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Abstract The structure–viscosity relationship of GexS(1-x)

(x = 0.30, 0.32, 0.33, 0.333, 0.34, 0.36, 0.38, 0.40, 0.42,

and 0.44) glass melts was studied. The structure of studied

glass melts was described by the thermodynamic model of

Shakhmatkin and Vedishcheva. Thermodynamic modeling

resulted in four components with significant abundance in the

studied glasses, i.e., Ge, S, GeS, and GeS2. The results of

thermodynamic model allowed interpretation of composi-

tional dependence of Tg in form of linear function of equi-

librium molar amounts of system components. The

experimental viscosity data were alternatively described by

various commonly used viscosity equations—Adam and

Gibbs, Avramov and Milchev, and MYEGA. The composi-

tional dependence of parameters of the above viscosity

equations was described by multilinear formulas with inde-

pendent variables alternatively defined as the total molar

fractions of Ge and S in glass, and the equilibrium molar

amounts of components of the thermodynamic model. The

statistical analysis of the nonlinear regression results was

performed and only the statistically significant members were

retained in the multilinear forms. The assumption of com-

position-independent high temperature–viscosity limit was

checked for all used viscosity equations. It was found that

statistically more robust description of experimental data is

obtained for the compositional-dependent quantity. Simul-

taneously it was proved that the experimental viscosity data

were better described by the equilibrium molar amounts of the

thermodynamic model than by the overall elemental glass

composition. The obtained results confirmed the structural

information acquired from the thermodynamic model.
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Introduction

Due to high transmittance in the infrared region, low

phonon energies, and significant nonlinearity of their

optical properties chalcogenide glasses have been the

subject of intense fundamental and applied research for a

long time [1–4]. Namely germanium sulfide glasses are

interesting materials which can be used as sensitive media

for optical recording, as light guides, as high resolution

inorganic photoresistors, or antireflection coatings. A

number of papers are devoted to the study of the crystal-

lization behavior in GexS(1-x) glasses [5–8]. Surprisingly,

there are only few references [9–13] available on the vis-

cosity behavior of this or analogous selenide systems.

Moreover, the available viscosity experimental data are not

treated by the contemporary viscosity models.

In the present work, the experimental temperature depen-

dence of viscosity of GexS(1-x) (x = 0.30, 0.32, 0.33, 0.333,

0.34, 0.36, 0.38, 0.40, 0.42, and 0.44) glass melts published by

Málek and Shánělová [13] was studied by applying various

commonly used viscosity models—Andrade or Frenkel con-

stant activation energy model [3, 4, 14–18], Adam and Gibbs

[17, 19], Avramov and Milchev [17, 20], and MYEGA

[17, 21]. The compositional dependence of the parameters

of considered viscosity models was alternatively described

by multilinear forms using as independent variables the
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overall atomic glass composition—i.e., mole fractions

xg(Ge) and xg(Ge), and using the equilibrium molar

amounts of components considered in the thermodynamic

model of Shakhmatkin and Vedishcheva (i.e., n(Ge), n(S),

n(GeS), and n(GeS2)).

Methods

Thermodynamic model of Shakhmatkin

and Vedishcheva

Mainly in the field of silicate glasses the thermodynamic

model of Shakhmatkin and Vedishcheva was successfully

applied in previous years [22–30]. This model considers

glasses and melts as an ideal solution formed from salt-like

products of equilibrium chemical reactions between the

simple chemical entities (oxides, halogenides, chalcoge-

nides, etc.) and from the original (un-reacted) entities.

These salt-like products (also called associates, groupings,

or species) have the same stoichiometry as the crystalline

compounds, which exist in the equilibrium phase diagram

of the considered system. The model does not use adjust-

able parameters only the molar Gibbs energies of pure

crystalline compounds and the analytical composition of

the system considered are used as input parameters. The

minimization of the system’s Gibbs energy constrained by

the overall system composition has to be performed with

respect to the molar amount of each system species to reach

the equilibrium system composition [31].

When the crystalline state data are used the model can be

simply applied to most multicomponent glasses including

the non-oxide ones. The contemporary databases of ther-

modynamic properties containing the molar Gibbs energies

of various species (like the FACT database [32, 33]) enable

the routine construction of the Shakhmatkin and Vedish-

cheva model for many important multicomponent systems.

In case of the binary Ge–S system two stable binary

compounds, namely GeS and GeS2, can be found in the

equilibrium phase diagram [34, 35]. Thus, the system

components are {Ge, S, GeS, and GeS2}.

Temperature dependence of viscosity

As far as available experimental data [13] represent only the

so called low temperature–viscosity (i.e., approximately

107 \ g (Pa s) \ 1013) their temperature dependence is for

particular glass composition described with sufficient accu-

racy with the two-parametric viscosity equation (like the

Andrade’s one) and the most frequently used three-para-

metric Vogel–Fulcher–Tammann empirical viscosity equa-

tion [3, 4, 17] cannot be applied in this case due to the strong

linear bonds between estimates of its parameters. However,

when the compositional dependence of viscosity is included

into the regression analysis the three parametric equations

can be used too. In the following text, all the considered

viscosity equations are summarized:

(a) Andrade’s viscosity equation [3, 4, 14–17]:

log g ¼ log g1 þ B=T ð1Þ

this two-parameter equation corresponds to

temperature-independent value of viscous flow

activation energy Eg
=, i.e.,

E 6¼g ¼ R
o ln g

oð1=TÞ ¼ 2:303R
o log g
oð1=TÞ ¼ 2:303RB; ð2Þ

where R is the molar gas constant. The experimental

viscosity data for each glass composition were treated

separately by this equation and the viscosity glass

transition temperature Tg
12 defined by log[g(Tg)

(Pa s)] = 12 (sometimes the value of 12.5 is used

instead of 12 [36]) were calculated by

Tg ¼ B=ð12� log g1Þ: ð3Þ

Analogously the experimental value of fragility, m,

was obtained from the definition:

m ¼ o log gðTÞ
oðTg=TÞ

� �
T¼Tg

¼ ð12� log g1Þ: ð4Þ

It is worth noting that the fragility is directly

proportional to the viscous flow activation energy at

Tg temperature

E 6¼g ðTgÞ ¼ 2:303RTgm: ð5Þ

(b) Adam and Gibbs configuration entropy equation

[17, 19]:

log g ¼ log g1 þ
B

TScðTÞ
; ð6Þ

where log g?, and B are parameters and the

configuration entropy Sc(T) is given by

ScðTÞ ¼ ScðTgÞ þ
ZT

Tg

DcpðT 0Þ d ln T 0; ð7Þ

where Tg is the glass transition temperature and Dcp

represents the difference between the isobaric molar heat

capacity of metastable melt, cp,m, and glass, cp,g, i.e.,

Dcp ¼ cp;m � cp;g: ð8Þ

Following the way used for Avramov and Milchev

and MYEGA viscosity equation [36], we can reduce

the number of unknown parameters by using the
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g (Tg) = 1012 Pa s constrain. This way we can

eliminate the log g? or Sc(Tg) unknown parameter.

The second possibility resulted in

ScðTgÞ ¼
B

Tgð12� log g1Þ
: ð9Þ

Thus supposing the temperature-independent value of

Dcp

ScðTÞ ¼
B

Tgð12� log g1Þ
þ Dcp ln

T

Tg

ð10Þ

and consequently

log g ¼ log g1 þ
1

T 1
Tg 12�log g1ð Þ þ

Dcp

B
ln T

Tg

h i : ð11Þ

The fragility can then be calculated from

m ¼ 12� log g1ð Þ 1þ DcpTgð12� log g1Þ
B

� �
: ð12Þ

(c) Avramov and Milchev equation [17, 20]:

log g ¼ log g1 þ ð12� log g1Þ
Tg

T

� �a

; ð13Þ

where

a ¼ m=ð12� log g1Þ: ð14Þ

This equation is also constrained by the condition

g(Tg) = 1012 Pa s. This way, the number of esti-

mated parameters is reduced to two (log g?, and a or

m). In the regression treatment it is then practically

equivalent whether the a or m is considered as opti-

mized parameter.

(d) MYEGA equation [17, 21]:

log g ¼ log g1 þ ð12

� log g1Þ
Tg

T
exp ða� 1Þ Tg

T
� 1

� �� �
; ð15Þ

where a parameter has the same meaning like in the

case of Avramov and Milchev viscosity equation (14).

Accounting for viscosity–compositional dependence

Choosing one of the above viscosity equations describing

the temperature–viscosity dependence, the viscosity–com-

position dependence can be introduced by expressing the

unknown parameters (e.g., log g?, B, Dcp, and a) as linear

functions of molar amounts of system components. In all

viscosity equations considered in the present work the high

temperature limit of viscosity value, log g? (frequently

abbreviated as A) represents one of the estimated parame-

ters. There were some attempts [17] to treat this value as

composition-independent. Therefore, both cases, i.e.,

composition-dependent and composition-independent, are

considered in the present paper.

Here, we can use to different quantifications of system

composition:

(A) The commonly used treatment considers the glass as

composed of individual sulfides. The molar amounts

of individual sulfides are then given (for ‘‘1 mol of

glass’’) by the molar fractions of individual sulfides,

xi. In the present case, independent variables

xgl(Ge) : x1, xgl(S) : x2 are used for linear depen-

dence of each unknown parameter on glass compo-

sition. We have abbreviated this treatment as ‘‘Pure

Sulfides’’ model in Table 1. In this case, the values of

unknown parameters are expressed as multilinear

forms of system composition by the following way:

Table 1 Description and abbreviations of viscosity models considered in regression analysis

Nos. Viscosity = f(T) log g? Composition Abbreviation

1 Adam and Gibbs Constant Pure sulfides AG–AC–GL

2 TD-model AG–AC–TD

3 Variable Pure sulfides AG–AV–GL

4 TD-model AG–AV–TD

5 Avramov and Milchev Constant Pure sulfides AM–AC–GL

6 TD-model AM–AC–TD

7 Variable Pure sulfides AM–AV–GL

8 TD-model AM–AV–TD

9 MYEGA Constant Pure sulfides MY–AC–GL

10 TD-model MY–AC–TD

11 Variable Pure sulfides MY–AV–GL

12 TD-model MY–AV–TD
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log g1 ¼ aglðGeÞxglðGeÞ þ aglðSÞxglðSÞ ð16Þ

B ¼ bglðGeÞxglðGeÞ þ bglðSÞxglðSÞ ð17Þ

Dcp ¼ cglðGeÞxglðGeÞ þ cglðSÞxglðSÞ ð18Þ

a ¼ aglðGeÞxglðGeÞ þ aglðSÞxglðSÞ: ð19Þ
(B) The other possibility uses the results of thermodynamic

modeling where the equilibrium molar amounts, ni,

of system components are used as independent vari-

ables. In the present study, the independent variables

n(Ge) : n1, n(S) : n2, n(GeS) : n3, n(GeS2) : n4

are used. These values are for 1 mol of glass constrained

by

nðGeÞ þ nðSÞ þ 2nðGeSÞ þ 3nðGeS2Þ ¼ 1 mol:

ð20Þ

We have abbreviated this treatment as ‘‘TD-model’’ in

Table 1. In this case, the values of unknown parameters are

expressed as multilinear forms of system composition by

the following way:

log g1 ¼
X4

i¼1

aini B ¼
X4

i¼1

bini ð21; 22Þ

Dcp ¼
X4

i¼1

cini a ¼
X4

i¼1

aini: ð23; 24Þ

In both cases, the unknown parameters (e.g., agl(Ge),

agl(S), ai, bgl(Ge), bgl(S), ai,…, agl(Ge), agl(S)) are obtained

by nonlinear regression analysis. Only the statistically

significant parameters identified at the 95 % significance

level by the Student’s t value are retained in the model. In the

case of Adam and Gibbs equation, the values of a and c

parameters cannot be obtained unambiguously. It can be seen

that by multiplying of all ai and ci values (agl and cgl values)

or by the same non-zero constant value, v, the same result is

obtained. The situation is illustrated for AG–AV–TD model

by

log g ¼
X4

i¼1

aini þ
1

T 1

Tg 12�
P4

i¼1
aini

� �þ v
P4

i¼1
cini

v
P4

i¼1
bini

ln T
Tg

� 	� � :

ð25Þ

The Andrade model contains in fact only one adjustable

parameter. The attempt of using this model for the above

description of viscosity–temperature–composition depen-

dence resulted in unacceptably high standard deviation of

approximation of log g (on the level of 0.3–1.0 in log(g (Pa s))

units). Therefore, these results are not given here in detail. The

other models considered in the nonlinear regression treatment

are summarized in Table 1.

Results and discussion

The experimental viscosity values of ten Ge–S glass compo-

sitions taken from [13] were described by the Andrade’s vis-

cosity equation. The viscosity value of Tg (abbreviated as Tg
(12)),

Table 2 Glass compositions [13], parameters of Andrade equation (1) with standard deviations given in round brackets, standard deviation of

approximation, sapr, DSC and viscosity values of Tg, viscous flow activation energy, Eg
=, and fragility m

Glass xgl(Ge) xgl(S) Tg
DSC/K Tg

(12)/K log(g? (Pa s)) (s (log g?)) B/K (s (B)) sapr Eg
=/kJ mol-1 m

G1 0.300 0.700 637 658 -17.95 (1.22) 19,716 (846) 0.14 378 ± 16 30 ± 1

G2 0.320 0.680 716 729 -19.22 (2.30) 22,765 (1,724) 0.15 436 ± 33 31 ± 2

G3 0.330 0.670 762 734 -23.24 (1.71) 25,986 (1,295) 0.07 498 ± 25 35 ± 2

G4 0.333 0.667 767 726 -21.27 (1.05) 24,151 (789) 0.07 462 ± 15 33 ± 1

G5 0.340 0.667 748 709 -22.68 (1.82) 24,603 (1,289) 0.09 471 ± 25 35 ± 2

G6 0.360 0.640 705 670 -27.31 (0.74) 26,351 (512) 0.06 505 ± 10 39 ± 1

G7 0.380 0.620 670 646 -26.64 (0.96) 24,978 (651) 0.08 478 ± 12 39 ± 1

G8 0.400 0.600 650 631 -30.43 (0.86) 26,760 (563) 0.08 512 ± 11 42 ± 1

G9 0.420 0.580 633 618 -38.17 (1.86) 31,001 (1,192) 0.16 594 ± 23 50 ± 2

G10 0.440 0.560 625 608 -48.72 (1.56) 36,910 (976) 0.09 707 ± 19 60 ± 2

0.30 0.32 0.34 0.36 0.38 0.40 0.42 0.44
0.00

0.04

0.08

0.12

0.16

0.20

0.24

0.28

0.32

n i /
m

ol

x
gl
 (Ge)

n(Ge)
n(S)
n(GeS)
 n(GeS

2
)

Fig. 1 Equilibrium molar amounts of system components
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fragility, m, and viscous flow activation energy, Eg
=, were

calculated for each glass composition (Table 2). Comparing

the DSC values of Tg
DSC reported in [13] with the calculated

viscosity values of Tg
(12) resulted in the following relationship:

T ð12Þ
g ¼ ð0:973� 0:009ÞTDSC

g

It can be seen that the fragility increases with increasing

content of geranium, while the glass transition temperature

reaches the maximum value for the stoichiometric

composition with xgl(Ge) = 1/3.

Thermodynamic model was evaluated for each glass

composition at the Tg
(12) temperature. Despite the relatively

narrow region of glass compositions studied (0.30 B

xgl(Ge) B 0.44) the substantial changes of all components

equilibrium molar amount take place with increasing

content of Ge (Fig. 1). The significant correlation with the

correlation coefficient of 0.93 was found between the

n(GeS) and n(Ge) molar amounts. It is worth noting that for

xgl(Ge) = 1/3 the system consists solely from GeS2, while

for the lower Ge content the system is composed of the

mixture of S and GeS2, and for the higher Ge content the

GeS2 is combined with GeS and Ge. This can explain the

non-monotonous compositional dependence of Tg (i.e.,

Tg
DSC as well as Tg

12) that reaches the maximum value for

xgl(Ge) = 1/3. Thus, the Tg compositional dependence

cannot be expressed by the linear function of xgl(Ge) and

xgl(S). On the other hand, the multilinear regression

resulted in the formula:

TDSC
g ¼ ð1322� 103ÞnðGeÞ � ð570� 31ÞnðSÞ

þ ð520� 35ÞnðGeSÞ þ ð2313� 5ÞnðGeS2Þ ð26Þ

possessing the Tg value with the standard deviation of

approximation of 3 K.

On the other hand, for the viscosity Tg value the best

estimate

T ð12Þ
g ¼ ð1470� 379ÞnðGeÞ þ ð492� 124ÞnðGeSÞ

þ ð2214� 15ÞnðGeS2Þ ð27Þ

reproduces the experimental data with the standard devia-

tion of approximation of 10 K. This is due to relatively

high standard deviation of Tg
(12) values that are calculated

according to the Eq. (27) and reflect the standard deviation

of estimates of log g? and B of the Andrade’s equation (1).

Table 3 The results of nonlinear regression analysis of experimental

viscosity data

Nos. Model sapr F/103 log(g?/Pa s)

1 AG–AC–GL 0.11 196 -14.49 ± 4.25

2 AG–AC–TD 0.10 120 -84.37 ± 21.54

3 AG–AV–GL 0.11 198 –

4 AG–AV–TD 0.10 108 –

5 AM–AC–GL 0.16 176 NSS

6 AM–AC–TD 0.12 210 NSS

7 AM–AV–GL 0.15 137 –

8 AM–AV–TD 0.10 175 –

9 MY–AC–GL 0.16 172 NSS

10 MY–AC–TD 0.12 201 NSS

11 MY–AV–GL 0.15 137 –

12 MY–AV–TD 0.10 176 –

The log(g?/Pa s) is reported only for the AC models

sapr, standard deviation of approximation of log (g/Pa s); F, Fisher’s

statistics; NSS, not statistically significant on 95 % significance level

(

K

/P
a 

s)
lo

g 
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Fig. 2 Comparison of experimental and calculated log g values for

AV models
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The nonlinear regression analysis was performed by

the Statistica� ver. 6 software [37]. The sum of squares

between the experimental and calculated log(g (Pa s))

values was minimized. The basic statistical characteristics

obtained for considered models are summarized in Table 3

together with the estimates of statistically significant esti-

mates of composition-independent log(g? (Pa s)) values

for ‘‘AC’’ models. It can be seen that most models repro-

duce the experimental data with the accuracy approaching

the experimental error represented by the standard devia-

tions of approximation sapr values reported for each glass in

Table 2. The best results, i.e., sapr = 0.10, was obtained for

AG–AV–TD, AM–AV–TD, and MY–AV–TD models. For

these models, the experimental and calculated viscosity

Table 4 The results of nonlinear regression analysis of experimental viscosity data

Nos. Model agl(Ge) agl(S) a(Ge) a(S) a(GeS) a(GeS2)

3/4 AG–AV -23.72 (6.89) NSS -1,778.5 (207.9) 1,048.1 (170.5) 1,127.5 (120.6) -463.4 (50.3)

7/8 AM–AV -22.92 (9.54) 9.05 (1.71) -283.5 (89.9) NSS 118.6 (34.3) -49.71 (24.26)

11/12 MY–AV -31.71 (13.44) 8.19 (2.12) -461.1 (154.9) NSS 181.5 (58.9) -99.84 (42.033)

Nos. Model bgl(Ge) bgl(S) b(Ge) b(S) b(GeS) b(GeS2)

� AG–AC NSS -1,972.4 (63.0) NSS NSS -1,408.3 (125.2) 720.5 (144.9)

3/4 AG–AV NSS -1,952.9 (51.2) NSS NSS -1,179.2 (19.7) 460.1 (19.8)

Nos. Model agl(Ge) agl(S) a(Ge) a (S) a (GeS) a (GeS2)

5/6 AM–AC -15.06 (0.60) -2.99 (0.33) 39.17 (3.84) NSS 6.12 (1.16) 8.86 (0.14)

7/8 AM–AV 7.78 (2.46) NSS NSS NSS 14.42 (4.16) 3.59 (1.04)

9/10 MY–AC 15.52 (0.62) -3.13 (0.35) 39.69 (4.04) NSS 6.48 (1.22) 9.03 (0.15)

11/12 MY-AV 6.18 (2.12) NSS NSS NSS 9.33 (2.90) 2.22 (0.73)

Nos. Model cgl(Ge) cgl(S) c(Ge) c(S) c(GeS) c(GeS2)

1/2 AG-AC -0.08 (0.02) 0.02 (0.01) -0.016 (0.004) -0.003 (0.001) 0.012 (0.003) -0.007 (0.001)

3/4 AG–AV -0.10 (0.03) 0.04 (0.01) 0.044 (0.010) -0.007 (0.000) NSS -0.003 (0.000)

Standard deviations given in round brackets

NSS not statistically significant

Table 5 Comparison of experimental and calculated fragility values

Exper. Model nos.

G1 G2 G3 G4 G5 G6 G7 G8 G9 G10 MSD

30 31 35 33 35 39 39 42 50 60 –

1 30 32 34 34 35 37 40 45 52 64 2.0

2 31 31 33 35 36 38 40 42 50 60 1.2

3 30 32 33 34 34 37 40 45 52 65 2.4

4 30 32 33 36 37 39 39 45 58 67 3.9

5 29 33 36 36 38 42 46 51 55 59 4.6

6 32 34 35 35 36 38 43 49 57 66 4.3

7 29 33 35 35 37 41 45 49 54 58 3.7

8 28 31 33 34 36 39 41 45 53 65 2.5

9 30 34 36 37 39 43 48 52 56 61 5.5

10 33 35 36 36 36 39 44 51 59 68 5.6

11 29 33 35 35 36 40 45 49 53 58 3.5

12 28 31 33 34 36 39 41 44 52 64 2.1

The most significant deviations are highlighted by bold characters

MSD standard deviation of model from the experiment
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values are graphically compared in Fig. 2. It can be seen

that in each case the model approximates the experimental

data very well. Due to different number of degrees of

freedom, the values of Fisher’s statistics (that prefers the

models with less number of statistically significant

parameters) reaches the higher value for AM–AV–TD, and

MY–AV–TD models when compared with the AG–AV–

TD model. Moreover, the need of using the thermodynamic

model is supported by the fact that it is principally

impossible to describe the non-monotone Tg compositional

dependence by multilinear form expressed by total sulfide

glass composition (i.e., by the GL-model). On the other

hand, the limited range of experimental viscosity values

(so called low temperature–viscosity), which can be rep-

resented by the temperature-independent value of viscous

flow activation energy, is the reason for the fact that most

of the models applied gave relatively good description of

the experimental data.

Only two AC models (AG–AC–GL and AG–AC–TD)

posses the statistically significant value of log g? estimate.

But the value obtained for AG–AC–TD model seems to be

too low. Thus, it may be concluded that the composition-

dependent value of g? estimate has to be preferred.

The estimates of coefficients of multilinear forms

(Eqs. (16)–(24)) are summarized in Table 4. Here, we can

see that that different number of statistically significant

members is retained in different multilinear forms. It has be

stressed here that the b and c coefficients are not defined

unambiguously (see the Eq. (25)). Moreover, in some cases

relatively high standard deviations are observed. Thus, the

physical meaning of the obtained numerical estimates is

probably questionable. Once again, the main reason for this

resides in the limited range of viscosity experimental data.

Moreover, the significant correlation between the n(GeS)

and n(Ge) equilibrium molar amounts sometimes prevents

the simultaneous inclusion of both these independent vari-

ables into the multilinear forms or, in case of their inclusion,

increases significantly the standard deviations of obtained

estimates.

Until now treated statistical characteristics are based on

the comparison of the calculated and measured log g values.

The fragility gives us the possibility to compare the slopes of

experimental and calculated viscosity–temperature depen-

dence—or, more precisely, the slope of the log g versus

1/T dependence at the point of g = 1012 Pa s. Such com-

parison is presented in Table 5. It can be seen that the most

significant difference between the modal and experiment can

be found for both MY–AC models. On the other hand, the

best results were found for the AG–AC models and for the

MY–AV–TD model. Moreover, taking into account the

average standard deviation of experimental values (Table 2)

it can be concluded that no straightforward preference of any

model is obtained on the fragility basis.

Conclusions

The structure of studied glass melts is well described by

the thermodynamic model of Shakhmatkin and Vedish-

cheva with significant abundance of Ge, S, GeS, and GeS2

components in the studied glasses. The results of ther-

modynamic model allowed interpretation of composi-

tional dependence of Tg in form of linear function of

equilibrium molar amounts of system components. The

experimental viscosity data were relatively well described

by various commonly used viscosity equations—Adam

and Gibbs, Avramov and Milchev, and MYEGA. The

assumption of composition-independent high tempera-

ture–viscosity limit was checked for all used viscosity

equations. It was found that statistically more robust

description of experimental data is obtained by supposing

the compositional dependence of this quantity. Simulta-

neously it was proved that the experimental viscosity data

were better described by using the equilibrium molar

amounts of the thermodynamic model than by using the

overall elemental glass composition. The obtained results

confirmed the structural information acquired from the

thermodynamic model.
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