NN5; this is a direct proof of efficient exci-
ton transfers in these samples as already observed in LPE and VFE °
growth ones /77. One important point to outline concerns the lumi-
nescence‘sPectrum of heavy doped samplesj the band edge lumine-
scence is totally in favor of NN5 and NNy a&s soon as the [N] re-
aches 3x10190m’5. Such a point previously predicted by the sto-
chastic transfer model /B7 15 now observed. The last point we want
make ‘concerns the changé in the shape of the luminescence lines
with [N]. Figure 4 displays the shape of the NN related lumine—
scence for four typical concentrations. One observes a broadening
of the luminescence on the low energy side of the B multiplet /%7.
Such a broadenjng forms a tail extending. up to 5 mev below the
energy of the BI line, it has been predicted by the stochastic
transfer model of Leroux-Hugon et al., /B/. The traps reseponsible
of this luminescence are NN N; triplets (NN, ‘being nitrogen pair .
configurations for which the excitons are weaker bound than NRIO).
The shape of the triplet tail reflects the density of triplet cone
figuration and can be calculsted as ‘s function of the nitrogen cor
centration using the method detailed in Ref, 197,

To conclude wé shall say that the gradient-freeze growth of
GaP under high nitrogen pressure enables to obtain high quality
samples and to control the concentration.of nitrogen incorporated
" with a great accurascy. ‘ '

II. Optical properties

Trensmission investigations have been performed at pumped
liquid helium tempersture in order to check the quality of our
sampies. Figure 2 displays some of the transmission spectra obta~
ined in the wavelength region between 550 and 533 nm with [N]
differing of one order of magnitude between the most doped sample
and the less one, Clearly we observe a series of sharp transitions
which energy correspond to the well known energy of lines related
to NNy, NN,, NNg, NN,, NNg and NN, bound excitons [3,47. The hi-
gher the nitrogen growth pressure, the stronger the absorption co-
efficients as expected from the_calibration of optically active
nitrogen incorporated during the growth process.

_Please note that one can also observe the Stoke replicas of
the NN exciton involving longitudinal and transverse optic pho-
nons, which lie at higher energy than the NN5 bound exciton, This
obviously is a criterion of high quality of our samples. From sam-
ple HPM~2 (High Pressure Melt - 2 kbar) up to HPM~IS5 one observes
8 low energy shift of the absorption edgej it results from both
influsnce of  [N] (the NNQO exciton strongly broédens to form an
absorption band as soon as [N] exceeds I.SxIOIgcm5 /57 . and of
the influence of the intrinsic sbeorption larger for HPM-I5 than
for HPM-2 due o sample thickness effacts,

The luminescence spectra of such samples have been displayed .
for comparison on Figure 3. In that case we have extended the enef— §¥
gy =cale up to 590 nm in order to cover the whole scale of nitro-
gen related transitions, [N] is high in these samples and the
pump power (5I4.5 nm line of Art laser) has been kept small enough
to prevent an overlap of the nitrogen bound hole wave functions;

.a8 a conseqaeaca both transmissicn and luminescence’ spectra con=-
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_. sons (1918), and many others have not been verifiable, or reproducible. : .

BRIDGMAN AWARD LECTURE
DIAMOND SYNTHESIS AND HIGH PRESSURE RESEARCH

F.P. Bundy, retired from General Electric Research and Development Center
Home Address: PO Box 29, Alplaus, New York 12008, USA

1. DIAMOND SYNTHESIS {11

Since 1797 when Tennant first established that diamond is a crystalline form of.pure carbon there have

been many attempts to synthesize it in the laboratory. The claims of Hannay (1880), Moissan (1894), Par-

/

By 1938 improved thermodynamic data on graphite and diamond showed clearly that diamond is ther-
modynamically stable relative to graphite only at quite high pressures such as 1.6 GPa at room temperature
and 3.1 GPa at 900K. Data were not available for higher temperatures and reasonable extrapolations had to -

be made to estimate the pressures that would be required at higher temperatures.

Attempts reported in 1943 by Gunther, et al. in Germany, and in 1947 by Bridgman in USA, to convert
graphite to diamond by heating it to white hot temperatures aud quickly subjecting it to pressures believed

to be over 10 GPa were unsuccessful. This verified what was already known from high temperature experi-

" ments on graphitization of diamond; - namely, that the activation energy for the direct reaction of diamond

to gxa;;hile, or graphite to diamond, is very high. Bridgman once wryly commented that "graphite is nature’s
best spring.”

In 1953, when the ultra high pressure synthesis project was started at our laboratory with diamond syn-
thesis as one of the prime objectives, the literature surveys indicated that reaction conditions in the area of 6
Lra and 2000K would have to be attainable for time periods of minutes or hours, and that chemical systems
involving carbon would have to be found which could effectively reduce the activation encrgy of transforma-
tion of graphite to diamond. No apparatus was knowa at the time which was capable of the estimated pres-
sure, temperature; time conditions. The first priority task was to develop adequate apparatus and heating
techniques. We started with Bridgman cpposed anvil apparatus and modified it to tolerate specimens
heated electrically to high temperatures. Many gasketing arrangements were tried which would allow more
compression stroke while confining the high pressure. Over a period of about two years adequate apparatus

gradually evolved. The most successful one became known as the “belt” apparatus [21.

Even with apparatus of the P, T capability stated above nearly a ycar of exploratory experimentation was
consumed trying to find a reaction system (hat would convert graphiie, or some physical or chemical forms
of carbon, to diamond. Many experiments involving direct transition from graphite, release of free catbon
from carbides, electrolysis of alkaline earth carbides, various solvent media for carbon, etc,, were carried

out.

The first transient success was by Strong in mid-December 1954 using a sm#ll diamond seed wrapped in

pure iron foil and surrounded by a commercial carburizing comprend knows as $1ECO.
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Only a few doys ziter Sirong's transient suc

58, LT, Hall with oo oty vorsion of the "belt® apparatus,

operating at substantialiy higher pressuré, in which the "sample” comsisted of a iube of graphite filled with

iron-rich iron sulfide and capped at each end with Ta “current discs”, yiclde:! smail black diamond at each .

end on the Ta discs. This system proved to be reproducible.

Naturally, all hands started experimenting night and day to find what the successful reactions were, and,
what alternate ones might work. Within a few weeks it was established that ‘Ni, Fe, Co, and their alloys
together, or with séine other metals, would convert graphite to diamond, - providing the pressure was high
enough and the temperature was high enough to melt the metal in the preseace of graphite. The reaction

took place at the interfaces between the metal and graphite.

Within a few w;eks work was directed toward improving the‘diamond yields per ran, and to the accumu-
lation of enough synthesized diamond to make a small grinding wheel for performance tests. Fortunately
the dirty-looking diamond material we synthesized had properties satisfactory for resin bom'lcd grinding
wheel use because it performed at least as well as similar wheels containing crushed natural diamond. It
gave promise of being a useful viable product, and the next question was whether it could be produced at
costs competitive, with emstmg crushed natural diamond. It was at this time that Professor Bridgman was
engaged to consult, Fig. 1 with the hope that he might help find ways to increase the service life of the

apparatus and increase its efficiency.

On the first visil we showed him the apparatuses and the process and asked if he would like to make a
diamond run himself. He did, and with direction from us assembled a cell, put it in the press, and put it

through the procedure. It was a successful run, and we gave him the diamonds.

The development of the high-pressure, catalyst-soivent diamond synthesis process to an economically
feasible status took place jointly at our laboratory and at General Electric’'s Carboloy Department in
Detroit, Michigan,'whinh was to be the commercial producer of synthetic diamond abrasive if ci/crything
worked out satisfactorily. The commercial availability of‘symhesized diamond abraqive in quantities of
thousands of carats, was announced in November 1957, very shortly after our Russian colleague scientists

and engincers put the first Sputnik into orbit around the earth

- 1. P, T PHASE DIAGRAMS FOR CARBON AND BN

After diamond synthesis had been accomplished and work aimed at making it a commercial enterprise
was underway, more scientific work was needed to establish more accurately the diamond/graphite equili-

brium line, and to learn more about the bebavior of carbon at higher pressures and temperatures. There

was the possibility that there were alternate ways to synthesize diamond, and they might be competitive. -

The first part of this work culminated in the now-classical scientific paper by me and my colleagues on the

experimental determination of the graphite/diamond eiluilibrium Tine (1961) {3].

After modifying the design of the belt apparaltis to make it capable of much higher pressures [ extended

the investigation of the, phase diagram of carbon to include the melting line of graphite and the fost direct
The Figure is given at the end of the hook,
r ) .
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transition of graphite to diamond. This work involved attaining specimen transicnt temperatures of 3000 to
5500K, and required the development of transient heating and monitoring techniques. This work was suc-
cessful and was reported in 1963 in a pair of papers, one on the melting line, heat of fusion, etc., of graphite

{4}, and the other on the direct transformation of graphite to diamond in static pressure apparalus [5].
. 1

I1i. GROWTH OF GEM-QUALITY SINGLE CRYSTAL DIAMONDS

There were many scientific questioas about \ivhat foreign elements might be incorpora:cd into a growing
diamond, and what electrical, optical, thermal, and mechanical effects such substitutional elements might
produce. For cxample, if one could made n- and p-type diamond there would be the possibility of making
thermistors, transistors, and other solid state electronic devices that would be serviceable at mui:h higher
temperatures than silicon or germanium devices because of its higher DeBye temperature. Also there was
the possibility of utilizing the unexcelled thermal conductivity of perfect diamond crystal for heat sink pur-
pose, - and the wide-band light lransmimng properties of perfect diamond for windows in special tcchnolog—

ical applications.

By the mid-1960’s it was recognized that the graphile}thin metal filin /diamond system was very difficult
to control premsely, and furthermore the size of rcasonably good single crystals that could be grown by that
process seemed to be hmittd to about one millimeter. Wenterf propased abandoning the thin film process
in favor of a diamond/mollen metal bath/diamond system in which the carbon concentration gradient in the
bath wnulci be established by a temperature gradient which could be controlled. His early experiments
showed promise, but problems involving unwanied secondary nucleation of diamond and graphite, and of
dissolution of the essential "seed diamond” during the start-up of the run, were impressive obstacles. Strong
worked tenaciously on thése problems and evmlually solved them. By 1970 it was possible to grow single
crystals of diamond of very high crystal quality, and with controlled doping, Fig. 2 It was found that only B
and N, - the neighbors of carbon in the periodic table, - would grow substitutionally into the diamond lattice.
Boron doping, as expected, produced p-type semi-conducting properties, and blue coloration. Nitrogea
doping produced yellow coloration, but the crystals remained good electric insulators. The lack of n-type

diamond defeated the possibility of a diamond transistor,

Thermal conductivity measurements on some of our colorless single crystal diamond showed them to
have the highest thermal coqduc(ivily of any known material at room iemperature, - even slightly better than
that of the best Type 1 natural diamond crystals. This result was corroborated when high energy atomic
beam transmission and back-scaitering tests made at Bell Labs showed our crystals to give results quile

close to those predicted theoretically, whereas the best natural diamond crystals were not so good.

The most recent mechanical strength tests of our single diamond crystals were by Professor Ruoif at
Cornell University. A pair of bluish, boron-doped crystals were shaped to the latest Mao/Bell tapered face
gebmetry [6] and rur in an experiment by steps.up lo abovt 120 GPz. Faflure occurred during the next up-

foading step. This pressure generation nerformance i 25 goud wo fiai of mest Catural damonds selected

mond anvil cell ase,

end of tne nnook




. SIINTERING DIAMGOND AND CURIC BN

Single crystal diamond cleaves relatively easily along the octahedral planes. For this reason single crystal

diamond is not satisfactory for heavy cutting-tool work. A compact made of randomly oriented diamond

particles sintered completely together, diamond to diamond, at near 100 percent packing density, would be

just as hard, much tougher and stronger, and more resistant to wear than single crystal diamond.

Many years of experimental work at our laboratory were devoted to developing a high-pressure, high-

temperature process for such sintering. Each of us would have a try-at it when we had an idea (hat appeared

to have merit. This is not the appropriate time or place to go into the details of the basic problems and solu- -

tions. These are discussed quite thoroughly by Wentorf, DeVries and Bundy in their 1980 review article in
Science {7]. High-pressure, high-temperature methods with proper chemistry were developed which
resulted in sintered compacts of diamond powder with over 95 percent bulk density of diamond, a large frac-
tion of the particle interface area sintered diamond-to-diamond, and bulk hardness and strength comparable
to Single crystal diamond. Due to their randomly orienlt_ad polycrystallinity they were quite tough, relatively
impact resistant, remarkably wear resistant, and held thcir'strength'and hardness to quite high temperatures,
This we:ar resistance property made the sintered diamond material particularly useful for the cores of wire-
drawing dies and it has become widely used in.that application as well as for the cutters for hard metallic
and nbn-mclallic materials and for cutters in well drilling heads used in many different types of geologic rock
layers. Sintered diamond has also been used effectively as the highly-stressed parts of static ultra-high pl.'cs-
sure apparatus. - V

Ways were found to sinter cubic BN into strong, relatively tough, polycrystalline. compacts also, and tools
utilizing these materials have their unique épplications in industry.

V. ULTRA-HIGH STATIC PRESSURES

Prior to thé early 1970’s the most useful static very-high pressure apparalusés used cemented tungsten
carbide or single crystal diamond for the most highly stressed parts. The maximum pressure capability of
cemented tungsten carbide apparatus is set by its limited shear stcength of about 5.0 GPa. By careful tailor-
ing of the total geometry of the apparatus, including the gasketing structures, it has been possible to gen-
erate static pressures in opposed piston apparatus which are 4 to 5 times greater than the shear strength of
the piston material {8]. In the case of single crystal digmor;d anvil apparatus-the sizing and shaping of the

anvil faces and the gasketing are very critical for the prevention of catastrophic cleavage fracture [6,9].

Tn the mid-1970's with the new sintered diamond process available in our organization it became possible
to make composite pistons of cemented tungsten carbide and sintered diamond powder in which the mosi
highty stressed parts were comprised of sintered diamond. A Drickamer-like opposed anvil apparatus using
this innovation was dcsigned and made. With it we were able to extend the pressure range of resjstance-

monitored experiments from about 20 GPa up to over 60 GPa [10). In this apparatus the pressurized zone

was many times larger than that available in single crystal diamond apparatus, making it possible tn do quan-

titative electrical resistance experiments on many substances. Among the subsiances investigated by K.J.

! Dunin and me were S, Se, Te, Fe, FeV alloys, 1, Si, Ge, GaP, GaSe, (SN)X, Eu, Ba, Sr, anq Ca.

At room temperaturc we could achieve the a — e transition in Fe20V alloy, Fig. 3, which according to
the shock compression people occurred at about 58GPa. When sulfur was compressed at room tempera-

ture it acted as a semiconductor with band-gap decreasing with added pressure until at nearly 50 GPa the

.- band-gap became zero and the behavior became like a semimetal.

At that period of time there was great interest and exciteglem about the possibility of producing melallic.
hydrogen, which in addition to being metallic might also be a high-temperature superconductor. As'a move
in the direction of investigating substances at pressures approaching 100 GPa at liquid helium temperatures
a clamp press arrangement was designed and made for our sintered diamond tipped apparatus so that speci-
mens could be pressurized, clamped at pressure, and cooled to cryogenic temperature {11},  We never did
get to the point of experimenting with hydrogen in this apparatus, but we succeeded in detcrmiging the
high-pressure, low-temperature, behavior of many relevant substances. We discovered some new phases

and some new superconductors.

An example is Te, which in its first high pressure metallic form was reporlcd to go superconducting at

about 3.5K {12]. In our experiments at increasingly higher pressures it was found that new phases formed

with higher critical températures, T, o 85 illustrated in Fig. 4 [13}.

Another very interesting example was the behavior exhibited by the Ba, Sr, Ca family of alkaline earth -
metals (14]. Ba was known to become a superconductor at pressures above about 4 GPa, with highgr pres-
sure phases having higher T o5 Our work with Ba showed that the T . reaches a maximum of about 5K at a
pressure of about 16 GPa and for pressures above that there is a linear decrease, reaching abf)u_l 4Kat50
GPa, Fig. 5. In our experiments Sr did not show any superconductivity at temperatures within our capability
(>2.8K) until pressures of nearly 40 GPa were reached. Above 40 GPa the T ¢ increased slowly with pres- .
sure, but scemed to appl;oach a maximum of about 4K at about 50 GPa. The work with Ca indicated several

phase changes upon compression up to over 40 GPa. At 44 GPa, the Ca speci showed the beginning of

a small reproducible drop in resistance at the threshold of our lowest attainable temperature (~2K).. This
may be the threshold of the transition to superconductivity for Ca, but our experiment was not good enough

to prove it. The point is shown with a question mark in Fig. 5.

V1. HIGH PRESSURE APPARATUS DESIGN

The design, construction and use of ultra-high pressure apparatus has been of great interest to me from
the beginning of our work in the high pressure field. We started with Bridgman opposcd anvil appamm‘s

and modified it with thermal insnlation features to allow the heating of speci to high peratures

while holding them under pressure. The need for more compression and."follow-through” stroke led to the

B

development of the deformable conical sandwich gaskets, and eventually-to the "belt” concept of Hall’s,




-
‘The need for higher pressure capability in the late 1950s for experimentation on melting of graphite aad

possible direct transformation of graphite to diamond called for extension of the gencral stress design of lhc
belt type apparatus to wha( I called the "high compression belt",

To get to still higher pressures we had to g0 to. the composite pistons with high strength sintered dia-
- mond in the most highly stressed regions. This worked out quite well in the Drickamer-type, enclosed,
opposed-anvil geometry [10].

In the last plenary lecture of the last AIRAPT International Conference [Amsterdam (1985)] I went iato
the details of materials and dcsngns to use (o achieve the highest possible static pressures 19). Thc piston
material has to be diamond, the strongest and hardest known material, with preciscly the optunum geometry
and gasketing. At that time (1985), I suggested thal 350 to 400 GPa should be attainable if all details of the
design and construction of the apparatus were opnnnzcd Such pressures, corresponding to that at the
center of the earth, have already been nearly attained by Mao and Bell’s group at the Geophysical Lf:bora—

tory in Washington, D.C. Professor B idg would be pleased to know that high pressure techniques have
been advanced so much by his many followers. B
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Fi'g. 3, Resistance vs loading of Fe-V alloys in sintered «. .mond tipped opposed anvil apparatus. Up-jumpof

resistance occurs at the a —+ & phase transition. .
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NOTES

To the paper: Franck E. U. «Supercritical fluid mixtures at high pressuress.

Fig. 9. «Hydrothermal» flame at 2000 bar. Oxygen is injected at about 2 mm?®
sec—! into the supercritical homogeneous fluid (0.70 H,O + 0.30 CH,) at 450 °C.
The spontaneous ignited flame is 4 mm high and 0.5 mm wide. Sapphire win-
dows are used. (Observations by W. Schilling, Institute for Physical Chemistry,
Karlsruhe University.)

To the paper: Dobromysiov A. V. Taluts N. I, Demchuk K. M, Martemia-
nov A. N. «The influence of pressure on the o — transformation in Zr and
its alloys».




Fig. 1. Structure of Zr and Zr— 25 % Nb alloy after different tr :
q_——-Zr after quenching and holding at pressure}é GPa, X30000; b—t—e(fltergﬁ%&i
d:ffgactlon pattern corresponding to (@), zone axis [100} m-p‘hése' ¢—Zr —
25 % Nb after quenching and holding at pressure 8 GPa, X30000; 'd—7r af-
fer holdlglg at pressure and heat treatment at 400 °C for 1 hr >Y(30000' e—
52‘3_0“0365 ;0 Né)l aftter hg}glngt_at preitsure and heat treatment at 4,00 °C for’l hr,

; [ — electron diffraction pa i i i
o principal o phaon diffraction pattern corresponding to (e), zone axis [011]

To the paper: Yakovlev E. N. «Diamond formed of organic compoundss.

Typical diamonds formed from organic compounds.

To the paper: Kurdyumov A. V. «Martensitic transformations in carbon at hi
pressuress.

S ¥y
212 ¢
e 0002 | ¢ o 121 .
T 000,9 s
v 7 0®
o oo 1210, %2108
© O
A [ ] -
.o . Y
& %

Fig. 1. Electron diffraction pattern from a lonsdaleitegraphite particle; C
graphite reflections; @, A, B — lonsdaleite reflections at three equivalent :
entations («three—fold texture»).
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Fig. 3. Electron diffraction pattern from a lonsdaleite-diamond particle; 3
forbidden reflections.
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To the paper: Gerlach U., Risse G., Vollstidt H. «On solid state diamond nuc-
leation at static pressures.

To the paper: Grzegory 1., Jun J., Krukowski St. «Growth of GaN single cry-
stals from the solution under high nitrogen pressures.
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Fig. 3. GaN crust with columnar crystals on its internal surface — general vi
ew — 17 kbar and 1360 °C.

3
%

Fig. 5. TEM of carbon phases affer synthe-
sis  (soure: natural graphite) (Magn.

10 600). Fig. 4. GaN crust with plate-like crystals on its internal surface — 12 kbar at
Fig. 6. TEM-dark field with 022-diamond 1400 °C.

reflex. :

Fig. 7. REM of synthesis product aiter v

graphite oxidation.




Fig. 5. The hollow star-like crystals showing morphological instability — 17 kbar
and 1360 °C. :

Fig. 6. Intermediate region between plates and columns — 12 kbar and 1300 °C.

Fig. 8. Growth layers on the [1010] face.




Fig. 9. Two-dimensional nu- -
cleation on [0001] face.

140’}Lm
Fig. Fig. 11. Structure of layers indicating the direction of solute current.
and
To the paper: Voronov O. A, Rahmanina A. V. «Mono- and polycrystallize
. . diamonds produced from hydrocarbonss.

Fig. 10. First stage of

growth of crystals on the in-

ternal side of the crust. The

dense wood of small crystal-

lites is growing.
Fig.

Fig. 1. Diamond crystals 200 um in size, produced from hydrocarbons.




an

Fi

Fig. 2. Diamond polycrystalline aggregates, produced from hydrocarbons (left).
The polycrystalline carbonado [3], produced from graphite using metal cata-
lyst under the same conditions of experiment (right).

To the paper: Zongqing Y., Wakatsuki M. «Seeded growth of diamond with §P
methods. .

Fig. 2. The full view of the press and high-pressure apparatus used.

Fig. 5. The diamond single cry- -
stals grown using 8P method. 1 mm

To the paper: Bundy F. P. «Bridgman Award lecture. Diamond synthesis
high pressure researchy.

Fig. 1. Group photo, including Bridgman and Langmuir (1955).
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9. Photo of high quality, laboratory-grow

n, single crystal diamond.




