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Kinetics of physical aging at different temperatures is studied in situ in arsenic selenide
glasses using high-precision differential scanning calorimetry technique. A well-expressed
step-like behaviour in the enthalpy recovery kinetics is recorded for low aging temperatures.
These fine features disappear when the aging temperature (7,,) approaches the glass
transition temperature (7). The overall kinetics is described by stretched exponential
function with stretching exponent close to 3/5 at T, > ~0.95 T, almost independent on
glass composition, and 3/7 when the aging temperature drops to ~0.9 T,. These values are
consistent with the prediction of Phillips’ diffusion-to-traps model. Further decrease in
aging temperature to ~0.85 T, leads to the appearance of step-like behaviour and stretching
exponent of 1/3 for the overall kinetics, which is the limiting value predicted by random
walk on the fractal model. Such behavior is explained as crossover from homogeneous
cooperative relaxation of non-percolating structural units to high-dimensional fractal
relaxation within hierarchically-arranged two-stage physical aging model.
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1. Introduction

A vast amount of experimental data suggest that time evol-
ution of the departure from equilibrium of any physical
quantity 6(7) in disordered electronic and molecular sys-
tems obeys Kohlrausch’s stretched exponential relaxation

rule [1, 2]:
t 3
6(t)5oexp{(1; %) } (1

where O¢ is the initial departure of physical quantity from
equilibrium; 7 is the effective time constant (the relaxation
time); and dimensionless stretching exponent J is a so-called
fractional factor (also known as non-exponentionality or
dispersivity index), 0 < <1 (8= 1 for single-exponential
relaxation processes and smaller for dispersive processes).
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One of the most remarkable examples of such relaxa-
tion processes is structural recovery of glasses and polymers
(physical aging) [3—6]. Besides the non-exponential character
as per equation (1), it is shown also to be a nonlinear in nature,
and the nonlinearity is usually accounted by an appropriate
model for 7 determination, assuming that 7 depends not only
on the temperature 7, but also on the instantaneous structure
(structural state is usually described by a fictive temperature 7r)
[1, 7]. The most popular models are the Tool-Narayanaswamy-
Moynihan (TNM) [7], Kovacs—Aklonis—Hutchinson—Ramos
(KAHR) [8] and Hodge—Scherer [9] ones. All these models,
however, do not address the microscopic origin of structural
relaxation, describing exceptionally the time behaviour of
macroscopic physical quantities (enthalpy losses, volume,
stress, strain, refractive index, etc) in a vicinity of glass
transition region, and do not accommodate time, temper-
ature or structural dependence of 3 if present. Despite the

© 2016 IOP Publishing Ltd  Printed in the UK
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various relaxing properties could be described by different
set of model parameters § and 7, it looks conceivable that 3
generally depends on waiting time f,, below the glass trans-
ition temperature (aging duration), degree of nonlinearity of
the system and aging/annealing temperature 7, [1, 2, 9-11].
The evidences for decrease in 3 with waiting time t, aging
temperature and nonlinearity of the system (in the case of ther-
morheologically complex substances) can be found in some
colloidal suspensions and molecular liquids [1, 2, 10, 11],
but rarely among glasses.

Most of the experimental and theoretical studies for glasses
are performed in the regime near or somewhat below the
glass-transition temperature (T, ~ Ty & 15-20K) [1, 2, 12-15],
while a little is known about the structural recovery at well
below-T,, temperatures quoted in the literature as natural
physical aging. Extremely large relaxation times challenge
the real-time experiments on capturing a full physical aging
kinetics. Frequently, only beginning of the physical aging is
recorded and analysed, that causes many discrepancies on the
governing kinetics equations (power law, exponential, sum of
exponentials or Prony series, stretched exponential, etc) and
microstructure mechanisms [6, 15-21].

The most appropriate understanding of structural relaxa-
tion relies on heterogeneous scenario of cooperative many-
body relaxation processes [1]. According to this, the crossover
from independent relaxation (exponential 3 relaxation with
T ~ T3) to heterogeneous cooperative many-body relaxation
(stretched exponential « relaxation with 7 ~ 7,) was expected
in a supercooled liquid regime above T, at some time ., intro-
duced by the Coupling Model (which is only one of many
competing theories of glass transition), and testified at z, ~ 2 ps
by neutron scattering experiments [22, 23] and molecular
dynamics simulations [24]. Therefore, dynamic heterogeneous
nature of structural relaxation extrapolated to the well below
T, temperatures should be a direct consequence of many-body
relaxation dynamics too, and can be viewed as the exchange
processes between fast and slow relaxators [1]. It is believed,
that there is a correlation between width of the dispersion
of structural relaxation () and the length scale of dynamic
heterogeneity of the glass-formers (£), because both are the
consequences of many-body relaxation dynamics [1, 25]. A
relationship between (3 and fragility index m seems to exist
too [1, 26, 27], but no direct correlation between length scale
of dynamic heterogeneity £ and fragility index m (Tg-scaled
temperature dependence of 7,) is found so far. Nevertheless,
greater £ and m are usually associated with smaller 3 [1].

There are many instances, however, when the above cor-
relations break down if glass-formers of all kinds are consid-
ered all at once [1, 28, 29]. To avoid discrepancies associated
with diversity in the nature of glass-formers, the glasses of the
same chemical family but different structure should be inves-
tigated and compared.

To our opinion, the best model object for such studies
is the As—Se family of chalcogenide glasses (ChG). The
Se-rich specimens within this system are characterized
by relatively fast kinetics of structural relaxation at room
temperature in comparison to oxide glasses, for example,
that allows studies of almost complete kinetics at accessible

experimental timescales (ranging from a few hours to years)
[30, 32] and at broad range of temperatures. On the other
hand, by changing chalcogen content in ChG composition
it is possible to change the number of mechanical con-
straints per atom n., which, in turn, affects the length scale
of dynamic heterogeneity £ and, thus, relaxation behaviour
[30]. Structural relaxation in As—Se glasses has been studied
recently by differential scanning calorimetry (DSC) as
a kinetics of enthalpy losses AH(r), over a two decades
(20 years) period of natural storage at room temperature [31].
This kinetics is found to have non-elementary character,
showing multiple growing steps, the exact number and fea-
tures of which being not well clear [31, 33, 34]. The mul-
tiple step-wise kinetics at well-below-T; temperatures were
assumed to be caused by mixed sequent/parallel hierarchy
in the underlying relaxation events, directly dependent on
preferential chemical ordering in ChG [34]. The Prony
series-like functional was proposed to describe the observed
step-wise behaviour of physical aging [33, 34]:

AH(t) = i o — Ati)la,- + b; (1 —exp (— - Al )]], 2)

i=1 T

where (t — At,) is the Heaviside step function; A¢; is the retar-
dation time giving a time delay between subsequent relaxation
steps; n is the number of steps in the relaxation kinetics; @; and
b; are the weighing factors, which characterize the magnitude
of each individual step.

The AH(z) steps in physical aging kinetics were observed
previously for a number of glasses and polymers aged far
below T, [35-40], but, as a rule, these steps were ignored
during the analysis, being attributed to uncertainties in the
experimental measurements. Only recently, this behaviour
has attracted substantial attention and at least two steps have
been unambiguously proved to exist in AH(f) kinetics of poly-
styrene (PS) and polycarbonate (PC) polymers [41, 42]. The
Brillouin shift measurements in glycerol quenched below T,
also clearly show step-like behavior, uncovering fast and slow
(ultraslow) physical aging dynamics [43]. The number of
steps in polymers was assumed to be related to the molecular
weight distribution of constituent monomers [34, 41, 42] or
relaxation of mechanical strains/tensions [43], but it looks
like our understanding of this phenomenon for ChG is still far
from being complete.

One of the obstacles is due to the fact that all of the per-
formed long-term physical aging experiments in ChG con-
cerned the enthalpy lost during structural relaxation at room
temperature, which was at various distance from 7, for
As—Se glasses with different chalcogen content [31]. It did
not allow to elaborate a full picture of structural relaxation
in these materials and answer the questions on a reason/
criterion to observe the steps/plateaus in the experimental
AH(1) kinetics, as well as their possible number. Therefore, in
the present paper we have studied isothermal structural relax-
ation of As—Se glasses with different backbone connectivity at
the aging temperatures T,, which were all at the same distance
from T, for each composition.
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Figure 1. Schematic representation of DSC curves, showing Moynihan’s graphical method [46] for 7r determination (left) and method for

AH calculation (right).

2. Experiment

The samples of binary As,Sejgo— (x = 10, 20, 30, 40) system
have been chosen for the investigations. They were prepared
by conventional melt-quenching route in the evacuated quartz
ampoules from a mixture of high purity (99.999%) As and Se
precursors using rocking furnace. All samples were sealed in
hermetic plastic bags and stored in the dark at room temper-
ature before the initial calorimetric experiments. Amorphous
state of the ChG samples was inspected visually by a character-
istic conch-like fracture as well as by x-ray diffraction. Purity
and composition of the samples were confirmed by XPS survey
and As/Se 3d core level spectra ratios obtained using high-
resolution Scienta ESCA-300 spectrometer with monochro-
matic Al K, x-ray (1486.6eV) as described elsewhere [44].

The DSC measurements were performed in DSC-1 (Mettler
Toledo) calorimeter equipped with FRS5+4 sensor and
IntraCooler accessory. The instrument was calibrated with a set
of standard elements: high-purity n-octane, Hg, In and Zn. The
DSC curves were acquired in dry nitrogen atmosphere with
g = 5K min~! heating rate. Baseline was subtracted from each
DSC signal before the analysis, which was performed using
STAR?® ver. 13a software. The glass transition temperature (7)
was determined as the middle point of glass transition regions
according to ISO standard (defined as the intersection point
of the bisector of angle and the measurement curve; the angle
bisector goes through the intersection point of the baselines
before and after transition). Qualitatively similar kinetics are
obtained also if 7} is determined by any other known way (e.g.
as onset, peak, inflection or end points). Thus, an example of
T, onset (determined as cross point of two tangent lines in the
beginning of glass-to-supercooled liquid transition region) time
dependence is shown in figure 5 for As3pSe;o sample and com-
pared to the one obtained for middle point. Strictly speaking,
none of these 7, values is a real glass transition temperature,
which should be measured in a cooling mode, but rather kind
of devitrification (softening) temperature. Nevertheless, it can
be used for qualitative discussion along with fictive temper-
ature (7).

The ~20mg samples were aged in situ in the calorimeter,
which allowed to reduce the uncertainty associated with human
factor as much as possible. The regular rejuvenation procedure

was applied after each cycle to bring the investigated ChG
sample into a state close to its initial as-prepared one [45—47].
This procedure comprises heating of the aged sample above its
glass transition region, waiting equilibrium at 7, + 50K and
subsequent cooling in a chosen regime at the same cooling rate
(¢ = 5K min~!). To verify that the final state of the rejuvenated
sample was similar to the initial one (before the aging test), the
DSC curves of the rejuvenated samples were compared (they
coincided), so the same ChG sample was used to obtain the
whole 1 d in situ AH(¢) kinetics. In situ kinetics were meas-
ured twice for each composition and aging temperature, using
different samples. The error bars shown on kinetics curves cor-
respond to the maximum uncertainty obtained from statistical
and measurements analysis.

3. Results

Structural relaxation of polymer glass networks usually results
in characteristic endothermic peak superimposed on the endo-
thermic step of experimental heating curves recorded by DSC
through the glass-to-supercooled liquid transition (figure 1). It
is associated with regaining of the entropy/enthalpy lost during
this process. The higher the degree of structural relaxation, the
greater the energy loss resulting in larger endothermic peak
at T, [47]. The difference in the area under this endothermic
peak in DSC signal of aged and rejuvenated ChG is directly
proportional to the enthalpy losses AH [30-32, 48]. In fragile
glass-formers like Se-rich As—Se glasses, development of
the endothermic peak is usually accompanied by 7, changes
(figure 1) [31, 45, 48]. So, recording DSC data for the samples
relaxed to a different degree (stored different time at particular
conditions) gives the kinetics curves of structural relaxation
AH (T,, t) and T, (T,, t), which then can be analysed using
various relaxation models. Along with AH and T, values, the
fictive temperature Tp (calculated in present paper according
to Moynihan’s area method [46]) can also provide a useful
information on physical aging, since it describes the instan-
taneous structural state of a glass [7]. The fictive temperature
is known to approach the aging temperature (7,) over a time,
which allows to determine unambiguously the degree of phys-
ical aging (e.g. the completeness of aging kinetics) [1, 2, 31].
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It is shown previously that room temperature (7g) phys-
ical aging effects in As,Sejpo—x ChG, associated with slow
structural relaxation towards thermodynamic equilibrium of
supercooled liquid, are proper to all Se-rich compositions
(x < 40) up to stoichiometric AsqpSego glass [30, 32], which
is supposed to possess an optimally-constrained network
in terms of Phillips—Thorpe mean-field rigidity theory [49,
50]. The time dependences of enthalpy losses AH (Tk, t) at
Tr =~ 295K, determined as the difference between areas under
endothermic DSC peaks of aged and rejuvenated As,Sejpo_x
ChG (figure 1) [46], exhibited clear plateaus and steep regions
(steps) for x < 40 compositions (figure 2(a)), while AssoSego
glass did not age at all during at least ~two decades of storage
in a dark at room temperature [31]. Nevertheless, despite a
visual perception, the exact number of steps in AH (T, 1)
kinetics was difficult to determine, because of limited number
of experimental points and insufficient accuracy in the ex situ
DSC measurements. As an example, more frequent and accu-
rate in situ measurements reveal few additional steps in AH
(Tg, 1) kinetics for AsjoSeqy glass (figure 3) even during the
first day of aging (time-scale of the first step in figure 2(a)).
Additionally, as can be inferred from the comparison of AH
(T,, 1) kinetics for AsjoSeqy glass at T, = 295, 312 and 328K
(figure 2), the steps become less distinguishable when aging
temperature increases.

When the investigated samples are brought to the same
temperature T, in respect to T, (T, > 0.8 T}), all of them
exhibited enthalpy losses with time, including also the stable
at room temperature Asg4oSeqy glass. Kinetics AH (T, 1)
curves for 1 dofagingat7,=0.85 Ty and T,=0.95 T, are shown
in figures 2 and 3 for As;pSeqy and in figure 4 for As,Sejpo—x
ChG samples with x > 10. It can be seen, that fine features of
AH (T, t) kinetics (plateaus and steep regions) are observed
in these glasses (even for stoichiometric As4oSegqy glass)
on ~day’s timescale at the aging temperature 7, = 0.85 T,
whereas AH (T, t) curves become smoother with step-
like behaviour almost vanished at higher aging temperature
T,=0.95 T, (figures 2—4). According to the calculated Tr data
(shown in figures 2—4), the physical aging is fully completed
in the case of T, = 0.95 T, for all of the investigated ChG,
while only part of the kinetics is captured during the first day
of aging at T, = 0.85 T, (the final Tf values are far from the
aging temperature T, = 0.85 T,). Therefore, it is not conceiv-
able to compare the model parameters (5 and 7) for these
kinetics, except the AsjpSeqy glass (figure 2), where T, =~
0.85 T, coincides with the room temperature T and full kinetics
is captured during two decades of natural storage in dark [31].

Different regions can be distinguished in the physical aging
kinetics expressed through 7, (T, f) dependences too. At the
beginning stage of physical aging, a decrease in T, values can
be noticed for all ChG compositions (figure 5). It is followed
by a region of T, increase during longer periods of physical
aging, the time constraints for these regions depending essen-
tially on the aging temperature 7, (figure 5). It is clearly seen,
the duration of the first region is about ~400min in the case
of T, = 0.85 T,, and decreases to ~30min at 7, = 0.95 T.
Dependence on the ChG composition is not so strong, as it
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Figure 2. Full physical aging kinetics for AsjpSeq glass acquired
at various temperatures 7, = 295K (a), 313K (b) and 328K (c).
The lines correspond to the fits of overall AH (T, t) curves (dashed
lines) and each observed step (solid lines) with equation (1). The
parameters of fits 3 and 7 (min) are given for each curve.

was assumed previously, when only room temperature kinetics
were considered [31]. Although T, values obtained from DSC
curves in a heating mode according to ISO standard have no
significant theoretical importance (real glass transition temper-
ature should be obtained in a cooling mode as vitrification
temperature), we have no choice if we want to study phys-
ical aging, which is known to be erased when glass is heated
above T.

It should be emphasised here again, that the kinetics of
physical aging in figures 2(c), 3—5 were measured in situ, e.g.
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Figure 3. Physical aging kinetics for As;gSeqgy glass acquired in
situ at T, = 295K, which corresponds to 1 d interval distinguished
by dashed rectangle in figure 2(a). The lines correspond to the fits
of the AH (T,, ) curve and each observed step with equation (1), 7
being determined in min.

the DSC curves were precisely recorded for the same care-
fully prepared sample using similar rejuvenation procedure
after each cycle of aging. The experiment was performed
directly in DSC calorimeter and the sample was not moved
in between the cycles of measurements. So, the observed fea-
tures should not be considered as artefacts of DSC measuring
procedure or human factor, but rather as realistic response of
a glass structure to the changes occurred.

4. Discussion

Before the discussion of present results, it is necessary to
mention that stretched exponential relaxation function (1) is
remarkable in both its accuracy and economy of parameters to
describe relaxation kinetics, having only relaxation time 7 and
stretching exponent 3 as free variables for normalized curves.
The universal success of stretched exponential function for
many glass-forming systems has led to a conclusion that this
type of non-exponential relaxation is structurally intrinsic
for microscopically homogeneous disordered media [15].
Therefore, the stretched exponential law was suggested as
the main functional form for relaxation behavior of different
physical properties in these systems. Specifically, it worked
very well for structural relaxation of microscopically homo-
geneous glasses and polymers in the proximity of 7, [1-3,
15, 51].

In the present research, the AH (T,, ) kinetics curves
recorded for As,Sejpo—x ChG at T, = 0.95 T, also suggest a
stretched exponential form, giving the best accuracy of fit at
the cost of minimum free variables. Fitting of these AH (T, 1)
curves to equation (1) gives § and 7 parameters as shown in
table 1. As it follows from the comparison of data in table 1,
the characteristic § values obtained for the investigated glasses
from their AH (T, t) kinetics at T, 2 0.95 T, demonstrate neg-
ligible dependence on glass composition, even if some ten-
dency to a slight decrease from § = 0.67 for AsjoSeqy glass
to 5 =0.62 for AssSegp glass can be noticed. On the other
hand, the length scale of dynamic heterogeneity ¢ is expected

to increase considerably in this compositional trend, which
can be ascertained from the peak asymmetry of imaginary part
of heat capacity, C;;(T), obtained with temperature modulated
DSC [52]. Therefore, a correlation between (3 and £ is barely
supported by present studies (at least, through AH aging
kinetics at T, = 0.95 T). The same can be ascribed to the cor-
relation between 3 and fragility index m, which abruptly drops
from 56 to 36 as going from As;pSeqg to As4oSeqo composition
(table 1) [53]. Contrary to 3, the compositional dependence
of relaxation time 7 correlates well with the fragility index
m (table 1) determined at close to T, temperatures [53]. If
we assume that aging kinetics at 7, = 0.95 T is governed by
a-relaxation, then the 7 values in table 1 can be directly asso-
ciated with a-relaxation time constants 7, since the fragility
index is nothing else but T,-scaled temperature dependence of
this parameter [2].

Nevertheless, a nice sigmoidal shape of AH (T,, t) curves
ceases, when physical aging occurs at well below T, temper-
atures. From comparison of AH (T,, t) kinetics recorded at
T,=0.85 T, and T, = 0.95 T, (figures 2 and 4), it is clear
that plateaus and steep regions appear, when aging temper-
ature T, departs more from 7. It was shown previously that
such kind of behaviour could be accurately described by a
sum of simple exponentials, like equation (2), originating
from sequence of relaxation processes [31, 33]. Although at
the first look such an approach leads to increased number of
free variables in fitting (statistical weight and time constant
for each single exponent), which is an obvious disadvantage
over a stretched exponential function (1) with only 2 free vari-
ables, it converges into stretched exponential-like behavior if
hierarchical scheme of approaching the equilibrium is con-
sidered [54]. The latter means that atoms, or groups of atoms,
might only be able to move appreciably when several of the
fastest atomic motions happen in just the right way, leaving a
hole or weakening a bond. This is exactly what is happening
during two stages of physical aging mechanism proposed ear-
lier [31, 55]. The faster degrees of freedom successively con-
straining the slower ones, seems to be the only reasonable way
of generating a wide range of relaxation times. So, to make a
connection between glass structure and existence of plateaus
and steep regions in AH (T, t) dependence well below Ty, it is
necessary to consider current state of the atomistic mechanism
describing physical aging in ChG.

Structural data obtained earlier for a number of Se-rich
As-Se glasses suggest that physical aging below T} is based
on elementary relaxation acts of inner Se atoms within double-
well potentials (DWP) associated with high flexibility of chal-
cogen bonds [52, 55]. These twisting motions of individual
Se atoms within DWP (can be associated with cis-trans re-
conformations of Se atoms in longer Se chains, for example)
result in the appearance of collapsed (aligned) regions in a
glass network and, consequently, local free volumes around
these collapsed regions (well confirmed by direct in sifu meas-
urements with positron annihilation lifetime spectroscopy)
[56]. Such perturbations should be accompanied also by the
appearance of elastic strains in the immediate surroundings of
collapsed regions [57]. We believe these changes are most sig-
nificant in virgin (non-aged) glasses, they being responsible
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Figure 4. Physical aging kinetics for AsyoSego, As3pSero and AsspSeqo ChG acquired at T, = 0.85 T, (left panel) and T, = 0.95 T, (right
panel) aging temperatures in situ. The lines correspond to the fits of overall AH (T,, t) curves (dashed lines) and each observed step (solid
lines) with equation (1). The parameters of fits 5 and 7 (min) are shown for each case.

for T, lowering during the initial stage of physical aging
(figure 5). The reasons for this 7, reduction can be similar to
the mechanisms proposed for the same in thin films as com-
pared to bulk polymers [58]. In particular, T, depression in
PS films was explained by enhanced segmental dynamics,
chain architecture and presence of mechanical stresses
[59, 60]. Moreover, in thin polymer films the increased recovery
rate of equilibrium (taken as a slope of the recovery function)
was observed and confirmed by molecular dynamics simu-
lations [61, 62]. If we accept that main structural difference
between thin film and corresponding bulk glass consists in
the amount of free volume (thin amorphous films usually are
characterized by a larger content of free volume available for

relaxation), the appearance of additional free volume in bulk
ChG during physical aging should increase the recovery rate
towards the equilibrium too. This is indeed observed as steep
regions in AH (T,, t) aging kinetics at much lower than T,
temperatures (figures 2 and 4). During the second stage of
physical aging, it is believed that cooperative rearrangements
occur eliminating the redundant free volume from the glass,
which lowers the potential energy of the system, or, that is
the same, transfers the system to lower metabasin on potential
energy landscape [63]. Therefore, this stage of physical aging
yields general shrinkage (densification) of ChG network,
which can be described, for example, within free volume hole
diffusion models [64].
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Table 1. Fitting parameters of physical aging kinetics AH (T, f) shown in figures 2—4.

T,=0.95 T, (1 d aging)

T,=0.85 Ty (1 d aging)

T, = Tr (~20 years aging)

T, min 7, min 7, min
ChG sample T, K 5 (£0.05) (£5) m T\ K 06 (£0.05) (£10) 6 (£0.05) (£10%) T./T,
AspSeg 328 0.67 213 56 295 0.70 1464 0.25 ~10° 0.85
AsyoSegg 348 0.65 169 34 325 0.57 220 0.28 ~107 0.80
As3pSer 375 0.64 44 31 348 0.62 981 0.35 ~10° 0.75
As40Ses 433 0.62 89 36 403 0.61 488 n/a n/a 0.65

Note: The parameters for ~20 years kinetics at room temperature (7R) are taken from [31] and the fragility indexes m from [53]. Italic font means that only
partial kinetics was fitted with (1) and the obtained parameters of fit have no strict physical meaning.

The above mechanism has to be activated in multiple
cycles in order to explain numerous plateaus and steep
regions in the observed AH (T,, t) kinetics (figures 2—4).
Each cycle should involve more and more extended atomic
rearrangements, in harmony with a well-known fact that
size of cooperative rearranging region (CRR) increases
with aging [65]. This increase in CRR size means entan-
glement of chains in high molecular weight polymers [66].
In ChG this process can be imagined as a formation and
sequential growth of the fractals, defined as internally non-
relaxing structural entities formed by collapsed regions
and/or relaxed/rigid structural units. These fractals grow/
percolate with aging duration, thus explaining the gradual
increase in the relaxation times 7 of the Prony-like series in
equation (2). Indeed, the off-equilibrium (non-multifractal)
decay is known to be faster than quasi-equilibrium decay
of grown topological tree (local multifractal domain) [67].
Of course, the size and dimensionality of the fractals and,

therefore, the magnitude and number of steps in the aging
kinetics would depend on the amount of rigid structural
units sturdy to relaxation, which, in turn, is determined by
the number of constraints per atom. The more constraints
per atom we have, the larger fractals are expected in a glass
due to percolation of rigid structural units. The number of
constraints is known to be temperature dependent, e.g. the
constraints become active/inactive, when the temperature
drops/rises below/above a certain value [68]. Therefore, it
is naturally that increase in 7, causes temperature degen-
eracy of some constraints, which restricts the size and, pos-
sibly, the dimensionality of fractals, ultimately leading to
a homogeneous a-relaxation (Johari—-Goldstein relaxation)
scenario [1]described by stretched exponential behaviour (1).
We believe there exists a crossover between the high-
dimensional fractal relaxation and homogeneous coopera-
tive relaxation of non-percolating structural units (could be
approached by low-dimensional fractals dynamics).
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Indeed, one could notice in table 1 that 3 values fitted
for the physical ageing kinetics at T, =~ 0.95 T, are remark-
ably close to 3 = 3/5, one of the two ‘magic’ numbers pre-
dicted by axiomatic diffusion-to-traps model of Phillips
[15, 69]. According to this model, the stretching exponent
can be calculated as 3 = fd/( fd + 2), where d is the dimen-
sion of Cartesian scattering space and f is the fraction of
channels activated for the particular relaxation process [15].
It approaches (5 = 3/5 in 3D space, provided all available
channels are equally activated for relaxation (f= 1) [15].
The stretched exponential relaxation can be directly emerged
from the diffusion-to-traps model using simple topological
considerations, not involving fractal approach [14]. If we
further speculate that relaxational channels are associated
with possible chemical environments for Se atoms (like, for
example, Se—Se—Se or Se-Se—As in AsigSey glass) [44]
and corresponding DWPs, then activation/deactivation of
these channels would depend if the thermal energy asso-
ciated with aging temperature is enough to overcome the
corresponding energetic barrier between two wells or not,
which is equivalent to removing/placing some angular con-
straints on Se atom. In turn, relaxation of such ‘pure’ struc-
tural units can be complicated by the overlap of differently
relaxing structural fragments, which can form additional
relaxational channels. For example, if Se-Se-Se and
Se—Se—As fragments physically overlap (as in the case of
short Se chains like =As—Se-Se—-Se—As=), they can form
relaxational channel in addition to those associated with each
of these two environments, increasing the total number of
possible channels. In such a way we can obtain a broad spec-
trum of § values. If we increase the total number of channels
up to4 (asinthe case, forexample, when unrelaxed Se—Se—Se
and Se—Se—As fragments form two channels, and structural
agglomerations based on previously relaxed Se—Se—Se and
Se—Se—As sites form another two channels, which can fur-
ther relax with greater relaxation times as low-dimensional
fractals), the set of possible values for g would be 0.27,
0.43, 0.53 and 0.6 for f = 1/4, 2/4, 3/4 or 4/4, respectively;
to 5—we would have ¢ = 0.23, 0.375, 0.47, 0.545 and 0.6
according to the Phillips’ field-free diffusion-to-traps model
[15], and so on. It is likely that there would be a super-
position of different processes in structurally complicated
ChG networks, leading to deviations from pure minimalist
diffusion-to-traps model. Therefore, it is not a surprise
that 3 values for a variety of ChG were reported to be near
~0.5[70, 71], although Moynihan, Easteal et al reported the
[ value of 2/3 for As4oSego glass based on the enthalpy relax-
ation at 7, = 420K [12, 72], which is in good agreement
with 3 = 0.62 obtained in our experiment at T, = 433K
(figure 4, table 1).

If the aging temperature drops well below T, the hier-
archical scheme of approaching the equilibrium should be
considered and high-dimensional fractal nature of relaxation
prevails. This results in a step-like behaviour of AH (T, 1)
physical aging kinetics, which is shown to be adequately
described by Prony-like series (2). However, the overall
kinetics can still be well fitted with stretched exponential

function (1), if steps are ignored, as shown in table 1 for
AsipSeqy and AsypSegyg ChG aged for more than ~2 dec-
ades at room temperature (full physical aging kinetics is
captured). The fractional exponent (3 in this case is close
to 1/3 (table 1), which is the limiting value obtained for
percolating fractals of n > 6 dimensions within the random
walk on fractals model [73]. According to this model, the
percolating fractals are considered as n-dimensional hyper-
spheres in (n + 1)-embedding dimensional space, on which
surface o-size structural units percolate. The stretching
exponent (3 depends not only on the dimensionality of the
fractal (n), but also on the diameter o of percolating units
(hyperdisks in the original work [73]). The latter could be a
key for understanding a weak compositional dependence of
B for physical aging at T, = 0.95 T, (table 1). Thus, alter-
natively to Phillips’ diffusion-to-traps model [15, 69], the
value of stretching exponent 3 = 0.67 for physical aging
of AsjoSeqg glass at T, = 0.95 T, (table 1) can be explained
within random walk on fractals model considering low-
dimensional (n = 3) percolating cluster, built of structural
units with o ~ 0.20 (arb. u.) diameter [73]. The § value of
0.62 character for structural relaxation of glassy As4pSego
at T, = 0.95 T, (table 1) would also correspond to perco-
lating cluster of n = 3 dimension, but made of o ~ 0.14
(arb. u.) diameter units [73]. The structural origin of these
percolating units, however, remains an open question. As
an interesting challenge for further numerical simulations
would be a striking correlation between the ratio of ¢ diam-
eters for AsjpSegy and AssoSeqo glasses (0.20/0.14 ~ 1.4)
with the ratio of CRR linear dimensions as determined
from temperature-modulated DSC [74]. This correlation
probably justify a simple additive principle of forming
percolating clusters built on relaxed/unrelaxed Se—Se—Se,
Se—Se—As, As—Se—As structural fragments, governing phys-
ical aging kinetics in these ChG. The observed decrease in
the (3 value to 1/3 with decrease in the aging temperature T,
allows us to assume the increase in fractal dimensionality
n and, probably, fractal’s average size, invoking random
walk on fractals model [73].

The existence of crossover between cooperative and
fractal relaxation (smooth and step-like behaviour) can
explain many peculiarities and discrepancies in structural
relaxation kinetics. For example, dramatic deviations from
the extrapolated liquid-like behaviour (when glass system
reaches limiting 7f different from 7,), observed in some
glassy polymers at T, < T, [17], can be explained by termina-
tion of the experiment when a first noticeable plateau in AH
(T,, t) dependence is reached. Existence of plateaus in AH
(T,, t) kinetics can also explain the partial enthalpy recovery
after short-term physical aging at T, < T,, observed, for
example, in Ge,Sejoo_, glasses [75]. Smooth structural
relaxation kinetics, which are usually used as arguments for
non-diverging dynamics in glass-forming polymers [76],
could be explained by a proximity of T, to T, and so on. The
exact crossover temperature, however, would depend on the
origin of thermodynamic system and, as a result, can be dif-
ferent for different glass-formers.
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5. Conclusions

It is conceivable from the present results that fine fea-
tures in AH (T,, t) physical aging kinetics become more
frequent and decrease in amplitude, when T, approaches
T,, which results in smooth kinetics curves merging into
single stretched exponential relaxation behaviour. At close
to T, temperatures, all relaxation channels occur to be
equally activated, which leads to stretching exponent 3 of
3/5 predicted by Phillips’ diffusion-to-traps model. With
decrease in the aging temperature, the Phillips’ diffusion-
to-traps model can still be applied under an assumption that
only part of relaxation channels is active. As an example,
the stretching exponent 3 approaches the value of 3/7 in
AsipSeqy glass aged at T, = 313K, predicted by Phillips
diffusion-to-traps model for half of the relaxation chan-
nels being active. Further decrease in the aging temper-
ature leads to the entanglement of different structural units,
the most probably, due to the activation of additional con-
straints, that leads to prevailing of high-dimensional fractal
dynamics in the physical aging kinetics with limiting
stretching exponent (3 close to 1/3 as predicted by random
walk on fractals model. We suggest that multiple plateaus
and steep regions in AH (T,, t) aging kinetics are caused
by hierarchical scheme of approaching the equilibrium,
when faster degrees of freedom successively constrain the
slower ones. This scheme corresponds to fractal approach
and agrees well with two-stage physical aging mechanism
proposed earlier. If the number of constraints approaches
the space dimensionality (3 for structural covalent glasses
under consideration), the fractals grow enormously,
blocking all possible relaxation channels at laboratory
timescale as in the case of As4oSegp glass stored at room
temperature.
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