
Introduction

The relaxation behavior of amorphous materials has

been studied for the last 60 years. These studies were

predominantly focused on polymer materials that are

significantly influenced by physical aging. There are

several studies of relaxation in selenium based glasses

[1, 2] because these glasses have a wide utilization in

many branches especially in optical recording media.

The basis of relaxation studies were put by

Tool [3, 4] and Kovacs [5, 6] (using dilatometry). The

fast development and easy accessibility of calorimetric

methods caused that the structural relaxation is mainly

studied from the view of enthalpy relaxation changes

using DSC methods [2, 7]. In spite of the enthalpy the

relaxation process can be studied only indirectly be-

cause of very small thermal changes in large time

scale. On the contrary the original dilatometry method

is able to observe directly the volume changes during

relaxation process. Similarly it is possible to record a

course of relaxation by thermomechanical analysis. In

this case the change of sample length is observed. Pro-

vided that the material is isomorphous then studied

process is called volume relaxation.

Structural relaxation is a consequence of non-

equilibrium state in which amorphous material occurs

below the glass transition temperature Tg. During this

process the structural arrangement is changing towards

equilibrium state. It is reflected in changes of proper-

ties of amorphous materials such as volume (V),

enthalpy (H), refractive index (nD), etc.

Relaxation process occurs during annealing at tem-

perature below Tg where the structure of amorphous ma-

terial is changing in time and it is not possible to de-

scribe such material by standard thermodynamic quan-

tity. Tool [4] introduced the fictive temperature Tf to

characterize the structure during the relaxation. The fic-

tive temperature is defined as temperature at which the

sample volume (enthalpy, etc.) would be equal to the

equilibrium value at temperature Tf. When the sample is

cooled from equilibrium state (high above Tg) to temper-

ature Tg and then consequently cooled to temperature T,

the fictive temperature during annealing at temperature

T is moving from Tg to T. The relaxation time τ depend-

ence on temperature and structure (in the form of fictive

temperature) is usually expressed by Tool–

Narayanaswamy–Moynihan equation (TNM) [8]:
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where A is the pre-exponential constant, x is the parame-

ter of non-linearity (0<x≤1) and ∆h* is the effective acti-

vation energy of relaxation process. Narayanaswamy

[6] showed that linearity can be restored using the re-

duced time integral and then the fictive temperature can

be expressed as:
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where β (0<β≤1) is the non-exponentiality parameter

and ∆T=Tg–T is a temperature jump before annealing.

TNM model based on Eqs (1) and (2) is sufficient

to describe the relaxation behavior of amorphous mate-

rials [7]. The parameters of TNM model (∆h*, β, x
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and A) can be calculated by numerical curve fitting

technique [9, 10] or evaluated from experimental data

on the base of characteristic times t0 and tm [11, 12].

Using length dilatometry, the relative length

change during annealing can be expressed as

δ0=(l–l0)/l0, where l0 is the initial sample length. Dur-

ing the annealing the δ0 changes from 0 to its equilib-

rium value δ
0

*
. The inflection tangent of relative length

change dependence on annealing time is used to deter-

mine the characteristic times. Time t0 corresponds to

the extrapolation of inflection tangent to δ0=0. Charac-

teristic time tm corresponds to the extrapolation of in-

flection tangent to equilibrium value of relative length

change δ
0

*
. Temperature jump dependence of charac-

teristic times can be expressed using TNM parame-

ters [11]. The dependence of characteristic time tm on

temperature jump can be described as:
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of course the value of glass transition temperature de-

pends on thermal history of the sample and experi-

mental technique. The uncertainty of Tg value in-

cluded in Eq. (3) can be eliminated by using the

temperature dependence of characteristic time tm [12]:
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the parameter ∆h* of TNM model can be determined

according to Eq. (4). The temperature jump depend-

ence of difference between characteristic times

log(tm/t0), so called stabilization period, can be ex-

pressed as [11]:
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the parameter of non-exponentiality can be calculated

directly using this equation. Equations (3) and (5) can be

used to determine the parameter of non-linearity.

Experimental

The amorphous materials GeySe100–y (y=8 and 10)

were prepared by conventional method. Pure ele-

ments (5N) were weighed into quartz ampoule. The

ampoule was closed after evacuation and put into the

heater. Melting and homogenization was done at tem-

perature well above the melting temperature. The

melt was quenched in ice-water (Ge8Se92) or on the air

(Ge10Se90). The amorphous character of prepared

glasses was checked by X-ray diffraction.

The volume relaxation of prepared chalcogenide

glasses was studied by dilatometry. The length change

of Ge8Se92 and Ge10Se90 glass was recorded by

thermomechanical analyzer. The parallel areas of the

sample in the check dimension were polished to optical

quality. The accuracy of the measured length was

0.01 µm. The non-isothermal experiments were used to

characterize the glass transition area. So called intrinsic

cycles, cooling and consecutive heating with the same

rate, were done in the temperature range from 40 to

120°C, respectively, 135°C for Ge10Se90 glass and the

cooling/heating rate 0.5–10 K min
–1

was applied.

Structural relaxation of Ge–Se chalcogenide

glasses was studied under isothermal conditions. The

two consecutive temperature jump method was chosen

to analyze the relaxation behavior of Ge8Se92 and

Ge10Se90 glasses. First the previous thermal history was

erased by heating to the temperature well above Tg.

Then the sample was cooled to the temperature T0 and

annealed for 300 min. The temperature T0 was chosen

as the temperature at which the annealed glass takes

equilibrium length into 300 min. After the first anneal-

ing the sample was cooled (down-jump) or heated

(up-jump) to temperature T and annealed for time nec-

essary to take equilibrium. The isothermal experiment

was done for the temperature jumps ∆T=T0–T in the

range from 6 to 28°C for Ge8Se92 glass (T0=79°C) and

from –10 to 25°C for Ge10Se90 glass (T0=85–90°C).

The viscosity behavior of Ge–Se chalcogenide

materials was studied too. The viscosity in the range

10
8
–10

13
Pa s was measured by penetration method

[13] using the thermomechanical analyzer. In the tem-

perature range of viscosity measurement the amor-

phous material should be called undercooled liquid

rather than glass. In the case of spherical indenter the

viscosity can be calculated as [14]:

η =
9

32 2
3 2

r

Ft

h
/

(6)

where r is a radius of spherical indenter, F is a force

loads into indenter, t is time of penetration and h is a

penetration depth. For the viscosity measurements the

thin plates of the sample were both sides polished to

the optical quality.

Results and discussion

Intrinsic cycles described in experimental part were

used to determine the glass transition temperature Tg as

a temperature corresponding to the intersection of tem-

perature dependence of length of glass and undercooled

liquid. The values of Tg for heating rate 5 K min
–1

were

found to be 87°C for Ge8Se92 and 98°C for Ge10Se90.

The slope of temperature dependence of length denote a

thermal expansion coefficient as α=(1/l0)(dl/dT). The

thermal dependence of α for studied glasses is illus-
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trated in Fig. 1. Herefrom the thermal expansion coeffi-

cients below Tg as αg=(39.5±0.7)⋅10
–6

K
–1

and

αg=(35.5±0.5)⋅10
–6

K
–1

were determined for Ge8Se92,

respectively, Ge10Se90 glasses. The thermal expansion

coefficient above Tg is not constant at the value corre-

sponding to the thermal expansion coefficient of

undercooled liquid αl because of viscous flow. Al-

though it is possible to estimate the value of αl such as

for Ge8Se92 material it is better to evaluate this quantity

from isothermal relaxation experiments where the equi-

librium value of relative length change should be pro-

portional to the temperature jump [11]:

δ α α
0

*
–( – )=

l g
∆T (7)

this equation is valid for down-jump as well as for the

up-jump experiments as is shown in Fig. 2. The deter-

mined value of difference between thermal expansion

coefficient of undercooled liquid and glass (αl–αg) is

∆α=(64±1)⋅10
–6

K
–1

for Ge8Se92 and

∆α=(59±1)⋅10
–6

K
–1

for Ge10Se90. The corresponding

thermal expansion coefficients of undercooled liquids

αl are 103.5⋅10
–6

and 94.5⋅10
–6

K
–1

, respectively

(Fig. 1). Especially for Ge8Se92 the calculated αl value

corresponds very well with former estimation from

intrinsic cycles experiments.

The study of structural relaxation of chalcogenide

glasses was combined with the viscosity measurements

of their undercooled liquids to prove the relationship be-

tween the activation energy of viscous flow Eη and the

parameter ∆h* of TNM model which was formerly as-

sumed by several authors [7, 12, 15]. Therefore the tem-

perature dependences of viscosity were measured for

both of materials. It was found out that this dependence

can be described in measured temperature range by sim-

ple equation of Arrhenius type η
η

= ′A E RTexp( / ),

where Eη is the activation energy of viscous flow, R is a

gas constant and ′A is a constant. According to this for-

mulation the value of activation energy of viscous flow

was Eη=318±14 kJ mol
–1

calculated for Ge8Se92 and

Eη=255±11 kJ mol
–1

for Ge10Se90 composition. Further

the temperature range of viscosity measurements was

compared with the range of dilatometric experiments.

And it was verified that the viscosity measurements

were performed in the glass transition range as is illus-

trated in Fig. 3. It is apparent that viscosity in dilato-

metric Tg region (heating rate 0.5–10 K min
–1

) moves

from 10
10

to 10
12

Pa s. Here temperature corresponding

J. Therm. Anal. Cal., 80, 2005 645

SELENIUM BASED GLASSES

Fig. 1 Temperature dependence of thermal expansion coeffi-

cient of a – Ge8Se92 and b – Ge10Se90 glass for different

heating rate. The value of thermal expansion coefficient

of glass αg is illustrated, the way of calculation of ther-

mal expansion coefficient of undercooled liquid αl is

described in text

Fig. 2 Temperature jump dependence of equilibrium value of

relative length change during annealing of Ge8Se92 and

Ge10Se90 glass

Fig. 3 Viscosity dependence on temperature of Ge10Se90 mate-

rial. Glass transition temperature T12 from viscosity

measurements is indicated. The correlation among tem-

perature range of viscosity measurement, Tg values

from intrinsic cycles for heating rate 0.5–10 K min
–1

and annealing temperatures T used for relaxation

experiments is illustrated



value of viscosity 10
12

Pa s is called the viscosity glass

transition temperature T12 [16]. For both studied

chalcogenide materials the value of T12 is close to

dilatometric Tg for heating rate 0.5 K min
–1

.

Volume relaxation of GeySe100–y (y=8 and 10)

glasses was studied using the two temperature jumps

method by thermomechanical analysis as it is de-

scribed in experimental part. The comparison of tem-

perature jump range and the temperature range of vis-

cosity measurement is in Fig. 3. Value of the first an-

nealing temperature T0 at which the sample was an-

nealed for 300 min is close to the value of Tg for heat-

ing rate 2 K min
–1

for studied materials.

Parameters of TNM model which describe the

volume relaxation process were determined using the

characteristic times t0 and tm based on Eqs (3)–(5) that

are valid only for down-jumps experiments (T0>T).

The calculated effective activation energies are

∆h*=298±52 kJ mol
–1

for Ge8Se92 and

∆h*=234±60 kJ mol
–1

for Ge10Se90 glass. These val-

ues are close to the value of Eη although their errors

are higher. These errors can be produced by longer

stabilization period which is needed to achieve a re-

quired annealing temperature with a deviation smaller

than 0.2 K. So the part of relaxation data is lost and it

influences the accuracy of calculated TNM parame-

ters. Longer stabilization period in the case of

Ge10Se90 relaxation experiments reflects especially on

high uncertainty of determination of characteristic

time t0. That is why the parameter β and x were not

evaluated for Ge10Se90 glass using method of charac-

teristic times. Characteristic time t0 and tm were deter-

mined only for Ge8Se92 glass and their dependence on

the temperature jump is plotted in Fig. 4. The parame-

ters β=0.66±0.04 and x=0.49±0.09 were calculated on

the base of Eqs (4) and (5).

The previous parameters of TNM model can be

compared with results obtained from curve fitting

method. The best fits of volume relaxation data were

performed to obtain TNM parameters which are sum-

marized in Table 1. The agreement between experi-

mental relaxation data and a curve calculated by best

fit method are shown in Figs 5, 6 for up-jump and

down-jump experiments, respectively. The relaxation

data in Fig. 6 are expressed in the form of normalized

relative length change – /
*

δ δ
0 0

to show that time to

reach equilibrium does not depend on temperature T0

but only on temperature jump in the temperature

range not far from Tg.

The values of ∆h* determined by curve fitting

method (Table 1) for both studied Ge–Se glasses are

equal to the activation energy of viscous flow. Param-

eters β and x are consistent with the result of method

of characteristic times. Although these results do not
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Fig. 4 Temperature jump dependence of characteristic time tm

and stabilization period log(tm/t0) determined from re-

laxation experiments of Ge8Se92 glass

Fig. 5 Experimental relaxation data of Ge10Se90 glass for tem-

perature up-jump (T0<T) and curves calculated for TNM

parameters summarized in Table 1

Fig. 6 Experimental relaxation data of Ge10Se90 glass for tem-

perature down-jump (T0>T) and curves calculated for

TNM parameters summarized in Table 1



agree with results reported by Cortés et al. [2], the ob-

tained values of TNM parameters can be used to cal-

culate theoretical relaxation curves corresponding

very well with dilatometric experiments.

Conclusions

Volume relaxation of Ge8Se92 and Ge10Se90 glasses

was studied and related to the viscosity behavior. The

glass transition area was characterized using non-iso-

thermal, isothermal (relaxation) and viscosity experi-

ments. The method of two consecutive temperature

jumps was used to study the structural relaxation. Re-

laxation experiments were successfully described by

TNM model and the parameters of this model were cal-

culated using the curve fitting method and the charac-

teristic times method. The values of parameters ob-

tained using both the method are very similar. It was

validated that the effective activation energy is close to

the value of activation energy of viscous flow. The vis-

cous flow is probably a rate control process of struc-

tural rearrangement during physical aging.

Acknowledgements

Financial support for this work has been provided by the Grant

Agency of the Czech Republic under grant No. 104/02/P087

and by the Ministry of Education Youth and Sports of the

Czech Republic under project No. MSM0021627501.

References

1 A. M. Awasthi and S. Sampath, Mat. Sci. Eng. A,

304–306 (2001) 476.

2 P. Cortés, S. Montserrat, J. Ledru and J. M. Saiter,

J. Non-Cryst. Solids, 235–237 (1998) 522.

3 A. Q. Tool and C. G. Eichlin, J. Am. Ceram. Soc.,

14 (1931) 276.

4 A. Q. Tool, J. Am. Ceram. Soc., 29 (1946) 240.

5 A. J. Kovacs, Fortschr. Hochpolym. Forsch., 3 (1963) 394.

6 A. J. Kovacs, J. J. Aklonis, J. M. Hutchinson and

A. R. Ramos, J. Polym. Sci., 17 (1979) 1097.

7 I. M. Hodge, J. Non-Cryst. Solids, 169 (1994) 211.

8 C. T. Moynihan, A. J. Easteal, M. A. DeBolt and

J. Tucker, J. Am. Ceram. Soc., 59 (1976) 12.

9 I. M. Hodge and A. R. Berens, Macromolecules,

15 (1982) 762.

10 T. Asami, K. Matsuishi, S. Onari and T. Arai,

J. Non-Cryst. Solids, 226 (1998) 92.

11 J. Málek, Thermochim. Acta, 313 (1998) 181.

12 J. Málek, J. Non-Cryst. Solids, 235–237 (1998) 527.

13 S. M. Cox, J. Sci. Instrum., 20 (1943) 113.

14 R. W. Douglass, W. L. Amstrong, J. P. Edward and

D. Hall, Glass Technol., 6 (1965) 52.

15 P. Pustková, J. Shánelová, P. Cicmanec and J. Málek,

J. Therm. Anal. Cal., 72 (2003) 355.

16 G. W. Scherer, in J. Zarzycki (Ed.): Materials Science and

Technology, Vol. 9, VCH, Wien.

J. Therm. Anal. Cal., 80, 2005 647

SELENIUM BASED GLASSES

Table 1 Fitted Tool–Narayanaswamy–Moynihan parameters for dilatometric isothermal data of studied GeySe100–y glasses

Composition ∆h*/kJ mol
–1

β x –lnA/s

Ge8Se92 318±1 0.61±0.04 0.46±0.04 102.8±0.6

Ge10Se90 255±1 0.55±0.05 0.43±0.02 78.8±0.5
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