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Thermomechanical characteristics of chalcogenide glasses
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On the basis of the concepts for the presence of free volume in the glasses, simple mathematical procedures for determination of the basic thermomechanical characteristics (elasticity modulus (E), minimal volume of the micro-voids (Vh) and energy for formation of minimal micro-void (Eh)) of chalcogenide glasses are proposed. The thermomechanical properties of chalcogenide glasses from the As2Se3-Sb2Se3-CdSe(CdTe) systems are calculated by the help of these equations.
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1. Introduction
Knowing the structure of the glassy materials, as well as the methods, by the help of which it can be changed in desired direction, is one of the main circumstances for obtaining of glass with preliminary given properties.

The wide application of the chalcogenide glasses (ChG) is defined in the first place by the fact that the properties of the glassy materials can vary in a wide range. The structure and the properties of the glass depend on its chemical composition, the synthesis conditions and the additional treatments on the one hand and on the other they are tidely connected with the conditions for glass-formation. Besides, the problem of glass-formation, as well as the problem of glass-transition, has both structural-chemical and kinetic aspects.
For the obtaining of ChG with preliminary given complex of properties must be studied three interconnected problems related to: the nature of the chemical bonds in the glass-forming smelter and in the glass itself; the structural-statistic regularities and the macroscopic properties of the glass.
The plenty and the variety of data concerning the ChG's properties lead to the appearance of many complicated and specific problems.
At the first place these are the problems referred to the organization of the collecting, classification and usage of the initial experimental data for the glasses' properties. The next level is the binding of the ChG's properties with their structure. Not less important is the development of theories about the particular properties of the ChG at phenomenological, as well as at structural level. Actually, many of the glass' properties (as well as of any other material) are closely connected to each other and in many cases it is enough to define one property at minimal number of experiments and using analytical equations, based on theoretical investigations, to gain data about many other properties. In the advance of the ChG's science, the lead role will be played by the structural models for the glass, based exclusively on the analysis of the glass' properties.
In conformity with the above-said, the present report proposes analytical equations for determination of the thermomechanical properties (elasticity modulus at uniaxial stretching (E), micro-voids volume (Vh) and energy for their formation (Eh)). As an example for application of the equations proposed, the thermomechanical characteristics of chalcogenide glasses from the As2Se3-Sb2Se3-CdSe(CdTe) systems were calculated and discussed.
2. Theory
The molecular-kinetic processes in the ChG and the glass-forming smelters are defined at large degree by the local fluctuation disturbances in their structure. The oncoming deformations into the glass' network do not cause breaking of valence bonds, but lead to deviations of the ordered structure. According to the terminology of the free volume theory these disturbances are considered as formation or migration of fluctuation micro-voids. The presented below dependences between the thermomechanical properties (E, Eh, Vh) on the one hand, and the Tg and HV, on the other, are based on these concepts.
Sanditov [1] proposed the following equation for the microhardness (HV):
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where 
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 is the formation energy of a minimal micro-void with volume
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The penetration of the microhardnessmeter injector into the glass is not connected to dismemberment of the chemical bonds but is defined mainly by the intermolecular interaction energy, caused by the expense of the weak Van der Waals forces (most probably passes a deformation of the valence angles).
The glass' microhardness is defined as the pressure of comprehensive shrinkage HV = -P, needed for overcome the intermolecular interaction forces:
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where: Uo - energy of the intermolecular interaction corresponding to the equilibrium distance between the structural units ro.

For definition of HV can be used the equation, which expresses the intermolecular interaction energy U as a function of the distance between the particles r:

[image: image5.wmf]n

m

r

B

r

A

U

+

-

=

,                                                                                                        (3)
where: the first term takes into account the influence of three effects - orientation (-A1/rm), induction (-A2/rm) and dispersion (-A3/rm), i.e.
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- the second term takes into account the Van der Waals gravity between two particles (atoms or molecules), a condition at which their electronic covers start to beat back each other;
- n, m – constants (n > m).

The value of ro corresponds to the minimum of the U(r) function and can be expressed by the relation:
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Substituting r in Eq. (3) with ro from Eq. (4) the equation transforms to:
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The expression in the square brackets is equivalent to the elasticity modulus at uniaxial stretching [2]. From Eqs. (2) and (5) HV appears as:
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where 
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 can be expressed by the Poisson's ratio (μ) using the Nemilov's formulae [3]:
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In this case the expression for HV (Eq. (6)) changes into a function of E and μ:
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On the other hand [1]:
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where: (( = (׀–(g - a leap in the thermal expansion coefficient at T = Tg and can be assumed as thermal expansion coefficient of the free volume αf = Δα. The product Δα.Tg (Eq. (9)) changes in the range 0.08-0.15 for the different types of glasses and conforms satisfactory to the Simha-Boyer rule [4]:
Δα.Tg ( 0,1                                                                                                             (10)
The Δα.Tg has the sense of free volume part (thermal expansion) remaining at Т ( Тg. The free volume is defined as the difference V-Vo (Vo - volume of the liquid extrapolated to Т = 0 К; V - volume of the bulk at the given temperature). The right part of Eq. (8) can be considered in first approximation as relative decrease of the glass' volume (V/V at comprehensive shrinkage, i.e.
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where K - volume shrinkage modulus. From this point of view, the HV of the glass is considered as the pressure needed for "liquidation of the free volume" in the glass (network deformation).
From Eqs. (8) and (9) one can tell that Eq. (10) is valid for glasses with equal μ coefficient:

[image: image15.wmf])

1

(

2

)

2

1

(

T

.

2

g

m

+

m

-

=

a

D

                                                                                                  (12)

It must be noticed that the part of the fluctuation free volume (fg) at Tg also depends on μ, i.e. fg=f((), since [5]:
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The connection between HV and Tg can be expressed by the relation [1]:
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where k is the Boltzmann constant and g = ln(1/fg). From everything said follows that for one and the same class of glasses, for which Vh ( const and g(fg) ( const, exists linear dependence between HV and Tg.
In the chalcogenide glasses, which are built by several, different by type, structural units and fragments, increases the count of the possibilities for connection between them. Even the structural units are from one and the same type, they can be connected with their tops, as well as with their edges and faces. The number of the possible connection ways increases more rapidly when linear fragments or other type structural units are included. They take different places into the initial matrix’s structure of the glass-former (glass-formers): built into linear chains; mesh them; take part into cyclic or spherical structures; tear chains, etc. In such a complicated by composition and structure glasses the conception “one and the same class of glasses” wastes sense. For example, for the chalcogenide glasses containing structural units as tetrahedrons, triangle pyramids and linear fragments it is hard to say that with the composition change the Vh will possess a constant value in spite that these glasses by definition are from one and the same class.
As it has been shown above, Eq. (9) is valid in wide range for a large number of glasses, due to which the Vh, Eh and E values can be defined by the following way.
From Eqs. (1) and (14) follows that both Tg and HV depend on fg and Eh, i.e. they depend on the "microlooseness" of the structure:
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From the joint calculation of Eqs. ((10) and (12)) and ((10) and (13)) one can obtain (=0.25 and fg(0.028 (g(3.58), respectively. Eqs. (14), (15) and (8) can be written as:
Vh = 3.58.k.
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Taking into account the Boltzmann constant and that HV is measured in [kgf mm-2], as well as that Eh usually is given for 1 kmol, i.e. the Eh must be multiplied by the Avogadro's number, Vh, Eh and E appear in the following final form:
Vh = 5.04·10-3.
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Eh = 29.75.Tg [J mol-1];                                                                                          (17)
E = 0.147.HV [GPa]  (Tg → [K]).
3. Results 

Using Eqs. (17) the thermomechanical characteristics of glasses from the As2Se3-Sb2Se3-CdSe and As2Se3-Sb2Se3-CdTe systems were calculated, as the needed values for Tg and HV were taken from works [6] and [7], respectively. The obtained values for these characteristics are presented in Table 1.

If the chalcogenide glass’ composition is presented as AxByCz, where A = As2Se3, B = Sb2Se3, C = CdSe (CdTe) and x, y, z are the mole fractions in percents, i.e. x+y+z=100, the m = y/(x+y) expression is used, which renders an account to the composition's influence on the properties. It expresses the mole part ot the component B in the A+B mixture. If m is multiplied by 100 one can get the B-component mole part in mol %, which by their side are marked on the AB side of the concentration Gibbs' triangle.

Table 1. Glass-transition temperature, microhardness and thermomechanical properties of glasses with composition (As2Se3)x(Sb2Se3)y(C)z (C=CdSe, CdTe; x+y+z=100 mol %; m=y/(x+y))

	Composition
	m
	Tg,

K
	HV, 

kgf/mm2
	E,

GPa
	Eh,

kJ mol-1
	Vh,10-3,

nm3

	(As2Se3)81(Sb2Se3)9(CdSe)10
	0.1
	393
	88
	12.94
	11.69
	22.51

	(As2Se3)72(Sb2Se3)18(CdSe)10
	0.2
	393
	88
	12.94
	11.69
	22.51

	(As2Se3)63(Sb2Se3)27(CdSe)10
	0.3
	388
	87
	12.79
	11.54
	22.48

	(As2Se3)81(Sb2Se3)9(CdTe)10
	0.1
	373
	96
	14.11
	11.10
	19.58

	(As2Se3)72(Sb2Se3)18(CdTe)10
	0.2
	368
	88
	12.94
	10.95
	21.08

	(As2Se3)63(Sb2Se3)27(CdTe)10
	0.3
	353
	78
	11.47
	10.50
	22.81


Undoubtedly, the glass’ composition influences on the thermomechanical characteristics, at ones greater, at others – weaker. The number of the experimental points is too small to search strictly defined regularity between the composition of the glasses and these properties. Nevertheless, some general conformities can be drawn.

The compounds CdSe and CdTe are biult in the chalcogenide glasses structure as linear fragments – Cd – Se(Te) – in structural chains or connect chains from two neighbour planes (netting of the structure). A more profound analysis shows that between the as-built structure, the ionic radii of the chalcogenide glass’ building atoms (Table 2) and the values of the minimal volume of micro-voids Vh exist complicated relations, which lead to specific peculiarities in the property-composition dependencies, despite that Vh changes in relatively narrow interval, from 20.10-3 до 25.10-3 nm3.
Table 2. Ionic radii of the element, building the chalcogenide glasses (according Goldschmidt) and mean ionic radius of the initial components.
	№
	Element
	Ionic radius, pm
	Compound
	Mean ionic radius, pm

	1
	Cd
	103
	CdSe
	147

	2
	As
	47
	CdTe
	157

	3
	Sb
	62
	As2Se3
	~ 133

	4
	Se
	191
	Sb2Se3
	~ 139

	5
	Te
	211
	-
	-


The minimal volume of the micro-voids depend not only on the type of the introduced new structural units and the place they will build in, but on the mean ionic radius of this component (CdSe or CdTe), as well as on the mean length of the chemical bond of the glass-former and the modifier (As2Se3+Sb2Se3). For example, the mean ionic radius of CdSe equals to ½.(rCd + rSe). The mean length of the As2Se3-bond can be defined of one takes into account that the two As-atoms and the three Se-atoms are in non-equivalent positions. The lengths (l) of the particular bonds are shown in Table 3. The structure of Sb2Se3 is built by zigzag-like chains Sb – Se – Sb. The atoms are arranged in five non-equivalent positions: two for Sb and three for Se. The mean bonds length is 
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Table 3. Bonds length in As2Se3 and Sb2Se3 (A=As, Sb)
	Compound
	Bond length l, pm
	Ref.
	Mean length, pm

	
	A1-Se3
	A1-Se2
	A1-Se1
	A1-Se1
	A1-Se3
	A2-Se1
	A2-Se3
	A2-Se1
	A2-Se2
	
	

	As2Se3
	245
	236
	237
	-
	-
	237
	241
	-
	247
	[8]
	241

	Sb2Se3
	267
	266
	322
	326
	374
	258
	277
	298
	346
	[9]
	304


At low Sb2Se3 content, the introduction of CdSe or CdTe to the couple (As2Se3 + Sb2Se3) influences insignificantly on Vh, as at m > 0,15-0,20 one can say that a stable tendency exists, expressed by a decrease of Vh with the increase of the CdSe (CdTe) content. This “anomaly” in the Vh = f(composition) dependency can be interpreted at first approximation by the following way. On the one hand, the introduction of CdSe or CdTe, respectively, in the glassy network, built by As2Se3+Sb2Se3, should lead to decrease of Vh, since the mean radius of the As2Se3-ions is ~ 133 pm and of Sb2Se3 ~ 139 pm, while this of CdSe is 147 pm and of CdTe - 157 pm. On the other hand, CdSe (CdTe) can build in the chains, formed by the components As2Se3 and Sb2Se3 or to net them. In the first case this will lead to increase of Vh and in the other – to its decrease. The Vh alternation will be limited by the resultant impact of these two mechanisms in combination with the tendency of Vh decrease, connected with the introduction of third component with larger ionic radius.
In the interval (0.0<m<0.2), the CdTe-containing glasses possess lower values for Vh (at m=const) compared to the glasses, containing CdSe. For the glasses rich of Sb2Se3 (m>0.2) is exactly the opposite, i.e. the CdTe containing glasses possess higher Vh values. This means that at m<0.2 the Vh-change is limited by the effect of "the larger mean ionic radius of CdTe" and by the "netting" effect, while at m > (0.15-0.20) the limiting effect is "building in of CdTe in the linear chains".
At constant concentration of CdSe, CdTe respectively, the Vh increases with the increase of the m-content. This means that in this case limiting influence on the Vh alternation render the effects of "building into the linear chains" and of "longer mean bond length of Sb2Se3".
At the joint analysis of the Vh(composition) and Eh(composition) dependencies is observed clearly expresses regularity at z=const: with the increase of the Sb2Se3 content (m grows) Vh increases and the energy for formation of minimal by volume micro-voids (Eh) decreases. This means that the "building into the linear chains" effect requires smaller quantity of energy than the "netting" effect. When a larger content of CdSe, CdTe respectively, is introduced ("larger ionic radius" effect), i.e. at increase of z (m=const) Vh decreases (the glass becomes denser). Eh also decreases with the increase of z (m=const). Significantly more complicated is the situation when CdSe is substituted by the same quantity of CdTe at m=const (the mean ionic radius of CdTe is larger that this of CdSe). In this case even a slight decrease of Vh (densification of the glass) should be expected. Such a tendency is observed at m < (0.10-0.12), while at m > (0.15-0.20) Vh of the CdTe-containing glasses it possesses higher values, but the energy for formation of micro-voids Eh is smaller by value.
The "elasticity modulus-composition" diagram repeats the path of the "microhardness-composition" dependency in correlation with Eq. (17). There are no sharp changes into the E(composition) dependency. The weak subordination of E(m) at z=const in the range 0.00 ≤ m ≤ ~ 0.15 is in good relation with the above widely discussed dependencies Vh(m) and Eh(m) in the same range and the observed peculiarities at m ≈0.15.
4. Conclusions
i A simple mathematical apparatus for determination of the thermomechanical characteristics (elasticity modulus (E), minimal volume of the micro-voids (Vh) and energy for formation of minimal micro-void (Eh)) is proposed.
ii The deduced equations are applied for calculation of the thermomechanical characteristics of chalcogenide glasses from the As2Se3-Sb2Se3-CdSe(CdTe) systems.
iii A correlation between these properties and the glass’ composition is established.
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