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A new method for calculating various properties of
glasses and glass forming melts has been proposed. The
method covers such properties as viscosity and standard
points, density, heat capacity and enthalpy, refractive
index and its dispersion, coefficient of thermal expan-
sion, surface tension, elastic moduli, and ultrasonic ve-
locities. Temperature dependences of the properties
(except for elastic and acoustic properties) could also
be calculated. The above mentioned properties could be
calculated for glasses and glass forming melts belong-
ing to various oxide systems.: 64 oxides can be included
in the calculation. The method is based on assuming
chemical equilibria between structural groups, which are
Sfound in glass forming melts. The results of calculations
have been compared with the experimental data for prop-
erties of about 100000 glasses and glass forming melts
using the MDL SciGlass information system. The re-
sults of the comparison show that the proposed method
allows the prediction of properties with a precision as
high, on the whole, as the best known methods.

The first system for the calculation of glass properties
from their composition was proposed by Winkelmann
& Schott"™ at the end of the 19th century. Since then
the calculation of glass properties has been the subject
of hundreds of publications. The most recent attempt
to summarise them is a monograph by Volf® published
in 1985. It describes the best known methods, such as
those of Gehlhoff & Thomas,®® Gilard & Dubrul,®
Huggins & Sun,"” Appen,""'” Demkina,"*'¥ Gan
Fuxi, ™19 etc. Since 1985 some new methods have been
proposed to extend the possibilities of such calcula-
tions (Refs 17-22 , etc).

The importance of solving this problem is so evi-
dent that it does not need any substantiation. Never-
theless, the solution is far from being complete.
‘Prediction of the glass properties of a multicompo-
nent system from its chemical composition is desir-
able’® — these or similar words begin many recent
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papers on this subject.

Even calculation of viscosity, the most important
glass property determining conditions for the major-
ity of glass making processes, has until very recently
only been possible in the narrow range of composi-
tions. Lakatos and co-workers,**? Lyon,*” Mazurin
et al,®Y Hrma and co-workers,®**¥ Okhotin,®*
Bottinga® and others have all proposed methods for
the calculation of viscosities of glass forming melts.
However, the area of applicability of all these meth-
ods is significantly restricted' (some details about these
methods are given in Ref. 36).

One of the most important practical tasks is the
development of general methods allowing calculation
of many properties of glasses and glass forming melts
over a wide range of compositions and temperatures
with a relatively high precision. This might consider-
ably simplify a search for compositions of glasses with
desired sets of properties. The development of such a
method is the subject of the work presented here. The
result of this work is the proposal of a new general
method for calculating the properties of oxide glasses
and glass forming melts.

The details of the proposed method have been de-
scribed in the author’s previous papers.®’*® However,
a reader of these papers (except for the Ref. 37) can-
not get a general impression on the overall method.
Explanation of the backgrounds and main features of
the method is the subject of this paper.

Characterisation of known approaches to
calculate properties from composition

Additive methods

The majority of the known methods for calculating the
properties of oxide glasses from composition are based
on additive formulae that represent the calculated prop-
erty as a linear function of oxide concentrations.

" It should be noted that if the authors of the method do not specify the
range of applicability (see Ref. 25 as an example), this does not mean that
this area is unlimited — actually it is restricted by the area of the experi-
mental data used by the authors of the methods.
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Additive methods allow quite a large number of
oxides to be included in calculation (see, for instance
Ref. 47), if their concentrations vary within relatively
narrow ranges. However the composition dependence
of the majority of glass and melt properties is not quite
linear over wider composition ranges. Thus there is a
need to correct the calculation algorithm. To take de-
viations from simple additivity into account, the au-
thors of many methods (Refs 9-14 and many others)
consider partial coefficients, which vary with compo-
sition.? Such an approach is effective in silicate sys-
tems. One can divide them into several sections, so that
all coefficients of the additive formula may be consid-
ered as constants in any of them.

The known attempts to extend this approach to non-
silicate glasses (for example, Refs 15, 16, 48) have been
less successful (see Refs 49, 50). The failures are caused
by the fact that the dependence on composition of glass
properties in silica free systems is more complicated
than in silicate systems. Hence it is difficult to separate
out compositional areas, in which the additive formu-
lae are approximately followed, and adjustment of the
parameters in the formulae is sometimes impossible
because of the lack of initial experimental data.

Methods based on polynomial regression

Quite a few authors (Refs 23, 51-53, etc.) attempted
to use polynomial equations to describe the concen-
tration dependences of glass properties. However, so
far such polynomial equations have been for either for
binary and ternary systems, or within narrow concen-
tration ranges. The possibility of developing a general
method for the calculation of properties of multicom-
ponent glasses over wide compositional ranges using
polynomial equations seems questionable in many re-
spects; this is discussed in Ref. 49

Structural-chemical models

The known structural-chemical models (Refs 54-56,
etc) are based on the idea, first stated by Miiller (to
the best of the author’s knowledge), that the structure
of oxide glasses could be described in terms of struc-
tural groups (see the detailed consideration of his ap-
proach in Ref. 57). These groups are multiatomic
complexes formed as a result of chemical interactions
between glass components. It is suggested that all struc-
tural units in glasses keep a constant chemical compo-
sition independent of the surroundings of a complex.

Within the majority of the structural-chemical mod-
els all supposed chemical reactions leading to forma-
tion of structural groups are considered as irreversible.
Their order and directions are defined by empirical
rules. These rules are mostly based on the analysis of
structural data obtained by NMR and other direct
structural methods. Thus such models allow calcula-
tion of the presumed concentrations of all assumed
structural groups contained in any particular glass. In
Refs 58, 59 the formulae for calculating density and

2Thus, the mentioned models are not quite linear. However, the authors of
the models often call them ‘additive’, having in mind that the concentration
dependences of the calculated properties are, in whole, close to linear.
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some other properties of borate and borosilicate glasses
from their composition are proposed using one of the
structural-chemical models.®® Some backgrounds of
using the structural models for calculation of other
glass properties are presented in Ref. 60.

From the standpoint of abstract science, structural—
chemical models have some advantages, firstly, the fact
that they quite precisely reflect the interrelation ‘com-
position—structure—property.” However these models
are not of practical importance, since calculations by
them are available only when direct data on glass struc-
ture are present. So far, such data are available only
for very small number of the simplest glass forming
systems, to which the real possibilities of calculation
are confined.

Thermodynamic model

There are many publications devoted to calculation of
thermodynamic properties of glass forming substances
(see Refs 61-63, etc). These works are outside the scope
of the present article. However, recently Shakhmatkin
and co-workers (see Refs 64—-66 where references to pre-
vious papers are given) have proposed a thermodynamic
model for calculation of physical (non-thermodynamic)
properties of glasses, such as density, electrical conduc-
tivity, etc. Therefore, it seems reasonable to consider this
model briefly.

The ideology and mathematical apparatus of this
model are very close to the structural-chemical mod-
els described above. The main distinctive features of
the thermodynamic model consist of the following.
Firstly, it is postulated that the composition of all struc-
tural groups coincides with the composition of ther-
modynamically stable compounds. Secondly, all data
required to determine the parameters expected for cal-
culating the assumed concentrations of structural
groups must be available from thermodynamic data,
and the calculation is performed using the chemical
equilibria equations.

The main obstacle to a wide practical use of the
model of Shakhmatkin and co-workers for the calcu-
lation of glass properties is the lack of data on ther-
modynamics of glass forming substances. At present,
such information is only available for glass forming
substances with the simplest chemical compositions,
and most likely the situation will probably change lit-
tle within the near future. The prospects for practical
use of this model are therefore not very encouraging.

Other models

Besides the above stated models, some other models
describing the dependence of glass properties on com-
position, such as molecular dynamic models,*”* the
phase model™ and others have been proposed. These
models are, as a rule, exclusively of theoretical inter-
est. These models have the same limitation as the cal-
culations by structural-chemical and thermodynamic
models in that they require data that are not known
over a wide compositional area and thus are not of
practical importance.

To summarise, it is clear that in spite of quite sig-
nificant differences between the methods for calculat-
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ing glass properties from composition, they have a com-
mon defect that limits their applicability, namely that
there is a lack of initial data required to determine the
parameters used in the calculation. In other words, it
is not the theoretical basis of the method but the pres-
ence or absence of the data required to determine the
parameters that limits the possibility of extending the
calculation to a wide range of compositions.

It is obvious that calculation of glass properties over
a wide enough composition area can only be con-
structed on an empirical basis. In this case it is possi-
ble to use a very large amount of the known data on
the properties of oxide glasses and melts to determine
the parameters used in the calculations. At present, the
most complete source of such data is the MDL
SciGlass information system,”” which contains the
data on numerous properties of 222590 glasses and
glass forming melts taken from 3699 patents and 11521
original papers published by 13339 authors in 828 jour-
nals and books from the end of XIX to the beginning
of XXI century.’

Two significant remarks need to be made about this
data and the proposed method of calculation.

Firstly, a large body of the initial data itself does not
guarantee a correct determination of all parameters used
within the calculation. That is possible only when the
total number of parameters is not large, and param-
eters themselves are not related to narrow composition
ranges. Otherwise we will face the same problems as the
authors of the additive and polynomial methods.

Secondly, while developing even an empirical method
of calculation it would be erroneous to ignore the known
information on glass structure. This information has
been repeatedly involved'®'” and, in the author’s opin-
ion, should be involved to correctly account for the in-
terrelations between composition, structure and
properties and thereby to improve the precision of cal-
culation of glass properties from composition. How-
ever, the role of the data on glass structure should be an
auxiliary one, and the absence of these data should not
prevent the calculations being performed.

The proposed method

Range of applicability

The proposed method allows the calculation of prop-
erties of single phase (i.e. non-liquated and non-crys-
tallised) oxide glasses and melts.

The following quantities may be calculated: glass
transition temperature, viscosity (from 10? to
10"** dPas), density (from 0 to 2000 K), thermal expan-
sion coefficient (from 200 K to the lower boundary of
the glass transition range), surface tension of melts (from
1200 to 1900 K), as well as the following quantities at
20°C: refractive index, mean and partial dispersion,
Abbé number, Young’s modulus, shear modulus, and
longitudinal and transverse ultrasonic velocities.

Calculations can cover almost all known types of
oxide glasses: silicate, germanate, borate, aluminate,
phosphate, vanadate, molybdate, niobate, arsenite,

® MDL SciGlass also includes the subroutines for calculation of properties
of glasses and glass forming melts from their composition and temperature
using more than 100 known methods; the proposed method is among them.
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tellurite, tungstate, etc, including mixed systems. In to-
tal 64 oxides are included in the calculations: Li,O,
Na,0O, K,O, Rb,0, Cs,0, Cu,0, Ag,0, T1,0, BeO,
MgO, CaO, SrO, BaO, MnO, CoO, NiO, SnO, ZnO,
CdO, PbO, FeO, CuO, B,0;, Al,0;, Ga,0;, Fe,0s,
Nd,Os;, Pr,0;, Tb,0;, Dy,0;, Er,0;, Yb,0;, As,O;,
Sb,0;, Bi,0;, Si0,, GeO,, ThO,, VO,, HfO,, SeO,,
TeO,, VO, Pb0O,, TiO,, Sn0O,, ZrO,, CeO,, MnO,, P,Os,
V,0s, Nb,Os, Ta,0s, MoO;, WO;, and SO;.

In describing methods for the calculation of glass
properties, it is customary to specify concentration lim-
its for components, i.e. the concentration ranges, within
which it is possible to guarantee acceptable precision.
However, when describing the current method which
covers almost all known oxide glass forming systems
such an approach is hardly acceptable. Oxide systems
are too diverse to specify unified oxide concentration
limits for them. I believe that the problem of applica-
bility of the proposed method should be solved sepa-
rately for each composition area. This can be done
using MDL SciGlass;"" it is necessary to select experi-
mental data on the glasses belonging to the composi-
tion area of interest from the database, and to compare
these data with the results of calculations. If the MDL
SciGlass database does not contain the data on the
glasses of interest, this probably means that nobody
has studied them, and in this case the only reliable way
to evaluate an applicability of any method of calcula-
tion, including the proposed one, is to carry out new
experimental research.

The author is quite aware that at present not all
specialists on glass have an access to the SciGlass in-
formation system. However, it is necessary to refer to
SciGlass since only by using the computer program
included within SciGlass one can use the proposed
method of the calculation in practice.

To give a general idea of the possibilities of the
method, some generalised information on the preci-
sion of calculations of the above mentioned proper-
ties is given at the end of the paper.

Description of the calculation algorithm

As mentioned above, the algorithm generalises the
partial algorithms described in Refs 37-46 where de-
tailed information for them (including examples of cal-
culation) is given. A full description of the algorithm
is given in Ref. 37. This algorithm has been in included
in MDL SciGlass,”" and thus users of this database
can perform the calculations for arbitrary glass com-
positions and/or compare the results of calculations
with the published experimental data for arbitrary con-
centration ranges.

The most important features of the algorithm are
discussed in the following sections.

Classification of properties by the method of
calculation

The proposed method is empirical. When developing
the method both the direct dependences of properties
on composition and temperature and the correlations
between different properties of glasses and melts were
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considered. Accordingly, all calculated quantities were
classified into two groups, ‘basic’ and ‘derived’ ones.
The ‘basic’ properties are calculated directly from com-
position and temperature. ‘Derived’ quantities are cal-
culated indirectly, i.e. expressed in terms of ‘basic’
properties.

The group of ‘basic’ properties includes quantities
that have been studied within the widest composition
area. They include viscosity and its temperature coef-
ficient at temperature 77; corresponding to the viscos-
ity n=10" dPas, thermal expansion coefficient at
160°C, surface tension at 1400°C, as well as density,
refractive index, mean dispersion, Young’s modulus,
and heat capacity (all at 20°C). All other properties
are considered as ‘derived’ ones.

‘Basic’ properties are conventionally divided into
‘structure sensitive’ properties (heat capacity of glasses
at 20°C and surface tension of melts at 1400°C) and
‘structure insensitive’ ones (the seven other ‘basic’ prop-
erties). The reason for this classification is that precise
calculation of ‘structure sensitive’ properties requires
consideration of structural factors, whereas they may
be ignored when calculating ‘structure insensitive’ prop-
erties.

Calculation of ‘structure insensitive’ properties

Structure insensitive properties are calculated using
atomic additivity formulae

N N
P:Zgi,Pminizmini @)
i=1 i=1

where P is the property being calculated; 7 is the index
of the oxide; N is the number of types of oxides form-
ing the glass in question; mz; is a molar fraction of the
i-th oxide; n; is a number of atoms in the formula of
the i-th oxide and g; is a partial coefficient for the i-th
oxide.* When calculating surface tension (o) the quan-
tity calculated by Equation (1) is o™'; this allows a con-
siderable improvement of the precision of calculations
at high concentrations of surface active oxides.

Calculation of ‘structural sensitive’ properties Structure
sensitive properties are calculated by considering the
concentrations of structural groups in glass. Two types
of structural groups are considered.
(1) Coordination polyhedra that are generated by net-
work forming (usually polyvalent) cations and oxygen.
A polyhedron can be chemically combined (but can
also be free) with one or more cations of a low va-
lency, acting as modifiers. The following complexes are
examples of coordination polyhedra: SiO,,, SiO;,0ONa,
BO}/z, BO4/2Na.
(2) Associates formed as a result of joining several
polyhedra of various types, e.g. Al0,,Na.2Si0,,,
BO4/2Na.B03/2.

A simplified mathematical model is used to calcu-
late the concentrations of these structural groups. This
model involves a system of empirical equations simi-

*In the formula for calculation of glass heat capacity the partial coeffi-
cients obtained by Khalimovskaya-Churkina® are used.
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lar to the equations used in the theory of chemical
equilibria.

Since, to date, such equations have not been used in
the empirical methods for calculating glass properties,
it seems appropriate to consider a specific example. Let
us assume that there are structural groups of three types
in a glass, namely, polyhedra A and B, as well as an
associate AB formed from them by the reaction

A+B = AB 2)
The equilibrium equation for reaction (2) is

IV UDN:!
aamadaghig

K= 3)

where K is the equilibrium constant, a (with the sub-
scripts corresponding to the participants in a reaction)
is an activity coefficient. After adding the equations
of the material balance’® to Equation (3) one can ob-
tain a system of equations whose solution is a set of
concentrations of all structural groups.

We rewrite Equation (3) as

Ka,ay Mpp

K= = 4
dap mymg @

In the proposed approach Equation (4) is consid-
ered as an empirical equation, and the value of ¥ — as
its adjustable parameter. Being empirical the equation,
of course, loses its thermodynamical sense and makes
no claim to have one. Similar equations are written for
all the chemical reactions under consideration. The
values of « for the majority of the reactions® are con-
sidered as constants, i.e. independent of composition
and temperature.

Replacement of the thermodynamic equations of
equilibria by their empirical analogues expressed in
the form of Equation (4) at once gives several de-
sired results. Firstly, the number of parameters used
to calculate the concentrations of structural groups
are reduced to one per reaction. Secondly, the val-
ues of parameters are not attached to any specific
composition area. Thirdly, these values can be de-
termined both from experimentally measured rela-
tionships between glass properties and composition
and data on glass structure. Thus, the proposed ap-
proach completely meets the above stated require-
ments in respect of parameters.

The possibility of determining the k values from
the data on glass structure is especially important for
describing the chemical reactions accompanied by the
change of the coordination number of boron. A frac-
tion of fourfold-coordinated boron is a paramount
structural characteristic which has a pronounced ef-
fect on almost all properties of glasses containing bo-
ron oxide. Judging from the data presented in MDL
SciGlass, boron oxide is a constituent of one third of

°The equations of material balance are not included here to simplify the
argument.

¢ For some reactions with R,Oj; the value of k is considered as a function
of temperature; details are given in Refs 41 and 42.
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Composition of glass

1
1
i
!l Listof oxides (-
1,

List the assumed structural groups

Oxide content {

—— e
List the equations of assumed Write the equations of
chemical reactions material balance
e

Compile of the system of equations describing
assumed chemical reactions

|

Obtain content of structural groups

Calculation of the basic properties

Figure 1. Schematic diagram of the proposed algorithm for
calculating ‘basic’ properties of glasses and melts

all oxide glasses so far studied. That is why correctly
accounting for this structural factor in many respects
determines the practical value of the method as a whole.
Therefore the values of « for the reactions involving
boron oxide were determined from direct data for the
fraction of fourfold-coordinated boron, which were
obtained by NMR.*?

The values of xfor other reactions were determined
from the experimental data on the most comprehen-
sively studied ‘structural sensitive’ glass properties, first
of all viscosity and glass transition temperature.**®

A flow diagram of the calculation of ‘structural-
sensitive’ properties from glass composition and tem-
perature is given in Figure 1. According to this scheme,
first, based on the list of oxides present, we compile
the list of all structural groups that can be formed from
these oxides.**® Then we compile the list of all the
possible chemical reactions involving these given struc-
tural groups.” Using these lists we compile a set of equa-
tions similar to the equations of chemical equilibria,
as well as the equations of material balance. As a re-
sult, we obtain a system of equations. Solving the lat-
ter we determine the concentrations of all structural
groups. Next, based on these results, we calculate the
values of ‘basic’ properties by using the empirical for-
mulae. These formulae are most complicated for vis-
cosity.?"9 To calculate other properties Equation (1)
is used, where structural groups are substituted for the
oxides.

Calculation of ‘derived’ properties The interrelations
between basic and derived properties are shown in Fig-
ure 2. Detailed specification of the formulas describ-
ing these interrelations is beyond the scope of this
paper; they are given in detail in Refs 37-46. Three
examples demonstrating the expediency of calculating
one property via another one are given below.

” For simplicity, in the proposed method only the reactions in which no
more than three types of cations take part are considered.
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“Derived” properties

Tz ( =10 dPa
s)

log /' T
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‘ E at 20°C H G at 20°C ‘

S

Figure 2. Interrelations between ‘basic’and ‘derived’ properties.

Designations: n-viscosity, T,—glass transition temperature, V ,—
atomic volume (i.e. volume per 1 g-atom of a given glass), p-density,
o-thermal expansion coefficient, c-surface tension, C,—heat
capacity, AC,—jump of heat capacity in the glass transition range,
E—Young's modulus, G—shear modulus, H-microhardness, n—
refractive index (subscripts denote wavelengths), v—Abbé number.

p and partial dispersions

(a) Refractive index np, mean dispersion ng—nc, and
Abbé number np, are related by the formula

np —1
v [ A—
b Ng — e ®)
It is obvious that, when any two of these three
properties have been determined, it is possible to cal-
culate the third one. Nevertheless, in many known
methods, including the methods by Appen? and
Demkina,"™ the partial coefficients are obtained for
all three quantities. Such an approach leads to a fac-
tor of 1-5 increase in the number of adjustable pa-
rameters. Such an increase could be justified, if it
resulted in the improvement of precision; that is pos-
sible theoretically, but does not happen in practice. It
therefore seems advisable to calculate only two quan-
tities directly from composition and the third one from
Equation (5).
(b) Shear modulus G and Young’s modulus E are
related by the relationship

G=E/2(1+p) (6)

in which Poisson’s ratio u for almost all known oxide
glasses varies in the range from 0-16 to 0-32. Substi-
tuting the mean value 0-24 in Equation (6), we obtain

G=0-4E (7)

Hence, knowing one of the moduli, we can estimate
the other one by Equation (7). The root mean square

WWW.sgt.org



A.L.PRIVEN: CALCULATINGTHE PROPERTIES OF OXIDE GLASSES FROMTHEIR COMPOSITION AND TEMPERATURE

1.54

1.52

1.50

1.48

Density at 20°C (g/cm®)

1-46§

0 10 20 30 40 50 60
Na,O (mol%)

Density at 20°C (g/cm?®)

0 20 40 60 80 100
PbO (mol%)

Figure 3. Concentration dependence of glass properties in the systems (a) Na,O-SiO, and (b) PbO-B,0;. The points correspond to the
experimental data given in MDL SciGlass (different signs correspond to data by different authors). The lines correspond to the results of
calculations using the proposed method. The graphs are obtained directly from the MDL SciGlass program

error of such approximation is only 2-5%.* This is many
times less than the error of calculating any of these
moduli from glass composition by any known method.
Thus, the independent calculation of both moduli from
composition, accompanied by duplicating the number
of adjustable parameters (as in the methods of Appen'?
and Demkina?), cannot result in greater precision. Ac-
cordingly, it seems advisable to calculate only one value
directly from composition, that value being the Young’s
modulus which has been studied in more detail.

(c) The heat capacity of melts, C, 1, in contrast to
heat capacity of glasses, C,,,, depends strongly on struc-
ture. However it is impossible to determine partial co-
efficients of C, ., for the majority of structural groups,
because the required experimental data are absent. To
surmount this obstacle within the proposed method
the heat capacity of melts is calculated using

Cpﬁmeh: Cpﬁg( Tg)+ACP (8)

where C, (T,) is the heat capacity of glass at glass tran-
sition temperature 7,, and AC, is the jump in the heat
capacity in the glass transition range, which in fact
contains the structure dependent component. The value
of AC, is calculated via the temperature coefficient of
the log viscosity in the glass transition range.

This algorithm (see details in Ref. 46) does not con-
tain parameters whose determination requires experi-
mental data on heat capacity of melts. Hence the small
number of these data is no longer an obstacle to ex-
tending the calculation to a wide composition area.

Thus, using the known relationships between dif-
ferent properties of glasses and melts makes it possi-
ble to improve precision and generality of the
calculations by the proposed method.

Checking the reliability of the initial data used to de-
termine parameters While processing large arrays of
data obtained from numerous sources, the problem of

8 The figure is obtained after treating the array of experimental data on
oxide glasses, for which both moduli were measured (~1800 composi-
tions) after excluding clearly erroneous results, that give values of Poisson’s
ratio of more than 0-5 which is physically impossible.
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data reliability is highlighted. The results represented
in Figure 3 show how serious this problem is. Only two
examples of concentration dependence of the proper-
ties of glasses in binary systems are shown in the plots.
It is clear from the plots that the data of different au-
thors for the same property of glasses of the same com-
position sometimes differ significantly from each other.

There is a range of reasons for the discrepances in
the published data including a change of the chemical
composition of glass during melting (volatilisation of
some components, dissolution of a crucible material,
redox and other reactions); phase separation processes
(liquation, crystallisation); failure to correctly carry out
property measurements and misprints in published data.
However, whatever the cause, the outliers that ‘falling
out’ of the general dependences are blunders, and their
use in determining parameters leads to distorted results.

It is obviously impossible to eliminate all blunders
from such a large (six figure) data array. Nevertheless
it is possible to decrease the number of erroneous data
in the array if one can compare them with other data.
Such comparison, as a rule, is possible only within the
simplest glass forming systems that contain no more
than three components. In complex systems it is much
more difficult to identify erroneous data, because there
are often no data to compare them with.

Based on the above, to improve reliability of calcu-
lations I considered it expedient to determine the val-
ues of all parameters only from the data on the glasses
and melts belonging to binary and ternary systems.
Digital and visual comparison of these data with each
other by using MDL SciGlass made it possible to se-
lect the most reliable data and eliminate the most
doubtful ones.

The data relating to the glasses and melts with more
complex compositions were used only to test the
method. This enabled checking of the ‘predictive power’
of the approach, i.e. the possibility of using the ap-
proach outside the limits of the composition area
within which parameter values had been determined.
Taking into account the generality of the proposed
method, such testing is of great importance.
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Table 1. Root mean square absolute (AP,,,) and relative (6P ,,,) deviations of calculated property values from

the experimental data given in MDL SciGlass

Property Multiplier T (°C) Number of compositions AP, 6P, (%)
Viscosity characteristics - T, 2383 107 -
K T 3384 45 -
Ty 1672 32 -
T, 16679 43 -
Total** 51677 - -
Density of glasses, g/cm?® - 20 32178 0-138 4-0
Density of melts, g/cm’ - 800 456 0-133 4-2
1400 534 0-106 4-3
Total** 2335 0-131 42
Thermal expansion 1077 55%5 1556 10-2 14-8%*
coefficient of glasses, K™ 160£10 6595 84 12-0%*
210+10 4579 8-6 11-7%
Total** 27424 11-3 14-3*
Surface tension of melts, - 900 659 26 169
mN/m 1300 1128 23 10-4
Total** 3038 285 13:0
Heat capacity of glasses - 20 310 103 16-2
and melts, J/kgK 1000 151 168 13:3
1200 121 111 86
Total** 1438 114 11-4
AC,, JIkgK - T, 136 2-3 22
Refractive index (7p) - 20 26122 0-017 1-0
Mean dispersion (ny—nc) 10 20 9124 129 7-1
Abbé number (1) - 20 9189 2-4 [
Young’s modulus, GPa - 20 3770 7-5 129
Shear modulus, GPa - 20 1971 2-5 12:2
Poisson’s ratio - 20 1689 0-04 18

* For 0230x107 K™

** Rows ‘total” include other temperatures that are not presented in the table. In the column ‘Number of compositions’ glasses studied at several temperatures

are accounted for only once.

Discussion

Priven & Mazurin®” compared some glass property
values (namely, density, thermal expansion coefficient,
and refractive index) calculated by the proposed
method and other known methods with experimental
data presented in SciGlass. They showed that the pro-
posed method is superior to the known methods both
in precision and generality for these properties.

Tables 1-5 give statistical data for all properties be-
ing calculated. Absolute (AP) and relative (dP) root
mean square deviations of the calculated values of
property P from the experimental data presented in
SciGlass are used as numeric characteristics of the cal-
culation error. In fact, these deviations are the sum of
calculation and experimental errors.

It was stated above that there are some blunders
among the published experimental data on glass prop-
erties. To reduce their influence on root mean square
deviations, the following procedure was used (its ad-
vantages and disadvantages are discussed in Ref. 50).
The blunders were excluded by Student’s criterion, ¢

|Pexp_Pcalc|<APavgl(p:n) (9)

where p is the level of significance (taken as equal to
0-05), n is the number of the evaluated compositions,
AP, is root mean square deviation of the calculated
(Peac) from the experimental (P,,,) values of the prop-
erty P. Tables 1-5 list the data obtained after blunders
were excluded.

General evaluation of the calculation error

In Table 1 the root mean square deviations of the cal-
culated properties from the experimental data are given.
Experimental data on the properties of glasses and
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melts containing the 64 above stated oxides in all com-
binations and ratios were given as the initial data. In
other words, the comparison was performed in almost
all investigated composition area of oxide glasses. The
total number of glass and melt compositions being
compared exceeded 100000.

At first sight the root mean square deviations given
in the table seem to be rather high. However, when
evaluating the data presented in Table 1, one should
remember that even after excluding the blunders the
root mean square deviations remain a sum of experi-
mental and calculation errors, i.e. they include an ex-
perimental error. The latter includes not only the error
involved in measuring a property, but also the errors
in the published concentrations of oxides, caused by
changes in a chemical composition of glasses on melt-
ing. Thus, the real error of calculation makes up only
a part of the values presented in the table. Some esti-
mations (for example, processing of the array of data
obtained with chemically analysed glasses””) indicates
that this accounts for 30-50% of the error.

Taking this into account, I consider the root mean
square deviations presented in Table 1 as quite accept-
able for solving practical problems over a wide area.

Comparison of the proposed method with the
method by Appen

It is well known, that Appen’s method? is among the
best for calculating properties of silicate glasses; Ref.
50 cogently confirms this thesis.

In his monograph Appen? gives the values of cal-
culation errors that are several times less than the val-
ues presented in Table 1. However a direct comparison
of these values with our data is not quite correct, since
the method of Appen covers a significantly narrower
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Table 2. Comparison of the proposed method with
Appen’s method within the limits of application of
Appen’s method using the data presented in MDL
SciGlass

Property Number of AP,

compositions Proposed Method

method by Appen

Density (p, g/cm®) at 20°C 6879 0-043 0-038
Thermal expansion coefficient 1583 649 6-44
(<107, K™ at 210°C
Refractive index (np) at 20°C 6063 0-0076 0-0068
Mean dispersion (nn¢)%10* 1571 4-3 52
Abbé number (np) at 20°C 1579 1-5 3-0
Young’s modulus (E, GPa) at 20°C 1155 4-3 6-4
Shear modulus (G, GPa) at 20°C 452 1-8 3-0
Surface tension (o, mN/m) at 253 17 13

1300°C

AP, and dP,,, mean absolute and relative root mean square deviations

compositional area than the method proposed. In this
connection it was advisable to perform a direct com-
parison between the proposed method and Appen’s
method using the same experimental data. To do this
all data on glasses with compositions lying within the
concentration limits specified by Appen were selected
from SciGlass. The property values of these glasses
were then calculated by both methods.

The blunders in the initial data were revealed by
the procedure described above. In the process, for the
purity of the comparison, only the data that were
qualified as blunders with respect to both methods
were excluded from processing. Thus, the conditions
for comparison were absolutely the same for both
methods.

The results of the comparison are given in Table 2.
It is clear from the table, that the proposed method as
a whole is no less precise than Appen’s method within
the limits of applicability of the latter method.

Note that the proposed method proved to be about
twice as precise as Appen’s method when calculating

Table 3. Comparison of root mean square deviations
of the calculated property values from the
experimental data for glasses with and without SiO,

Property or Glasses with SiO, Glasses without SiO,
temperature AP, [ . N AP, OP g N
(%) (%)

Viscosity characteristics, K

T, (n=10"dPas) 111 - 2125 102 - 279

T, (n=10* dPas) 65 - 3068 31 - 232

T, (n=10" dPas) 44 - 1688 39 - 283

Ty, (n=10"" dPas) 32 - 1875 36 - 800

Ty; (n=10" dPas) 31 - 1058 35 - 618

T, 45 - 8784 42 - 7943
Density, g/cm?®

293 K 0-091 3 18262 0-193 52 13689

1673 K 0-096 3-2 475 0-192 78 55
Thermal expansion coefficient, ox107, K

433%10 K 7 10-9 5041 131 165 1585
Optical properties

np 0-013 0-8 17309 0-024 14 8784

(ng—nc)x10* 8-8 53 5327 20-5 9-4 3789

Vb 1-8 4-4 5409 3-3 83 3833
Elastic moduli, GPa

E 67 8-8 2711 96 23-1 1073

G 2 7-2 1212 3-6 19-9 774
Surface tension, mN/m

1573 K 24 8-8 878 20 14-6 251
Heat capacity, J/kgK

293 K 149 25-5 213 162 13-8 114

AP, and 8P,,, mean absolute and relative root mean square deviations, N is
the number of compositions
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Table 4. Comparison of root mean square deviations
of calculated property values from experimental data
for glasses with and without B,0O;

Property or Glasses without B,O; Glasses with B,O;
temperature AP, 6P, N AP, oP,, N
(%) (%)

Viscosity characteristics, K

T, (n=10"dPas) 110 - 2103 120 - 305

T, (n=10* dPas) 63 - 2024 61 - 1265

T, (n=10" dPas) 46 - 1227 38 - 734

Ty (n=10""dPas) 37 - 1569 29 - 1113

Ty; (n=10" dPas) 33 - 1032 28 - 632

T, 44 - 10081 42 - 6650
Density, g/cm’

293 K 0-14 39 20138 0-13 41 11983

1273 K 0-17 47 380 0-1 41 348
Thermal expansion coefficient, ox107, K™

328+5 K 11 149 786 92 14-4 769
Optical properties

np 0-017 1 15196 0-017 1 10916

(ng—nc)x10* 19 10-3 3401 10-4 66 5701

Vb 2-3 69 3396 2-4 56 5788
Elastic moduli, GPa

E 76 13-4 2645 7-1 11-8 1125

G 22 102 1420 3 15 530
Surface tension, mN/m

1473 K 22 10-4 367 20 12-8 409
Surface tension, mN/m

293 K 120 202 218 129 22 99

1273 K 169 12-8 127 182 149 27

shear modulus and Abbé number. The peculiarity of
these properties is that they are calculated directly from
composition by Appen’s method, and indirectly (via
other properties) by the proposed method. We can see
that the indirect method of calculation of shear modu-
lus and Abbé number made it possible to calculate
these properties with significantly greater precision than
the direct method.

The precision of property calculations in different
composition areas

Table 3 compares the precision of glass property cal-
culations for silicate and non-silicate systems. One can
see from the table that in silicate systems the root mean
square deviations for the majority of properties are
about half those in the systems which do not contain
Si0, as a component.” This can be easily explained.
The properties of silicate glasses and melts have long
been investigated, and a significantly greater amount
of information about them has been accumulated than
for non-silicate glasses and melts. In addition, the re-
lationships between compositions and properties of
glasses and melts in silicate systems are simpler than
those in non-silicate systems. Therefore the influence
of composition on the properties of glasses and melts
in silicate systems has been more precisely evaluated
than in non-silicate systems.

It also seemed advisable to estimate how correctly
the proposed method accounts for the influence of the
assumed changes of glass structure on properties. Such
a procedure is most relevant with respect to glasses

? Temperatures corresponding to fixed viscosity values are an exception
for this rule. However, this is a formal exception and it is determined only
by the fact that non-silicate glasses are, as a rule, ‘shorter’ than silicate
glasses. Accordingly, smaller values of calculation errors for the stated
temperatures for non-silicate glasses do not signify that their viscosity is
calculated more precisely.
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Table 5. Comparison of root mean square deviations of the calculated property values from the experimental
data for glasses containing different number of components

Property or Number of components in glasses

temperature Any More than 3 Upto3
AP, Number of AP, Number of AP, Number of

compositions compositions compositions

Viscosity characteristics, K

T, (n=10" dPas) 110 2405 104 1261 117 1133

T, (n=10" dPas) 62 3297 67 2354 50 947

T, (n=10 dPas) 44 1974 46 1151 41 820

Ty (n=10" dPas) 33 2678 35 1079 32 1599

T\; (n=10" dPas) 32 1675 34 510 31 1167

T, 43 16733 52-4 5997 38-4 10764
Density, g/cm’

293 0-14 32178 0-12 11091 0-15 20996

1673 0-11 534 0-11 207 0-10 328
Thermal expansion coefficient, <107, K™

43310 8-4 6595 7-5 4396 10-1 2190
Optical properties

np 0-017 26122 0-017 13201 0-017 12907

(ng—n)x10* 12:9 9124 122 5950 150 3169

Vb 2-4 9189 2-4 5966 2-3 3222
Elastic moduli, GPa

E 7-5 3770 8-0 1891 7-0 1884

G 2-5 1971 2-3 604 27 1369
Heat capacity, J/kgK

293 112 314 106 85 123 231

1273 174 155 144 44 176 108
Surface tension, mN/m

1573 232 1128 309 231 21-0 895

AP,,, means absolute root mean square deviation

containing boron oxide. In Table 4 the data on boron
containing glasses are compared with the data on bo-
ron free glasses. It can be seen that the errors in the
property calculations are close for both groups. In other
words, the more complex calculations needed for glasses
containing boron oxide do not result in a larger error.
This indicates that the proposed method in general
accounts correctly for the influence of boron oxide on
the properties of glasses and melts over a wide com-
position area.

The precision of property calculations in systems
containing different number of components

Table 5 compares the precision of property calculations
for multicomponent and simple (one-component, bi-
nary, and ternary) glasses. As was stated above, only
the data related to simple glasses were used to deter-
mine the parameter values used in the calculation.
Thus, this test might to a certain extent answer the
question about a possibility of the proposed method
to predict properties of glasses and melts outside the
glass forming systems that were involved in determin-
ing the parameters of the method.

The data presented in the table indicates that the
precision of property calculations in both groups is
almost the same. Consequently, the parameters used
in the calculations are equally applicable to both sim-
ple and complex systems. This can be considered as a
confirmation of generality of the proposed method,
i.e. the possibility of its application in a wide composi-
tion area.

Conclusion

A new method to calculate the properties of oxide
glasses and glass forming melts is proposed. The
method enables calculation of viscosity, density, ther-
mal expansion coefficient, surface tension, heat ca-
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pacity, as well as some optical, elastic, and acousti-
cal characteristics. The method can be applied in al-
most all composition and temperature ranges so far
investigated.

Mathematical apparatus borrowed from the theory
of chemical equilibria is used in the proposed method.
The thermodynamic characteristics appearing in this
theory (namely, constants of equilibria and activity
coefficients) are replaced by empirical coefficients. The
values of these coefficients are determined from the
known data on glass structure and properties.

Substitution of empirical parameters for thermo-
dynamic characteristics takes the calculation away from
thermodynamical rigour but it allows extension of the
calculations over an extremely wide composition area
due to a many fold decrease in the number of the em-
pirical parameters describing the chemical interactions
between oxides.

Testing the method with the array of property data
for more than 100000 glasses and melts available in
the MDL SciGlass information system'" has shown
that the proposed method is not only much more
general than the other known methods but also com-
pares well with their precision. The proposed method
may be therefore considered as a single alternative
to the other methods of calculating properties of
oxide glasses and melts from their composition and
temperature.

This does not mean that the known methods have
completely lost their significance. As is shown in Ref.
50, in certain composition areas some of these meth-
ods allow prediction of glass properties more precisely
than the proposed method. However, it seems more
significant that the proposed method, being, as a whole,
comparable in precision with the best of the other
methods, covers a much wider composition area and
enables calculation of many properties at a time. This
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opens new possibilities of searching for promising com-
position areas of glasses with predefined, including
unique, combinations of properties.

Acknowledgement

The author is grateful to Professor O. V. Mazurin for
stimulating discussions and useful remarks.

References

1.

2.

W

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Glass Technology Vol. 45 No. 6 December 2004

Winkelmann A. Uber die specifischen Wirmen verschieden
zusammengesetzter Glaser. Ann. Phys. Chem., 1893, 49, 401-20.

Winkelmann, A. & Schott, O. Uber die Elastizitit und iiber die Zug-
und Druckfestigkeit verschiedener neuer Gldser in ihrer Abhéngigkeit
von der chemischen Zusammensetzung. Ann. Phys. Chem., 1894, 51,
697-730.

. Winkelmann, A. & Schott, O. Uber thermische Widerstandscoefficienten

verschiedener Gldser in ihrer Abhdngigkeit von der chemischen
Zusammensetzung. Ann. Phys. Chem., 1894, 51, 730-46.

. Winkelmann, A. Uber die Elasticitiatscoefficienten verschieden

zusammengesetzter Gldser in ihrer Abhidngigkeit von der
Temperatur. Ann. Phys. Chem., 1897, 61, 105-40.

. Volf, M. B. Mathematical Approach to Glass. 1988. p. 408.
. Gehlhoff, G. & Thomas, M. Die physikalischen Eigenschaften der Glaser

in Abhangigkeit von Zusammensetzung. I. Uber das electrische
Letivermogen von Glaser. Z. Tech. Physik., 1925, 10, S.544-54.

. Gehlhoff, G. & Thomas, M. Die physikalischen Eigenschaften der Glaser

in Abhangigkeit von Zusammensetzung. II. Die mechanischen
Eigenschaften der Glaser. Z. Tech. Physik. 1926, 3, S.105-26.

. Gehlhoff, G. & Thomas, M. Die physikalischen Eigenschaften der Glaser

in Abhangigkeit von Zusammensetzung. III. Die Viskositat der
Glaser. Z. Tech. Physik., 1926, 7 (6), 260-78.

. Gilard, P. & Dubrul, L. The calculation of the physical properties of

glass. Part 3. The index of refraction. J Soc. Glass Technol., 1937,
21, 476-88.

Huggins, M. L. & Sun, K.-H. Calculation of density and optical con-
stants of a glass from its composition in weight percentage. J. Am.
Ceram. Soc., 1943, 30 (1), 4-11.

Appen, A. A. Some general features of dependence of the properties of
silicate glasses on their composition. Thesis. Leningrad, 1952.

Appen, A. A. Khimiya Stekla (Chemistry of Glass). Leningrad, 1970,
p- 350. (In Russian.)

Demkina, L. I. Issledovaniye Zavisimosty Svoistv Stekol ot ikh
Khimicheskogo Sostava (Study of the dependence of properties of
glasses on their chemical composition). Moscow, Oborongiz, 1958.

Demkina, L. I. Density and optical constants of glasses. In: Fiziko-
Khimicheskie osnovy proizvodstva opticheskogo stekla (Physical and
Chemical Bases of the Manufacture of Optical Glass). Ed. Demkina,
L. I. Leningrad, Khimiya, 1976, p. 78-116.

Gan Fuxi New system of calculation of some physical properties of
silicate glasses. Sci. Sinica, 1963, 12 (9), 1365-91. (In Russian.)

Gan Fuxi New system of calculation of properties of inorganic oxide
glasses). Sci. Sinica, 1974, 17 (4), 533-51. (In Russian.)

Hormadaly, J. Empirical methods for estimating the linear coefficient
of expansion of oxide glasses from their composition. J. Non-Cryst.
Solids, 1986, 79, 311-24.

Gudovich, O. D. & Primenko, V. I. Calculation of heat capacity of sili-
cate glasses and melts. Fiz. Khim. Stekla, 1985, 11, 349-55. (In Rus-
sian.)

Priven, A. 1. Calculation of refractive index of silicate glasses from com-
position and density. Fiz. Khim. Stekla, 1988, 4, 589-94. (In Russian.)

Kucuk, A., Clare, A. G. & Jones, L. An estimation of the surface ten-
sion for silicate glass melts at 1400°C using statistical analysis. Glass
Technol., 1999, 40 (5), 149-53.

Leko, V. K. & Mazurin, O. V. Analysis of regularities in composition
dependence of the viscosity for glass-forming oxide melts. Part 2. Vis-
cosity of ternary alkali aluminosilicate melts. Glass Phys. Chem., 2003,
29 (1), 16-27.

Paul, A. Chemistry of Glasses. Chapman and Hall Ltd., London, 1982,
p. 293.

Ota, R., Wakasugi, T. & Tanaka, K. Glass viscosities, calculated and
observed, in the Na,0-B,0;-Si0,(GeO,) system based on the sub-sys-
tem concept. Proc. Int. Congr. on Glass. Extended Abstracts, Edin-
burgh, Edinburgh Int. Conf. Centre, 2001, p. 316-17.

Lakatos, T., Johansson, L. G. & Simmingskold, B. Viscosity-tempera-
ture relations in the glass system SiO,-Al,0;-Na,0-K,0-CaO-MgO
in the composition range of technical glasses. Glass Technol., 1972,
13 (3), 88-95.

Lakatos, T., Johansson, L. G. & Simmingskold, B. Inverkan av Li,O och
B,O; i soda-kalk-silikatglas pa viskositeten. Glastekn. Tidskr., 1975,
30 (1), 7-8.

Lakatos, T. & Johansson, L. G. SiO,-Al,0;-Na,0-K,0-CaO-MgO
systemets viskositet, likvidustemperatur, och hydrolytiska

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45

46.

47.

48.

49.

50.

S1.

Www.sgt.org

resistens. Glastekn. Tidskr., 1976, 31, 31-5.

Lakatos, T. & Johansson L. G. Investigations on viscosity-temperature
relations in the lead crystal system containing 24-30% PbO. Part
II. Glastekn. Tidskr., 1978, 33 (3), 55-9.

Lakatos, T., Johansson, L. G. & Simmingskold, B. Investigations on vis-
cosity-temperature relations in the lead crystal system containing 24—
30% PbO. Part II1. Glastekn. Tidskr., 1979, 34 (1), 9-10.

Lakatos T., Johansson, L. G. & Simmingskold, B. Viscosity-tempera-
ture relations in glasses composed of SiO,-Al,0;-Na,O-PbO-CaO-
ZnO-Li,0 in the composition range of ‘crystalline’ glasses. Glastekn.
Tidskr., 1979, 34 (3), 61-5.

Lyon, K. C. Prediction of the viscosities of ‘soda-lime’silica glasses. J.
Res. Nat. Bur. Stand. 1974, T8A (4), 497-503.

Mazurin, O. V,, Tret’yakova, N. I. & Shvaiko-Shvaikovskaya, T. P. Metod
rascheta vyazkosti silikatnykh stekol (A method for calculation of the
viscosity of silicate glasses). Available from VINITI, 1969, Moscow,
No. 1091-69.

Hrma, P., Piepel, G. F., Vienna, J. D., Cooley, S. K., Kim, D. S. & Russell,
R. L. Database and interim glass property models for Hanford HLW
glasses. Techn. Rep. #PNNL-13573. Pacific NorthWest National
Laboratory, 2001, 90 p.

Hrma, P., Piepel, G. F., Redgate, T. E., Smith, D. E., Schweider, M. J.,
Vienna, J. D. & Kim, D. S. Prediction of processing properties for nu-
clear waste glasses. Environmental Issues and Waste Management Tech-
nologies, 1996, 505-13.

Okhotin, M. V. Determination of the viscosity of commercial silicate
glasses with the use of nomographic charts. Steklo Keram., 1954, 1,
7-11.

Bottinga, Y. & Weill, D. F. The viscosity of magmatic silicate liquids: a
model for calculation. Am. J Sci., 1972, 272, 438-75.

Priven, A. I. Comparative characterisation of methods for calculating
the viscosity of silicate glass-forming melts. Sov. J. Glass Phys. Chem.,
1997, 23 (5), 333-43.

Priven, A. I. Osnovy rascheta kontsentratsionno-temperaturno-
vremennykh zavisimostei svoistv oksidnykh stekloobrazuyushchikh
veshchestv v shirokom diapazone sostavov i temperatur (Fundamen-
tals of the calculation of concentration-temperature-time dependences
of properties of oxide glass-forming substances in wide composition
area and temperature range.) Doctoral thesis, St. Petersburg, 2002, p.
566. (In Russian.)

Priven, A. 1. Calculation of the viscosity of glass-forming melts: I. The
Li,0-Na,O0-K,0-Si0, system. Sov. J. Glass Phys. Chem., 1997, 23 (5),
344-53.

Priven, A. 1. Calculation of the viscosity of glass-forming melts: II. The
MgO-CaO-SrO-BaO-ALO;-SiO, system. Sov. J. Glass Phys. Chem.,
1997, 23 (6), 416-28.

Priven, A. I. Calculation of the viscosity of glass-forming melts: III.
The AlLO-RO-ALO;-Si0; system. Sov. J Glass Phys. Chem., 1998,
24 (1), 19-30.

Priven, A. I. Calculation of the viscosity of glass-forming melts: IV. A
united method for calculation the viscosity of silicate and aluminate
melts, Sov. J. Glass Phys. Chem., 1998, 24 (1), 31-40.

Priven, A. I. A new equation for describing the temperature depend-
ence of the viscosity of glass-forming melts. Sov. J Glass Phys. Chem.,
1999, 25 (6), 491-7.

Priven, A. I. Evaluation of the fraction of four-fold-coordinated boron
in oxide glasses from their composition. Glass Phys. Chem., 2000, 26
(5), 441-54.

Khalimovskaya-Churkina, S. A. & Priven, A. 1. Calculation of the heat
capacity of oxide glasses at temperatures from 100 K to the lower
boundary of glass transition range. Glass Phys. Chem., 2000, 26, 531
40.

. Priven, A. I. Calculation of the viscosity of glass-forming melts: V. Bi-

nary borate systems. Glass Phys. Chem., 2000, 26 (6), 541-58.

Priven, A. I. Calculation of the heat capacity of oxide glass-forming
melts and evaluation of the heat capacity jump in the glass transition
range from chemical composition. Glass Phys. Chem., 2001, 27 (5),
435-44.

Hrma, P, Piepel, G. F., Vienna, J. D., Cooley, S. K., et al. Database and
Interim Glass Property Models for Hanford HLW Glasses. National
Technical Information Service, US Department of Commerce,
Springfield, 2001.

Demkina, L. I. & Loskutova, S. A. System of calculation of density,
refractive index and mean dispersion of lanthanium borate glasses by
their chemical composition. Fiz. Khim. Stekla, 1989, 15 (4), 717-25.
(In Russian.)

Priven, A. I. Calculation of the properties of oxide glasses and melts
from composition: problems and prospects. Glass Phys. Chem., 1998,
24 (2), 67-72.

Priven, A. I. & Mazurin, O. V. Comparison of methods used for the
calculation of density, refractive index, and thermal expansion of ox-
ide glasses. Glass Technol., 2003, 44 (4), 156-66.

Belousov, Yu. L. & Pushkareva, M. V. On the calculation of viscosity
of glass-forming silicate melts in wide range of compositions. Fiz.
Khim. Stekla, 1994, 20 (3), 349-60. (In Russian.)

253



52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

254  Glass Technology Vol. 45 No. 6 December 2004

Kozyukov, V. M. & Mazurin, O. V. Calculation of viscosity of soda-
lime-silicate melts. Fiz. Khim Stekla, 1994, 20 (4), 449-60.

Urbain, G., Cambier, F., Deletter, M., Anseau, M. R. Viscosity of sili-
cate melts. J Br. Ceram. Soc., 1981, 80, 139-41.

Zhdanov, S. P. On the ability of calculation of content of tetrahedral
boron in sodium borosilicate glasses from their composition. Dokl.
Akad. Nauk, 1974, 217 (3), 581-3. (In Russian.)

Yun, Y. H. & Bray, P. J. Nuclear magnetic resonance studies of glasses
in the system Na,O-B,0;-Si0,. J. Non-Cryst. Solids, 1978, 27 (3),
363-80.

Dell, W. J., Bray, P. J. & Xiao, S. Z. "B NMR studies and structural
modeling of Na,O-B,0;-SiO, glasses of high alkali content. J Non-
Cryst. Solids, 1983, 58 (1), 1-16.

Maslyuk, V. T., Doinikov, L. I. & Puga, P. P. Myuller’s structural mod-
els in statistical thermodynamics of glasses. Glass Phys. Chem., 2001,
25 (5), 428-34.

Budhwani, K. & Feller, S. A density model for the lithium, sodium and
potassium borosilicate glass systems. Phys. Chem. Glasses, 1995, 36
(4), 183-90.

Feller, S., Boekenhauer, R., Zhang, H. et al. Physical properties of
borosilicate glasses related to atomic arrangements. Chimika Chron.
New Ser., 1994, 23 (2-3), 315-21).

Kabanov, V. O., Yanush, O. V. On existence of structural elements of
definite composition in oxide glasses. Fiz. Khim. Stekla (Sov. J. Glass
Phys. Chem. ), 1987, 13 (4), 524-35). (In Russian.)

Pelton, A. D. & Wu, P. Thermodynamic modeling in glass-forming
melts. J Non-Cryst. Solids, 1999, 253 (1-3), 178-91.

Bottinga, Y., Weill, D. F. & Richet, P. Thermodynamic modeling of sili-

63.

64.

65.

66.

67.

68.
69.

70.

71.

WWW.sgt.org

.I. PRIVEN: CALCULATING THE PROPERTIES OF OXIDE GLASSES FROM THEIR COMPOSITION AND TEMPERATURE

cate melts. Thermodynamics of minerals and melts. Ed. by R. C. New-
ton, A. Navrotsky & B. J. Wood. New York — Heidelberg — Berlin,
Springer-Verlag, 1981, p. 207-45.

Nemilov, S. V. Thermodynamic and kinetic aspects of the vitreous
state. CRC Press, Boca Raton — Ann — Arbor — London — Tokyo.
1995, p. 213.

Shakhmatkin, B. A., Vedishcheva, N. M., Shultz, M. M. & Wright, A. C.
The thermodynamic properties of oxide glasses and glass-forming lig-
uids and their chemical structure. J. Non-Cryst. Solids, 1994, 177, 249~
56.

Shakhmatkin B. A., Vedishcheva N. M. & Wright A. C. Thermodynamic
modeling of the structure of glasses and melts: single-component, binary
and ternary systems. J. Non-Cryst. Solids, 2001, 293-295, 312-17.

Shakhmatkin, B. A., Vedishcheva, N. M., Shultz, M. M., et al. The ther-
modynamic modelling of glass properties: a practical proposition? J.
Non-Cryst. Solids, 1996, 196, 239-43.

Tischendorf, B. C., Alam, T. M., Cygan, R. T., et al. The structure and
properties of binary zinc phosphate glasses studied by molecular dy-
namics simulations. J. Non-Cryst. Solids, 2003, 316 (2-3), 261-272.

Kresse, G. Ab initio molecular dynamics: recent progresses and
limitations. J. Non-Cryst. Solids, 2002, 312-314, 52-9.

Cormack, A. N. & Jincheng Du Molecular dynamics simulations of
soda-lime-silica glasses. J. Non-Cryst. Solids, 2001, 293-295, 283-9.

Tang, Y. & Jiang, Z. Phase diagram model for the physical properties of
silicate and borosilicate glass systems: Density and refractive index
analysis. J Non-Cryst. Solids, 1995, 189 (3), 251-7.

MDL® SciGlass, version 6:0. MDL Information Systems, Inc., San
Leandro, 2003.



