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Abstract
Relaxation occurs spontaneously in all glasses and is a fundamental step of
important technological processes, such as annealing, crystal nucleation, and
chemical strengthening by ion exchange. Despite extensive studies over the
past decades, there are still conflicting results on whether the kinetics of struc-
tural relaxation depends on the analyzed property. Thus, in this study, we used
a lithium disilicate glass as a model composition to determine the structural
relaxation kinetics during physical aging experiments by measuring the time
evolution of the refractive index and ionic conductivity down to 35 K below
the initial fictive temperature. In all cases, variations in these properties were
adequate to capture the structural changes throughout the aging experiments.
At each temperature, the experimental relaxation data fit quite well with the
classical stretched exponential relation. We also found that the relaxation pro-
cess starts faster when probed by ionic conductivity than by refractive index;
however, they show similar average relaxation times. These very small struc-
tural rearrangements are always the same, but ionic conductivity changes faster
than refractive index at the beginning of the process. Our comprehensive results
strongly indicate that relaxation dynamics is indeed dependent on the analyzed
property.
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1 INTRODUCTION

Glasses are noncrystalline, thermodynamically unstable
materials that spontaneously relax toward the supercooled
liquid (SCL) state.1 Structural relaxation is defined as the
structural rearrangement of a material over time in the
absence of stress. Relaxation times vary from seconds in
the glass transition region to geological times at room
temperature2,3 and are crucial during heat treatment,
strongly influencing key processes of glasses, such as

residual stress relief,4 crystal nucleation,5,6 and chemical
strengthening.7,8
Structural relaxation is a spontaneous phenomenon

that depends on the temperature, pressure, chemical
composition, and thermobaric history of the glass. It is the
change of the glass structure from a thermodynamically
unstable state with an initial fictive temperature (Tf) and
fictive pressure (pf) toward a metastable equilibrium,
reaching once again the SCL state at the investigated
temperature or pressure. Thus, all glass properties
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depend on its thermobaric history. Furthermore, knowl-
edge about this dependence is key to optimizing the
processing conditions of glasses to obtain the desired
properties.9
Relaxation—also known as aging—experiments may be

followed through measurement over time of certain prop-
erties, for example, viscosity,10 refractive index,11 density,12
ionic conductivity,13 enthalpy,14 or thermal expansion
coefficient,15 among others. These experiments are quite
challenging when performed well below the glass transi-
tion region because of the long times involved, which can
exceed the typical laboratory time scales.16 At low tempera-
tures, experiments may be continued for months and even
years.17 Therefore, most experimental works focus on tem-
perature intervals that are not far below the glass transition
region.
Such a slow process is normally attributed to the

so-called primary or α-relaxation, which involves a coop-
erative motion of the structural units.18 The secondary
or β-relaxation, also known as the Johari–Goldstein
relaxation,19 refers to faster, non-collective motion, which
involves the local motion of loosely packed regions20
that occur on the order of 10−5 s.21 β-relaxation is some-
times divided into two types, slow and fast, because
there are different sizes of local motion, as shown for
metallic glasses,22,23 in which very fast relaxation is
initiated and centered in some local sites. In contrast,
slow relaxation spreads out to the surroundings, includ-
ing to less-mobile atoms. All these relaxation types
become indistinguishable at high temperatures because
all structural rearrangements are accessible in a short
period.
The time dependence of a relaxing property at con-

stant pressure and temperature is often described by a
stretched exponential behavior, which can be derived
from a collective average of exponential decay with
different time constants resulting from density and
composition fluctuations in the glass.24 The empirical
Kohlrausch equation,25,26 which is also known as the
Kohlrausch–Williams–Watts function27 or stretched
exponential,28 has been successfully used to analyze
the structural relaxation kinetics of glasses and is
expressed as

𝜙 (𝑡) = exp

[
−

(
𝑡

𝜏𝑘

)𝛽
]
, (1)

where 𝜙 is the relaxation parameter, 𝜏𝑘 is the character-
istic relaxation time, t is the experimental time, and β is
the Kohlrausch or stretching exponent—a parameter that
specifies the distribution width of the relaxation times.
The average relaxation time, ⟨𝜏⟩, for stretched exponential
relaxation is defined as the area under the curve 𝜙(𝑡) given

by

⟨𝜏⟩= ∞

∫
0

𝜙 (𝑡) 𝑑𝑡 =
𝜏𝑘

𝛽
Γ

(
1

𝛽

)
. (2)

Equation (1) becomes a true exponential for 𝛽 = 1. Nor-
mally, 𝛽 decreases with decreasing the temperature. Lower
values imply a wider distribution of relaxation times, that
is, structural units with different relaxation times. Figure 1
illustrates the behavior of the relaxation parameter as a
function of time for different values of the stretching expo-
nent. The curves intersect at the same point when 𝑡 = 𝜏𝑘
(10 s in this example). Thus, 𝜙 = exp(−1) ≈ 0.368, that is,
the characteristic relaxation time occurs for a 63.2% relaxed
material.
Property relaxation during a step change from a temper-

ature (Ta) to another temperature (Tb) may be defined as29

𝜙 (𝑡) =
𝑝 (𝑡) − 𝑝∞
𝑝0 − 𝑝∞

=
𝑇𝑓 (𝑡) − 𝑇𝑏

𝑇𝑎 − 𝑇𝑏
, (3)

where 𝑝 is the property value, 𝑝∞ is the equilibrium value
of that property at 𝑇𝑏, 𝑝0 is the property value at the initial
temperature 𝑇𝑎, and Tf is the fictive temperature, which
changes from 𝑇𝑎 to 𝑇𝑏 during relaxation. This expression
assumes that the initial fictive temperature is 𝑇𝑎, which
can be preestablished by previous annealing of the glass
at 𝑇𝑎.
Combining Equations (1) and (3) yields the stretched

exponential relation, the following equation, which pro-
vides an excellent fit to a wide variety of isothermal

F IGURE 1 Relaxation parameter as a function of time,
calculated for 𝜏𝑘 = 10 s and different stretching exponent values. It
is important to note the extremely wide time scale spanning several
orders of magnitude.
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structural relaxation data5,6,13,30–33:

𝑝 (𝑡) =𝑝∞ +(𝑝0 − 𝑝∞)exp

[
−

(
𝑡

𝜏𝑘

)𝛽
]
. (4)

A dependence of the relaxation dynamics on the actual
property being measured has been studied by many
authors; however, the current situation is still controver-
sial: although some researchers advocate that the relax-
ation dynamics is the same for different properties, others
sustain that it is different.
For instance, DeBolt et al.14 compared their enthalpy

(H) relaxation data of B2O3 glass at 536.4 K with the
Boesch et al.34 refractive index (n) relaxation data for
the same glass composition and temperature and found
that enthalpy relaxes faster than refractive index. In a
classic paper, Moynihan et al.35 summarized the kinetic
parameters of the structural relaxation process of several
authors and materials and concluded that the average
relaxation time and the stretching exponent are different
for different properties of the same glass. Although those
authors compared some properties for the same temper-
ature and nominal glass composition, the measurements
were performed by different research groups using glass
samples of different batches, which were produced and
measured in different environments. Hence, because of
the likely difference in impurity contents, especially water,
which strongly affects relaxation dynamics, this compari-
son is subject to significant uncertainty. However, an aging
study conducted by Sasabe and Moynihan36 compared the
enthalpy and dielectric relaxation results of samples from
the same batch of poly(vinyl acetate) above the glass tran-
sition region. They also found that enthalpy and dielectric
relaxation measured at the same temperature seemed to
be characterized by somewhat different relaxation times.
Moreover, Dingwell andWebb37 compiled relaxation times
in Na2Si3O7 melt from shear viscosity and electrical relax-
ation data. As expected, they showed that the relaxation
times estimated from electrical modulus are much faster
than those from shear viscosity. Therefore, these four stud-
ies indicated significant differences in relaxation dynamics
probed by distinct properties.
On the other hand, Rekhson et al.38 analyzed a window

glass and reported that volume and viscosity relax with
similar kinetics within the experimental uncertainty.
Webb et al.15 concluded that relaxation times for shear vis-
cosity, volume, and enthalpy are equivalent in Na2Si2O5.
Moreover, Echeverría et al.39 investigated the relaxation
behavior of amorphous selenium through enthalpy recov-
ery and the creep-recovery response. They found that the
times to reach equilibrium seem to be the same in the glass
transition region, but to diverge at lower temperatures,
with enthalpy coming to equilibrium before volume and

creep. Málek et al.40 also used amorphous selenium to
study the specific volume and enthalpy relaxation in the
glass transition region. Their relaxation parameters were
only slightly different, and they concluded that these two
properties relax with the same kinetics.
Hence, the objective of this work is to verify this

controversy by systematically comparing the structural
relaxation dynamics throughout the physical aging of a
lithium disilicate (LS2) glass through changes in refractive
index (n) and ionic conductivity (σ) at several temperatures
below the initial Tf. In this case, these two properties were
measured in glass samples from the same batch, treated at
identical conditions.

2 MATERIALS ANDMETHODS

Lithium disilicate (Li2Si2O5, LS2), which is a model glass
for crystallization studies, was chosen for this study. This
glass was used recently to clarify the effect of structural
relaxation on crystal nucleation.5 The LS2 glass samples
used in this work are from the same batch as those used by
Cassar et al.41 in an investigation about the classical nucle-
ation theory. The glass was prepared by the traditional
melting and quenchingmethods using ground quartz SiO2
(Vitrovita, Brazil, 99.9%) and Li2CO3 (Alfa Aesar, USA,
99.0%). It was annealed at 663 K for 2 h followed by slow
cooling to room temperature at 3 K min−1 to alleviate the
residual stresses and allow sample preparation. The labora-
tory glass transition temperature, Tg, of the annealed glass
was 727 K, measured by differential scanning calorime-
try (DSC 404, Netzsch) at a heating rate of 10 K min−1.
This determinationwas necessary to identify the heat treat-
ment temperatures required and define an initial fictive
temperature, Tf, of the physical aging experiments.
The samples were divided into two sets so that glasses

with two different initial fictive temperatures could be
obtained. The first set was treated at 720 K (Tf1) and the
second set at 727 K (Tf2), both for 4 h, which is sufficient
to reach their metastable SCL equilibrium state (>99%
relaxed). Subsequently, physical aging experiments were
conducted by alternating isothermal treatments at T < Tf,
with determinations of refractive index at room temper-
ature and ionic conductivity at 308 K. To this end, the
samples were submitted to isothermal treatments at dif-
ferent temperatures (705, 695, and 685 K), which are 15, 25,
and 35 K below Tf1, and at 703 K, which is 24 K below Tf2,
for cumulative times, that is, the sampleswere heat-treated
at the indicated temperature, taken out of the furnace,
had their proprieties measured, and were inserted back
into the furnace at the study temperature until a constant
value within the experimental error was reached. The
experimental data were fitted with Equation (4), which
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LANCELOTTI et al. 5817

was able to describe quite well the individual isothermal
structural relaxation kinetics. The confidence bands were
calculated considering two standard deviations.
The refractive index measurements were repeated 10

times at room temperature using a high-precision refrac-
tometer (Pulfrich PR2, Carl Zeiss) with a mercury lamp in
a monochromatic green e-line, λ = 546.1 nm, and a VoF5
prism, 𝑛546.1,𝑝 = 1.74800(1). The 10 mm × 10 mm × 3 mm
samples had two perpendicular polished faces. The refrac-
tive index,𝑛𝜆,measurement is based on the deviation angle
of the refracted beam (𝛾), which is given by the following
equation:

𝑛𝜆 =

√
𝑛2
𝜆,𝑝

− cos (𝛾)
√
𝑛2
𝜆,𝑝

− cos2 (𝛾). (5)

The electrical conductivity measurements were per-
formed at 308 K by impedance spectroscopy using a
high-performance impedance analyzer (Alpha-A, Novo-
control) in a frequency range from 10 MHz to 0.1 Hz
and a voltage amplitude of 300 mV. The two samples
used had two parallel surfaces with thickness and area
values of l1 = 0.2875(5) cm and S1 = 0.696(2) cm2, and
l2= 0.3185(5) cmand S2= 0.902(1) cm2, respectively. Before
the measurements, gold electrodes were sputtered on the
two parallel surfaces using a sputter (Q150R ES, Quorum)
with the current of 20 mA and time deposition of 300 s.
Impedance data can be represented in several correlated
formalisms, including the impedance complex plane plot
with the imaginary part of impedance−Z″ at the y-axis and
the real part Z′ at the x-axis. Sample resistance (R) can be
directly read at the low-frequency intersection of the semi-
circle with the real x-axis. Thus, the ionic conductivity, σ,
is calculated by the following equation:

𝜎 =
1

𝑅

𝑙

𝑆
. (6)

3 RESULTS AND DISCUSSION

Figure 2 shows the temporal evolution of the refractive
index and ionic conductivity during the isothermal heat
treatments at 705, 703, 695, and 685 K of LS2 samples pre-
annealed at 720 and 727 K. The refractive index and ionic
conductivity data for each treatment time and temperature
are provided in Tables S1–S6.
The magnitude of property changes associated with

completing relaxation increased as the study temperature
moved away from the initialTf toward lower temperatures,
corroborating previous results for other glasses via refrac-
tive index6,33,42 and ionic conductivity.13 Figure 3 shows
the complex impedance plots measured at 308 K for a

F IGURE 2 Variation of (A) refractive index and (B) ionic
conductivity of an LS2 glass as a function of heat treatment time for
four physical aging experiments below a pre-established initial Tf.
The solid lines are the stretched exponential relation regressions,
and the shaded areas show the confidence bands.

F IGURE 3 Complex impedance plots measured at 308 K for a
sample (l/S = 0.413 cm−1) heat-treated at Tf1 – 25 K = 695 K by
t0 = 0 s, t1 = 300 s, t2 = 900 s, t3 = 2100 s, t4 = 4500 s, t5 = 9900 s,
t6 = 20 700 s, t7 = 42 300 s, t8 = 85 500 s, t9 = 171 900 s,
t10 = 344 700 s, and t11 = 690 300 s.

sample aged at Tf1 − 25 K for different times—the plots for
other aging temperatures are provided in Figures S1–S3. It
is important to emphasize that, unlike some authors,37,43,44
we did not measure the electrical relaxation, which leads
to a very fast relaxation behavior. Instead, the inverse of
ionic conductivity (ionic resistivity, ρ) was promptly read
at the low-frequency intersection of the semicircle with the
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F IGURE 4 Temporal evolution of ionic conductivity measured
at 308 K of an LS2 glass during aging at different temperatures. The
open symbols refer to the values of ionic conductivity measured at
t = 0 s, that is, the values for the initial Tf.

x-axis, because the impedance results were normalized by
the geometrical factor of the sample (l/S, respectively, sam-
ple thickness and area). The temporal changes were then
fitted by the stretched exponential relation (Equation 4).
Property variations are strongly linked to the difference

between the initial Tf and the measurement temperature,
for example, there is a similar variation when the property
is measured at Tf1 − 25 K and Tf2 − 24 K (see Figure 2),
although the initial fictive temperatures and also the stud-
ied temperatures were different. Figure 4 illustrates this
behavior produced by two different initial fictive temper-
atures (720 and 727 K) for ionic conductivity data; the
samples were heat-treated at different temperatures (685,
695, 703, and 705 K) for cumulative times and measured
at 308 K. Such temporal changes measured by refractive
index and ionic conductivity were fitted by the stretched
exponential relation, which described quite well all the
experimental data. Figure 5 shows the adjustable param-
eters (𝑝∞ − 𝑝0, 𝜏𝑘, and β) obtained from regressions, as
well as the average relaxation time, ⟨𝜏⟩. Linear regres-
sion analyses were performed considering one standard
deviation.
The results shown in Figure 5 indicate a relationship

between each parameter and the temperature. The differ-
ence 𝑝∞ − 𝑝0 is zero for T = Tf. When the difference
between the Tf and the study temperature increases in the
T < Tf range, 𝑛∞ − 𝑛0 also increases, whereas 𝜎∞ − 𝜎0
and β decrease, and 𝜏𝑘 and ⟨𝜏⟩ increase exponentially.
These results agree with those previously reported for a
lead metasilicate glass via changes in refractive index.33
Figure 6 shows the relaxation parameter, 𝜙, as a func-

tion of time. The ionic conductivity undergoes a faster
start of relaxation, which yields a lower characteristic
relaxation time, as shown in Figure 5C. Ionic conduc-
tivity also has the lower stretching exponent, Figure 5B.

Equation (2) demonstrates that these two parameters have
distinct effects on ⟨𝜏⟩, resulting in a very similar average
relaxation time for both properties. The aging results at
Tf1 − 35 K, shown in Figure 6C, have the larger change in
Tf and, consequently, larger property variations and lower
uncertainty.
We would like to draw the reader’s attention to the

behavior of these properties. Ionic conductivity changes
faster at the beginning of the process and has a lower
stretching exponent than refractive index, but they show
similar average relaxation times. The stretching exponent
is a measure of the width of the relaxation dynamics,
encompassing the slowest to the fastest structural groups
in the α-relaxation and the so-called slow β-relaxation
(as opposed to fast β-relaxation). In other words, the
characteristic relaxation time and the stretching exponent
resulting from conductivitymeasurements are shorter than
those obtained from refractive index; however, the average
relaxation times are similar.
We have shown that it is not straightforward to classify

the relaxation type as α- or slow β-relaxation via differ-
ent properties. Indeed, ionic conductivity was measured
by the migration of lithium ions in the LS2 glass, but this
process becomes easier or more difficult by the cooper-
ative relaxation of the lattice depending on whether the
ionic conductivity is measured above or below the fictive
temperature.13 Moreover, as shown in Figure 5, the stretch-
ing exponent is a function of both temperature and thermal
history and decreases as the temperaturemoves away from
the initial Tf toward lower temperatures. This result agrees
with other experimental findings.33,45
Lower stretching exponents result from relaxation at

lower temperatures as well as from some properties such
as ionic conductivity, whereas the refractive index yields
larger stretching exponents. Consequently, it is possible
to distinguish different kinetics in the same sample by
measuring different properties at a given temperature.
Recently, the temperature dependence of the stretching
exponent has been discussed.46,47 It is sometimes assumed
that β is a constant of 3/5 or 3/7, as derived by Phillips48,49
and experimentally indicated by other authors,50,51 or that
it is only temperature dependent.45 The current results
showed herein evidence that the stretching exponent
indeed depends on the measurement temperature, the fic-
tive temperature, and also on the analyzed property, that
is, 𝛽(𝑇, 𝑇𝑓, 𝑝).
Summarizing, the most relevant result of this work is

that the measured structural relaxation kinetics depends
on the analyzed property, which corroborates the find-
ings of some previous studies.14,34–36 The dependence
of relaxation dynamics on the measured property may
be explained by the different effects that structural
rearrangements of the glass have on each property.
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LANCELOTTI et al. 5819

F IGURE 5 Parameters related to the relaxation of refractive index (orange triangles) and ionic conductivity (violet diamonds): (A)
variation of properties, (B) stretching exponent, (C) characteristic relaxation time, and (D) average relaxation time. The shaded areas show the
confidence bands.

F IGURE 6 Relaxation parameter as a function of heat treatment time calculated by the variation of the refractive index and ionic
conductivity at (A) Tf ,1 − 15 K, (B) Tf ,1 − 25 K, (C) Tf ,1 − 35 K, and (D) Tf ,2 − 24 K.

These rearrangements increase the glass density when
the study temperature is lower than the initial fictive
temperature12,52 and change the local environment of
the lithium ions.53 Thus, changes in density may have a

greater influence on the refractive index, whereas the ionic
conductivity may bemore influenced in the early stages by
changes in the distance of lithium ions, although it is also
affected by changes in density. The structural changes are
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always the same, but small structural rearrangements at
the beginning of the process imply more marked changes
in ionic conductivity than in refractive index.

4 CONCLUSIONS

We measured the structural relaxation kinetics through-
out the physical aging of a lithium disilicate glass by
changes in refractive index and ionic conductivity below
the initial fictive temperature. At all temperatures, the
property variations were precise enough to capture the
structural changes during the relaxation process. The clas-
sical stretched exponential relation describes quite well
all the isothermal experimental relaxation data during
aging. The results confirmed that the stretching exponent
is indeed a complex parameter, because it is a strong func-
tion of the measurement temperature, fictive temperature,
and analyzed property.
The relaxation process starts faster when measured

by ionic conductivity than by refractive index. Ionic
conductivity also shows a lower stretching exponent
than refractive index; however, both properties present
similar average relaxation times. This means that the
very small structural rearrangements that occur at the
beginning of glass relaxation have a greater influence
on ionic conductivity, whereas refractive index is more
influenced by the more cooperative α-relaxation. As a
result, the relaxation kinetics measured for the same
glass in the same condition indeed depends on the
analyzed property. This result is not surprising, but
sheds light on the controversy within the glass research
community.
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