
Influence of experimental conditions on enthalpy relaxation observed by
cyclic measurement with constant heating rate

P. Honcová a,⁎, J. Málek b

a Department of Inorganic Technology, University of Pardubice, Doubravice 41, 53210 Pardubice, Czech Republic
b Department of Physical Chemistry, University of Pardubice, Studentská 573, 53210 Pardubice, Czech Republic

a b s t r a c ta r t i c l e i n f o

Article history:
Received 31 March 2015
Received in revised form 30 June 2015
Accepted 5 July 2015
Available online 16 July 2015

Keywords:
Enthalpy relaxation;
Fictive temperature;
Ge–Sb–S;
TNMmodel;
Cyclic experiments

The cyclic experiments with constant heating rate following cooling by various cooling rates were done using
DSC to be able to apply different methods of estimation of TNMmodel parameters. The advantage and limitation
of employed experimental procedure is discussed and the composition of (GeS2)y(Sb2S3)1 − y glasses for y=0.2
and 0.3 was used as model systems.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The amorphous materials such as chalcogenide glasses are very
often studied because of their practical importance in infrared optics
[1], X-ray image sensors [2] as well as in phase change materials for
data recording media [3]. The attention is often paid to the glass transi-
tion but not toomuch right to the structural relaxation. Structural relax-
ation is a consequence of non-equilibrium state in which amorphous
material occurs below the glass transition temperature Tg. During relax-
ation process the structural arrangement is changing towards equilibri-
um state. It is reflected in the changes of properties of amorphous
materials such as volume (V), enthalpy (H), and refractive index (nD)
(Fig. 1). In practical point of view the change in properties with time
is very important for application of any non-crystalline material.

The bases of relaxation studieswere put by Tool [4,5] andKovacs [6,7]
(using dilatometry). The fast development and easy accessibility of calo-
rimetric methods caused that the structural relaxation is mainly studied
from the view of enthalpy relaxation changes using differential scanning
calorimetry (DSC) [8–12] although the dilatometry method is able to di-
rectly observed the volume changes during relaxation process [6,13–15].
In the case of enthalpy the relaxation process can be studied only indi-
rectly because of very small thermal changes in large time scale. Thus,
the enthalpy relaxation is reflected in the reheating scan done after

cooling the sample or after annealing the sample at temperature below
Tg (Fig. 2). The structure of material during the relaxation can be de-
scribed by the fictive temperature Tf introduced by Tool [5]. The fictive
temperature is defined as temperature at which the sample property
(enthalpy, volume, etc.) would be equal to the equilibrium value at tem-
perature Tf (see Fig. 1).When the sample is cooled fromequilibriumstate
(high above Tg) to temperature Tg and then consequently cooled to tem-
perature T, the fictive temperature during annealing at temperature T is
moving from Tg to T as is illustrated in Fig. 1. Generally, the phenomeno-
logical model of structural relaxation has to express nonlinearity and
nonexponentiality of the structural relaxation process. The nonlinearity
of structural relaxation arises from the asymmetry of relaxation response
following positive or negative departures from equilibrium. Non-
exponentiality is demonstrated by the well-known memory effect,
where relaxation from some initial state depends on how that state
was reached [16].

The most frequently used expression for relaxation time τ is the
Tool–Narayanaswamy [17] formulation as modified later by Moynihan
et al. [18] (referred to as TNM):

τ T; T f
� � ¼ A � exp x

Δh�

RT
þ 1−xð ÞΔh

�

RT f

� �
ð1Þ

where A is the pre-exponential factor, x is the parameter of nonlinearity
(0 b x ≤ 1) and Δh⁎ is the effective activation energy. Narayanaswamy
showed that linearity can be restored by introducing the reduced-time
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integral defined by [17]:

ξ ¼
Zt

0

dt
τ T ; T f
� �: ð2Þ

Then the fictive temperature can be expressed as [7]:

T f ¼ Tg−ΔT 1− exp −ξð Þβ
h i

ð3Þ

where β (0 b β ≤ 1) is the non-exponentiality parameter and ΔT is a
temperature jump before annealing.

Tool–Narayanaswamy–Moynihan (TNM) model based on
Eqs. (1)–(3) is appropriate to quantitatively describe the enthalpy re-
laxation. This four-parameter model is purely empirical and the param-
eters A, x, β and Δh⁎ have no clear physical meaning. Nevertheless, it is
assumed that parameter β is inversely proportional to the width of cor-
responding continuous distribution of relaxation times [12] and param-
eter Δh⁎ is very close to the activation energy of viscous flow Eη for
manymaterials [19–26]. The parameters of TNMmodel can be obtained
by curve fitting method or directly from the experimental calorimetric
data.

The curvefittingmethod is based on Eqs. (1)–(3). The thermal histo-
ry T(t) is assumed as a series of temperature steps that are small enough
to ensure a linear relaxation response (usually 0.2 K). In the case of iso-
thermal conditions the temperature step is replaced by time step (for
more details see Ref. [27]). The data are normalizedwithin 〈0,1〉 interval
for the numerical fitting. In the case of enthalpy relaxation data the level
of heatflowbefore glass transition is recalculated as 0 and the level after
the glass transition is recalculated as 1, the data in this format are indi-
cated as normalized heat capacity, CpN. The four parameter optimization
is better made up for the three parameter one. The value of x · Δh⁎ does
not change very much with thermal history, therefore the optimization
of three parameters is better (Δh⁎ is usually fixed). The set of parame-
ters used as the first estimation for the fittingmethod is very important.
Therefore, it is always better to use someothermethod of parameter de-
termination at first.

The best for relaxation studies is the realization of a complex set of
experiments covering cycles for significantly different rates and anneal-
ing for significantly different times — this allows applying several
methods for TNM parameters' estimation directly from data and finally
the optimization of parameters by numerical fitting [27]. Unfortunately,
complex attitude to relaxation study is very time consuming. Thus, the
fastest is performing of non-isothermal measurements which can be
used for estimation of Δh⁎ as well as for fitting procedure.

The temperature corresponding to the maximum of relaxation peak
and its shift with heating rate can be used to calculate parameter Δh⁎
when the measurement is done for constant value of cooling/heating
ratio [28,29]. This method provides good results (good correlation be-
tween determined value of Δh⁎ and fitted value) but the thermal gradi-
ent influence on experiment must be taking in mind. Thus, it is not the
optimal dataset for numerical fitting. On the contrary, cycleswith differ-
ent cooling rates and constant heating rate eliminate the thermal gradi-
ent problem in the experimental dataset and numerical fitting provides
valuable information when the range of cooling rates is broad enough.
The parameter Δh⁎ can be calculated from the fictive temperature
dependence on cooling rate q (for the same heating rate) [8]:

Δh�

R
¼ −

d lnq
d 1=T f
� � : ð4Þ

The fictive temperature from the DSC signal can be calculated ac-
cording to Moynihan et al. [9] (the symbols are described in Fig. 3):

ZT 0
f

T�

Cpe−Cpg
� �

dT f ¼
ZT 0

T�

CpI−CpII
� �

dT : ð5Þ

However, the values of Δh⁎ estimated in this way are for certain
amorphousmaterials higher than values obtained by using other fitting
or non-fitting methods [10,13,14,20,27,30–34], it can be also lower [35]
or correlate well with other results [20,33–38].

The exact values of theoretical model parameters describing
the structural relaxation are published only for few compositions
of chalcogenide glasses. The relaxation process is mainly studied by ca-
lorimetric methods [10,27,30,31] but dilatometry is being used as well
[6,14,32,39,40]. In the case of GeS2–Sb2S3 composition the enthalpy

Fig. 1. Schematic illustration of specific property (enthalpy, volume) dependence on tem-
perature for cooling by different cooling rates (q). Scheme of Tf determination during an-
nealing of the sample at temperature T is given.

Fig. 2. Schematic illustration of temperature dependence of (A) specific property (enthal-
py, volume) and (B) thermal expansion coefficient and normalized heat capacity for
heating by different heating rates (q+) done after cooling by various rates (q).
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Image of Fig. 2
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