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I. Introdoction

The ideas of the non-equilibrium
thermodynamics predicting the possibility of
the non-crystalline structure with new unique
properties in  strongly  non-equilibrium
conditions have been widely developed. In this
case by the structure the method of the element
organization and the spatial-temporal character
of their intercorrelation are meant. The
dissipative structure formation in the non-
crystalline materials is related to the self-
organizing phenomenon.

The synergetic approach to the shaping and
exposition of non-crystalline structure enables
to aggregate the thermodynamic and kinetic
concepts so that they do not exclude, but on the
contrary, self-consistent supplement each other
[1-5]. Within the framework of a given
approach non-crystalline states are considered
as an outcome of the previous self-organization,
during which may promote the minimum
energy dissipation.

By the term "non-crystalline substance" the
structural disruptions are meant most frequently
being manifested as the absence of the

correlation of the physical quantity, which
describes the present system at the distances
defining the disordering scale. The non-
crystalline solid state is usually considered as a
metastable one, which does not correspond to
the minimum of the total energy and will transit
in time to the stable equilibrium state. From this
standpoint the total order is the one that appears
due to the non-vanishing correlation of all
physical quantities across the total volume of
the system. That approach to the non-crystalline
solids is in the same relation and has the same
specific features as, for example, the flat picture
and the real three-dimensional image.
Historically, such an approach to non-
crystalline materials has been realized due to
the description of the initially crystalline
spatially ordered solids and the attempt to
extend the results for the crystals to the
disordered substances. The aforementioned
consideration lays the "secondary" relation to
the non-crystalline materials, when the essential
peculiarities of their operation are rejected. In
our opinion, the situation would change
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drastically if the structure and properties of the
condensed media were started initially just
from non-crystalline materials and the
crystalline media were treated as a special case
of more common non-crystalline ones. In this
case a host of phenomena observed in non-
crystalline materials would allow one to catch
the general hypotheses and models which
belong to the unified approach based on the
ideas of synergetics [1,2]. One can formulate
the following concepts of non-crystalline solid

state [2,5]:

e any substance can exist in the non-
crystalline solid state in one or another form;

e non-crystalline materials are the dissipative
structures formed as the method of system
organization;

e non-crystalline substances are characterized
by the criteria which define the domain of
their stability in this state, i.e. the boundaries
of the stability with respect to the control
factors, which affect the system (i.e. the
temperature, pressure, radiation and the rate
of their variation, etc.);

¢ the role of non-linear modes in the formation
of the non-crystalline non-equilibrium
stationary system of any degree of
complexity is equal and versatile;

e the main parameters, which specify the non-
crystalline system, are the spatial-temporal
correlation of physical quantities describing
it and the life-time of the dissipative
structure;

e the general regularities established for the
non-crystalline state are also valid for the
crystalline one.

II. Model of system

As the temperature of the solid is elevated
to the melting temperature, the concentration of
point defects (of the internodal atom (vacancy)
type) or extended defects (of the dislocation
type) increases sufficiently. Such defects taken
separately are not the disordered phase nuclei.
However, if they are accumulated within a
certain macroscopic domain, then such area of
disordering corresponds to the structure
inherent to the soft states, i.e. it has a shearing
instability, a high level of dynamic
displacements and the instability related to the

586

defect formation. Hence, within the phase
transformation interval along with
homogeneous fluctuations (i.e. the thermal
displacements of atoms) the effect of
heterophase fluctuations increases, being the
formation of the liquid-like macroscopic
domains inside the solid-phase state under
study [6].

The "soft" states are specific structural
states with an additional degree of freedom in
the configurational space. These states exist due
to the spatial fluctuations of the short-range
order parameters (the number and the length of
the bonds, the interbond angles) near their
average values and the formation of the defect
states in the highly non-equilibrium conditions.
They are intrinsic for non-crystalline solids.
Atoms in the "soft" states possess a
considerable level of static displacements and,
consequently, the vibrational anharmonism and
the ability to the spatial rearrangements. The
bonding topology and the configurational
parameters which describe the "soft" states, are
accounted for and detailed in terms of certain
structural models. We shall analyze the general
tendencies of the formation of the
macroscopically ordered structures in the non-
crystalline solids away from the equilibrium
state. Therefore, we shall use the universal
characteristics of the "soft" states.

Now a reasonably large number of the
experimental data are available allowing one to
state that the structural formations of a certain
chemical composition may exist within the
T < T,, temperature range as well as in the melt

or in the non-crystalline solid [7]. The presence
of heterophase fluctuations is confirmed by the
studies of the semiconductor melts, the
viscosity coefficient and the internal friction at
the vitrification of liquid as well as by the
Mossbauer spectroscopy , Raman spectroscopy
and the X-ray structural analysis data [8-10].
The probability of the heterophase fluctuation
formation and the relationship between various
microscopic states are defined by the conditions
of the interphase equilibrium for the
equilibrium phase transformation [11-14] and
by the degree of deviation from the equilibrium
state for highly non-equilibrium
transformations [5].
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where QND?B (1,1'),11(1,1’) is the self-consistent

potential interaction, T =R, +u,+Vv, is a

radius-vector of /-th atom, R, is the average
equilibrium position of the /-th atom, #, and
v, are the dynamic and the static displacements
of the [-th

atom, respectively,

u,(LI)=u, (1)-u,(I') are the relative
displacements, v, (/m) are the static
F<F+(H-H,),F=3F,
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Here F, is the free energy functional for the

effective Hamiltonian,
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is the entropy, g, is a statistical weight of the
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allows one to determine their temperature

displacements of the /-th atom when the m-th
atom is in the soft state. The model parameters,
i.e. the fraction of atoms in the liquid-like states

o,, the force constants CT)?ﬁ(l,l') and the
mean-square relative displacements of atoms
Yo (L1) = (u" (1) -u" (1)) in equation (2) are

calculated on the basis of the wvariational
principle for the free energy functional:
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state f, ® =k T . The variation of F over the
parameters c(c=o0,), ®¥(L1), Yaup (L1') at
fixed temperature 7' and pressure P:
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dependence for the equilibrium (8F =0) and
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non-equilibrium (3F # 0) transformations.

Let us find the functional equations to
determine the probability of the liquid-like

states formation, force constants and mean-
square displacement of atoms. Using equations
(3) and (4) for o :

8F = [8—1 86+ {Q—FQB} 3D + {G_F} 8Y 5
86 )’a[h&)[fxﬁ aq)f G.Yap ayf’vﬁ G’(T)?I‘

—Hy
F<F,+(H-H,), F,=YF, TS, F, :—G)ln{SP(e o )},

T

we find:

&
a—an—F+i>H—ﬁ< =T,-T +20(®, - &, )- 28, —4T(1-c)o—2INIn—C (5)
dc 0o 0o 0 &

l1-o

Here the following notation has been
introduced: F is the free energy functional for

the effective Hamiltonian, S is the entropy, g,

is a statistical weight of the state f, o, is the
fraction of atoms in the liquid-like states,

2M

1

CT)?B (1,I')is the force constants and the mean-
square relative displacements of atoms

Yo (L) = )u (L) u (L), © =k, T,

L' a,m

% :Z>Pf_<l><, R =>zzla<f”r>va%K-

Similarly, the functional equations with qN)cfxB (1,1 are found:
respect to the quantities y,(L1) and
oF 0 ~ 1 ~
- H-A{ ==(\WVevto. (5 No> —Dd*(1,1')), 6
aYaB(l’ll) 83’(16(1,1,)> <0 4(> o f(rll )<Gf f ( )) ( )
sin’ & (l 1 )
OF oF, 0 ~ h 2 ho YLl
= Py = —H{ = = th——-———=. 7
e @iy @ TN o) 20 4 @

In the non-equilibrium non-crystalline

state, OF # 0. Expanding £ into a power
series in the system deviation from the
equilibrium state and restricting ourselves to
the first terms of the expansion, we have:
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To describe the kinetics of the order
parameter variation we shall use the Landau-
Khalatnikov regression equation
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ot lon,

which allows one to obtain in relations (9) the
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for the highly non-equilibrium systems [2]:

My e
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reduce the number of order parameters:

M, =22, m, = 22 I and rewrite (9)
azz a33

=(0. This allows one to

following system of non-linear kinetic in the following form:
equations. According to the Prigogine
principle of mode subordination, which holds
yé—n=—a n—-cn’-bn’,a a2 B2 _fs | (10)
ot e Toal g
The expansion coefficients are the non-equilibrium state, 8F#0, n=0. To

functions of the temperature, pressure and
control parameter, i.e. the cooling rate is
a, =a,(T,P,q). Since in the equilibrium
state SF=0,8F>0 and m=0, then, to
ensure this, aO(T,P,q) must be a positively

defined matrix, i.e. aO(T,P,q)>0. In the

provide the formation of the stationary states
with a non-zero order parameter, it is essential
that aO(T,P,q)< 0. Thus, at the transition to

the non-equilibrium state with the non-zero

—2c+t./4c’ —4ab

6b

order parameter: n = , and
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the expansion coefficient is aO(Tc,Pc,qC ) =0.
Here the following conditions must hold:
¢(T,,P.,q,)=0,b(T,,P,,q.)>0, since, with
approaching the point T ,P.,q., from the
equilibrium state side, an even derivative

a,(T..P..q.) = -4, In(arctan|q]). g =

which is transformed to aO(TC,PC,qC)z -a,q
as q <<0 [15].
Thus, having started from expressions (5)-

(10), we arrive at the following self-consistent
system of equations with respect to the
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should be positive. Thus, in the process of
melt cooling and at the transition to the non-
crystalline state, aO(TC,PC,qC) can be

approximated by:

relative fraction of atoms in the liquid-like
states, the mean-square atomic displacements

yaB(l,l') and the force constants ®(1,1'):

F(0)=0,F(y)=0,E(®)=0, (11)
|
F(o)=T, - T +20(®, - ®,)- 20, ~4T(1-6)o - 20NIn—S—— 1+ &,gn -cn’ —bn’ -D V'
L]
l-o
sinzk—f”' (11)
h 2 ho Y 1 n
F,(y)= & coth— — 29227 12
)= N = ok) 20 4 1, (12
1 f{ioa . by
F3 ((D)Zzovu'vﬁ'q)f (ru XG? —d)tﬁ(],] ))_ 2CD

This system (11), (12) allows the
temperature properties of the system to be
studied both at the equilibrium (n=0) and

highly non-equilibrium (n # 0)
transformations.

II1. Results and discussion

Consider the application of the above
concepts to the studies of the stable and
metastable states formation in the certain
synergetics model. For the equilibrium
transition "crystal — liquid" the ab area
corresponds to the crystalline state, the ef area
denotes the liquid and bc, de areas correspond
to the metastable states, i.e. to the overheated
crystal and the overcooled liquid, respectively
(see fig. 1, t is a reduced temperature).
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Let us analyze the temperature behaviour
of the solutions of the system of equations
(11), (12) in highly non-equilibrium
conditions, i.e. at q —q,. The temperature
dependence of the fraction of atoms in the
"soft" states have two specific domains
(Figs. 1, 2). First of them corresponds to the
system cooling at q < q,, when the transition

to the solid state occurs with the spasmodic
increase in the elastic constants and the
decrease in the fraction of atoms in the "soft"
states. Note that the value of the leap
decreases with increasing ¢. The second

domain observed at q > q_ is characterized by

the continuous anomalous increase, the
development of a shear rigidity of the
structure and the elastic constants, as well the
continuous reduction of (see Fig.2).



Self-organizing processes and dissipative structure...

= 1-4g=20
. 1 e 2-g=4
1,0 4 3-g=
c I = = =
o f
0,8 7] ) e ¢
] .
067 o d
0.4
0,2 7] 3
b
4 a C
0.0 7
T T T T T
02 0.4 06 0.8 1,0
T
Fig. 1.

Consequently, the curve at q =, demarcates

the region of the existence of metastable (i.e.
the overcooled liquid) and highly non-
equilibrium  (non-crystalline)  condensed
systems. It defines the lower limit of the
possible reduction of the mean-square atom
displacements and the fraction of atoms in the
"soft" states in the temperature range above
1, at q<q, (v, is the temperature of
synthesis,  branche f-F on Fig.2). The
temperature T, in the curve ., at which
metastable states are degenerated, is the

temperature of coexistence of three states at a

preset pressure, i.e. crystalline, liquid and
2

0°c .
sz =0 (point S,

non-crystalline states: (

Fig. 2). The studies of the peculiarities in the

Liquide
state

behaviour of the thermodynamic properties of
the system in the vicinity of {rc,qc} are of

doubtless interest. Note that the correlated
reduction of the intensity of atom vibrations
and the rise of the force constants at the
transition from the metastable overcooled
melt to the non-crystalline solid gives
evidence for the occurrence of the collective
macroscopic processes at the microstructural
rearrangement level at which the non-
crystalline structure with the inner order
parameter is formed depending on the control
parameter values . The order parameter

used determines the degree of system
deviation from the equilibrium state and
correlates, in particular, with the fluctuations
of system deviation from the Gaussian
distribution. The non-equilibrium stationary

Metastable
state

Crystal
state

/ External control

parameter
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structure produced at q > ¢, results from the

instability of the ground thermodynamically
non-equilibrium state and arises through the
self-consistent enhancement of fluctuations
(the mean-square atomic displacements and
the fraction of atoms in the "soft" states)
which reach the macroscopic level and make
a new structure stable. That structure is a
dissipative one.

Indeed, when the melt is cooled down
under highly non-equilibrium conditions, the
part of the energy of the system, which is
related to the thermal motion of particles, is
transformed into the  macroscopically
organized motion due to the spatial-temporal
correlations at the macroscopic scale. This
motion is transformed into the complicated
spatial organization of the system. Such a

method of organization just constitutes the
dissipative structure. The dissipative structure
formation in non-crystalline solids under
cooling is related to the self-consistent
creation of the "soft"-state domains and
results from the temperature behaviour of the
structures under evolution towards those
changes, which may promote the minimum
energy dissipation and facilitate the
technological process.
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M.I. Map’sin, O.0. Kukuuei, A. Cac'

IIpouecu camoopranizanii Ta pOpMyBaHHSI AMCUIIATUBHUX CTPYKTYP B
HEKpHUCTATIYHMX MaTepiajax

Yoiczcopoocoruil nayionanvuutl yuisepcumem, 88000, m. Yorceopoo, eya. Iliozipua, 46
"Yuisepcumem I'edennes, 2071, m. Bydanewm, eyn. Ce. Iwmeana, 20, E-mail:marjan@univ.uzhgorod.ua

dopMyBaHHS AUCUIIATUBHUX CTPYKTYP B HEKPUCTATIYHUX MaTepiagax MoB’sA3aHO 3 SIBUILIEM

camoopramizaiii. B paMkax maHoro miaxomy HEKPUCTATIYHUN CTaH PO3TILIIAETHCS K Pe3yIbTaT
MOTMEePeIHLOI CaMOOpraHizailii, sKWi BiINOBIA€ MIHIMyMy JIWCHINAIll €Heprii mpu JaHuX
YMOBax OJiepKaHHsI.
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