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Experimental and thermodynamic modelling studies on the structure of alkali borate melts and
properties are discussed. A thermodynamic structure model for alkali borate melts is developed to
describe the distribution of structural groups in the alkali borate melts as a function of
composition. A qualitative interpretation for the boron anomaly in viscosity has been proposed,
which regards the boron anomaly as a manifestation of the various antithetical effects caused by
the introduction of alkali oxide into boric oxide. It has been found that the viscosity of alkali
borate melts increases or decreases according to the changes in rigidity and spatial connectivity of
the glass network structure, which is the function of temperature and composition. These concepts
with some key examples are discussed in relation to their usefulness and practicality in industrial
slags.
Keywords: alkali borate melts; structural model; activities; structural groups; viscosity;

Introduction
The classic structural work on borate glasses dates back to
Zachariasen1 and Warren et al.2, 3. The existence of the
‘boron anomaly’ in the thermal expansion coefficient vs.
glass composition curves for the sodium borate glasses
served as the basis in the early models for the structure of
the alkali borate glasses. Biscoe and Warren3 suggested that
the decrease in the thermal expansion coefficient between 0
and 16 mol% Na2O was the result of the progressive change
of boron from a three- to four-fold coordination as sodium
oxide replaced boric oxide in the glass composition. The
minimum of the thermal expansion coefficient at 16 mol%
Na2O was believed to be the result of an increase in the
concentration of non-bridging oxygen atoms and a decrease
in the concentration of tetrahedrally coordinated boron.
The NMR observations of Bray and coworkers4,5, which
indicated that the concentration of fourfold boron continued
to increase up to at least 30 mol% Na 2 O, raised
considerable doubt about the validity of this interpretation
of the earlier measurements. Bray et al. developed an
elaborate model for the alkali borate glasses, which
considers the principal types of structural sites.
From the melting-point depressions 6 and infrared
spectroscopy7, Krogh-Moe developed an idealized model
for the structure of alkali borate glasses and concluded that
alkali borate melts consist of four structural groups,
depending on their compositions: boroxol (B 3 O 9/2 ),
pentaborate (B5O8)-, triborate (B3O5)- and diborate (B4O7)2-.
The proportions of the threefold coordinated boron atoms to
the fourfold coordinated boron atoms in these structural
units are shown in Table I. Araujo proposed a statistical
thermodynamic model to calculate the fraction of boron
atoms that are in tetrahedral coordination in alkali borate

glasses as a function of composition and temperature8,9.
In the present study, based on reactions between
intermediate compounds, which are confirmed by the
spectroscopic studies in the literature, a thermodynamic
model is developed to describe the structure of alkali borate
glasses and simulate the distributions of structural species
in the sodium borate melt. In this model, complete types of
structural species, including (O-BO2/2)- and (O4-B2O1/2)4- as
basic units in alkali borate melts, containing 50% and 80%
nonbridging oxygen (NBO) respectively, and free oxygen
O2- containing 100% NBO (the ‘/2’ subscript is used to
identify the connection to two cations) are taken into
consideration in the entire composition range.

Structure model of binary borate melts
X-ray diffraction studies3,10 on vitreous boric oxide (pure)
have shown that the basic building units are (BO 3/2 )
triangles, which are linked with neighbouring ones by three

Table I
The structural units in the alkali borate melts

Structural units in alkali
borate melts
boroxol (B3O4.5)
pentaborate (B5O8)tetraborate (B8O13)2triborate (B3O5)diborate (B4O7)2(O BO2/2)-
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Ratio of threefold boron atoms to
fourfold boron atoms
3:0
4:1
6:2
2:1
2:2
1:0
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bridging oxygen atoms, thereby forming an almost planar
structure of continuous B-O-B bonds. The B-O bond
distance is 0.137 nm. The bonding distance between the
layer is ~0.43 nm11, which is a much greater distance; thus
the bonds are weaker. The strong B-O bonds within the
planar structure retain a two-dimensional configuration,
while the weaker inter-sheet bonds permit relatively easy
sliding.
The Raman spectrum of B 2 O 3 glass is perhaps the
strongest support for the concept of boroxol rings12, 13. The
peak at 808 cm-1 is ascribed to the symmetrical stretching
of the boroxol rings. As temperature increases, the intersheet distance increases, resulting in a decrease in viscosity.
Some research has shown that the equilibrium between
boroxol ↔ BO3/2 triangle shifts to the right with increasing
temperature 13 . Whatever the nature of the ring
configuration, the triangular connections in the B2O3 glass
do not make a very rigid structure.
Generally, sodium borate glass is treated as a binary
system. B2O3 is considered as a single component. The
activity data of boric oxide and sodium oxide for the binary
system are available in literature. In the case of structural
study, the binary system B2O3-Na2O can also be considered
as a multicomponent system composed of (B3O9/2), (BO3/2),
(B 5 O 8 ) - , (B 8 O 13 ) 2- , (B 3 O 5 ) - , (B 4 O 7 ) 2- , (O - BO 2/2 ) - ,
(O -4 B 2O 1/2) 4-, and O 2-. To calculate activities of these
structural species, relationships between these activities and
the activities of boric oxide and sodium oxide have to be
established.
NMR spectra reported by Youngman and Zwanziger14
and Hassan et al.13 indicate a structure for vitreous B2O3
with a 1:1 ratio of boroxol rings to boron trioxide unites.
Thus, the chemical component B2O3 is best represented by
the boroxol group and the boron trioxide group in terms of
structural species. Based on mass balance, the relationship
between B2O3 and (B3O9/2) as well as (BO3/2) is given by
[1a]

An equal amount of the same substance is represented on
each side of the above expression using two different
composition coordinate systems. The total Gibbs energy of
the system will not change with various composition
coordinate systems. From this, Equations [1b] and [1c] can
be obtained.
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aB5 O8 = K1 2 aB3 3O9 / 2 aO2 = K12 aB2 2 O3 aO2

[4b]

where K1* is the equilibrium constant for reaction [4a],
* and K1(=K1 K o5/6) is a combined equilibrium constant. K1
*
will be equal to K1 when K0 is equal to one. For simplicity,
the charge numbers are not included in writing the activity
Equation [4b] and other equations given below.
With further addition of O2- to the borate glass melt, the
tetraborate group content increases at the expense of the
pentaborate group. Every O2- converts two boron atoms
from B3 to B4, and the B3 to B4 ratio in the melt changes
from 4:1 to 3:1:
8( B5O8 ) + O2 − = 5( B8O13 )
−

2−

[5a]
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aB8 O13 = K25 aB5 5 O8 aO5 = K25 K15 aB42 O3 aO

[5b]

With the further addition of O2- to the borate glass melt,
the triborate group content increases at the expense of the
tetraborate group. Every O2- converts two boron atoms
from B3 to B4. The B3 to B4 ratio in the melt changes from
3:1 to 2:1:
3( B8O13 )
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+ O2 − = 8( B3O5 )
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aB3O5 = K38 aB8 8 O13 aO8 = K38 k25 K15 aB2 2 O3 aO2

[2b]

[6b]

As more O 2- is added to the borate glass melt, the
diborate group content increases at the expense of the
triborate group. Every O2- converts two boron atoms from
B3 to B4. The B3 to B4 ratio in the melt changes from 2:1 to
1:1:
4( B3O5 ) + O2 − = 3( B4O7 )
−

2−

[7a]

and
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aB4 O7 = K43 aB3 3O5 aO3 = K43 K33 K25 K15 aB2 2 O3 aO

K O is the equilibrium constant for reaction [2a].
Substituting equation [2b] into [1c], Equation [3] can be
obtained.
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10
−
B3O9 / 2 ) + O2 − = 2( B5O8 )
(
3

1

aBO3 / 2 = Ko3 aB3 3O9 / 2

[3]

and

Since each (B 3O 9/2) unit is in equilibrium with three
(BO3/2) units at any given temperature, and the equilibrium
may shift with changing temperature, hence, it follows that

( B O ) = 3( BO )

3

By the progressive introduction of alkali oxide into the
borate melts, boron atoms are partially converted from a
threefold coordination state (B3) to a fourfold coordination
state (B4). The distribution and concentration of complex
structural groups in the melt change gradually such that the
proportion of B4 in the melt increases progressively to a
maximum and then decreases due to the increase of nonbridging oxygen (NBO) in the melt. Initial addition of O2to the boroxol rings mainly leads to the formation of the
pentaborate group (B5O8)- by partially converting B3 to B4.
Every O2- converts two boron atoms from B3 to B4. The
formation reaction of the structural units can be expressed
as reaction [4a]:

1

2 nB2 O3 = n( B O ) + n( BO )
3 9/2
3/ 2

o
B2 O3

−1

aB3O9 / 2 = Ko 4 aB2 2 O3

[7b]

The diborate group is the structural group that can
accommodate the maximum number of B4. All the possible
positions for an oxygen atom to go into tetrahedral
coordination are filled. The borate glass melt cannot

MOLTEN SLAGS FLUXES AND SALTS

accommodate more O2- by the B3 to B4 conversion. Further
addition of O2- leads to the formation of the non-bridging
ionic species (O - BO 2/2 )-, designated as (BO 2 ) - for
convenience, and the breakdown of the borate glass
network, which lowers the viscosity. Every O2- converts
two boron atoms from B4 back to B3. Chain structures are
formed when a triangle unit is connected with its
neighbours only by two bridging oxygen atoms:

( B4O7 )2 − + O2 − = 4( BO2 )−
1

1

1

1

(

1

1

4

)

1
8

1

1

aBO2 = K54 aB4 4 O7 aO4 = K54 K412 K33 K25 K15 aB2 2 O3 aO2

[8b]

Thus, by the progressive introduction of the alkali oxide
into the borate melt, the formation of the non-bridging ionic
species (O 4 - B 2 O 1/2 ) 4- , designated as (B 2 O 5 ) 4- for
convenience, occurs, the ionization of the boron triangle
increases, and the number of bridging bonds per triangle
decreases:
2( BO2 ) + O2 − = ( B2O5 )
−

4−

[9a]

and
1
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 − X B O − 0.8399 
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The activities of B2O3 in alkali borate melts are given in
Figure 1. The activity of B2O3 in sodium borate melt at
1123 K can be expressed by a three-parameter Sigmoidal
equation11, with R2 = 0.9995:
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1

4

)

1
4

2
aB2 O5 = K6 aBO
a = K6 K52 K46 K33 K25 K15 aB2 O3 aO2
2 O

[9b]

By knowing Ki in Equations [4b] to [9b], aB2O3, and aO,
the activities of all the structural groups can be calculated
from Equations [4b] to [9b] respectively.
By E.M.F. measurements of binary alkali borate melts,
Itoh et al.15, 16 evaluated the partial molar Gibbs energies
for Na2O-B2O3, Li2O-B2O3, and K2O-B2O3 melts in the
composition ranges of B 2 O 3 to M 2 O• 2 B 2 O 3 with high
accuracy, compared to all available data17. Therefore, aM2O,
the activities of alkali oxides in the binary borate melts,
referred to the pure solid M2O, can be calculated from the
–
values of GM2O. The relative molar Gibbs energies and the
activities of B2O3 in the binary borate melts, referred to
pure B2O3, are derived with the help of the Gibbs-Duhem
relation:
X M 2 O dG M 2 O + X B2 O3 dG B2 O3 = 0

[10]

Figure 1. Activities of B2O3 in alkali borate melts (data after Itoh
et al.15, 16)

Figure 1 shows that when the mole fraction of B2O3 in
the sodium borate melt at 1123 K reduces from 1.0 to
0.667, the activity of B2O3 decreases from 1 to 0.023. From
0.667 to 0.0 of XB2O3, the activity of B2O3 will tend to zero.
Although the experimental data15,16 are available only in the
composition ranges 0 to 0.333 of X Na2O, the regressed
equation11 extended the activity values of B2O3 to the entire
composition range. Again, with the help of the GibbsDuhem relation, a smoothed curve of aNa2O vs XNa2O was
obtained, which made it possible to do further model
calculations and evaluate the distribution of structural
groups in the melt for the entire composition range. Figure
2 shows the activities of Na 2O and B 2O 3 in the binary
sodium borate melt at 1123 K as a function of in the entire
composition range.
Likewise, the activity of B2O3 in a lithium borate melt at
1198 K can be expressed as Equation [12], with R 2 =
0.9999:
aB2 O3 = 1.044 × 10 −2 +

(

)

0.9867
0.667 ≤ X B2 O3 ≤ 1
 − X B O − 0.8459 
2 3
1 + exp

0.0669



(

)

[12]

and the activity of B2O3 in a potassium borate melt at 1175
K can be expressed as equation [13], with R2 = 0.9995:
aB2 O3 =

1.0758

(

)

 − X B O − 0.8791 
2 3
1 + exp

0.0469



(0 ≤ X

B2 O3

)

≤1

[13]

Determination of equilibrium constants
To calculate the activities and the distribution of structural
groups in the sodium borate melt, the equilibrium constants
Ki for the above formation reactions given by Equations
[4a] to [9a] have to be determined. No proper Ki values can

Figure 2. Activities of sodium oxide and boric oxide as a function
of XNa2O at 1123 K
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Table II
The determined equilibrium constants for the sodium borate melt
at 1123 K
Equilibrium constant
K1
K2
K3
K4
K5
K6

Value
5.91731010
4.1675108
2.2146107
3.1310105
1.1031103
1.7639101

Equation
[4b]
[5b]
[6b]
[7b]
[8b]
[9b]

be obtained, however, from the literature or thermodynamic
databases because the thermodynamic data required are
either not available or are incomplete. Several authors have
attempted to calculate the distribution of structural groups
in alkali borate melts with a method similar to that of the
present study by considering the equilibrium between the
structural units15,18. They, however, have failed to present
correct formation reactions and to determine the proper Ki
values. Therefore, the activities of all the structural units in
the melts for the entire composition range have not been
presented correctly. As a result, these authors have assumed
that the alkali borate melts are ideal solutions. From the
activities of B2O3 in the binary melts, shown in Figures 1
and 2, it can be found easily, however, that the alkali borate
melts are far from ideal solutions.
In Equation [4b], aB5O8 and K1 are unknown. To solve
the two unknowns, an additional condition is needed.
Fortunately, there is a special condition available for
solving this problem. When we say that alkali borate
melts consist of boroxol (B 3O 9/2), pentaborate (B 5O 8) -,
tetraborate (B 8 O 13 ) 2 , triborate (B 3 O 5 ) - , and diborate
[B4O7]2- groups, we have recognized that the alkali borate
melts include all these stoichiometric compounds. That
is, the sodium borate melt is a solution mixture of liquid
boroxol, liquid pentaborate, liquid tetraborate, liquid
triborate, and liquid diborate.
According to the definition of activity, the activity of a
pure condensed phase, which is a liquid or solid phase, is
unity at one bar. For pure liquid pentaborate, the glass
formula Na2O•5B2O3 corresponds to the stoichiometric
composition of 16.67 mol% Na2O and 83.33 mol% B2O3.
This means that at this composition, the activity of the
pentaborate group referred to its pure liquid pentaborate
is unity and has a maximum value. Therefore, by
substituting aB2O3 and aO at 0.1667 XNa2O and 1123 K into
Equation [4b], K 1 can be calculated. K 1* can also be
determined if the relation of K 0 as a function of
temperature is known.
For pure liquid tetraborate, the glass formula
Na 2 O•4B 2 O 3 corresponds to the stoichiometric
composition of 20 mol% Na2O and 80 mol% B2O3. This
means that at this composition the activity of the
tetraborate group referred to its pure liquid tetraborate is
unity and has a maximum value. By substituting the
determined K1, aB2O3, and aO at 0.20 XNa2O and 1123 K
into Equation [5b], K2 can be determined.
Consequently, at the stoichiometric compositions that
correspond to the glass formulae Na 2 O•3B 2 O 3 ,
Na 2 O•2B 2 O 3 , Na 2 O•B 2 O 3 and 2Na 2 O•B 2 O 3 , the rest
equilibrium constants—K3, K4, K5, and K6—in Equations
[6b] to [9b] respectively can also be determined.
Therefore, all the equilibrium constants are determined
without any further assumption or adjustable parameters.
Each equilibrium constant has a fixed value determined
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Figure 3. Activities of structural groups in the sodium borate melt
as a function of composition at 1123 K

only by corresponding temperature, pressure, aB2O3, and
aO. All the determined equilibrium constants at 1123 K
are tabulated in Table II.

Results and discussion
Using the above Ki, aB2O3, aO and values at 1123 K and a
given composition, the activities of the structural groups in
the sodium borate melt referring to their pure liquid states
can be calculated respectively. Figure 3 shows the activities
of all the structural groups in the sodium borate melt as a
function of the mole fraction of Na2O at 1123 K in the
entire composition range. All of the compositions, at which
the activities of the structural groups reach a maximum,
exactly match the stoichiometric compositions of the
corresponding glass formula.
The activities decrease when the compositions are away
from the stoichiometric compositions of the corresponding
glass formula. This means that Equation [3] represents a
correct relationship between the two different composition
coordinate systems. Otherwise, the peak positions of the
activities would shift to the right or left of the
stoichiometric compositions.
At any composition between pure B2O3 and pure Na2O,
the sodium borate melt consists of more than one structural
group. For example, as it can be seen from Figure 3, at
0.333 of XNa2O, the melt is mainly composed of diborate,
triborate, and [O BO2/2] . Each structural group is only a
fraction of the sodium borate melt. At a given composition,

Figure 4. Effective concentrations of structural groups in the
sodium borate melt as a function of composition at 1123 K
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the higher the activity of a structural group relative to the
total activities of the structural groups, the higher the
effective concentration of the structural group in the sodium
borate melt. Therefore, the effective concentration of each
structural group in the sodium borate melt can be
represented by the activity fraction of the structural group.
The activity fraction of the structural group i, at a given
composition, can be expressed as the following equation:
fi =

ai

i=n

∑a

[14]

i

i =1

where f i is the activity fraction of component i. The
effective concentrations of all the structural groups in the
sodium borate melt as a function of the composition are
shown in Figure 4. Various structural groups are distributed
in different composition ranges. Between the compositions
of pure Na2O and pure B2O3, all of the activity fractions of
the structural groups are less than one. In the case of equal
activity coefficients for all components, the activity fraction
becomes the mole fraction. That is, the ideal solution is
only one special case of the non-ideal solution.
The initial introduction of the sodium oxide into the boric
oxide glass results in a significant decrease in the effective
concentration of the boroxol group. Simultaneously, the
effective concentrations of pentaborate, tetraborate, and
triborate groups start to increase at different rates. The
threefold coordinated boron atoms are partially converted to
the fourfold coordinated boron atoms. At about 0.2 XNa2O,
the effective concentration of the boroxol group is close to
a minimum. At 0.14, 0.20, and 0.27 of XNa2O, the effective
concentrations of pentaborate, tetraborate, and triborate
groups reach their maxima, 0.40, 0.34, and 0.41
respectively.
The activity fraction of the diborate group starts to
increase significantly from 0.20 XNa2O, reaches a maximum
value of 0.49 at 0.35 XNa2O, and then gradually decreases to
zero at about 0.60 XNa2O due to the B4 to B3 conversion by
NBO. The effective concentration of the [O BO2/2] group
that contains 50% NBO starts to increase at 0.20 XNa2O and
reaches a maximum value of 0.76 at 0.49 X Na 2O . The
activity fraction of the [O4 B2O1/2]4- group that contains
80% NBO first appears at about 0.40 XNa2O and reaches a
maximum value of 0.58 at 0.68 XNa2O. At over 0.5 XNa2O,
due to the excess of sodium oxide content, free oxygen O2appears, and the effective concentrations of other
intermediate compounds in the melt gradually decrease to
zero with the increase in XNa2O.
By summarizing the fractions of B3, B4, and NBO in each
type of the structural units, the total fractions of B3, B4, and
NBO in the sodium borate melt can be calculated by the
following expressions:
fB3 =

Σfi × (% B3 )
100

[15]

f B4 =

Σfi × (% B4 )
100

[16]

Figure 5: Fractions of B3, B4, and NBO in the sodium borate melt
as a function of composition at 1123K

Figure 5 shows fractions of B 3, B 4, and NBO in the
sodium borate melt as a function of the mole fraction XNa2O.
The fraction of boron atoms that are in tetrahedral
coordination in total boron atoms can be calculated as the
following:
N B4 =

f B4
fB3 + fB4

[18]

Compared with NMR results reported by Bray and
O’Keefe 4 and Svanson et al. 19, Araujo 9 calculated and
plotted the fraction of boron atoms in tetrahedral
coordination as a function of the composition of alkali
borate glasses. Their results compared with the calculated
values from the present model are replotted in Figure 6. The
present modelling result is in good agreement with their
results in simulating the increase of the fourfold
coordinated boron atoms as a function of the composition.
Figure 6 also revealed some uncertainty of quantification
between NMR measurements on the maximum and the
decrease of the fourfold coordinated boron atoms as a
function of the composition. The higher fractions of fourfold boron atoms resulted from previous studies are

and
fNBO =

Σfi × (% NBO)
100

where fi is the activity fraction of the structural group .

[17]
Figure 6. The fraction of boron atoms in tetrahedral coordination
in alkali borate glasses as a function of composition
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probably due to that low temperature was applied for the
measurements and calculation.
The present thermodynamic structure model is also in
agreement with Bray et al. and Krogh-Moe’s models,
which derived from NMR observations and from melting
point depression measurements respectively 20,21 . The
compositions, at which according to the present model the
boroxol group disappears, the maximum effective
concentrations of the tetraborate group and the diborate
group appear, and NBO first occurs, are in close agreement
with their results, although, it is impossible to compare the
concentrations of structural groups calculated in this study
with those from Bray’s work. This thermodynamic structure
model includes complete intermediate compounds for
sodium borate melt, covers the entire composition range,
and quantitatively explicates the equilibrium relations
between all the intermediate compounds.
It should be noted that the present structural model does
not assume the temperature independence of the structural
species of the melt. Araujo 8,9 and Vedishcheva et al. 22
studied the temperature dependence of structural species in
the borate melts. Some recent NMR studies 13 also
documented the structure changes with temperature. In this
study, the activities and distribution of the structural groups
in the sodium borate melt as a function of composition are
calculated using EMF experimental data at 1123 K. As we
know, aM2O is a function of composition and temperature. It
follows that the calculated distribution of the structural
groups in the alkali borate melts may change when aM2O
changes with temperature.
The method used in this study is very valuable. It may be
used for other binary systems with intermediate
compounds. The thermodynamic properties of these
intermediate compounds can be quantitatively estimated
from the corresponding properties of pure oxides.
Therefore, by using this method, the thermodynamic
databases can be enriched significantly with reliable
experimental data.

Structural interpretation of the boron anomaly
Silicate melts exhibit a smooth variation in physical
properties on changing the silica content at a constant
temperature23-26. On the other hand, alkali borate melts

Figure 7. Isothermal viscosities of alkali borate melts (data after
Shartsis et al. 27)
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exhibit a maximum and a minimum, or one of them, in
physical properties, such as viscosity, thermal expansivity,
molar volume, and other properties, with continuous
variation in B 2O 3 content. This phenomenon has been
discussed in detail27-29. Referring to the experimental data
of Shartisis and coworkers27, the isothermal viscosities of
alkali borate melts are plotted as a function of alkali oxide
content in Figure 7.
Between 800ºC and 900ºC, the viscosities of alkali borate
melts show minima at 10 mol% M2O and maxima at 20
mol% M 2 O. Since it seems that the boron anomaly
definitely does exist in the temperature range that the alkali
borate glasses are of Newtonian type, it would be
informative to study the relationship of the boron anomaly
and the structure of borate glasses. As Shelby20 has pointed
out the disappearance of the boroxol group, a maximum in
the concentration of the tetraborate group, the first
appearance of the diborate group, and the first appearance
of the (O-BO2/2)- group all occur at 20 mol% Na2O. Exactly
at 20 mol% sodium oxide, the viscosity maximum of the
sodium borate melts is found to occur. This strongly
suggests that there is a direct structural connection between
what happens at this composition and the presence of the
boron anomaly.
Shartsis and coworkers27 earlier postulated that at any
given temperature, there were two opposing tendencies
caused by the introduction of alkali oxide into boric oxide,
namely (1) the weakening effect of forming singly bonded
oxygen atoms and (2) the strengthening effect of forming
fourfold coordinated boron groups. They suggested that the
dominant action of the oxygen atoms introduced in the low
alkali oxide range was to break the B-O-B bonds and form
B-O bonds, which lowered the viscosity.
Some of the oxygen atoms introduced, however, might
also have formed fourfold coordinated boron groups that
would have had an opposing effect on viscosity. As more
alkali oxide was added, the equilibrium was shifted in the
direction of increasing the concentration of fourfold boron
groups so that the downward trend of viscosity was first
halted and then reversed. At high alkali oxide
concentrations, where all of the possible positions for an
oxygen atom to go into tetrahedral coordination are filled,
only the formation of singly bonded oxygen is possible, and
further introduction of alkali oxide can only reduce the
viscosity.
It can be seen from Figure 5 that, by the progressive
introduction of Na 2 O, boron atoms were gradually
converted from a threefold coordination state (B3) to a
fourfold coordination state (B4). The increased connectivity
in the network structure caused the thermal expansion to
decrease and flow-related properties to decrease, which
meant the viscosity increased. The concentration of the
fourfold boron continued to increase up to 0.31 XNa2O and
then was converted back to threefold coordinated boron.
The non-bridging oxygen in the melt only appeared at
above 0.2 XNa2O. Therefore, the monotonic increase of fB4
and no appearance of fNBO in the composition range of 0 to
0.2 XNa2O, shown in the present structure model, do not
support Shartsis and coworkers’27 postulation. There must
be some other reason that caused the viscosity minimum to
occur. An alternative explanation is needed.
Glass-forming B2O3 is regarded as a relatively strong
liquid. For oxide glasses in general, strong covalent
bondings prevent the structure from any drastic changes
when temperature is raised above glass transition
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temperature Tg. Above Tg the high degree of connectivity
results in high viscosity. The initial introduction of the
alkali oxide into the boric oxide melts, as Equations [4a] to
[7a] have suggested, does not lead to the appearance of
non-bridging oxygen in the borate melt.
However, it does result in the increase of bond ionization
and the disorder of the random network of the glass melt.
The bonds in the glass network are converted from strong
covalent bonds to weaker ionic bonds. This decreases the
bonding energy, in other words, the rigidity of the glass
network and the viscosity of the melt. After the conversion
of boron from a threefold coordination state to a fourfold
coordination state, all the oxygen remains bridging; the
extra negative charges on the fourfold boron groups are
satisfied by alkali ions M+ in the vicinity. The electron
transfer from the ions M+ occurs as a distributed charge
density over a large effective diameter of the structural
group, and is not localized between the M atom and any
specific oxygen.
Based on the above discussion, a qualitative
interpretation for the boron anomaly is proposed. Of course,
the validity of these interpretations is a matter of opinion.
The explanation is stated as follows:
The boron anomaly that appeared in the temperature
range in which the alkali borate glasses are of Newtonian
type, is a manifestation of the various antithetical effects in
equilibrium. At any given temperature and composition, the
structure of alkali borate glasses tends to change in two
opposing directions caused by the introduction of alkali
oxide into boric oxide and reaches an equilibrium between
the two opposing tendencies.
The dominant effect on the structure by the initial
introduction of alkali oxide into boric oxide is the
ionization of the covalent bonded network. Associated with
alkali ions in their vicinity, anionic structural groups, such
as pentaborate, tetraborate, and triborate, are formed.
Increase of the ionization of the covalent bonded network
and the disorder of the random network of the glass melt
reduces bond energy in the melt and causes the viscosity to
decrease. In the meantime, the initial introduction of the
alkali oxide leads to the conversion of the boron atom from
a threefold coordination state to a fourfold coordination
state. The increased rigidity and spatial connectivity in the
network structure tends to cause the thermal expansion to
decrease and the viscosity to increase. A lower temperature
or a higher alkali content is in favour of the latter effect. As
more alkali oxide is added, the structure-strengthening
effect of converting B 3 to B 4 outweighs the structureweakening effect of ionizing the bonds in the melt.
Therefore, the equilibrium is shifted in the direction of
strengthening the network structure so that the downward
trend of viscosity is first halted at 0.1 X Na2O, and then
reversed.
Although the concentration of the fourfold boron atoms
continues to increase up to 0.31 XNa2O, the upward trend of
the viscosity is halted immediately, once the non-bridging
oxygen in the melt occurs at 0.2 X Na2O. The structureweakening effect of the non-bridging oxygen outweighs the
structure-strengthening effect of converting B3 to B4. Visser
and Stevels 30 suggested that the effect of non-bridging
oxygen on decreasing the viscosity was larger than that of
converting B3 to B4 on increasing the viscosity. Therefore,
there is no justification for assuming that the effect of fB4
and f NBO on the viscosity of alkali borate glasses is

numerically equal but opposite in sign. As more alkali
oxide is added, the increased non-bridging oxygen breaks
the connection and rigidity of the network; therefore, the
viscosity of glass decreases.

Summary
Based on the thermodynamic considerations, a quantitative
structure model for alkali borate melts is developed to
describe the distribution of structural groups in the alkali
borate melts as a function of the composition. The
equilibrium relations between the activities of the structural
groups are quantitatively explicated over the entire
composition range. Fractions of threefold coordinated
boron atoms and fourfold coordinated boron atoms in the
sodium borate glass are calculated for the entire
composition range and compared with results reported in
the literature. A qualitative interpretation for the boron
anomaly in viscosity has been proposed, which regards the
boron anomaly as a manifestation of the various antithetical
effects caused by the introduction of alkali oxide into boric
oxide. At any given temperature and composition, the
structure-weakening effects of bond ionization in the glass
network and the bond break by non-bridging oxygen are in
equilibrium with the structure-strengthening effect of
converting boron atoms from the threefold coordination
state to the fourfold coordination state. The viscosity
increases or decreases according to the changes in the
spatial connectivity of the glass network structure,
governed by a dominant effect.
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