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SOME THERMODYNAMIC ASPECTS DF THE GLASSY STATE

3. ZESTAK

Institute of Physics of the Czechoslovak Academy of Sciences, Na
Slovance 2,

180 40 Prague 8, Czechoslovakia

ABSTRACT

The classification, identification and stability of a
non-crystalline ma-

terial as a glass is discussed. General thermodynamic and
compositional con-

sideration are presented. Thermal characterization of
vitrification processes

are specified. A survey is given of the theoretical modelling of
thermody-

namic descriptions of glass transformation. The thermodynamic
functions of

undercooled liquids during vitrification are explained.

A traditional definition of glasses involves the natural cooling
(about

10m2 K s-I) of melts, usually silicates. If other substances are
subjected to

sufficiently rapid cooling, for example water cooling of
chalcogenides (102 K

s-I), melt spinning of metallic alloys (106 K s-I) or even
vapour deposition

of various organic (alcohol) or inorganic (water) compounds
(IOIO K s-I),

glass-like materials are similarly obtained, extending
tremendously the amount

of data on the formation of glass. Previously such studies
mainly have been

of academic interest but now find a wider use because of a
growing number of

practical applications. Such studies were previously often
related to the

field of the researcher's individual interest but they are now
loosing their

original character of academic curiosity because of a grohing
number of prac-

tical applications. The different kinds of glassy materials that
have been

studied extensively include ionic conductor inorganic salts,
semiconductor

chalcogenides, metallic alloys and various organic polymers. The
study of

glassy materials focuses on the structural, kinetic and
thermodyn~ic aspects,

the latter being the subject of this paper.

CLASSIFICATION, IDENTIFICATION AND STABILITY OF A
NON-CRYSTALLINE MATERIAL AS

A GLASS

A great variety of non-crystalline solids have recently been
prepared by a

number of distinct but unconventional methods. The methods
employed include

0049-6031/86/$03.30 0 1986 Elsevier Science Publishers B.V.
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unusually extreme quenching of melts or vapours and/or
electrodepositions,

disintegrations, or use of high energies. A disordered
distribution of atoms

is obtained by freezing melts or as a result of other
disordering processes

involved in the amorphous material formation. The latter
processes usually

produce states that are poorly characterized as well as
difficult to charac-

terize. That is why non-crystalline solids of an identical
composition ob-

tained by various techniques, or by the same technique under
different condi-

tions, can differ considerably in their physicochemical
properties. A more

precise identification thus becomes difficult since certain
parameters, like

local cooling rate and associated gradients, topological and
compositional

short-range order, etc., cannot be specified exactly and/or
directly. Thus, it

is evident that different names are currently used to describe
such materials.

Eckstein (ref.1) classifies non-crystalline solids as vitroids
referring to

organic and inorganic materials in the vitreous state, including
glasses and

plastics. According to Roy (ref.2) the concept of
non-crystallinity (meaning

structurally disordered) is considered hierarchially superior to
the terms

glassy and amorphous. (The latter is currently more popular to
describe the

newer types of semiconductor and metallic materials.) Many
materials are con-

sidered amorphous if they do not exhibit an experimentally
detectable glass

transformation point which, however, can be hidden in the early
process of

crystallization catalyzed in such cases by excessively active
sites or inter-

faces. A small number of vapour-deposited amorphous materials
can even exhib-

it a pseudo glass transformation (relaxing to the state
obtainable by cooling

of the corresponding liquid to the same temperature) and then
immediately cry-

stallize. The specific class of non-crystalline solids, which we
herewith

signify by the term glass, is understood to be preparable in a
more systematic

and reproducible fashion compared to others, i.e, by cooling
melts at differ-

ent quenching rates with the possibility of subsequent heating
into the under-

cooled liquid state without overlapping crystallization
(refs.3,4).

Another problem is the stability definition of a glassy state.
According

to Suga and Seki (ref.';) the glassy state is a
thermodynamically unstable one

which can be assumed to be an undercooled metastable state at a
certain in-

stant of continuous cooling by the glass transformation process
which is con-

sidered here as a general property of all metastable phases.
Therefore, they

(ref.5) recommended even further classification of general
glasses into glassy

liquids, glassy liquid crystals and glassy crystals formed by
the glass trans-

formation of the respective metastable states of liquids (melts)
and liquid

and solid crystalline phases. The state of a cooled material can
be charac-

terized thermodynamically with respect to its corresponding
stable phase down

to the glass transformation temperature, at which a state of
internal equilib-
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rium is lost, and even lower with some uncertainty due to the
irreversible

nature of the glass transformation phenomena. Very thin sections
of usually

spalt-cooled glasses are sometimes difficult to characterize
precisely because

of the extreme condition of quenching and the irreversibility
associated with

their formation. Some of them can even crystallize during
reheating before

any glass transformation phenomena are observed. However, they
are not to be

excluded from our somewhat strict classification of glasses,
even though, the

dividing line between glasses and less respectable amorphous
solids is vague,

particularly when compositions exhibiting or not exhibiting a
glass transfor-

mation can overlap.

In recent literature, the glassy state is often called a
metastable state

which, however; contradicts the common thermodynamic point of
view that the

metastable state can exist in the stability region of the other
neighbouring

phase and into which the extrapolation of the Gibbs energy
function is pos-

sible, i.e., in the vicinity of the first-order transitions,
such as melting

or crystallization, where a solid can be superheated or, more
likely, a melt

undercooled, see Fig.1. The glass transformation, however,
assumes second-

order-like transition, where each phase can exist only on its
own stability

side because there is a break in the second derivatives of the
Gibbs energy

(e.g. specific heat Cp) while its first derivative (e.g. entropy
S) remains

continuous. On the other hand, however, the physical appearance
of a glassy

solid looks more stable than that of an undercooled melt, the
latter being

more easily transformable to the nearest state of stable
crystals by a slight

action to surmount the energy barrier to nucleation. Hence, we
come to the

discussion of the term solids in terms of vitroids within the
framework of

rheology. This is because such a solid changes with time and
observation time

is involved in detecting the extent of change. Reiner (ref.6)
introduced the

Deborah number* expressing the ratio between the time of
material relaxation

and that of its observation (DN). Conveniently, we can
demonstrate the insta-

bility of a glassy state using the textbook case of a. variously
positioned

brick, cf. Fig.1. When a brick is standing on its edge (and/or
lying in an

unstable position on a very steep slope) its motion is
determined by the high

viscosity of the surrounding medium (or by a large coefficient
of friction of

the roughened surface, respectively). It follows that such a
form of insta-

* Prophetess Deborah's famous song after the victory over the
Philistines

includes the lines "The mountains flowed before the Lord". For
illustration

we can consider the relaxation time for gases to be in the order
of lo-12 s,

while for glasses within their region of glass transformation it
is seconds,DN%

1, and approaches I010 s for stable crystals.
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bility will also depend on external (procedural) parameters; and
in contradic-

tion to the distinct state of metastability, it can be set up in
different

levels (positions see Fig.l., dashed and dotted lines).

GENERAL THERMODYNAMIC AND COMPOSITIONAL CONSIDERATIONS

Let us thus investigate the behaviour of Gibbs energy in Fig.1.
At the

melting point the liquid and crystalline phases have an equal
Gibbs energy but

differ in enthalpy and entropy content. Upon cooling below the
melting temp-

erature and entropy of the undercooled liquid decreases more
rapidly than that

of the stable crystalline phase. Examining these different rates
of the en-

tropy loss, we can determine a point where the entire entropy of
melting would

be diminished, resulting in the entropy of both phases in
question becoming

identical at the temperature To, which Kauzmann (ref.7.) called
the pseudo-

critical temperature, still above absolute zero. Such a critical
trend for

the entropy of an undercooled liquid is not always appreciated
enough because

of the prior intersection by the liquid vitrification where the
heat capacity

of the liquid changes abruptly to a value close to that of the
corresponding

crystalline phase, thus preserving a residual entropy
characteristic for the

glassy state alone. However, an unsolved question remains as to
what would

happen if the isoentropy temperature of the so-called ideal
glass transform-

ation is nevertheless attained by infinitesimally slowing the
cooling rate and

thereby avoiding irreversible freeze-in from occurring. Although
it is more a

game of imagination, we have to consider the possible existence
of some kind

of higher (presumably second) order transition. In this
transition the heat

capacity of the undercooled liquid changes under the cond,ition
of the internal

equilibrium to a value similar to that of the congruous stable
crystal. The

thermodynamic properties of an ideal glass structure thus become
very similar

to those of the crystalline state (ref.8). The apparent
formation of such an

equilibrium glassy state can even be suggested as a "fourth
state of matter",

a promising theme for theoreticians to discuss further, although
some mechan-

ical instability arguments imply its occurrence (ref.9).

The viscosity of a liquid can be regarded as a reflection of the
relation

between the thermal energy available at a given temperature and
the strength

of forces pulling species together and restricting their
positions to a given

volume within which any molecular rearrangements can Occur. The
possible rate

of these rearrangements rapidly decreases with decreasing volume
within which

the species are packed. The volume is determined by the strength
of the at-

tractive forces and, in turn, this strength is reflected in the
values of the

characteristic temperatures of the boiling, melting and Critical
Points. Ac-

cording to Angel1 (ref.10) the basic reason for the "failure" Of
a liquid to
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FIG.l. Left panel: A dependence of the system Gibbs energy, G,
versus the

temperature, T, indicating the characteristic regions of the
existence of sta-

ble (melt, crystal - full line), metastable (undercooled liquid,
superheated

crystal - dashed line) and unstable (glass - dashed and dotted
line) phases.

For comparison, the second plot, the viscosity, shows typical
curves represen-

ting the action of a system under the different cooling rates
with the glass

transformation interval, Tg, marked while the yet lower plot
shows the behav-

iour of the system entropy, S, down to the pseudocritical point,
To. The bot-

tom part corresponds to the derivative of the enthalpy change,
AH, temperature dependence (related to the associated phase diagram
by the lever rule) whose

typical shape is similar to that of DSC (and also DTA) curves.
The arrows

specify the cooling and reheating modes and the temperature Tcr
indicates the

point of metastable crystallization (the dotted line in the S vs
T diagram).

Right panel: A hypothetical temperature dependence of the
reduced heat cap-

acityAcpr (=Ac,/ As) characteristic for glass formation of
metallic alloys

and of inorganic oxides and organic polymer (upper two curves)
in comparison

with the approximations noted in the text: stepwise, linearly
deceasing and

diffuse-lambda shaped (lower three curves) - suitable for
extrapolating the

behaviour of a fictive undercooled glass-forming melt.
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crystallize can be attributed to problems in the molecular
rearrangements, not

so much in the liquid state but predominantly in the crystalline
state during

ordering - the higher the crystalline symmetry of a phase to be
formed the

better the glass-forming ability of its mother melt that can be
anticipated.

The factors determining the probability of a given substance to
freeze-in as a

glass are then related to the problems of finding a suitable
solution in the

three-dimensional long-range ordering of the constituent
species. The proba-

bility of glass formation increases with the formation of liquid
mixtures in

which the Gibbs energy of the non-crystalline arrangement is
decreased while

that for the corresponding crystalline phase to precipitate
remains

unchanged. The more strongly the mixture of components interact,
the more

rapidly the freezing point of the solvent is depressed and the
viscosity in-

creased thus slowing the possible nucleation and the consequent
growth of nu-

clei. The component interaction, however, should not be so
strong as to

generate a new competing crystallizing phase which would
strongly decrease the

glass-forming ability of the mother melt. Furthermore, the more
stable the

crystal is, the higher the resultant melting point which
simultaneously pro-

duces a less viscous melt and increases the probability of its
crystalliza-

tion.It is well-known that the most easily vitrificable metallic
alloys exhib-

it strong solvent-solute interactions resulting in low eutectic
temperatures

but in the vicinity of which the existence of any stable binary
or ternary

compound is not exhibited. On reheating such a glassy
composition, a metast-

able phase is likely to be produced, but this form always
decomposes later to

a combination of stable components. In this light, the theories
describing

the stable glass-forming regions in multicomponent systems can
be regarded as

dealing with the lowering of the Gibbs energy of a given solid
phase on dis-

solution of solutes as a function of solute character (ref.10).
The famous

Zachariesen rules (refs.ll,lZ), originally derived for oxide
systems, may thus

be understood as rules for predicting low melting points
relative to the for-

ces acting between the species, although many of the new
inorganic glasses

violate these predictions. Hang et al. (ref.12) recently
discussed the pre-

diction of glass formation and devitrification from the point of
view of the

thermodynamics of regular solutions of complex oxide systems by
examining

their immiscibility behaviour. A quasichemical model for
solutions was also

used by Chen (ref.13) who evaluated the alloy formation of
transition metal-

based glasses based on the binding energies of constituents in
relatiOn to

changes in glass-formation temperature.

CHARACTERIZATION OF THE VITRIFICATION PROCESS

By measuring a macroscopic property of a liquid during its
continuous cool-
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ing we can distinguish certain characteristic points and their
corresponding

te~eratures which, however, are related to the procedural
para~ters of the

quenching technique employed (refs.4,15). Positioning of these
points can be

specified on the basis of thermoanalytical investigations of
various physical

properties, such as the heat content (by thermometric-DTA and
DCC and heat

compensation-DSC-measurements), viscosity, elasticity,
penetration and thermal

expansion (by thermomechancmetry and thermodilatometry),
electric resistance,

coefficient of resistance and dielectricity, thermoelectric
power, Hall effect

(by thermoelectrometry) and other structural studies (Midssbauer
effect, X-ray

diffraction, photoemission, etc.). One of the most informative
plots of

enthalpy change with temperature, resembling common recordings
from DTA and/or

0% (ref.41, is presented in Fig.1. A practical way to resolve
the freeze-in

entropy from the plot of cp vs In T was shown by Angel1 and Rao
(ref.16) ter-

med isoentropy glassy state determination.

It is evident that a correlation between the characteristic
temperatures

and glass-forming ability has been anticipated. A simple
relation between Tg

and Tmelt has already been suggested on a theoretical basis by
Kauzmann (ref.

7), assuming Tg to have a behaviour similar to To. Then a
reduced glass tran-

sformation temperature Tgr was introduced so that Tgr = Tg/Tm
and values of

about 213 are attained. Sakka and Mackenzie (ref.171 examined in
detail its

general validity for a great variety of glasses and found it
reasonable. In

addition, they reformulated Tgr on the basis of the combination
of two for-

mulae relating Tmelt with the thermal expansion coefficient and
Tg with the

fractional free volume of glass approaching, however, the value
of l/2. The

meaning of reduced temperatures in the fast developing field of
metallic glas-

ses was extensively dealt with by Davies (ref.18). Angel1
(refs.19,20) tried

to determine the extent of Tgr values on the basis of the
extrapolated To data

evaluated by the Vogel-Tamman-Fulcher equation for viscosityp
=po exp kp/(T-

T/J . TP, which has the unit of temperature, renders the
viscosity formally

infinite when it equals the temperature of the entire
measurements, which sug-

gests a certain rheological limit to the liquidus region from
the the~odynam-

ic (Tp= To) and kinetic (Tp= Tg) points of view (ref.19). This
showed, how-

ever, that an apparently more appropriate ratio, To/Tmelt, fails
to follow the

'two-thirds' and even 'one-half' rules. Hrub$(ref.21) attempted
to give a

more practical significance to glass-forming tendencies using
the easily

available ratio given by Kg1 = (T,, - Tg) / (Tmelt - Tcr), see
Fig.1, and

tested it on various types of chalcogenide glasses. As with Tgr
the greater

the value of Kgl, the better the glass-forming ability is
approached. In this

context, an interesting feature of glass transformation should
be emphasised

again, viz. Tg is displaced to higher temperatures by an
increase in the cool-
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ing rate which is also reflected in the experimental variability
of Tgr and

Kg1 values discussed in more details by Grest and Cohen (ref.22)
and Thornburg

(ref.23), respectively. The meaning of the crystallization
temperature Tcr as

a material constant is dealt with by Takayma (ref.24).

Many modelistic approaches to understand the various features of
vitrifica-

tion have been described in the literature (ref.25). Free volume
theory has

laid emphasis on the concomitant decrease in volume and fluidity
of glass-

forming melts in the undercooled region. A recent extension of
this model was

made by Cohen and Grest (refs.22,27) in conjunction with the
percolation con-

cept to impute a first-order character in the glass
transformation at T< Tg.

Considering a real glass as microheterogeneous, glass
transformation can be

associated with the melting of clusters, recognizing thus the
presence of an

intermediate range of structures between the crystalline and
non-crystalline

states. Possible limitations of these models were discussed by
Rao et al.

(refs.3,25,27). Some. other approaches can be briefly mentioned.
Goldstein

(ref.28) has suggested that the configurational state of an
undercooled liquid

can be described by an energy hypersurface of position and
momentum coordi-

nates and that Tg occurs when the system of particles gets
trapped upon cool-

ing into one of the many potential minima which are present on
such a hyper-

surface. J'iickle (ref.29) has presented glass transformation as
a transition

from ergodic to non-ergodic behaviour and discussed the meaning
of the resi-

dual entropy of a glass. Ngai (ref.30) advanced a unified model
of low-

frequency dissipation based on the dispersion approach. Edwards
(ref.31)

argued that the concepts in the theory of viscoelasticity offer
a good basis

for describing the polymeric types of glasses. The degrees of
freedom can be

separated by their relaxation times into those that relax faster
than the

quenching operation and those that are slower. Harris (ref.32)
showed that a

simple model of glass transformation can be described by the
statistical mech-

anics of a set of non-interacting particles each of them being
able to assume

either of the two energy levels considered. Recognizing a
parallel between

metallic, chalcogenide glasses and native solid electrolytes
Phillips (ref.33)

related glass formation to directionless units and proposed
possible dispro-

portionation on a molecular scale as a dominant barrier to
crystallization.

Glass transformation itself is assumed to be a result of
increasing cluster

size where its surface/volume ration involved means that the
cluster interior

is ordered while the surface layer remains disordered.

THERMODYNAMICS OF THE GLASS TRANSFORMATION

Fundamental theoretical studies were made by DiMarzio and Gibbs
(ref.34)

and Adam and Gibbs (ref.35) showing that the sluggish relaxation
is under-
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scored by the existence of an equilibrium glassy state.
Experimental glasses

are perceived through their kinetic properties and one should be
able to

arrive at a consistent description of the glassy state from
the

phenomenologjcal viewpoint.

The glass transformation bears some resemblance to the
second-order phase

transition, the latter, however, obeying Ehrenfest's relations
dP/dT = AcplTVAa

= Act/ALU, where P,V ,cy and %I! are the pressure, volume,
volume expansion and

compressibility, respectively. Due to the kinetic origin of
glass

transformation, this relationship is not fulfilled during most
experiments and

the degree of its irreversibility is described by the Prigogine
and Defay

factor7r (refs.32-41).

72 = Tg Vg Aa2/bcpA% 31 (1) Some atttempts to generalize such a
description were made using internal vari-

ables 5 , and corresponding affinities A having the role of the
genertilized

forces and fluxes. The concept of internal parameters was best
described in

the frequently cited study by Davies and Jones (ref.36). The
essential

difficulties arise, however, when we attempt to associate 5 with
physically

identificable quantities. Breuer and Rehage (ref.37) suggested
that eq.(l) is

valid only ifaE/aT= 0 so that, for example,

dP

df = 6k -& (~)~~(~~~ (2)

Similarly, Staverman (ref.38) atiempted to define K on the basis
of the par-

tial derivatives according to the internal parameters in
question, DiMarzio

(ref.39) examined the above derivation and resolved that it
leads to the equi-

librium conditions -dPfdT= asja~i~~v/dfi=asld5j/3v/c15j for all
pairs of the

order parameters i and j. Because K is always greater than one,
he (ref.391

concluded that such a concept is not fully appropriate, Gupta
and Moynihan

(ref.4D) proved the validity of then ratio for the systems with
multiple or-

der parameters showing that eq.(2) must hold for each member of
the set of or-

der parameters not including the assumption (ref.34,39)
thata2G&dgj= 0 for

j # j. Therefore, the systems for which only one order parameter
is required

to specify the state are trivial special cases because the order
parameter, as

the extensive the~od~amic variable, can be arbitrarily
subdivided into sub-

sets. If a single order parameter is sufficient to characterize
the given

glass, the rate of a selected property change ii , given by
dZf/dt =(~Z~~~~~T PX

cagpt) , is proportional to another one ij. If the rates of
different proper'- ty relaxation,however, are not proportional to
each other, this means that

more 5 are to be involved (ref .41). The practical aspects of
the pressure ef-

fect on Tg was dealt with in refs. 42 and 43.

Following from the dissipation inequality, Christistensen
(ref.44) provides


	
a the~odyn~i~ admissibility criterion for the glass transition
temperature

which is characterized as the base temperature at which, for a
constrained

sample with no volume change, the stress response to changes in
temperature is

~nstant~neo~~, with no explicit evidence of a memory effect
(creep response).

In this connection it is notable that the derivation mentioned
above reveals a

transitional behaviour when internal variables have a certain
relationship.

When a glass is held at a temperature below Tg its structure
changes slowly

with time towards a certain equilibrium state characterizable by
a fictitious

t~erature lying on the intersection of extrapolated states of
gtass and un-

dercooled liquid, respectively. The temperature difference
between the fic-

titious and the actual temperatures thus gives a measure of the
departure of

the material from equilibrium which, however, is true only when
a single order

parameter is involved. When the description requires multiple
order parame-

ters we need instead an adequate number of fictitious t~~ratures
to achieve

an equally detailed picture of its actual state, The problem and
usefulness

of the concept of fictitious temperatures was well developed by
Moynihan et

al. (refs.4547). It should be noted, however, that the very
important and

extensively studied field of processes dynamics (refs.48-51) is
not dealt with

as it extends from kinetic theories on nucleation growth
processes

frefs.18-52) which is a special discipline of th~r~dynamjcs.
Here, it is

worth mentioning the illustrative use of hypothetical diagrams,
either that of

the enthalpy change versus temperature fref,53), (cf.Fig.l), or
that Of the

Gibbs energy versus the concentration frefs,48,4g) making
possible the

characterization of the type of accessible processes that occur
in the given

system.

THERMODYNAMIC FUNCTIONS OF UNDERCOOLED LIQUIDS DURING
VTTRIFICATION

Most thermodynamic studies deal with the behaviour of heat
capacity during

vitrification, e.g., Ra~achandrarao et al. (ref54) correlated
the discontin-

uous change in thermal expansion and heat capacity with each
other using ex-

pressions for the ideal entropy of mixing in substitutional
solutions of the

components of different size. Similarly, Hillert (ref.50)
assumed that the

abnormal heat capacity of the non-crystalline phase above Tg is
due to local-

ized defects and describes its configurational entropy by the
model of inter-

stitial solutions. A very illustrative approach was developed by
Gutzow

(refs.5557) who assumed that the difference between thermal
capacities of

liquid cyq * and crystalline, ckr, phases is approximately
constant, co, and

that there exists a limiting temperature, To, at which this
difference vanis-

hes. Using differences in the molar entropies, s, enthalpies, h,
and chemical

potentials,@, well-known frm classical tber~dyn~ics, we can
write (ref.%)
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Asliqrcr = A *melt - T j*melt A c;iq'cr dT/T

A h'iq8cr_ A $,elt - (Tmelt A cp liq,cr dT

A,,ligncr _, - TJT"'lt Asxiqrcr dT

Introducing dimensionless quantities

Tr - T/T melt, TOr - To/Tmelt and Tgr - Tg/Tmelt we obtain

"pr - Acliqrcr/ As,,~~

Asr- l- lST '=pr dT,/T,

A h,- Ah'&, ( ASmelt Tmelt 1 -l- ST '=pr dTr Tr

A% - AP~~"'~/ (AsmeLt Tmelt) - T_fTr Asr dTr

(3)

(4)

(5)

‘(6)

(7)

(8)

19)

The desired numerical values can be calculated from certain
assumptions. We

can predict the behaviour of Acpr as shown in Fig.1, according
to the three

gradual approaches: stepwise (Gutzow, ref.%), linearly decaying
and diffuse

(Hillert, ref.50) and lambda shaped (refs.3,4) as known from the
theory of

broadened phase transitions. In addition we can employ known
experimental ev-

idence for the estimation of Tgr as discussed above (l/Z and
Z/3). The en-

tropy difference frozen-in due to the glass formation is for a
typical glass-

forming melt about l/3 (=ASr %Asg/ Asmelt) but can deviate for
those glasses

that are difficult to prepare (l/4 through l/Z). For the
simplest case of a

step-wise change we can calculate exploratory data by the
introduction of Tgr

and Asr into the equations listed in Table 1 - using the
condition of sr = 0

at Tr = Tor. The temperature dependence of the thermodynamic
potential dif-

ference read from the above equations (ref.57):

Aur = T f T9x As, dTr + T S1(l+ '0 In Tr) dTt -AS r gr

rfTgrwTr I

+ ( 1 -co) (l-Tgr ) - coTgr In Tgr - a - b Tr

Extension of this model by the introduction of decreasing values
ofAcpr does

not change the limiting values in the Table. It just helps for a
better fit

with reality.
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TABLE 1

where Ati - 1 + CC In Trt Ah(Trj- 1 - CC 1 - T, and

Au(T,)-(1 - CC)( 1 - Tr) - CC T, In TX
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1. Introduction: from continuum mechanics to a thermodynamic
based perspectiveConsidering the solid state we can make a
distinction between perfect and defective crystals, as regards
metals, ceramics and polymers, when recognizing their structural
defects, which are understood as deviations from the lowest energy
bonding arrange-ments.(1) However, we still lack a widely accepted
conceptual borderline to distinguish states of matter
intermediating between the classic concepts of solid and liquid. It
is particularly noticeable that the con-cepts of glassy and
amorphous solids appear often confused, having no adjusted
convention for their exploitation in the published literature,
while still lacking more widely accepted associated
definitions.

Macroscopically, and from a continuum mechan-ics perception,
which deals with a material body response to external contact
forces, a solid is a physi-cal system which resists
quasi-statically to external stresses applied at the surface,
although some kind of motion is generally expected. Such stresses
are specified by the stress tensor and the extent of body motion
can be theoretically related with the stress tensor by constitutive
equations. A number of ideal materials may be defined to represent
particular relations between the stress tensor and the motion.
These are theoretical models used to represent and approach the
behaviour of real materials.

Although continuum mechanics allow us to theoretically treat
solids and liquids under a unify-ing perspective, comprising
intermediate cases as well (e.g. viscoelastic response), while
under an experimental perspective the rheological approach may be
considered as pretty accomplishing the same, we still lack a
comparable satisfactory unifying ther-modynamic treatment.

Of course, much of the apparent success of the continuum
mechanics approach is actually elusive, as the whole collection of
such idealized models may still be unable to perfectly translate
the behaviour of some real materials, and intermediate cases may be
particularly difficult to encompass within the continuum mechanics
theoretical framework. On the other hand, thermodynamics tries to
adopt a unify-ing perspective; has a general method that tries to
apply to all substances, which is less dependent on particular
modelling hypothesis concerning idealized substances.

From a classical thermodynamic perspective a single homogeneous
substance in some definite state of matter is treated as a phase
(homogeneous region of matter, not necessarily continuous, which is
part of the thermodynamic system) and we are mostly concerned with
the evolution of the system’s macro-scopic properties as a response
to heat flow (heating or cooling). This may be also a convenient
perspective to distinguish and characterize different materials.
Statistical thermodynamics, also named statistical mechanics,
bridges classical thermodynamics, as a phenomenological global
approach, to a particles’ based approach. It is concerned with the
interpreta-tion and prediction of the macroscopic properties of
matter in terms of properties of the microscopic elementary
subsystems that compose it, such as molecules, atoms, ions,
electrons, etc. Here we are mainly concerned with equilibrium
values for certain properties (e.g. temperature, pressure, specific
heat, viscosity, etc.) and the macroscopic system should comprise a
large number of subsystems, typically of about the order of the
magnitude of the Avogadro number, so that statistical averages can
provide a reliable description of the macroscopic system at its
most probable state (thus in equilibrium, in the sense that it
remains unchanged with time). The statistical
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thermodynamics approach has been quite successful working with
gases (including real gases) and solids, but rigorous predictions
of the thermophysical prop-erties of dense fluids derived after
their canonical ensemble partition function are currently difficult
to obtain.

Most melts can be undercooled by perhaps 10–20°C below the
temperature of melting, Tm, but the presence of impurities, slight
disturbances, or even the mere contact with the container, will
lead to a prompt crystallization. Low viscosity facilitates the
diffusion of constituent species, which is unavoidable to make
possible the necessary reconstruction of the fluid liquid web to
that of rigid solid. The pre-nucleus (embryonic) sites, often
existing in the melt, may enhance straight forwarded
crystallization, which is also favoured by their crystallographic
orienta-tion (e.g. lower symmetry, like monoclinic, which can
bestow easier configuration and growth of such nuclei).(2)

The melt viscosity (η) tends to increase rapidly along with
decreasing temperature and reaches the traditionally expected value
near Tm in order of 106 Pa s.(1) Diffusion dies down speedily and,
for that rea-son, crystal formation turns out to be more and more
intricate, but enabling, on the other hand, certain ‘stability’
improvement toward the ‘metastability’ of a supercooled liquid,
until the development of viscosity near η≅1013 Pa s conducts to the
constrained freeze-in state that characterizes a radically
constrained glass.

2. Transformation temperature, fictive temperature and Kauzmann
temperature

The supercooled liquid constitutes a metastable phase in a state
of constrained internal equilibrium, while its free Gibbs energy is
higher than that at the state of stable equilibrium. The free
energy of the metast-able liquid is thus kept at a local minimum,
but not at an absolute minimum (which would imply
crystallization).

In the transformation region, hereafter assumed to lie below the
melting temperature (Tm) but above the Kauzmann temperature† (TK),
the specific volume depends on the thermal history of the material
(e.g. annealing time). This dependency cannot be fully understood
within the framework of classic thermo-dynamics, were the specific
volume is treated as a function of state, thus depending only on
temperature

and pressure. Tool contoured this difficulty by intro-ducing the
concept of fictive temperature, Tf,(3–6) which corresponds to the
extrapolated temperature of the supercooled liquid. The concept of
fictive temperature associates itself to the assumption that the
glass struc-ture match up approximately to that of a frozen liquid,
overcooled to Tf. The fictive temperature defines the actual
structure of the glass and may be generally estimated from
intersection of the extrapolated su-percooled liquid (equilibrium)
line with the glass line, considering a convenient property versus
temperature plot (e.g. molar volume).(7) For a complete
phenomeno-logical description of the glassy state, the parameters
necessary and sufficient to describe an equilibrium state are
classified as external, such as temperature (T), pressure (P) or
composition; while Tf is taken as a single internal (also called
structural) parameter that accounts for departure from the
equilibrium state, for which the Gibbs’ free energy is
minimized.(8)

Considering a molar volume versus temperature plot (see Figure
1; the above plot), and herewith the prolongation of the line of
the supercooled liquid towards the equilibrium crystal line below
the glass transition, Tg, which, according to the thermodynam-ic
theory proposed by Gibbs & DiMarzio(9–13) can well be
considered as an equilibrium line between the supercooled liquid
and the glass, it seems acceptable that over the extrapolated
segment the fictive tem-perature equals the real temperature. As a
melted glass under cooling enters the transformation re-gion, a
specific cooling rate may actually be selected so that a certain
fictive temperature, Tf, located over the extrapolated segment
range, can be reached by the supercooled liquid. Tf tends to
decrease as the cooling rate decreases. Extrapolation for
infinitely slow cooling carries out the fictitious temperature
towards the line of solid state and that would con-duct Tf down to
a specific temperature, known as the Kauzmann temperature, TK.(14)
It is supposed that Tg would then present itself as a sharp elbow,
thus without any curvature at all.(15) This suggests that TK
represents a lower limit of the glass transition‡. The glass
transition would then lose his dynamic charac-ter (its time
dependency), thus presenting itself as a static structural
transition.(15,16) Before TK is actually reached crystal nucleation
might eventually occur in differently noticeable manners. However,
when the crystal’s growing rate is sufficiently low, it still seems
reasonable to assume the validity of a smooth extrapolation trend
for the remaining supercooled liquid. It should be stressed that
this interpretation depends conceptually on the equilibrium
assump-tion between the supercooled liquid and the glass, since one
needs to consider the extrapolation trend

† There are some important points related to the glassy region
revealing the allied characteristic temperatures. Most common is
the Kauzmann tempera-ture, TK, given as the intersection of
extrapolated line for the equilibrium liquid with that of
equilibrium solid. The so called Vogel temperature, Tv, is decisive
for the moment where the shear modulus terminates its increase and
the viscosity becomes infinite according to the
Vogel–Fulcher–Tammann model. This implies a discontinuity where
viscous flow ceases (on cooling), at a certain finite temperature
(the Vogel temperature, Tv). For polymers it customarily lays 52°C
below Tg but for inorganic glasses is about 100°C lower. The
Kauzmann temperature, TK, may get coincidental with Tv if derived
from the entropy plot.

‡ Actually the entropy versus temperature plot should be
preferred for obtain-ing a TK estimate by extrapolation, but since
the lines present some curvature in such a graph, the extrapolation
procedure cannot rely in straightforward linear extrapolation
procedures being therefore more prone to error.
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as coexistence curve, so that a hypothetical ideal glass
transition might be assumed.(17)

Slower cooling rates lead to glasses of lower enthalpy contents,
and providing that crystalliza-tion does not occur, the isobaric
heat capacity (Cp) is expected to present a step-like nonlinear
variation with some hysteresis, within a temperature range centred
at the calorimetric Tg, decreasing from values close to that of the
equilibrium liquid to values close to that of the equilibrium
crystal, although a positive but relatively small gap is still
expected (Figure 1; the plot below). Excess values for entropy and
Cp are expectable for glasses below Tg, as compared to the
corresponding crystallized substance. Such excess values are even
expected to be retained below TK, although the observed gaps can
somehow decrease as the temperature drops until they eventually
van-ish (at absolute zero or above), as long as Nernst’s heat
theorem is obeyed, what is still a question of debate for glasses
in general [e.g. Ref. 18]. Those gaps are thought to become smaller
and smaller for lower cooling rates, and eventually, for a
sufficient

extreme of slow cooling, they are factually expected to vanish
at a positive finite temperature (TK).(13,19–21) Recently, Gutzow
et al(22) concluded that for glasses one should expect Cp(T)=0 at
T=0, while non zero values of the zero point entropy (ΔS|TÆ0>0)
cannot be ruled out, what might be interpreted on the basis that
absolute zero cannot in fact be attained, accordingly the most
general formulation of the third principle of thermodynamics.

Below TK the concept of fictive temperature loses its
significance and any configurationally rearrange-ments typical of
the glass transition are not expected to occur. The theoretical
model proposed by Adam & Gibbs (AG)(23–26) links the structural
relaxation rate to the configurational entropy, which is in a
rather good agreement with laboratory observations for many orders
of magnitude of the structural relaxa-tion time.(27) Taking it in
consideration, while provid-ing that TK may stand as the transition
temperature of the supercooled liquid for the hypothetical case of
an ‘ideal glass’ with null-approaching configurational entropy†
(Sc=0),(28–30) such a transition would corre-spond to an infinite
relaxation time.(9,26,31) However, it may be admitted that, in
these idealized conditions, glass transition would correspond to a
discontinuity in the first derivative of the molar volume
(transi-tion of second order) while true crystallization occurs
with discontinuity of the specific volume (transition of the first
order). Since one cannot carry out experiments under such a
limiting condition (while taking into account a theoretical point
of view), and the glass transition is, in reality, still not fully
understood,(32,33) we must face extrapola-tions with some
reservation. Even if not realizable experimentally, since in
practice is expectable that the usual (‘kinetic’) glass transition
always preempts such an ideal ‘thermodynamic’ glass transition, the
associated limiting notion has provided a stimulat-ing debate and
has been included as a key idea in a number of models of disordered
glassy systems that significantly contributed to our current
understand-ing of the ‘glassy state’.

Accordingly the AG approach, it is worth noting that at TK only
liberational motion frequencies (often associated with angular
displacements) are expected to freeze-in. These can be associated
to the liquid’s configurational heat capacity. The higher
frequencies are still expected to hold at lower temperatures, as
they are associated with the vibrational frequency modes of the
amorphous solid. However, the struc-tural relaxation of the
supercooled liquid is expected

Figure 1. Schematic typical plots for glass transition. Above:
molar volume versus temperature; glasses, A and B, with decreasing
fictive temperature (TfA and TfB) can be derived by decreasing the
cooling rate; a TK estimate may be obtained as the extrapolation
limit at null cooling rate; hysteresis effect is shown for glass B,
only. Below: isobaric heat capacity (Cp) showing a step-like
nonlinear variation with some hysteresis at the calorimetric Tg
(depicted for glass B, on cooling)

† It may be possibly argued that point defects can still be
expected at T
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to be completed at TK. Below TK the glass-like matter still
shows higher specific volume and entropy than the corresponding the
crystalline solid, but, in either case, the contributions for the
specific heat are mainly vibrational.

An ‘ideal’ glass transition can be interpreted as, more or less,
resembling a second order phase transi-tion, according to the
Ehrenfest classification†.(34–36) The corresponding theory makes
certain that at the fictive temperature, the two coexisting phases
(a gluey supercooled liquid and an extremely viscous glass) should
then possess matching entropy, holding, how-ever, distinct specific
heat [e.g. Ref. 36]. This implies that the two phases should then
become isentropic. Besides, the molar volume of these two phases
must also tend to reach a common value. The jump verified in the
specific heat suggests a certain congealment of some kind of
structural movements at the Kauzmann temperature, which are
expected to cease their contri-bution toward the specific heat. One
may interpret the rise in the glass transition temperature above TK
for a ‘real’ glass transition as related with the period of time
available for the observation of such freezing move-ments during
typical laboratory experimentation.

So far, the most stringent criticism toward the ‘ideal glass’
concept (and hence the AG model) seems to be that of Stillinger,
who pointed the apparent need for configurational excitations at
such an ‘ideal glass’ state to require an unbounded energy.(32)
However, we should bear in mind that such excitations are
as-sociated with activation kinetic barriers on the free energy
surface and with the associated probability of escaping from a
particular structural configuration. The AG assumption of a
underlying (kinetically obscured) second order phase transition
with an associated ‘infinite’ relaxation time seems, at least as a
theoretical limiting notion based on simplified continuous
approach, not consistently invalidated by the argument. For a
recent critique of the AG model the reader is directed to the work
of Dyre et al(37) which also questioned,(38) based on dielectric
relaxation data for organic liquids obtained just above Tg, the
Vogel–Fulcher–Tammann prediction for divergence of the relaxation
time at a finite temperature, Tv>0 K.

It is also worth noting that a number of authors took into
account that the inspired existence of some higher (presumably
second order) transition should be regarded as somewhat
speculative. Accordingly, bearing in mind that at the matching
conditions of internal equilibrium, the heat capacity of the
un-

dercooled liquid is indistinguishable to that of the congruous
stable crystal, it comes to pass defend-able, instead, that the
glass transition may be best thought as a first-order-like
transition, although of a disordered type. Such an approach leaded
to the random first-order transition (RFOT) theory developed by
Wolynes et al, as a mean-field model approach governed by the
assumption of localized excita-tions (‘entropic droplets’).(39–45)
The thermodynamic properties of such an undercooled highly vitreous
melt possesses novel properties of an ideal glass structure,
becoming therefore very similar to those of the crystalline state,
as first noticed by Cohen & Turnbull.(46) The meaning of TK for
chalcogenide glasses was studied in more details by Černošek et
al(47) and other statistical, structural, and frequentional details
of Kauzmann (and other temperatures) are given by Hlaváček et
al.(48)

The Vogel temperature, Tv, taken from the
Vogel–Fulcher–Tammann–Hesse (VFTH) empirical equa-tion(49–51) has
first been identified with TK under the framework of the classical
AG entropy model,(9,23) and since then by other theoretical models.
The same confluence between Tv, were a kinetic divergence is
expected, and the entropy crisis at TK, was found justifiable
within the framework of the RFOT theory.(43) This conclusion also
was corroborated by the fluctua-tion theory proposed by
Donth,(52,53) by calculations based in a ionic potential model
presented by Hunt (for ionic glasses),(54) by a thermodynamic
approach developed for the model of spin-glasses,(55,56) and also
by means of a stochastic model suggested by Odagaki et al.(57)
Experimental results obtained by the technique of specific heat
spectroscopy seem to support this identification as well.(58)

Taking Tv>0 K, B and ho (a pre-exponential factor) as fitting
parameters, the equation of VFTH expresses the glass viscosity
as

h h( ) expT BT T

=-

ÊËÁ

ˆ¯̃0 v

(1)

In the limiting case of TvÆ0 K, the VFTH equation re-duces to a
familiar dependence of the Arrhenius type, where Tv is habitually
determined from adjusted experimental viscosity data, most often
reported for T>Tg>Tv . For this reason, attempts for the
attribution of physical meaning to the parameter of adjusting Tv
can be questioned outside the range were the experi-mental data can
be obtained. Viscosity measurements at T
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3. Dynamics of the glassy state: non-crystallinity, vitroids and
Deborah numberEckstein(60) classified non-crystalline solids as
vitroids, referring to organic and inorganic materials in the
vitreous state, including inorganic glasses and or-ganic plastics.
Vitroid structures are interpreted as paracrystalline networks
(topologically disordered), thought as intermediary arrangements
between melts and the corresponding crystals. Such structures can
be quantitatively characterized by temperature-like parameters,
named ‘configurational temperatures’. Interesting is the use of a
terminology that combines the term ‘solids’ with the term
‘vitroids’, seen within the framework of rheology. This is because
such a vitroid changes with time, thus being dependent on the
existent observation time involved in detecting the extent of the
change (as with viscous flow).

Reiner(61) introduced the so-called Deborah number expressing
the ratio between the time of the material’s relaxation and that of
its actual observation time, i.e. the experimental time scale
(De=τ/θ). The name comes from the bible, where the prophetess
Deborah’s song after the victory over Philistines in-cludes: “the
mountains flowed before the Lord”. For gases it reaches ~10−12; for
crystals we have De~1010; and, for glasses close to the transition
temperature, it lays in an order of units. For an ordinary,
as-quenched glass, the experimental relaxation time of a given
frozen structure, represented by Tg , is said to be proportional to
the shear stress relaxation time related to a shear viscosity
expediently laying in order of 1012 Pa s. The Deborah number may be
used as a criterion to distinguish solid from liquid-like
behaviour.(62) At the glass transition temperature we expect De~1.
Thus, when Tg is accessed by dynamic mechanical thermal analysis
(DMTA), which identi-fies itself with a pronounced peak in the loss
tangent (tanδ), the corresponding average relaxation time (τ) may
be considered tuned with the angular frequency, ω=1/τ.(63)

Suga & Seki(64) stressed out that the glassy state is
thermodynamically unstable and can be assumed to subsist as an
undercooled metastable state obtained at a certain instant of
continuous cooling through the glass transformation process, which
is considered to be a general property of all such metastable
phases.

As Wong & Angell(65) indicated, the distinction between
supercooled liquid and glass assumes that experimental essays are
carried out in a time scale of seconds or minutes, that is, in the
usual range of the Maxwell relaxation time(66) for a glass within
the Tg region. This is the relaxation time for tensions when a
constant shear is applied, and can be obtained as the ratio between
the viscosity (h) and the shear modulus at infinite frequency
(G∞)(67)

η=G∞τ (2)

Remarkably enough is that the shear modulus

remains fairly insensitive to the variation of
tem-perature.(26,59,68,69)

The glass transition occurs when the time of structural
relaxation considered reaches the order of magnitude of a
reasonable time period needed for the observation of the phenomena
with the available laboratory equipment (usually ~1–103 s), and, as
a consequence, for subsequent cooling experimenters cease to
observe structural rearrangements in the glass network.(70)
Pointing in the same direction, Nieuwenhuizen(71,72) refers that “a
system is glassy when the observation time is much smaller than the
equilibration time”. As a glassy system cools through the
transformation region, the relaxation time of slow dissipative
phenomena (named ‘α-process’) becomes much larger than the time of
observation; while the fast processes (‘β-process’) are still
observ-able at equilibrium. There is, apparently, no obvious
structural signature associated with the steepest increase
displayed by the time constant associated with the a relaxation
process, which is followed by a correspondent viscosity increase.
Nevertheless, such a dramatic increase of the relaxation time
associated to the a-process is seemingly connected to a rapid
fall-off of entropy, as it was first pointed by Gibbs &
DiMarzio.(9)

The distinction between relaxation processes α and β
(classification after Johari–Goldstein(73–75)) is as follows. The
leading relaxation process (α) is charac-terized by a time constant
that increases from ~10−12 s (~1012 Hz) to ~100 s (~10−2 Hz) in the
glass transition region, accompanying (in an approximately
propor-tional form) the steepest increase of the viscosity, and
deviating from Arrhenius law. A kinetic glass transition
temperature Tg,kin is therefore identifiable from dielectric
relaxations measurements, ascribed to the temperature at which the
average (structural) relaxation time for the a process approaches
100 s.(76) Tg,kin often agrees with the temperature at which the
shear viscosity reaches 1012 Pa s,(77) which is widely identified
with the glass transition temperature, e.g. Ref. 78, being also,
generally comparable with the calorimetric Tg, ascribed to the
onset of the heat capacity jump observed in the transition region.
One may also be able to observe a secondary process of relaxation
(β), in the kHz region (~10−3 s), which obeys to an Arrhenius
temperature dependence and is not significantly altered within the
glass transition region. One may thus consider this last process as
fast in the transition region with respect to the alternative α
process.(55) The β process can be attributed to reorientation
movements in the glass network.(79) At higher temperatures (above
~1·2Tg to 1·4Tg ) the process α and β amalgamate in a unique
process.(27,80–83) The merging occurs at a temperature that seems
coincidental with the dynamical glass transition (at Tc, known as
crossover temperature) predicted by mode coupling theory,(84,85)
while such
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a temperature may even be regarded as an upper bound for the
glass transition region, although the actual melting temperature
also seems a reasonable limit to be considered. A deeper connection
between α and β relaxation processes seems to exist, as it was
recently discussed by Prevosto et al.(86)

4. Structural features of the glassy state: nanoscale or
microscale heterogeneities

The role of the heterogeneities developed within the liquid
phase, now a true experimentally sustained fact (largely recognized
as a main characteristic feature of the transition region), was
first treated trough the as-sumption of a semi-crystalline phase by
Kauzmann,(14) as well as by an assumption of coexistence of
gas–liquid (semi-evaporated) structural units related to numer-ous
works, e.g. Cohen & Turnbull.(46,48) The nonlinear oscillators
contribute also to an abnormal coefficient of thermal expansion and
the amorphous-like liquid is thus structurally different from the
amorphous-like solids, which casts some light into the explanations
regarding the Kauzmann paradox.(14,87) Below Tg thermodynamic
properties, as the specific heat and the coefficient of expansion,
decrease noticeably and simple extrapolations towards lower
temperatures lead to the expectancy that the supercooled liquid
would ultimately decrease to lower energy, entropy, and molar
volume, as compared to the crystal, which seems unreasonable, hence
the paradox. The Kauz-mann paradox is based on extrapolation and
does not take into account the fact that the liquid is a
mechanically heterogeneous substance in which the heterogeneity is
partially removed as the tempera-ture goes down below Tg, and the
highly nonlinear oscillators disappear. The liquid phase is
structurally different from the solid in mechanical sense, viz. by
the appearance and disappearance of highly mobile, diffusive,
nonlinear oscillators.

The blocks (inter-molecular clusters displaying correlated
displacements), and their inter-blocks (adjacent rearranging
clusters)(48) bonding structure, form the main contributing factor
responsible for dynamical parameters, such as the viscosity or bulk
elasticity of the liquid phase. The blocks are also responsible for
complex relaxation effects, because the interconnected linear
oscillators forming their structures interact. On the other hand,
the ‘semi-evaporated’ particles acting as the nonlinear
oscilla-tors can perform their oscillations on several different
amplitudes,(88) and their motions carry with them elements of
uncertainty that can be described, in most cases, by the nonlinear,
non-deterministic theories of chaos. Because the initial positional
coordinates of such nonlinear oscillator for its subsequent
position and momentum cannot be determined in advance, the
differential changes in initial conditions will bring completely
different trajectories. The general rule for

the non deterministic chaos theories is thus conse-quently
reflected into the structure of the amorphous body in glassy
state,(48,88,89) which depends on the way of cooling and will have
this irregular character.

Microscale inhomogeneities linked to the glass transition
process were also found in frozen aqueous solutions of organic
solutes. Sikora et al(90) found that as a result of a phase
separation processes accompa-nying the freezing process of aqueous
solutions of sucrose from −120°C to 30°C, at least two crystalline
phases and two amorphous glasses could generally be clearly
identified, while solutions of composition close to the eutectic
were usually found to freeze directly into glass.

A feasible intervention of heterogeneity within the range of a
so called ‘medium range order’ (or ‘modu-lated structures’) becomes
particularly common in resolving the liquid and glassy states of
various non-crystalline semiconductors, where the concept of
inhomogeneous random network was most exten-sively studied.(1) This
is also connected with the limits where the ordered and disordered
states transpire its factual distinguishing (‘delimitability’). The
standard way for such observations, based on measuring the
crystallographic characteristics and the amount of crystalline
phases (typically by XRD), is able to detect the amount of
crystalline phase down to about 2% within the glassy matrix
(certainly under the restrain of a minimum crystal-size
‘detectability’).(2,91)

Since we are not concerned here with the capability to
distinguish a minimum of crystallite magnitude (which can be
accessed by traditional XRD peak broadening), neither we account
for a specialized diffraction measurement at low diffraction angles
(to obtain the radial distribution function), we can direct our
attention towards the critical amount of crystalline phase that
subsists in the glassy sample. This issue is yet befitting the
crucial question of how relevant is to define the limit of yet
‘true glassiness’ and already ‘nanocrystallinity’. There are a few
proposals but the generally accepted figure is, for long, the value
of 10−6 vol% (or a less common 10−3 %) of crystallites existing
within the glass matrix(2) as not yet disturbing its
non-crystalline categorization and consequent definition of
glassiness. The appro-priateness of this value is difficult to
authorize, but, however, keeps its continuance on basis of severe
convenience.

5. Concluding remark: on the distinction between amorphous and
glassy materials

According to Roy(92) the concept of non-crystallinity (meaning
structurally disordered) should be con-sidered as hierarchically
superior to the glassy and amorphous concepts, the latter being
more popular to describe certain types of semiconductors and
met-als. These are, however, two related but misleading
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controversial concepts as it was noticed by Gupta,(93) as he
demonstrated that non-crystalline solids could be divided into two
distinct classes, amorphous and glassy solids, because they behave
differently upon heating, and he proposed a structure-based
definition for distinctions. Accordingly Gupta, a non-crystalline
solid is a glass if the short range order of the freeze-in solid
below glass transition and that of the delivering melt are the
same. Glasses are also distinctive on exhibiting a glass transition
upon cool-ing and/or heating. These two conditions are always
satisfied for any non-crystalline solids, which are obtained by way
of melt cooling because the liquid must undergo a glass transition
to vitrify (if earlier crystallization is prevented). On the other
hand, a non-crystalline solid is of an amorphous structural
disposition if the short range order is not equal for the melt and
its solid non-crystalline counter-partner, which is exhibited, for
instance, by some amorphous semiconductors like Si or Ge (showing,
e.g. different coordination number(94)). Such amorphous solids may
be produced by special techniques such as sol-gel, precipitation
from solutions, sputtering, mechani-cal alloying, impact at high
pressures (explosion), milling, bombardment of high energy
particles, or by other modes of crystal disintegration (generally
termed as amorphization).
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