Journal of Optod ectronics and Advanced Materials, Val. 4, No. 3, September 2002, p. 489 - 503

ENTHALPIC RELAXATION AND THE GLASS TRANSITION

Z. enosek, J. Holubova, E. ernodkovd& M. Ligka

Research Centre of University of Pardubice and Institute of Inorganic Chemistry of Academy
of Sciences of Czech Rep., nam. Legii 565, CZ-532 10 Pardubice, Czech Republic

®Joint Laboratory of Solid State Chemistry of Czech Academy of Sciences and University
of Pardubice, Studentska 84, CZ-532 10 Pardubice, Czech Republic

®Joint Glass Laboratory of Ingtitute of Inorganic Chemistry of Slovak Academy of Sciences
and University of Tren in, Studentsk& 2, SK- 911 01 Tren in, Slovak Republic

Enthalpic relaxation was investigated on the As,Se; bulk glass with perfectly defined thermal
history by differential scanning calorimetry (DSC). The relaxation enthapy change, DH, the
parameters of the Tool-Narayanaswamy-Moynihan (TNM) relaxation model and the
parameter of non-exponentidity, b, were evaluated. It was found that b is both temperature
and time dependent. The vaue of enthal py change necessary to reach a metastable equilibrium
is less than that assumed on the base of alinear extrapolation of H(T) of a supercooled liquid.
The glass transition was studied by a new stepwise DSC technique on the bulk As,Se; and
As;S; glasses. The glass transition was found to be a superposition of two parts: areversible
or thermodynamic component, reflecting temperature changes of vibrational amplitudes, and
an irreversible or kinetic process, so-cdled enthalpy relaxation. The value of the glass
transition temperature, T, determined from the thermodynamic part of the glass transition was
found to be independent on both the heating/codling rate and the therma history of glass. The
T4 depends only on the chemica composition of the glass and thus it could be regarded as a
material constant. Therefore the heating/cooling rate dependence of Ty, known from DSC or
DTA measurements, is caused by a kinetic process with relaxation time dependent on
structure and temperature.

(Received June 20, 2002; accepted July 22, 2002)

Keywords: Enthal pic relaxation, Non-exponentidity, Glass transition, StepScan

1. Introduction

Detailed study of non-crystalline solids has been important for more than half a century.
Glassy materials have still larger and larger utilization in technicd practice latdy. It isin connection
with an effort to get under control preparation of glasses with well-defined properties and their long
lifetime. For this reason broad attention has been paid to processes, which are taking place in glass
after its preparation. Study of reorganization of glass structure is very important not only from point
of view of basic research but for technology in material engineering as well.

The glassy state is generally the non-equilibrium one and is characterized by an excess of
thermodynamic properties (eg. enthalpy, entropy, volume). The as-quenched and thus non-
equilibrium glass seeks to attain alower energy metastable equilibrium especialy if thisoneis hed at
temperature not too far below the glass transition temperature  This time dependent variation in
physical properties foll owing glass formation is called structurd or enthalpic reaxation if the change
of enthalpy is the studied thermodynamic property [1]. While the glass transition has been described
as “fast” process associated primarily with the vibrationd degrees of freedom, the subsequent slow
structural relaxation is connected with a change in the frozen liquid structure [2]. So the relaxation
kinetics of glasses is determined not only by the thermodynamic temperature T but dso by the
instantaneous structure of the glass, which is characterized by fictive temperature Ty, firstly introduced
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by Toal [3]. The fictive temperature is defined as the temperature at which the observed value of an
intensive property would be the equilibrium one. During relaxation T; approaches relaxation
temperature T,. In the metastable equilibrium T = T, and the departure from equilibrium is measured
by [Tt — T|. Theinitid non-equilibrium state of glass is not unique but depends on the conditions of
glass formation and the relaxation process is strongly influenced by the complete thermal history of
glass.

Besides the great interest of structural relaxation the considerable atention has paid to the
glass transition. Historically, the glass transition has been observed in undercooled liquids and,
therefore, is regarded as a characteristic property of liquids. Later experiments, however, showed that
this phenomenon is quite common in non-crystalline materials prepared by various methods other
than traditiona liquid cooling, see[4] and references cited in.

The glass transition temperature is " defined” by various inconsistent manners, for example:

i) The glass transition temperature denotes a temperature for which reaxation times in the
supercooled liquid become longer than typical observation times. The ratio between these two times,
the Deborah number, is approximatdy unity for T=T, (Prophetess Deborah declared that what
appeared to mortals to be stationary are not necessarily so to an eternd deity.)

ii) The glass transition temperature is the one at which the viscosity of the supercooled liquid
reaches a value 10* Poise. It is important to note that the viscosity is continuous through T,
exhibiting none of the discontinuities observed in heat capacity [5] and thus this definition has no
physical meaning.

iii) The glass transition temperature is the one at which configurational entropy vanishes
during melt cooling.

Notwithstanding these ” definitions” the glass transition is characterized by a gradual break in
slope of extensive thermodynamic variables (enthalpy, entropy and volume). The region over which
the changes of slope occur is termed glass transition region. This region is usualy characterized by
midpoint temperature called glass transition temperature, T, Continuous change of extensive
thermodynamic variables through the glass transition implies that there must be a discontinuity in
derivative variables at Ty, such as a heat capacity or a coefficient of thermal expansion. Such
differences are used to distinguish two classes of glass forming liquids - strong and fragile liquid [6].
For review on supercool ed liquids and the glass transition refer to [ 7] and references cited in.

It is well-known that T, is not regarded as a material constant because when measured for
instance by DSC it depends on many parameters as for instance heating rate, q', [8-10], the cooling
rete, g, [10,11] and the physical aging [9,12,13]. If the T, is determined by heating the temperature
obtained often differs from the one from cooling measurement. These values of T4 may vary in the
range of 10 to 20 % depending on difference of cooling rates and heating rates.

The nature of the glass transition is very complex and poorly understood so far. It is clear that
regarding long structura relaxation time relatively to laboratory time scale during measurement the
materia is out of thermodynamic equilibrium. Elimination of this influence of scanning rate on
determining of T4 was the main aim of some models. An expression relating dependence of T4 on the
cooling rate was derived by Kovacs [14]. More often a linear dependence of T4 on In(g") proposed by
Lasocka [15] has been used. Extrapolation of the experimental resultsto @ = 0 K/min in order to
obtain the "correct" glass transition temperature has been suggested [16]. It must be noted that
| ogarithmic dependence lacks of physical meaning when q islessthen 1 K/min or limited to infinity
and thus logarithmic model only hardly can be correct.

The main aim of this work is the study of enthalpic reaxation on bulk glassy material with
perfectly known thermal history using bdow-mentioned theoreticd background. The grestest
attention will be paid to the study of both time and temperature dependence of rd axation parameters
of the T ool-Narayanaswamy-Moynihan (TNM) modd .

Furthermore the attention was paid to obtain more information on the glass transition by
comparing the results obtained by conventiond DSC with the ones acquired from stepwise DSC
technique in the state near therma equilibrium. We intend to find dependence of T4 on " and g
without restriction, in contrast to Lasocka's equation [15]. We also try decide whether it is possible to
extrapolate the conventiona DSC glass transition temperatures obtained at various hegting and
cooling rates to some rate (probably zero or infinity) to estimate "correct” Ty,
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The As,Se; was used for reaxation experiments. Both As,Se; and As,S; bulk glasses were
used as model ones for glass transition study. These glasses can be easily prepared as homogeneous
even by very slow cooling of melts without crystalization. They were, dso measured using very low
coaling rates. This is a very rare case and one can hardly find better inorganic modd glasses with
stoi chiometric composition. Indispensable is also the fact that these glasses are widdy used for basic
research as well as for utilization in technical practice [17]. The obtained results concerning T4 were
proved, also, on non-chal cogenide glass: lead-silicate glass NBS 711 [18].

2. Experimental
2.1 Mod€ of enthalpic relaxation

Enthalpic rdaxation (physical aging, structura reaxation) of glassy materials has been
studied by a number of techniques, but in particular the differential scanning caorimetry (DSC) has
been used extensively to measure the ki netics of enthal pic relaxation of glasses.

According to the Tool's concept of fictive temperature, the specific enthalpy of a glassy
sampl e can be expressed as a function of fictive temperature Tt and thermodynami ¢ temperature T:

T T
H(T,T;) =H(T;, To) + C,n(T)dT + Co(T)dT", (@]

T, T
where Cym, Cpq are specific isobaric heat capacities of metastable melt and glass, respectivey, and Ty
is an arbitrary sufficiently high reference temperature at which the sample is in a metastable
thermodynamic equilibrium. Narayanaswamy generdized Tool's modd [19] by alowing for
distribution of rd axation time and obtained the following expression for the fictive temperature that

can be calculated for any therma history:

T, () =T(t)- dt¢% M, [x(t) - x(t9] - 2
0 t¢
My is aKohlrausch-William-Watts (KWW) relaxation function:
M, (x)= exp(— xb), ©)

b is the non-exponentiality parameter (0 < b £ 1), which is inversdy proportiond to the width of a
distribution of relaxation times of independent rel axation processes. x is the dimensionless reduced
relaxation time:

" dte
x(t)= - 4
Lt
The contribution to the rdlaxation time t(T,T¢), simply t, from both the temperature and fictive
temperature is controlled by a non-linearity parameter x (0 £ x£ 1) according to the Tool-
Narayanaswamy-Moyni han (TNM) eguation [11]:
xDh (1- X)Dh (5)

e

t=t,ex
o®P “or RT,

where o isaconstant, Dh' isan apparent activation energy, R isthe universal gas constant.
The time course of the normalized molar heat capacity C,«i(t), €. the DSC measurement output,
may be obtai ned from the definition:

dT
Coar (0=Cog[TOI+{Cyn[T O] C [T OF 1 ©
On the assumption of the temperature indgpendence of C,r, and alinear temperature dependence of
CPQ

Cpg (t) = Cpg,o +CpgaT (7)

pg.l
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and using Egs.(1)-(6) Cp«i(t) may be calculated for an arbitrary time-temperature schedule. The
unknown parameters of the proposed model may be estimated by using the standard non-linear |east-
squares modd, i.e. minimizing the target function F:
tTTB)(
Comtox, DN b)Y = [Ce (1) - 2, (e, ®
0
where tra is the time of completion of the DSC experiment.

F(Cpg0:Cy

9,11~ pm?

2.2. Samples preparation

Bulk glasses of As,Se; and As,S; compositions were prepared by direct synthesis from high-
purity elements (5N) in evacuated silica ampoul es in a rocking furnace (800 °C, 24 h). After synthesis
and homogeni zation the ampoules containing the melt were quenched in air. The lead-silica glass
NBS 711 was a commercia product [18].

2.3. Enthalpic relaxation

Perkin-Elmer Pyris 1 DSC calorimeter was used for enthalpic rel axation measurements. All
experiments were carried out without removing the sample from the instrument. To ensure good
thermal contact of glass and auminium pan and to minimize the therma gradient inside sample thin
disks (thickness less than 1 mm) of glassy sample for rdaxation study were prepared directly in
calorimeter. Encapsulated powder of bulk glass (approx. 10 mg) was meted and equilibrated at 420
°C (Tm(As:Ses) = 375 °C) and subsequently cooled to 50 °C with rate g = -100 °C/min. Glass prepared
by such way was immediately heated by heating rate g° = +100 °C onto relaxation temperature T,.
After isothermal reaxation the sample was cooled down to the temperature 50 °C by cooling rate
g = -100 °C/min. After thisthe DSC curve was recorded up to 420 °C by heating rateq” = +20 °C/min.
This scan was used for computer simulation. A basdine was obtained by repeating this procedure but
storing at the ageing temperature for zero time

Glasses were isothermally relaxed at temperatures 145, 150, 155, 160, 165 and 170 °C with
duration between 15 minutes and 35 hours. All in-instrument steps were computer controlled using
Pyris 1 software.

2.4. Theglasstranstion

Conventional DSC measurements were carried out using of DSC 7 calorimeter and new
stepwise technique was carried on the Pyris 1 DSC (both Perkin-Elmer) with special software
Powdered glassy samples (weigh around 4 mg for conventional DSC and 10 mg for StepScan
measurements, see be ow) were encapsul ated into sealed aluminium pans. Glassy samples used in the
glass transition study were prepared directly in cal orimeter, see Sec. 2.3.

Conventional DSC scans were done using heating and cooling ratesq = (1 —20) °C /min.

New stepwise measurement between states close to thermal equilibrium of glass performed by
the StepScan® method [20] (Perkin Elmer) was used. This method facilitates the taking of accurate
specific heat capacity data and allows separating C, (reversible or thermodynamic component) from
slow irreversible kinetic events. The scanning steps are seected to be at regular intervals. In our
measurement the heating or cooling rate in the scanning steps was sdected from the range

(2 to 20) °C /min. The isotherm duration is software controlled and depends on the response of the
sample. The maxima allowed heat flow difference during isotherm was DQ = 0.0005 mW per
approximatdy 10 s. Enthalpy changes of slow actions that accompanies glass transition can be
separated from the isobaric heat capacity temperature dependence in this manner. Both glass
transition temperature and DC, independent on experimental conditions (especialy on heating or
cooling rate) and thermal history of glass were obtained.

Glass transition temperature, T4, and DC, messured by StepScan are labeed by superscript
“eg” inthefollowing text, i.e,, T4, DCy™.
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3. Results
3.1. Enthalpic relaxation

Generdly the rd axation enthalpy DH corresponds to area of so caled overshoot on the DSC
heating scan. The vaues of DH were obtained as a difference between overshoot areas of rdaxed
glass scan and non-relaxed glass one used as a basdine. The relaxation enthapy DH increases with
increasing time (or duration) of relaxation, t;, at every relaxation temperature, T,, used for isothermal
aging. Relaxation enthalpy, DH, reaches its limit value, DH(Ts = T,) after the sufficiently long time,
t, a each isothermal relaxation. This means that glass achieves a metastable equilibrium at given
temperature. The dependence of obtained values of DH¢q On rel axation temperature is shown in Fig. 1.
When rdaxation temperature decreases the value of DHy increases, but not linearly. At rdaxation
temperatures sufficiently below T (T, ~ (T4 - 30 °C) in our study) the enthapy change from non-
relaxed glass to metastable equilibrium achieves its final value DHe . This value does not change
with further decreasing of T, see Fig. 1. For As;Se; glass the maximal enthadpic change is
DHeq ™ (As,Se;) ~ 6.4 kJ/mal.

Obtained final DSC curves were normaised such that the isobaric specific heat, C,, passes
from zero to unity as the sampl e goes from glassy state to the equilibrium liquid like state on heating.
When above mentioned model of enthalpic rdaxation was used and all normalised DSC scans were
computer simulated with using thermal history beginning in glass formation, the complete set of
parameters of TNM model were obtained for each of relaxation. This set contains the parameter of
non-exponentidity, b, non-linearity, x, fictive temperature, T;, and apparent activation energy, Dh'.
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Fig 1. The dependence of pseudo-equilibrium value Fig. 2. The time dependence of non-exponentiality
DHeq on relaxation temperature T,. The curve is parameter b at rel axation temperature 165 °C.
only aguidelinefor eyes. The curve is only aguideline for eyes.

The main attention has been paid to the study of behaviour of non-exponentiality parameter b.
This parameter was found not to be constant in both the time sca e of isothermd relaxation and the
temperature scale of the st of T,. Non-exponentiality parameter increases with increasing time of
relaxation at every relaxation temperature used. The time dependence of b at relaxation temperature
165 °C is shown in the Fig. 2. As one can see at Fig. 2, after sufficiently long duration of relaxation
(when T; = T,) the parameter b achieves its final value bey(T,) corresponding to the metastable
equilibrium structure of glassat T,.
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Fig. 3 The dependence of parameter be, (T; = T,) on the Fig. 4 Qualitative concept of enthal pic rel axation.
rel axation temperature T,. The curveisonly aguideline The values of parameter be, (for T;=T))
for eyes. were obtained experimentally.

Vdue of b increases when the T, decreases, see Fig. 3. Based on these results we can
conclude that the non-exponentiality parameter is both time and temperature dependent, b = f(t;, T)).

We found that for given relaxation temperature the value of b(T,) isindependent on the way
in which the glass reached its metastable equilibrium at given temperature, Fig. 4. The as-quenched
glass was subsequently completely relaxed at T; = T, = 165 °C and the value of b, = 0.86. Another
sample of glass was completely relaxed at Ty =T, = 145 °C (b = 1.00) and after temperature jump it
was completely relaxed again at T, = 165 °C. The b, was then found 0.87, within error the same as it
was found in previous experiment. It is necessary to emphasize that the first relaxation at 165 °C isthe
exothermic process and the second one is the endothermi ¢ process, seeFig. 4.

In the case when the change of the relaxation enthalpy reaches its maximal value, DHeq ™ (as
it was mentioned above) the value of be, reached its maximal valuebg ™ = 1, seeFig. 5.
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Fig. 5. The dependence of the parameter b, on the enthal py change DH, between non-relaxed
stete of as-quenched glass and metastable equilibrium at the same temperature, see inset.

Non-linearity parameter, x, increases as T is getting near T, during isothermal relaxation. This
parameter was found in range 0.60 - 0.75 and these values reflect reatively smal influence of
structure to rel axation time. During anneding this influence still decreases.

The apparent activation energy is nearly constant and independent on both temperature and
time of rdlaxation, Dh'(As,Se;) = 263 15 kJ/mol.
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3.2. Theglasstranstion

Typical StepScan DSC traces of As,S; mdt cooling through the glass transition region and
trace of As,S; glass heating are shown in Fig. 6. The reversible (thermodynamic) component, C,, and
enthal pic change corresponding to irreversible (kinetic) one are separated.

Results of DSC measurement of glassy As,Se; by StepScan are collected in Tab. 1. Reversible
(thermodynamic) parts are shown in Figs. 7 (including NBS 711 glass) and 8. When glass is formed
the exothermic peak is clearly seen in Fig. 6, as well as both exothermic undershoot and endothermic
overshoot when glass is heated and undergoes glass transformation. The temperature of overshoot
maximum is aways lower than the thermodynamic T, T, < T4, Tab. 1 and Fig. 6, contrary to the
conventional DSC where T, > T, every time. Remind that T4 and T4 were determined as the
temperature of DC,* (StepScan) and/or heat flow difference, DQ, (conventional DSC) midpoint
between glass and undercool ed liquid.
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Fig. 6 Typical results of DSC StepScan method. On the irreversible part of cooling scan is

seen exothermic peak (DH = -2.16 Jg). On heaing scan both exothermic undershoot

(DH = -1.31 Jg) and endothermic overshoot (DH = +3.14 J/g) are seen and their differenceis

within experimental error equal to enthalpic changein courseof glass formation. Reversible
parts (Cpvs. T) areidentical for cooling and heating.

When the undercooled liquid was cooled to obtain glass the exothermic change in the glass
transition region was observed on irreversible component, Fig. 6. Its enthalpy is independent on
coaling rate within experimenta error, contrary to enthalpy of irreversible changes obtained during
heating, confront results each other in Tab. 1. Temperatures of maxima or minima of enthalpic peaks
depend on heating or cooling rate as well as on therma history of glass, Table 1.

Important result shown in Fig. 7 clearly demonstrates that the C, measurement close to
isotherma equilibrium when irreversible component is separated removes completdy both well-
known hysteresis of thermal capacity and shape difference during heating and cooling. Temperature
dependence of C, obtained by this way is independent on both heating/cooling rate and thermal
history. Similar result was found aso for organic polymer [21].
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Table 1. Experimentad results obtained by StepScan. Values of T, and DC,* were obtained
from reversible part, temperature of kinetic pesk, Ty, and enthalpy of kinetic process, DH,,
fromirreversible part of the StepScan measurement.

AsSes AS
T,9=187.47+0.41 °C Ts9= 207.50+ 0.22 °C
DC,*=0.187+ 0.001 J(g¥C)| DC,*=0.240+ 0.011 J(gXC)

Thermal history | g [°C/min] T, [°C] DH, [J/q] T, [°C] DH, [J/d]
As-quenched +2 182.09 +2.98 202.28 +2.59
Rdaxed"? +2 183.39 +5.12 196.47 +7.85
As-quenched +5 182.96 +2.67
Rdaxed® +5 185.87 +9.04
As-quenched +20 183.40 +2.80 203.06 +4.67
Glass formation -2 173.67 -2.79 195.56 -3.25
Glass formation -10 182.86 -2.73
Glass formation -20 183.64 -2.78 199.06 -3.32

! As,Sesglassrelaxed 2 hrs. at 160 °C
>As;S; glassrdaxed 2hrs. at 170°C
% As;Se; glass relaxed 166 hrs. at 145 °C, fully relaxed glass (T; = 145 °C)
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Fig. 7. Reversible (thermodynamic) part of the glass transition. StepScan method, Pyris 1 DSC.

It is wdl known that conventional DSC traces gained during cooling and heating differ
significantly in the shape and thus also in the value of the specific heat capacity change, DC,, e.g.
[22-26]. This is dso well known that the value of glass transition temperature, T, is dependent on
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heating and cooling rate, g° and g, and with increasing rates, q, the glass transition temperature
increases, see e.g. [15,23].

Results of our conventional DSC experiments carried out at different heating or cooling rates
arein Figs. 8A, B. Part A show the dependence of T4 on the heating rate. It is pointed out, that
dependence of T4 on heeting rate, Fig. 8A doesn't need to be logarithmic contrary to Lasocka s
proposal [15]. The application of two-phase exponential association eguation (also known as pseudo-
first order assodiaion kinetics eg.), Fig. 8A, allows us to extrapolate the T4 values from zero heating
rate even to the infinity. The values of T4 obtained in this manner are more realistic compared to
application of logarithmic dependence. Glass transition temperatures obtained by StepScan, T,*, are
represented by shaded stripe with width of 2*(std. deviation) of T4, Fig. 8A. Very surprising is
dependence of DC, on heating and cooling rates obtained by conventional DSC, Fig. 8B, which wasn't
published and systematically studied yet. It shows namely that DC,, determined either from heating or
coaling scans going to be significantly different when rates q decrease. On the other hand the values
of DC,™ are practically constant (Fig. 8B, haf-filled circles and Tab. 1). In other words the
application of the new method of measurement eiminates the influence of thermal history of glass
and also influences of heating or cooling rate on the glass transition temperature, T4, and on the
DC,™. It can be easily shown that the sum of thermodynamic and kinetic components is equiva ent to
the conventional DSC scan a the same heating rate.
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Fig. 8A. Heating rate dependence of the glass Fig. 8B. The heating/cooling rate dependence of both
trangition temperature, T, obtained by conventional  DC,, (conventional DSC) and DC,™ (StepScan). The
DSC (full circles). The T4™, obtained by StepScan,  radius of half-filled circles isequal to 2*(std. deviation)
is represented by shaded stripe of width of DC,™.
2*(std. deviation) of Ty™.

4. Discussion
4.1. Enthalpic relaxation

We have found that glass reached the metastable equilibrium at each of relaxation temperature
we used. Corresponding limiting value of the enthapy change, DH(T;), are indispensable lower than
the expected values from linear extrapolation of melt equilibrium enthalpy, see Fig. 9. This figureis
based on our experimental results. At certain temperature, T,, sufficiently below the glass transition
temperature, the enthalpy loss achieves its maximal value DHeg™ . This one is invariant at
temperatures lower than T, for relaxed glass. For As,Se; glass it was found T, ~ 155 °C and
DHe ™~ 6.4 kd/mol. The changes of H(T) of fully relaxed glass at temperature lower than T, bear on
the changes of vibrational enthalpy. These changes are the same as for crystal of the same chemica
composition because of known fact that heat capacities for both the crystalline and glassy states of
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most of materials are essentially the same [5,27,28], except at ultra-low temperatures [27], and arise
from vibrational contributions. As one can see in the Fig. 5 the curve of metastable equilibrium has
the same slope as that one of non-relaxed glass. It corresponds with our results hereafter in this paper
that the specific heat is insensitive on the therma history of a glass. All these facts confirm our
assumption that metastable equilibrium is not identical with equilibrium linearly extrapolated of the
equilibrium enthalpy above T, see Fig. 5. This conclusion agrees with some works, published lately
[28-30], that linear extrapolation of equilibrium entha py of the liquid state above T to this one bel ow
Tgisunredistic.

The obtained dependence of non-exponentiality parameter b = f(t;, T;) need to be interpreted
in two steps. Firstly we focus our attention on b = f(t;), thus on results obtained from isotherma
relaxation (T, = const.).

The relaxation function, which is frequently simplified by KWW stretched exponential Eq.
(3), may be expressed by a sum of exponential terms of N individual smultaneous relaxation
processes [31]:

N t
My = wexp - » exp - : ©)
i=1 0] 0

where w; are weighting factors, to; are independent relaxation times and t is duration of isothermal
relaxation. In the right part of Eqg. (9) the KWW parameter t, means rel axation time of al rdaxation
processes at actua time t' and b reflects the variation of weighting factors w; (the distribution of
relaxation times) in this time. From the theories describing structural relaxation it follows that the
non-exponentidity parameter is inversdy proportiond to the distribution of structural rdaxation
times. b =1 corresponds to a single relaxation time and as b decreases the distribution broadens. We
bdieve it is a judtifiable assumption that in the course of rdaxation to the metastable equilibrium,
T ® T, the number of independent relaxation processes decreases in consequence of decreasing
disorder. Therefore the experimentally found growth of parameter b during the isothermal relaxation,
Fig. 2, may be interpreted as a consequence of restriction of relaxation times distribution when
structure becomes rel axed.

Fig. 9. Rea enthal pic temperature dependence observed on glass during isothermal relaxation

at anneding temperatures below glass transition. Full lines are caculated from C,

measurement during glass formation and points (DHg;) reflect the results of isothermal
relaxation. Compare with Fig. 1.

Dependence of non-exponentiality parameter on relaxation temperature, b = f(T)), is
interesting especially in case of its limit vaue be, thus for T = T, Fig. 3. These values, inversey
proportional to the distribution of rdaxation times of glass in the metastable equilibrium, have shown
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namely that with decreasing temperature the metastable equilibrium structure approaches the state
with only one relaxation time (beq™ = 1 at the temperature T, £ T,). This structure is characterized
also by a final relaxation enthalpy, DHeq ™, Fig. 5, as it was mentioned above. In contrast to our
results some researchers found, especialy on organic polymers, that b decreases when temperature
decreases [32,33]. According to our opinion these results are only hardly compatible with the idea of
structural relaxation. The metastable equilibrium structure becomes denser when temperature goes
down and the number of independent rdaxation processes goes down, as wdl. Consequently
distribution of relaxation times becomes narrower and thus b rises up.

We have also found out that b, does not depend on fact whether metastabl e equilibrium was
reached by exothermic or by endothermic rdaxation, Fig. 4. Therefore non-exponentiality parameter
of metastabl e equilibrium is path independent.

We can conclude that it would be better to express the parameter b dependent on the structure
of glass than on the time of reaxation t.. While the time increases constantly from the beginning of
process irrespective of reaxation extent, the change of the structure of glass is finite. The change of
the structure is described by the change of fictive temperature, T;. Then we may summarize that b
depends on thermodynami ¢ temperature and simultaneously on fictive temperature, b(T,, Ty).

According to our results there is directly proposed conception that in the glass transition
region the glass may be viewed as an equilibrium mixture - supercooled liquid « glass. Starting from
the upper temperature end of a glass transition region when temperature decreases this equilibrium
moves towards the glass and at the temperature T, the supercooled liquid completely disappears and
vice versa. Temperature dependence of isobaric specific heat in the glass transition interval also
supports this concept. In the case of studied glass this change of the total quantity of DC, is also
finished practically at the temperature T,. The fact that the overwhd ming majority of studies of the
relaxation have been done in the glass transition region, e.g. [34], probably due to strongly increasing
time-consumption at lower temperatures is worthy of remark.

4.2. Theglasstrangtion

Conventiond DSC measurements of the glass transition temperature showed that the glass
transition temperature T, approaches StepScan T4 in the case of sufficiently high heating rates,
Fig. 8A. It is clear that the explanation of known heating/cooling rate dependence of the glass
transition temperature should be searched in rdaxation times of processes in the glass transition
region. The temperature dependence of reversible (thermodynamic) C,, essentialy the change of
vibrational amplitudes, is rapid enough in comparison with experimental time of DSC technique and
thus this reversible part cannot be influenced by the rate of temperature changes. To ducidate the
experimental results it is necessary to focus attention on irreversible (kinetic) component, because of
strong temperature and structure dependent rd axation time t (T, T), simply t. One can expect that this
fact should influence cons derably the shape of the non-isothermal DSC scans.

Thekinetics of isothermd structura relaxation, T = T, = const., can be expressed:

dr M- T (10)
a t(T,T;)
For non-isothermal relaxation kinetics this equation can be rewritten in the form:
ﬂ »1 ‘Tf } T‘ , (11)
ar  qt(T,T)
. . daTr
whereqisthe heating rate, q = e

For the forthcoming discussion on influence of non-isothermal structura relaxation on the
shape of conventional DSC curve, and thus on the Ty and DC,, values, refer to Fig. 10.
We shall discuss hesting scan at first. Provided that (Tt > T)r<rg then the glass relaxes exothermaly
toward the equilibrium structure at T. It manifestsitsdf as so-cdled undershoot on the non-isothermal
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DSC scan, see Fig. 6. On the other hand when (T; < T)r<rq the relaxation is endothermic and its
typical overshoot isfound at the temperature above conventiona DSC glass transition temperature. In
the limit case of (T; = T)r<rg the glass is in metastable equilibrium. It is important to point out here
that thisis the case only when T crossesline T = Ty. At this moment exothermic relaxation changes to
endothermic one, Fig. 10. Because the rdaxation timet, increases exponentially with decreasing
temperature so at glass formation structural relaxation time is much longer than experimental time,
t >>t, for the temperatures not much lower than T, (T ~ T4 — 10 °C). As a matter of fact the fictive
temperature of non-rdaxed glasses is practicaly aways substantially higher than thermodynamic
temperature(T: >> T). It results in well-known fact that during gl ass heating the exothermic rel axation
(undershoot) can be observed in many cases. Its magnitude depends on the difference between the rate
of glass formation (the rate of cooling) and the rate of following heating. In case of alow heating rates
the equilibrium structure can be reached, (Tt =T)r<rq and crossed. In such case further increasing of
temperature leads to departure from equilibrium and subsequent endothermi ¢ process proceeds toward
a new equilibrium. Thus an overshoot begins to appear at DSC scan. Very slow heating of quickly
cooled glass, represented by curve 2 in Fig. 7, leads to degp undershoot and very small overshoot
when conventiona DSC is used. Resulting shape of DSC scan is known as so-call ed pre-peak, or sub-
T4 peak. Origin of this is unclear up to now, see e.g. [35,36]. When non-rdaxed or only slightly
relaxed glass is heated with sufficiently high rate the exothermi ¢ undershoot decreases and at the same
the endothermic overshoot shifts up to higher temperature because the equality (Tt = T)+<rq iS reached
at higher temperature, see Fig. 10.

Fig. 10. A schematic drawing of relation between fictive (structura) temperature, T;, and

thermodynamic temperature, T. Circles indicate the points corresponding to conventiona

DSC glass transition temperatures. Curves: 1 — cooling, 2 — slowly heated non-relaxed glass,

3 — quickly heated non-rdaxed glass, 4 — quickly heated glass fully relaxed at T,. See text
for details.

Relaxation kinetics influences not only determination of the glass transition temperature but it
also crucialy affects the vaue of isobaric spedific heat capadty change, DC,, in course of glass
transition. The dependence of the specific heat capacity change on heating/cooling rate is shown on
Fig. 8B. When the rate, g, rises up the change of specific heat limits to constant equal to StepScan
DC,™, Fig. 8B, in the same manner as a glass transition temperature does, Fig. 8A. The explanationis
simple: when a glass is heated the relaxation proceeds and because the quicker heating the lower
extent of relaxation and therefore shallower undershoot tends to produce a lower value of DCp, closer
to the correct value of heat capacity difference. In the case of sufficiently high heating rate the glass
amost don't relax exothermally at the temperature decreases below T4 and thus DC, ~ DC,™.

With regard to conventional DSC cooling scan the explanation is not very clear. During
cooling of the melt the exothermic process (relaxation) takes place in and beow the glass transition
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region, Fig. 6. Now it should be pointed out that the conventional DSC doesn’'t measure directly the
specific heat but only the heat flow and the later is higher in the glass than in the melt. Therefore
when melt is cooled and glass is formed the heat flow of exotherma changes is subtracted from the
growth of heat flow during glass transition, Fig. 11. It leads, consequently to erroneous lower values
of both T4 and DC, obtained from conventional DSC cooling scan, asit is demonstrated on Fig. 11. At
increasing cooling rates the extent of rel axation decreases and DC, tends to DC,™, Fig. 8B.

The opposite sign of hea flow of the glass transition and of the exothermic structura
relaxation during cooling and, on the other hand, the same sign of changes of both heat flow
components, when the heated glass undergos the glass transformation, causes the completely different
shape of conventional DSC traces. These differences | ed to erroneous conclusion that when the melt is
cooled through the glass transition region there is not exotherma counterpart to endothermic
overshoot.

From the aforesaid it is obvious that the value of glass transition temperature obtained by
conventional DSC is strongly affected by the facts that i) relaxation kinetic affects significantly shape
of DSC scan, and that ii) glass transition temperature is actually determined on an ascending part of
irreversible endothermic overshoot added on the reversible Cy(T) dependence.

Fig. 11. The influence of exothermic process on the shape of conventional DSC codling scans
in course of glass transformation. Errors of determination of both T4 and DC,, are indicated.

The heating rate dependence of the overshoot peak shift is widdy used for the determination
ofthe apparent activation energy of relaxation, eg. [37]. Heating rate dependence of the glass
transition temperature has been used to find the activation energy of ether the glass transition [37-39]
or the activation energy of relaxation [40]. From our results it is evident that both relaxation peak and
Tg shift bear on relaxation and thus it doesn’t surprise that the obtained activation energies of
relaxation and of glass transition are very close to each other. Their difference is caused only by the
fact that in the first case the peak shift and in the second one the shift of the ascending part of
endothermic overshoot is used, but always it is only more less good estimation of activation energy of
relaxation.

It's dear that with use of conventional DSC it is possible only to approach more or less
correctly the values of T, and DC,™ (characteristic values of reversible changes). However, for the
full thermo-analytical characterization of glass it is necessary to characterize not only reversible
(thermodynamic or vibrational) component but also the irreversible (kinetic or structural) one.

5. Conclusions

The isothermal relaxation was studied on glasses with perfectly defined therma history. It
was found that enthalpies of metastable equilibria a temperatures below glass transition region are
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higher than the ones obtained at the same temperatures by linear extrapolation of H(T) of a
supercooled liquid, Fig. 9. In view of this result the extrapolation should not be used generaly for
definition of metastabl e equilibrium of glass.

It was found that parameter b increases with increasing duration of isothermal relaxation, it
means that b is structurally dependent, b(T;). The metastable equilibrium is also characterized by
equilibrium non-linearity parameter, bey(T;), and its value does not depend on the way by which the
equilibrium is reached. Contrary to previously published results be(T,) increases with decressing
supercooling. Thus we can summarized that the non-exponentiality parameter depends on both
temperature and structure, b(T,,T;), aswdll as the relaxation time does.

At lower relaxation temperatures (T, < T,) the compleely rdaxed glass may be characterized
by the maximal value of parameter of non-exponentiality (be = 1) and also by the maximal relaxation
enthalpy change DHe, ™ which does not change furthermore. This allows us to conclude that at low
rel axation temperatures the glass reaches the state with the lowest energy and with further decreasing
of rd axation temperature the glass does not relax yet.

It was found that the glass transition is in fact a superposition of thermodynamic process (the
changes of vibrationa amplitudes) and kinetic one (also called structural rdaxation). The glass
transition temperature and shape of the temperature dependence of the isobaric specific heat are
invariant on both heating/cooling rate and a thermal history of glass, too. Beside constant T, the
exothermic change in course of glass transition was found. The well-known hegting/cooling rate
dependencies of a glass transition temperature, as well as curve shape and position and entha py of
undershoot and overshoot, when conventional DSC is used, bear only on kinetic processes. From
aforesaid it follows that conventional DSC studies of glass transition kinetics are the same, in
principle, as the studies of enthalpic relaxation. Since the glass transition temperature depends only on
chemical composition of glass, see aso [41], but not on its therma history, it can be regarded as a
material constant. Unambiguous way of determination of the glass transition temperature independent
onarate, g, iscrucia for obtaining comparabl e values of various frequently used glass characterizing
parameters, e.g. Hruby's criterion [42] or fragility [43].

It is plausible tha when agppropriate modd of structural rdaxation would be used the
computer processing of the conventional DSC data could be separated onto reversible part
(temperature dependent isobaric heat capacity) and irreversible (kinetic) part. The set of parameters
completdy characterizing the actua state of glass, i. e, Tq Cyg, DCp, Tt X, b, Dh and DH could be
obtained by this way.
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