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Alkaline binary and ternary systems exhibit an anomalous dependence of
properties on composition, which varies with the individual networl; formers as
well as with modificalors. Most attention has so far been yiven to borate
anomalies. The present paper is concerned with the study of chemical dependence
of anomalies, using a comparative method on borate glasses (Part I), on silicate,
alkali-aluminosilicate and phosphate glasses (Part 11), and on germanate and
tellurate glasses (Part I1II). 4 list of symbols employed in all the parts is
enclosed to Part I. The phenomenological model has been studied within the
entire range of the vitreous state in terms of the volume characteristics, of
invariant points of phase equilibria, of thermochemical characteristics, and in
particular in connection with boundaries of cross-linking. With the exception
of the effect of combined isovalent ions a change in the | state’” of oxygens
has been found as the common feature of all the anomalies.

The borate anomalies are spread all over the range of the wvitreous state.
Houwever, they are concentrated above all at the relative standard compositions,
in particular at that of pentaborate. The pentaborate ratio, which exhibits a
minimuip of thermal expansion, a mintmum of tan §, a mintmum of activation
energy of viscous flow, and a mazimum of activation energy of the diffusion
processes (chemical resistance) is considered to be related to the change from
the ionic bond of oxygen atoms to a covalent one. In the transition between the
two structures there appears the contact effect as the change in ionic vibration
and that of Mie’s indexes m and n, and the subsequent change in properties.

INTRODUCTION. THE METHOD

The anomalies of thermal expansion of alkali-borate glasses were first pointed out
by Gooding and Turner in 1934 [40] although they had already been mentioned
earlier in the studies by Grenet [63] and Samsoen [64]. The anomalies have not so far
been satisfactorily explained. A survey of the theoretical concepts suggested so far
has been treated in detail by Némec [1], Fanderlik [2] and Vogel [3].

We have found that the borate anomaly is not unique and that similar anomalies
oceur also in other binary and ternary systems with respect to various properties.

This finding has motivated a complex study and new evaluation of anomalies and
their causes,aimed at their phenomenological chemical models.In this case, a chemical
model is understood to be a summary description of phenomena related to chemical
dependence of their properties. In a phenomenological chemical model one seeks the
relations between the changes of properties and the changes in chemical contposition,
the ehange from a cross-linked structure to a chain-linked one, the invariant points
of phase equilibria, the thermochemical characteristics, the types of bonds, the
changes in the coordination number, and the volume characteristics, with minimum
respect to the structural points of view. z
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The low-component (in particular binary) systems lie for the most part beyond
the boundaries of technical application. However, study of their anomalies is useful
asthey

a) affeot to various degrees also the 1nult1001nponent glasses,

b) delimitate and render more preocise the applioation of additivity in the interpol-
ation of properties from a given composition,

¢) are instructive in the chemistry of glass, as a relatively young field of science,
from the point of view of interdependenoce of properties.

The simple linear additive equation introduced by Winkelmann and Schott

4 = f(c) = Z giz; (1)

simplifies glasses as a mixture of oxides. Interpolation of properties from composition
according to equation (1) assumes an ideal linear relationship between property A4
and composition c.

Deviationsfrom an ideal linear course are here designated summarily as anomalies.
Comparative study of anomalies in various systems indicates that in spite of their
diversity, they have the common feature of involving a change in the ‘‘state” of
oxygen atoms.

The properties will be divided into the following three groups:

(i) The properties depending on geometrical arrangement and tightness of mass
particles. In a simplified way they will be called here geometrical properties. They
include density, refractive index, permittivity, and the secondary properties such as
Poisson’s ratio, elasticity moduli, miorohardness;

(ii) The properties showing a chemical dependence of activation energy.*) For
the sake of simplicity they are summarized here under the term aotivated properties.
They include diffusion phenomena, viscosity, electrical conductivity, chemical
resistance;

(iii) The properties specified in relation with vibration of particles (thermal
expansion, dielectric losses).

It has been proved advantageous to study relationships between the positions of
anomalies in the system and the invariant points of its phase equilibria. It should be
borne in mind that phasediagramsconcernequilibriumstates, while glasses are thermo-
dynamically unequilibrial systems. The relationships between changes in proper-
ties in conneation with phase diagrams have already been pointed out by Kurnakov
[4], Demkina [5], Winter [6], and more recently by Babcock [7]. A glass corresponding
by its composition to a compound in the diagram of phase equilibria has the lowest
entropy, while in the eutectic the entropy is the highest. At the boundaries of primary
phases or at the points of contact between two chemioally differing regions the glass
has therefore the greatest miscibility between the two adjacent phase fields.**) The
invariant points in the phase diagrams serve as suitable tools for precisioning topolo-
gically anomalous changes in properties (their extreme values, maxima, minima,
deflections) in terms of composition.

The co-ordination number y is usually changed together with the ratio of oxides
of uni- or bivalent metals to the sum of network-forming and intermediate element

*) The chemical dependence is understood here as a dependence on chemical composition of
glass, similarly to the temperature dependence, which is a dependence on temperature, and the
like.

*#) The term , miscibility” (ability of mixing) has been explained from the standpoint of
thermodynamics by Denbigh (4, cf. paragraph 1.17).
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oxides. The change in co-ordination number from y = 4 to y = 6 is revealed by
increased ionicity and by a change in geometrical properties. However, insofar as the
change of co-ordination number has not been proved experimentally (e.g. by the
NMR method) the changes in properties should be related to the change in y with
utmost caution only.

It has been found expedient to follow not only the course of chemical dependence
of property A4 but also its activation energy E 4, because activation energy responds
sensitively to the change in the “state.”

The change in entropy AS4 then indicates the degree of disarrangement and that
of miscibility.

E4 and AS4 were calculated from the following formulas:

— activation energy related to electrical conductivity |9]

B
E, =194

P [J . mole~1] (2)

where B is the term in the Arrhenius equation
B
— Pl 3
loge =4+ 3)

— activation energy of viscous flow [10]

B’I‘

= = - |
E, = 2303R - A [J . mole~1] (4)
— change in entropy of viscous flow [10]
BT
= TR . -1, 5
AS, = 2.303R T — 7oy (J . mole—1] (5)

The volume charaoteristics [11] then will be used for studying
(1) molar volume Vy defined by the equation

V= Weld [em3. mole~1) (6)
where Wy is the mean molecular weight of glass
We =3 Wiy, (7)
(2) unit volume V; related to 1 gramatom of oxygen (cm3/gramatom O)
] (no?:z)m i

The unit volume shows whether the entering cation M contracts the structure or
distracts it. Its reciprocal value

1
No = — 8
o= (8a)
expresses the density of spatial arrangement of oxygen atoms. Ray [12] has pointed
out the existence of a relationship between V, [or Ng] and the course of some pro-
perties.
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(3) Molar refractivity Ry [cm3] describes the relationship between d, np and Vi
and the changes in its course indicate in some cases the changes in the constitution
of glasses (in optical spatial arrangement).

(4) Total refractivity of oxygens Eo [cm3] is a measure of the mean size of oxygen
mass particles in the occupied glass space. It is given by the relation

By —2 (mm); fo 2y
0= . 9)
, Z(nokfi
The values of ionic refractivity E; have been taken over from the study by Bacanov
[13]).

The change in Eg in terms of composition may also indicate a region of changes in
glass constitution. 1

According to Gladstone and Dale [14] the relationship between density and
refractive index is specified by the values of atomn refractivity R, after Young and
Finn [15]; they are a measure of the deformability of ions.

The degree of cross-linking is of considerable significance for the study of anomalies.
Its value is specified by

(a) the ratio of atoms (gramatoms) of electropositive element M to all the oxygen

atoms (gramatoms) present in the glass. It is calculated from the formula suggested
by Blau [16]:

(mar) py

Ny—M:0—_ W _ (oo (10)
5 (mo)pu  L(mo) my
Wn

(b) the number of bridging oxygens ¥ and non-bridging oxygens X in the poly-
hedron according to Stevels [17], [18], (19);
(c) the degree of cross-linking v, after Kiihne [20]:

P (F'y(mp); my
) Smy(my); |NWF + NWD %.(027) mop
" 2 (L7(mg); m) 5 [(0O*)xwr+nwD + (02 )mop]
Zmy(my); |MOD "

where F'; is the bond strength (z/a2 or U or ey or X) of oxide 7 [21],

my is the mole %, of oxide 7,

(mm)s is the number of atoms M in z-th oxide My,0,,.

The anomalies. in the system Na,0—B,0; have been studied most extensively,
and for this reason they will serve as a basis of comparison for other systems.

The main efforts in the study of anomalies, in particular borate ones, have been
recently concentrated rather more at the use of modern physical methods and at the
effect of melting process than at the investigation of changes in properties in terms
of compositions. »

The studies provided the following main findings:

(i) B(III) co-exists in the glass in two coordination numbers y = 3 and y = 4 as
structural units (BO3) and (BOs).

(ii) The (BO,) tetrahedra are formed continuously with increasing MO content up
to 30—40 mole %, M,O0.

(1ii) The anomalous changes are suppressed by melting in vacuo while the extreme
values of changes in propertics are completely eliminated [22].
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However, the studies in question have not provided explanation of the borate
anomaly. None the less, they should be taken into account in the construction of the
chemical model. ,

Anomalies arise distinctly in binary systems and less distinctly in ternary systems.
The anomalous changes in the course of properties in terms of composition are
suppressed by introduction of further components. Anomalies have been found
only in systems containing, apart from the oxide of a network-forming or an
intermediate element, also oxides of univalent and bivalent elements acting as
oxygen donors. Anomalies do not arise in binary systems composed solely of oxides
of network forming elements.

The calculations carried out in the present study were based on the system of data
tabellated by Mazurin [23].

THE ANOMALIES IN BORATE GLASSES

a) Description of the chemical dependence of anomalies in various
properties

In the case of alkali borates the anomalies have been studied within a comparati-
vely wide range of properties, so that more detailed information is available than
that on the anomalies in other binary systems.

Binary systems of alkaline borates are suitable for the study of anomalies owing
to the wide range of vitreous state including the regions of cross-linking and chain-
-linking.

Thegupper glass forming limit in the systems Na,0—B,03; and K,0—B,0; is
38 mole %, and.34 mole %, respectively [24], [25] in the B, eutectic region (1 : 1/1 : 2).

Anomalies are exhibited by borates of all alkali metals as well as of elements with
formal valency I such as Ag, Tl, and some elements with valency II such as Ba, Pb.

The following points should be elucidated before a chemical model of borate
anomalies can be constructed:

1. the difference in the effects of cations on anomalies,

2. the part played by the two co-existing coordination numbers of boron in
anomalies,

3. the effect of melting in vacuo,

4. localization (topology) of anomalous changes in terms of composition,

5. the causes of inversions in properties.

The analysis will be concerned simultaneously with the systems Na,0—B;0;
and K,0—B,0; for which adequate amounts of tabellated data are available.

In spite of the identical formal valency, Na(I) and K(I) show the following
differences:

(a) in coordination number y

y(Na) = 6, (8),
y(K) = (6),8;
(b) in the value of effective radius 7;

rf©®Nal] = 0.102 nm, 7| ©@KI] = 0.138 nmn,
7[®Nal] = 0.110 nm, 7 ®KI] = 0.151 nm;
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¢) in deformability
ionic refractivity [13] Ri[Nal] = 0.47,
R[K!] = 2.24,
atomic refractivity [15] Ry[Nal] = 4.75,
Ry[KI] = 8.25;

(d) in electron structure: Nal is an s-element of the short period, K! is an sdyp-ele-
ment of the long period (with unoccupied d-orbit);

Ro Ruy
{cm:"f ftm‘}f
KS)
§ 4 355 4100
o
=
~
€
=
=
125 - 350 4 95
12,4 4 345 4 90
12,3 - 340 4 85
12,2 - 335
2,1
12,0
| L 1
0 10 20 30 40

NaZO [mot %]

Fig. 1. Volume characteristics (V1, Ry, Ro) in the system NoaO—B30s.
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(e) Both elements in the system M,O—B,0; differ in the phase equilibria diagrams
as well as in the number and positions of invariant points (Table I and IT).

The best known anomaly of borate systems is that of thermal expansion. With

increasing Na,O content the & decreases up to 16.7 mole 9, Na,0, and then increases

with further increase in Na,O content (Figs. 4, 5). However, this anomaly is not
unique.
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Fig. 2. Geometrical properties in the system NasO—B30;; d [37], np [37], u [42], B [50].
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Table 1
Invariant points in the Na,0—B,0; phase diagram [72]
B Sk S i i NaZO l B203 e
*No. Phase Na,0/ B,Oy t°C — Ngs
e = mole 9%, ]
Na,0 . B,0; (o 1:1 966 49.902 50.098 0.566
Na;0. 2 B;0; C, 1:2 742,5 33.540 66.460 .571
3 Na,0 . B2O; -+ By 1:1 740 34.476 65.524 0.567
+N820.2B303 1 .2“
4 Na0 . 2 B;O; E, 1:2 722 29.772 70.228 0.584
4 Naz0. 3 B20; 1:3
5 | NaO.3B;0; R 1:3 766 25.123 | 74.877 | 0.599
Na,0 . 3 B,O; + Pr 1:3 766 26.078 73.922 0.596
+ Na;O .4 B203 ‘_1_4_
Na,0 . 4 B;0; Cs 1:4 816 | 19.995 80.005 0.615
2 Na,0 . B,0; Cs 2:1 625 : 66.632 33.368 0.400
1 kE— = — — 5 95 0.655
1T Na,0 . 5 B,0; — 1:5 — 16.7 83.3 0.624
111 2 Nay0 .5 B;0; — 2:5 — 26.3 73.7 0.595
Table 11
Invariant points in the K;0—B,0; phase diagram [73]
) o | - K;0 B:O
No. Phase Pro- | g o/Ba | t°C 0 | B Ns
cess 1o o/
mole %, -
K;0 . B,0; (of IRl 950 50 50
2 K,0 . B,0; + E, 1:1 787 37.97 60.03 0.554
+ K0 . 2 B,0s Tio
3 K;0 . 2 B,0; C, 1:2 815 33.3 66.7 0.571
K.0 . 2 B,0; + E, 1:2 770 30.73 69.27 0.581
+ K20. 3 B20; 1:3
b K;0 . 2 B,0; + K, 1:2 825 27.14 72.86 0.593
4+ K20 . 4 B20s 1:4
6 | K:0.4B,04 Cs 1:4 857 15.6 84.4 0.628
7 K,0 . 4 B,O; + K, 1:4 780 16.67 83.33 0.625
+ K30 .5 B;0; 1:5
8 K20. 2 B;0;3 + ME 1:2 752 29.82 70.18 0.584
+ K;0. 4 B,0; 1.4
9 «K20.5 B2O; 4 MKC 1:5 760 — — —
+ K,0. 4 B;0Os 1:4
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M. B. Volf:

All the properties of borate systems with M(I) and M(II), with the exception of
specific heat and thermal conductivity, exhibit anomalous non-additive courses of
chemical dependence. The anomalies are topologically dispersed throughout the
range of vitreous state. The anomalous changes show a shape that is characteristic
for the individual properties: (A) a sharp inverse V-shape (maximum or minimum),
a) narrow or b) widely open, (B) positive or negative deflection shape U a) shallow
or b) outstanding.

Borate anomalies are related in literature to the twin coordinating number of
boron and to co-existence of (BO3) and (BOy) building units.

The two possible co-ordination numbers were found first by Biscoe and Warren [26]
by X-ray diffraction and their conclusions have been borne out by the method of
nuclear magnetic resonance by Silver and Bray [27] and by Bray and O’Keefe [28].

700
H00
SOU

Lty

5 10 5 20 25 30 735

Na,0 {mot % |

Fig. 4. Properties in the system NazO—B,0;; thermal expansion coefficient a, a) 20—300 °C
(65), b) — 196 to 20 °C [66]; the course of transformation temperature tg; m.i. = metastable
immascibility {68].
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Fig. 5. Properties tn the system Na;O—DB,03 in regions of relative compositions II and III (1: 56

and 2 : 5 respectively); H — microhardness {22}, {60]; A, B, To — constants in the Vogel-
Fulcher-Tamann’s equation [80], « [40]; tan & [62].
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The formation of the two coordination units has been explained by Krogh-Moe [29]
as follows:

Atom B(III) in its base state has the electron configuration 12[K)2s22p?[L). One
of the s electronsin the outer orbit may be exoited into state p, so that three electron
oouples may be formed by combining with three oxygens producing (BO3). However,

T T T
06 |- ; .

pO

0,4 i L 1
0 10 20 30

Nazo[%]

Fig. 6. Acidobasicity in the system Na,0—B,0; [58).

T TR T T T I 1]
130 R

2,8 1

26 | i

Va [ cm‘}jI

2,4
12,2

. 120

11,8 ) .

1 I 1 1 i 1
0 5 70 15 20 25 30 35
Na,0 [mol %]

Fig. 7. Vy in the system Nu,0—B:0; [22] in samples (a) annealed, (q) quenched; (v) quenched
Jrom vacuum-melted glass.
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Oxygen Anomalies of Oxide Glasses 1

the B(1II) atom may accept still another couple of electrons into the remaining free
p orbit. This produces the (BO4) unit with an additional negative charge.

The studies yielded the finding that the (BO4) building units multiply in borate
glasses gradually with increasing content of monovalent alkaline oxides roughly up
to 33 mole %, M;0 according to the curve described by the Beekenkamp equation [30]

T
(1—x) (12)
I+ exp (11.5 2 — 4.8)

[BO.] =

where 2 is the molar fraction of alkali metal oxide.

Ry FRo
. : 3 3
T
150 |- H T [em”] | [cm®]
-{104- 36
D)
E
S
o 74,5
on
o
S 10,3+ 35
X
14,0
102 4 34
13,5
{1071
13,0,
—{100
12,5
1 1 1 99

0 10 20 30 40
K;0 (mol.%]

Fig. 8. Volume characteristics in the system XK,0—B;05 (Vi, B, Bo)-

The base building units, triangular planar pyramids (BO3) and tetrahedra (BOa),
are not distributed statistically throughout the borate glass matrix, being aggregated
in defined groups, chain-linked or cross linked formations [31], [32].
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The anomalous changes take place:

a) in the region of invariant points of phase equilibria;

b) by introducing alkali metal ions into energetically variously advantageous
points in the glass constitution, which has its effect on the course of volume charac-

teristics;

0,300
0298
0296
0294
0292

(1290
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r T T T

0 5 0 15 20

KQO/mOL%/

44
€ [MPg]
40

30

1,510

1,505
nD

1500

1465

4 1«0Q

16854
1«30
14/

1470

Fig. 9. Geometrical properties in the system XK,0—B,05: d [37], np [37], pu [79], E [49].

o) most distinctly in the regions of three relative points, e.g. in the system
Na,0—B,0; at relative compositions at I. 5, 11. 16.7, I11. 26.26 mole 9, Na,0.¥)

The invariant points of phase equilibria in the systems Na,0—B,0; and K,0—B,05
are listed in Tables I and II.

*) ,,Reference or relative composition™ is defined here as a compound of definit chemical com-

position, to which the change in properties is referred (or related).
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The maximum volatilization in both systems is exhibited by compound 1 : 2 [33].

In the system Na,O—B;0; the maximum viscosity corresponds to coumpounds 1 :3
and 1 : 4 [34]. Eipeltauer and Schaden [80] found extreme values of the constants:
in the VFT equation for triborate and tetraborate, namely a maximum for constant B
and a minimum for constants 4 and o (Fig. 5). The water-extraction minimum lies
at the 1:3 compound.

1 )

280

200
5 .,-/_—_
y 0
|
- |
i
|
N \ J
o
60 F =1
5 i
|
|
50 b Es ‘1

I
Ep Leg mar

<0k 1 L ! I | 1 A

0 5 10 15 A0 25 B 35

«,C[mor %]

Fig. 10. Activation energies in the system K20—B,0s3: Ej, [55], Eqa [63], Ey [86]; o [12].
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The maximum of viscous flow activation energy (I'ig. 3b) and that of the chemical
resistance activation energy (¥ig. 3a) is situated at the composition corresponding to
compounds 1 : 3 and 1 : 4; thisis in an agreement with the findings by Kurnakov [4]
and Dembkina [5] that the highest bond strength occurs in the regions of compounds
in the phase equilibrium diagrams.

In contrast to that of viscosity, the course of activation energy of electrical con-
ductivity does not exhibit any extreme changes in the system Na,0—B,0; (Fig. 3a).

In the system K,0—B,03, extreme viscosity characteristics have been established
at the compound 1 :2 [36]. The volume characteristics likewise show anomalous
courses (IMigs. 1, 8).

The course of Vy decreases continuously with increasing Na(I) content while
in the case of K(I) the course is similar but exhibits an additional distinct deflection
between 30 and 32 mole %, K,O.

In Na-borates, V, at first decreases steeply (the structure contracts), between
12 and 28 mole 9%, Na,O there is a calin zone containing two shallow flat minima
at 14 to 16 mole 9, and 26 to 28 mole 9, Na,O respectively, that is approximately at
points of relative compositions 11. and III. Above 28 mole %, Na,O, the V; shows
a sharp increase (the structure expands).

In K-borates, the V, shows a dilferent course similar to that of V; in the systems
Na,0—Si0, and Na,0—GeO,. Introduction of K(I) brings about a merely brief

-decrease up to 4 mole %, K,O (relative composition I).

Molar refractivity Ry in Na-borates and K-borates decreases with incrasing M,0
content; with K-borates, a deflection arising at 28 mole %, K,O is similar to that of
Vi (relative composition I11). Because RBum for relative compositions 1 and IT in the
systems Na,0—B,0; and K,0—B,0; decreases continuously, this is taken as
evidence that no profound geometrical reconstructions take place, that the optical
filling up of space does not show any abrupt changes leading to extreme values,
and so that only the  state” of oxygens is varied. Total refractivity of oxygens Ro
in Na-borates shows at first a curved decreasing course and from 12 mole % Na,O
upwards a mildly curved increasing course. A local sharp peak arises at 12 mole
% Na, 0. With K-borates, Ro increases continuously from the beginning, showing
merely a slight disturbance at 16 mole 9%, K;0. A minimum of the mean size of
oxygens therefore arises only with Na-borates. With K-borates the mean size of
oxygens increases continuously with increasing K,;O content.

The course of volume characteristics differs from that of properties and activation
energies in that, although being not linearly additive in some instances, it does not
exhibit any distinct extreme changes that could be qualified as inversions. The
transitions of volume characteristics are continuous.

To the volume characteristics there are linked up the geometrical properties:
density, refractive index, permittivity, Poisson’s ratio and the Young s modulus of
elasticity in tension (I'igs. 2, 9).

Both density and 1efract;1ve index have an S-shaped course with two shallow
peaks which are more distinet with K-borates. The results obtained by various
authors in the system Na,O—B,0; for density [37], [38], [39], [40], [41], [42], [43],
[44], [45] and refractive index [37], [39], [41], [43], [46] and in the system K,0—DB,0;
for density [37], [38], [45], [47), [48], [49] and refractive index [37], [46], [48] are in
a quite satisfactory agreement. At temperatures above ¢g the peaks and densities
are shifted towards higher M,0 contents. Permittivity has not so far been measured.
The Poisson’s ration g [42] shows a more varied course than ¢ and np, showing
2 minima and 1 peak with Na-borates at (—) 10, (4-) 18 and (—) 25 mole %, Na,O
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and with K-borates at (—) 10, (4) 18 and (—) 28 mole %, K,0. Modulus of elasticity
in tension was measured in the system Na,0—B,0; by Fanderlik [50], in the system
K,0—B,05; by Nemilov [51]. In both systems the course is rather monotounous
showing a slight S-shaped curving free from extremes (Figs. 2, 9). In the case of
activated properties the courses of chemical dependence for Na-and K-borates are
similar.

With all the glasses in the systems M,0—B,0; the course of log p is roughly
parallel. At first, log o decreases steeply towards 5 mole %, M,0 (relative composi-
tion II), then decreases slowly towards 26 mole 9%, M,0 (relative composition region
II1). Activation energy E, was calculated for Na-borates using the values by Schu-
karev and Mjuller [562]. £, exhibits a peak at 4 mole %, Na,O (relative composition I),
attains a calm course beyond 26 mole %, (relative composition I1I) and shows no
changes further on. An almost parallel course is further exhibited by the curve of
activation energyv I, for K-borates, which has been calculated from the values of
log ¢ according to Markin and Mjuller [53]; however, the curve has no initial maxi-
mum. The standstill section is attained at 23 mole 9, K,0. No local changes in
resistivity occur at relative composition II.

The course of viscosity curves for all the systems M,0—B,03 is almost parallel
with the initial minimum between 5 to 10 mole % M,0 in the region of relativa
composition I while a maximum occurs at around 20 mole 9%, M,O [54].

In the system Na,0—B,0;, the chemical resistance to water [55] expressed by
total extraction loss, is of U-shape with minimum extraction loss at 25 mole 9%, Na,O.
Its activation energy shows a single maximum at 17 mole 9%, Na,O, that is at relative
composition II [55]. A similar course has been established in the system K,0—B;0;
with a minimum extraction loss at about 20 mole 9, and with an activation energy
maximum at 16 mole %, K,0. The maximum separation into immiscible phases lies
at relative composition II [56], [57] (Fig. 4).

The basicity as measured by Duffy and Ingram [58] shows a marked steeper
increase between relative composition II and 20 mole %, Na,O (Iig. 6). The basicity
was not measured in the system K,0—DB,0;.

As regards the position of anomalies, it should be stressed that not all the anoma-
lies are located precisely at the points corresponding to relative compositions, their
position being somewhat shifted. Appen [39] pointed out that in such cases the
shift may be due to traces of certain structures corresponding to local composition
in the glassy constitution. The extreme values of the changes, if the course is flat,
are likewise difficult to ascribe precisely to a certain composition. Moreover, deter-
mination of a change in property in terms of change in composition was carried out
in series and larger composition intervals then would be required just in the neigh-
bourhood of relative points. The author has attempted to locate more accurately the
extreme points by approximating the values by means of multiple polynomials and
to determine the extreme values mathematically; however, the procedure has also
not provided more satisfactory results. This is why use is made here of so-called
relative points which are supporting compositions (corresponding to certain stoichio-
metric compounds) towards which the anomalies converge. Anomalies of different
properties need not coincide by their extreme values with all the relative points
(I, IT, IIT). The extreme values of chemical dependence of the property and of the
respective activation energy likewise need not always coincide (e.g. in the case of
chemical resistance). This can ‘be easily understood because the various properties
depend to various degrees not only on structure given by the geometry of spatial
layout of particles or their groups, but also on whether the respective property
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depends more on the nucleus or on the electron envelope of the atom, on the degree
relaxation effects are involved, etc.

The most distinct anomalies are those perta,mmg to relative compositions II
and III. The changes in properties occur here in the following three forms:

(A) as bends (with microhardness);

(B) as sharp, narrow, locally limited, fast disappearing extremes (with tan 4,
with constants of VFT-equation (4, B, T%) and with the change in the entropy of
viscous flow ASj, and likewise with activation energy of chemical resistance);

(C) as widely open extremes (the minimum of thermal expansion coefficient).

The various shapes imply that various mechanisms are involved so that they
should be dealt with separately.

The chemical dependence of microhardness H exhibits two changes on annealed
samples in the system Na,0—B,0;. Tomlinson [60] found a sharp V-minimum at
4 mole %, Na,O (i.e. at relative composition I), Everstein [22] reported a bend at
relative composition II at 18 mole %, Na,O. Then follows the smooth part of the
curve terminated by an inflection at 30 mole %, N.O. The bend at 18 mole %, Na,O
corresponds to inflection of ¢z, which is in agreement with the observation by Dou-
glas [61] according to which the hardness of glass is related to viscosity.

A marked narrow sharp V-shaped minimum is exhibited by dielectric losses in
the system Na,0-B,0; [Stevels 62]. Electrical conductivity does not show any
parallel extreme. Dielectric losses have not been measured in the system K,0—B,0;.

The chemical dependence of the coefficient of thermal expansion o converges
continuously towards relative composition 1I (Figs. 4, 10) as pointed out by a number
of authors for Na-borates [40], [63], [64], [65], [66] as well as for K-borates [48], [67].
On introduction of M0, « first decreases to a minimum at 17 mole %, M,0 (relative
composition II) and only then increases similarly to the case of commercial silicate
glasses. The anomaly of thermal expansion disappears in the transformation interval
region. At very low temperatures in the range of —196° to 420 °C Uhlmann and
Shaw [68] found that the chemical dependence of o has the shape of a very wide U
with one side branch decreasing and the other increasing, but free of any distinct
convergency towards relative composition II. Thermal expansion of glasses melted
in vacuo has not been measured.

It should be stressed that the anomaly of thermal expansion is not an exclusive
property of alkali borates. It also arises with phosphate glasses, in invert silicate
glasses, germanate glasses and tellurate glasses. This anomaly disappears when
other oxides are introduced into binary glasses. The fact that there is no co-existence
of coordination numbers in the binary systems where the thermal expansion anomaly
has been established (invert glasses, phosphate glasses, tellurate glasses), contrary
to the borates, allows to assume that the thermal expansion anomaly is not generally
related to the twin coordination number and that another chemical model of these
anomalous phenomena has to be seeked. It is assumed that the proved twin co-ordina-
tion of boron provides conditions for a wider variety of combinations of (BOi) and
(BO,4) units in various borate groups which are considered to have the nature of
compounds. These ,,compounds” in the polymer structure of borate glasses differ
mutually in oxygen bonds, acidobasicity, the freedom of vibration of mass particles,
the freedom of alkali metal ion transport and in spatial arrangement of the structural
units, while, on the other hand, the chemical dependence of the given characteristics
in borate glasses remains similar to, if not identical with that in borate compounds,
so that it is possible to seek a topological relationship of anomalies with the diagrams
of phase equilibria, with relative composition, with known borates; when taking
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into account the similarity or diversity of the chemical relationships of borate ano-
malies with those of the systems, it should be possible to construct a phenomenological
chemical model on the basis of chemical topology.

b) The relation of anomalies to the chemistry of alkali borates

It appears advantageous to simplify the problems by specifying the relative points
of anomalies by correlating them to chemical compounds (with the exception of
relative composition I), namely to pentaborates:

pentaborate 1 : 5
dipentaborate 2 : 5.

One of the possible approaches to the explanation of borate anomalies is seen to
be based on the chemical nature of pentaborates of alkali metals and their hydrates.

Lithium pentaborate 1 : 5 is known as anhydride [69] and constitutes a phase in
the system Li,0—B,0;.

Sodium pentaborates 1:5 and 2 :5 have not been established by Morey and
Merwin [70] as independent phases. Milman and Bouaziz [71], however, have establi-
shed the existence of incongruently melting Na;O.5 B;O; in the subsystem
Na,0.4 B,0;—B;0; and the existence of incongruently melting 2 Na,0 .5 B,0s in
the subsystem Na,O . B,0;—Na,0 . 4 B,0;.

Sodium pentaborate 1:5 is not known in anhydrous state. Its decahydrate
Na,0 . 5 B,05. 10 H,0 however, is formed spontaneously from a mixture of borax
with boric acid [31]. The extremes in the course of the chemical dependences of
properties in the system Na,0—B,0; are proportional to the content of H,O in
vitreous borates. On the other hand, the extremes are suppressed and eventually
completely eliminated by melting in vacuo (Fig. 7).

Anhydrous sodium dipentaborate 2 : 5 is not known. Its composition is close to
the eutectic K [1:2/1: 3] [72] and it is difficult to decide which extreme values of
Na-borates in relative composition III should be attributed to the compound or
rather to the eutectic. The proximity of pentaborate 2 : 5 composition to that of
eutectic E; is illustrated in Table 1.

Three modifications of anhydrous potasium pentaborate 1 :5 are known. The a
and B forms melt incongruently above 760 °C [31] while only the y-modification is
metastable at all temperatures. K,0 .5 B,0; forms a stable poorly soluble octo-
hydrate. The anhydride is comprised as a phase in the system K,0—B,0; [73].

Potasium dipentaborate 2 : 5 is known in the form of pentahydrate only. Anhydride
is neither a separate phase nor a separate compound [73].

As crystalline pentaborate hydrates give up their water molecules gradually and
with unequal ease, Atterberg [74] assumed that the molecule of pentaborate, e.g.
NaB;Og .5 H,O should be more correctly described by the chemical formula
NaH,B;O0y, . 3 H,0. According to this assumption, four hydrogens should be directly
built into the molecule as bound to oxygen.

When speaking about the pentaborate ratio 1:5 or 2:5, on does not consider
pentaborate as a stoichiometric molecule, but as a condition for the formation of a
polyanionic stable polymer.

The conditions under which borate polyanions arise are known from the chemistry
of borates. At relative composition I1 boroxol groups composed of (BOs), prevail in
borate glass. The (BO,) units improve the stability of borates, but ouly under certain
conditions: '
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1. The ratio of (W B to the total number of B(III) must- be equivalent to the ratio
of the anion charge to the total number of boron atoms and has to be expressed by
integers. The pentaborate ratio Na,O : B,0; is therefore converted to the ratio
@B : 3% B(III). -

2. Stability of the borate polymer is increased only when the ratio of 4B to
2 B(I1I) is expressed by a small integer (1 or 2). This is why only two relative com-
positions arise, namely IT and III.

3. If the ratio WB : % B(III) does not comply with the two previous conditions,
no stable polyanion can be formed. The anomalies concentrated at relative composi-
tions IT and IIT fade away in both directions.

4. Hydrogen bonds have to be present if a stable polyanion is to be formed under
the conditions mentioned above. Formation of the polyanion is facilitated by the
presence of OH-groups.

Compounds containing hydrogen bound to oxygen are known to show a strong
tendency to association. Preparation of anhydrous glasses of the system Na,0—B,03
by melting without evacuation is extremely difficult if not impossible. They are
usually melted from a mixture of H;BO3; with Na,B40;. Sodium tetraborate keeps
2 moles of H,0 even at melting temperatures under normal pressure [31].

It is assumed that the pentaborate ratio arises in the presence of bonds with
hydrogen bridges as an associated component e.g. from tetraborate and boric oxide.

The conception of additive formation of pentaborate from tetraborate and B,O;
is further substantiated by Raman’s spectra, by means of which Konijnendijk [32]
determined tetraborate groups in glasses remelted in vacuo situated before relative
composition II. The shortage of hydrogen bonds arising during melting in vacuo
does not allow formation of the stable polyanion.

Polymeration changes continuously the constitution of vacuum-melted borate
glasses, the vitreous state is not impaired, the constitution is continuously strength-
ened, so that no local anomalous extremes in the course of properties arise. Moreover,
vacuum melting brings about introduction of the (BO4) polar groups, the structure
becomes more , ionic”, as indicated by the increase in basicity [568], and the type of
oxygen bonds, which will be dealt with below, is also subject to continuous changes
free from any extremes.

Association is probably likewise of significance in the formation other alkali
borates, as relative point II in the system K,0—B,0; also lies at the 1 : 5 ratio.

This hypothesis of topological identity of relative compositions, suggested by the
present author, is in agreement with the conception of structural groups proposed, by
Konijnendijk [32] and Zachariasen [75]. In a pentaborate group one polar (BOj)
tetrahedron is surrounded by four planar (BOs) ones.

The resulting two rings (I) and (II) lie in mutually perpendicular planes [75]. (BO4)
plays the part of the central ion. The structural group has 4 unsaturated bonds and
represents a ‘‘composite tetrahedron” capable of spatial networkforming. This
structural group constitutes a nucleus even for dipentaborate with 5 unsaturated
oxygens, which contains two (BOs) tetrahedra (Fig. 11). Both structural formulae
of pentaborates are of course only hypothetical, being far more complex in the
presence of OH-groups.

Both relative pentaborate compositons (II) and (III) divide the system
Na,0—B;0; into the following three sections:

(I) According to our conception, roughly up to 10—:12 mole %, Na,0, Na(I) occupy
preferentially energetically advantageous positions in borate glass composed of
boroxole groups (BOs),. The boundary of 10—12 mole %, Na,O is demarcated by
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terminating contraction and terminating steep decrease of V;. Monotonous course
of Vy in vacuum-melted glasses likewise begins at this boundary (Fig. 7). This is
also where the phase separation starts. The constitution of borate glasses comprises
their cyclic chains up to relative composition II, corresponding stoichiometrically to
pentaborate, in the presence of hydrogen bridges which are a necessary factor for
the formation of the polyion.

(II) Between relative compositions II and III, i.e. between pentaborate and
dipentaborate, Na(I) acts mainly as an oxygen donor. Basicity increases, and the
structure is abruptly transformed from a chain-linked into a spatially cross-linked
one.
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B—o” O—B\
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G 5

Fig. 11. The structure of the pentaborate entity 1:5 and 2 : § according to [32] and [75].

(III) Beyond the third relative point there occurs an extended band of changes
between 22 and 28 mole %, Na,0. Mass particles of Na(I) are linked to the lattice
similarly to the silicate lattice. Electrical conductivity does not undergo any further
changes. The formation of (BO,) tetrahedra decreases strongly between about 33
and 40 mole % Na,0. Within this third region the structure of Na-borate glasses is
similar to that of sodium tetrasilicate by its three-dimensional cross-linking in the
presence of non-bridging oxygens.

Although the conception of the nature of structures in the respective three regions
cannot be proved by direct measurement, indirect evidence is provided by the course
of chemical dependence of some properties.

The fact that the division of the system Na,0—B,0; into three sections can be
demonstrated visually on optical absorption in the presence of CoO, CuO and
Mn;0;, has so far been disregarded. With all these ionically colouring oxides the
colouring is markedly intensified above 16.7 mole % Na,O. In the case of glasses
coloured with cobalt oxide, the colouring passes with increasing Na,O content
from pink through violet to intensive blue colour. Below relative composition II of
pentaborate the absorption is centered in an asymmetrical band at 550 nm with a
secondary peak at 520 nm and a very faint band at 1200 and 1500 nm. Beyond
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the 1 :5 pentaborate the absorptive intensity increases significantly, the 1200 nm
band disappears, those at 550 and 1500 nm are shifted and split into three distinct
peaks. At about 30 mole 9%, Na,0 the absorption begins to resemble by its course
that of CoO in silicate glasses. The changes in absorption were studied and explained
by Brodie [76], verified by Aglan and Moore [77] and by Bamford [78]. A similar
course of absorption has also been established in the system Na,0—FP;0O:s.

Division of the system Na,0—B,0s into three sections has further been borne out
by acidobasicity according to Duffy and Ingram [58]. In sections (I) and (III) the
course proceeds almost parallel with increasing Na,O content, while region II
exhibits a steep increase in basicity.

The division of the system Na,O—B,0; into three sections by two relative points
is finally very well demonstrated by the course of viscosity as shown in the interesting
study by Kaiura and Toguri [79]. Using the values by Eipeltauer and Schaden [80]
the present author calculated the activation energy E, (Fig. 3b). In region (I) the
activation energy rises stecply and continuously. Section (II) is characterized by
a static course between 17 and 20 mole %, Na,O. In section (III) the activation energy
again rises mildly showing a maximum at 22 mole %, Na,O in the region of compound
C:, 1:4.

Uhlman and Shaw [68] and Kaiura and Toguri [79] pointed out the interesting
relation between #, (in equation VFT) and ¢z (both in °C) in the given three regions.
Above relative point II (about 17 mole %, Na,0) both ¢, and ¢ exhibit close values up
to relative point III. At lower Na,O concentration (in region I) the ¢, values are
much lower than those of ¢z, and vice versa in region III, as indicated by Table III.

Table I11
Values of ¢, tz and At
Na20 1) tg At g
mole % °G °C °C Region
0 —273 250 —523 I
5.45 —93 271 —364
10.2 +155 304 —149
i 17.2 +-397 374 +23 I
' 21.9 +451 413 +38
5 27.1 4-453 430 +23
' 33.3 +513 433 +80 I

¢) The mechanism of anomalies of borate glasses

Relative point I, which has not so far been dealt with, lies between 4 and 6 mole 9,
Na,O in region I. A sharp minimum of microhardness H [60] and a maximum of
log o [39] lie in its proximity. A similar anomaly is encountered also in other binary
systems at the onset of entry of a modifying (Na, Zn) or intermediary element
(Al, Ti), e.g. into a silicate network; this anomaly will be treated in more detail in
the discussion in part III.

An analogy of the inverse change in properties at the relative compositions, in
particular in the case of the 1 : 5 pentaborate, occurs in the isoelectric point.
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The isoelectric point is the designation of pH in solutions containing identical

oncentrations of ions with positive and negative charges in an amphoterous electro-

Ivte. In the isoelectric point the share of non-dissociated ampholyte attains a maxi-
mum and the proportion of ampholyte split into ions is at a minimum.

The isoelectric point is a significant physico-chemical characteristic. A number
of transport properties (viscosity, diffusion, electrical conductivity) attain minimum
values at the isoelectric point.

In borate glasses (as well as in other systems showing anomalies of the same type)
a similar situation occurs at the boundary contact of two structures: chain-linked
and cross-linked. According to our conception, oxygens of different , states” are in
contact at this boundary.

Having followed the position of elements with prevailing ionicity and those with
prevailing covalency in the M—O bonds along two different branches of the V-pheno-
menon [21], [81] the present authoi tried to seek the cause of anomalies in changes
of the bond as indicated by the inverse changes in properties.

In free state, an oxygen atom has the electron configuration 1s22s22p4. The
stable electron structure of the ncarest rare gas neon 1s22s22pS can be achieved in
various ways (cf. e.g. 82):

(a) by accepting two electrons which yields oxidic anion O2-. The oxygen is then
bound by an electrostatic ionic bond. This is the case of some oxides and glasses
with a three-dimensional, co-ordinated spatially linked network, insofar as the
glasses contain modifying elements of very low electronegativity, requiring a very
low energy for their ionisation. The resulting bond is

M — foQio — B,

(b) In a non-coordinated chain-linked mono-or bidimensional structure, oxygen
is bound to the M atom by a simple covalent bond and in a stable octet structure of
a rare gas shows one excess negative formal charge, M—O-. This formally negative
charge is equalized by the same formal charge in B(III) so that an electrically
neutral molecule is formed (M—¢t0Qco—BIII),

Our explanation of the inversion of properties is based on the conversion of the
oxygen bond from the ionic form to the covalent one, so that the oxide, with
respect to its responses, quantified by the partial molecular additive factor gy, is
transferred from its position along branch (I) of the V-phenomenon onto branch (II),
along which elements with prevailing M—O covalent bond are situated.

Insofar as there exists a continuous spatial network, glass (below fg) represents
a structurally ionic solution where ,,the solvent” is the glass network with ionically
built-in modifying elements.

However, as soon as the spatial network turnes into linear or cyclic chains, the
polymer ceases to act as solvent and mass particles of alkali metals and alkaline
earths elements acquire a ,,covalent” bond with oxygen. In the spatial network,
Na* act as ions in a solidified solution, in a chain-linked constitution the Nal exist
in covalent bonds with oxygen as in molecules.

Correctness of this hypothesis, which is based on the knowledge of two possible
oxygen bonds in general inoragnic chemistry, is borne out by the fact that inversions
and anomalous changes occur even in other instances at the boundary between
crosslinked and chain-linked glassy constitution, e.g. in the system Na,0-—SiO;
(transition to invert glasses) and in the system Na,0—P,0s, as shown below.

In Weyl’s words [83], the relative composition II glass passes from the region
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corresponding to Bernal’s liquid into that corresponding to the Frenkel’s type
liquid. At relative point II the properties show various effects.

The course of tan ¢ is similar to that of the isoelectric point. There is a sharp
deep minimum (Fig. 5) disappearing rapidly in both directions. Dielectric losses are
usually related to enharmonic vibrations. At the point of relative composition there
arises a great change in the entropy of viscous flow AS;. This can be explained by
the assumption that at this point, and at this point only, there is present the same
amount of oxygen O~ belonging to the chain-linking region and of oxygens 0%~
belonging to the cross-linking one. Oxygens of both bond types increase the enharmo-
nicity. The minimum of tan & therefore represents the contact effect at this point.

[Ngl—O _BrO
i [
No-04Si— O | 0—Si— 0 1No*
Na -0 jo/
- - -ar
Na - 0 0 ]
N
B-0 B—0 <Na'
Na - 0 O/ J
—Nol—Oﬁ . -2_0 g —,
I N |
P—O P—O1Nd
1
(Na - 07 VO// J

Fig. 12. , Covalent” and | tonic” M—O bond in structural units with central elements Si, B and P.

The viscosity characteristics show extremes in both relative points. At relative
point 11, activation energy E; exhibits a smooth course, while the change of entropy
ASy; has a maximum. If a high entropy is regarded as a measure of increased mis-
cibility this thermodynamical conception is in agreement with the change in activa-
tion energy. In contrast to this, activation energy attains a maximum at the 1:4
compound, where the degree of arrangement is the highest.

The thermal expansion coefficient o has a quite different course. It converges
from the side of chain-linking as well as from the cross-linking one towards relative
composition IT forming a rounded minimum in the range of pentaborate, where
both branches are widely open. This fact allows to assume that the mechanism
involved differs markedly from the previous contact effect. An explanation can be
found in Mie’s equation relating « to the Griineisen’s constant [81].

In regions II and III, Na* is bound ionically, electrostatically to O2-. If in the
region I Nat is not bound to O2- but to OXI-, the Coulombic attractive and repulsive
forces cease to be effective, and the coefficients m and n in the Mie’s equation con-
verge towards zero value.
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In region II and III the e holds the Mie’s designation

m+n+3  x3aV
6 A

(13)

where y is the Griineisen’s constant. Both ¢p and ¥y do not show any abrupt changes
with changing composition.

In region I, as a result of m — n — zero, the lefthand expression, and thus also
the Griineisen’s constant y, converge towards the value of 3/6, i.e. 0.5, so that the
term on the right-hand side must also decrease, proportionally with the cubic
expansion coefficient involved. ;

Beyond relative point II the | state’ of oxygens changes, ionic bonds arise, and «
increases with increasing Na,® content.

A minimum thermal expansion coefficient may arise generally as a result of the
following three reasons:

(a) at the contact of two different (incompatible) structures, a chain-linked and a
cross-linked one,

(b) in the region of separation into immiscible phases,

(c) when groups with a non-polar bond are present together with those with
a polar one.

With borate glasses the given three causes are superposed and mutually supple-
mented. With other systems, the «-anomaly may have only one cause.

Local disarrangement of oxygens is probably responsible for slowed-down diffusion
and reduced extraction losses. However, the Na(I) particles as donors of oxygen
required for the formation of (B@®,) remain free since the donor-acceptor relation
results in weaker bonds only, if M(I) is bound via a non-bridging oxygen (85). In its
part of oxygen donor, Na(l) retains in region 11 the ability of transmitting current,
so that no marked anomalics in electrical conductivity arise at relative point II.
Electrical conductivity increases continuously without showing any extremes.

SUMMARY ‘

The phenomenological chemical model of borate anomalies may therefore be
described as follows:

In the absence of @H-groups polymeration in the systems M,0—B,0; proceeds
uniformly without exhibiting any extreme changes of properties.

A pulse is necessary to bring about distinct anomalous changes in the chemical
dependence of properties. Such a (chemical) pulse is provided by hydrogen bonds.

(3) B!Has acceptor obtains one oxygen from the coordinating envolope of oxygens
from Na(I) which acts as a donor. (B®,) units are also formed apart from the planar
(B®;) units.

Up to 16.7 mole %, Na,® (up to relative composition 11), B,®3 forms cyclic boroxol
groups (B@®s),. Their stability is increased by (B®,). The sharing of oxygens between
(B®s3) and (B@,) results in their joining, which promotes polymeration. The condition
for the formation of a stable polyanion (a conception taken over from the knowledge
of borates) is that the ratio of ¥B to all the B(I1T) atoms should be expressed by
a simple ratio of integers and that strengthening occurs only when the “molecule”
contains only small amounts of (B@®,) (1 or 2). Stability of the polyion is promoted by
hydrogen bonds. If the ratio of ¥)B to X B(III) is not cxpressed by simple integers
(between ratios 1 : 5 and 2 : 5), the stable polyanion is not formed. This is why the
anomalies are bound to a narrow composition range around the relative points.
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At the point of the pentaborate ratio, there occur simultaneously two polymeric,
bond-incompatible structures, the chain-linked structure and the cross-linked one.
The two incompatible structures are probably the cause of phase separation which
attains a maximum at the 1:5 ratio.

At a 1 :5 ratio the change in entropy increases and a higher miscibility occurs.
The contact effect is similar to the isoelectric one.

The change of properties at the boundaries of two structures in the direction
opposite to that of the cross-linked ,structure is expained by a change in the
oxygen bond from its ionic type to the covalent one.

The further polar units of (BO,) arising beyond the 1 : 5 ratio only increase the
ionic nature of the polymer. Beyond the 2 : 5 ratio the constitution of alkali borate
glasses is similar to that in the systeni Na,0-—Si0,.
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List of Symbols

A property; constant in the Arrhenius—type equation

B constant in Arrhenius-type equation

¢ . composition

€p specific heat under constant pressure [J . g~ K-1]

c a compound as invariant point in phase diagram

d density [g. om3]

2D summary capability of a system as oxygen donor

ey dissociating energy (related to 1 mole volume) [J . m—3]

E eutectic; modulus of elasticity in tension

E, activation energy related to electrical conductivity [J . mole—1]
E 4 activation energy related to property 4 [J . mole?]

By activation energy related to chemical resistance [J . mole—1]
E, . activation energy related to viscosity [J . mole~1]

ft partial molar fraction of oxide #; X f; = 1

F; bond strength in the #/; — O bond

9 partial additive molar factor

H microhardness [MPa]

K congruently melting composition (in phase diagram)

m Mie’s index of attractive forces

ny content of z-th oxide, in mole %,

(mu):  the number of atoms of electropositive element in i-th oxide M;;Og

M electropositive element

@M=  electropositive element with formal valency z and coordination number y
MD modification transformation

M congruently melting metastable eutectic

MKC  metastable congruent melt

M@D  modifying element

n Mie’s index of repulsive forces

ny refractive index

(no)y  the number of oxygen atoms in i-th oxide

No volume characteristic-density of oxygen atoms contained [O . em~3]

NWF  network-forming element

NWD network dwelling (intermediate) element
Ny Huggins’ symbol for the M/O ratio

-0 non-bridging oxygen

+0 bridging oxygen

ioQ oxygen with jonic bond

co() oxygen with covalent bond

0~ ionically bound oxygen

ou- atomary bound oxygen

DM amount of oxide M;0, in 9, by wt.
P peritectic

7 effective ion radius [10-1° m]

R gas constant; invariant decomposition point
Ry molar refractivity [em3]

Ry atomie refractivity

R ionic refractivity

Ro total refractivity of oxygens [em3]
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ASy change in entropy of viscous flow

t temperature in °C

to constant in the VFT equa,tlon (in °C)

T temperature in K

To constant in equation VFT (in K)

U Magnus’s lattice energy

Un Kiihne’s degree of cross-linking

Va volume characteristic — molar volume [om3 . mole~1]

Vi volume characteristic — volume related to 1 gramatom of oxygen [em3/gram
atom O2-]

W;, Wa molecular weight of 4-th oxide of electropositive element M

We mean molecular weight of glass

¥ content of 7-th oxide in glass

X electronegativity; Stevels’s symbol for number of non-bridging oxygens in
the polyhedron

Y coordination number

Y Stevels’s symbol for the number of bridging oxygens in the polyhedron

z charge; formal valency

z/a? strength of electrostatic field

thermal expansion coefficient [10-6 K-1]
surface tension [10-3 N . m—1]
Griineisen’s constant

permittivity

ratio of oxides

compressibility

resistivity [Q . em]

indexes %, j desighate ¢-th or j-th oxide

DX PN R

KYSLIKOVE ANOMALIE OXIDOVYCH SKEL I
Milog Bohuslav Volf
Sklo UNION, kp, Skidrny Kavalier, Sdzava

Alkalické bindrni a terndrni systémy jevi anomélni zdvislosti vlastnosti na slozeni, a to rtizné
u jednotlivych sifotvornych prvku i u riznych modifikdtort. Nejvice jsou dosud prostudovény
anomadlie boritanové. Cilem préce je studium chemické zdvislosti anomélii srovnévaci metodou
u skel boritanovych (¢4st I), u skel kfemiitanovych, alkalicko-hlinito-kfemiéitych a fosforeéna-
novych (East II), a posléze u skel germaniGitanovych a telluri¢itanovych (¢ast III). Symboly ke
véem Cdstem jsou zafazeny za st I. Fenomenologicky model je studovéan v celém rozsahu
skelného stavu k objemovym charakteristikdm, k invariantnim bodam fézovych rovnovéh,
k termochemickym charakteristikdm, a zvl4&t& k hranici trojrozmé&rného zesiténi. S vyjimkou
efektu kombinovanych ionta byla u vech anomélii nalezena jako spoleény znak zmé&na ,,stavu‘‘
kyslikt.

Boritanové anomadlie jsou rozloZeny v celém rozsahu skelného stavu. Soustfedujf se viak
hlavn& ke vztaznym sloZenim, zejména k pentaboritanu. Pentaboritanovy pomér, ve kterém lezi
minimum teplotni roztaznosti, minimum tang J, minimum aktivaéni energie viskozniho toku
a maximum aktivaéni energie difiiznich pochodii (chemické odolnosti), je spatfovan ve vztahu
ke zmén& jontové vazby kyslikt na kovalentni. Na pfechodu mezi ob&ma strukturami se projevi
jako stykovy efekt zména vibraci iontt & zména Mie-ovych indext m a n a ndvazné inverze
vlastnosti.

Fenomenologicky chemicky model boritanovych anomélii maZeme popsat takto:

Za nepfitomnosti OH-skupin probihéd polymerizace v systémech M;O—B:03; plynule bez
extrémnich zmén vlastnosti.
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Aby doslo k vyraznym anoméalnim zmé&nam v chemické zévislosti vlastnosti, je tfeba impulsu.
Timto (chemickym) impulsem jsou vodikové vazby.

(3)BII jako akceptor ziskavé jeden kyslik z koordinaéni slupky kyslikiu od Na(I), ktery pusobi
jako donor. Vedle ploénych jednotek (BO;) vznikaji také jednotky (BOs)-

B;0; do 16,7 mol. % Na,O (do II. vztaZného sloZeni) tvo¥i cyklické boroxolové skupiny
(BO3)s. (BOs) zvyBuje jejich stabilitu. Sdilenim kysliki mezi (BO3) a (BOs) dochézi k jejich
spojovani, coz podporuje polymerizaci. Aby vznikl stabilni polyaniont (pfedstava, kterou pfiji-
mdame ze znalosti boritani), je nutné, Ze pomér B ke viem atomum B(III) musi byt vyjadien
jednoduchym pomérem celych &isel a Ze ke zpevnéni dochézi jen pii malém mnozZstvi (BOs)
v ,,molekule’ (1 mebo 2). Stabilitu polyiontu podporuji vodikové vazby. Neni-li pomér
@B: X B(III) vyjadien jednoduchymi celymi &isly (mezi pomérem 1 : 5 a 2 : 5), ke tvorbé stabil-
niho polyaniontu nedochézi. Proto jsou anomadlie vazény na 1izké rozpéti sloZeni kolem vztaznych
bodu.

V misté pentaboritanového poméru se stykaji dvé polymerni, vazebné& nekompatibilni struk-
tury, zietézend a prostorové zesiténd. Ob& nekompatibilni struktury jsou patrné pii€inou fazové
separace, kterd pii poméru 1 :5 dosahuje maxima.

PFi poméru 1 :5 se zvySuje zména entropie, dochazi k vyssi smésitelnosti. Stykovy efekt se
podobé izoelektrickému efektu.

Zména vlastnosti na hranici dvou struktur opanym smérem nez u struktury zesiténé je
vysvétlitelnd tim, Ze se méni vazba kysliku z iontové na kovalentni.

Nad pomérem 1:5 dalsi vznikajici polarni jednotky (BOs) zvy&uji pouze iontovou povahu
polymeru.

Nad pomérem 2:5 se podobd stavba alkalickoboritanovych skel stavbé skel v systému
Na;O—Si02.

Obr. 1. Objemové charakteristiky (Vy, Ry, Ro) v systému Na,0—B20s.

Obr. 2. Geometrické viastnosti v systému NaO—B,03; d [37], np [37], p [42], E [50].

Obr. 3. Aktivované vlastnosti v systému Na0—B;03; a) Ey [55], B, [podle 52], ASy [podle 801;
b) E, [podle 80].

Obr. 4. Viastnosti v systému Na,0—B;03; koeficient. teplotni roztaZnosti o; a) 20—300 °C (65),
b) —196 az 20 °C [66]; pribéh transformacni teploty tg; m. 1. = metastabilni tmmiscibi-
lita [98].

Obr. 5. Vlas[molti v systému Na,0—B,0; v oblasti 11 a 111 vztainého slotent 1:5a 2:56; H—
mikrotvrdost [22],60]; A, B, To — konstanty ve Vogel- Fulcher-Tammannové rovnici [80],
a [40]; tang § [62].

Obr. 6. Acidobasicita v systému NayO—B,0; [58].

Obr. 7.V v systému Na0—B,0; [22] w vzorkd (a) chlazenych, (q) prudce ochlazeniych (v)
prudce ochlazenych z taveniny tavené vakuové.

Obr. 8. Objemové charakteristiky v systému K,0—B:03 (Vy, Ry, Ro).

Obr. 9. Geometrické vlastnostt v systému K,0—B,03; d [37], np [37], p [49], E [49].

Obr. 10. Aktivované vlastnosti v systému K2:0—B103: Ey, [55], Ey [53], E, [86], « [12].

Obr. 11. Struktura pentaboritanové entity 1: 56 a 2 : 6 podle [32] a [75].

Obr. 12. ,,Kovalentni'‘ a ,,tontovd‘‘ vazba M—O v strukturnich jednotkdch s centrdlnim provkem
Si, Ba P.

KUCJHOPOOHBIE AHOMAJIUU OKCUJTHBIX CTEKOIL
Mimonr Borycaas Bonns(

Crao-Y nuon, kony. npednp. Craapnse Hasaauep, Cazaca

Mlenouynnic GuHapHLIC M TCPIAPHLIC CHCTCMLI HPOABIAIOT AHOMAJLHLIC 3aBMCHMOCTH OT
¢OCTaBa, OTJHYAIONCCSI ¥ OTACHLHLIX CTPYKTYPUPYIOIUIX DJIIGMCHTOB M Y Pa3HLIX MOMI(iI-
rxaropoB. o cux nop Hanbodiee 110}(pobHO H3yyeHn! OopaTHiie aHOMaIuu. Jleasio npeiarae-
Moii pabOTHl SIBJACTCS HCCJICNOBAIME XIMUYCCKON 3aBMCHMOCTH aHOMAaJMIl ¢ IIOMOIULIO
CONOCTABHTEILHOIO METO/la Y OOpPaTHLIX CTCKO: (4acTh 1), ¥ CHINIKATHLIX, TEIOYHOAIIOMO-
CHIIMKATHBIX M QocaTHEIX cTexoy (uacTh IT), 11 y repMaHATHRIX M TEINIYPAHATHLIX CTEKOJI
(uacTs ITI). CuMBOJBL M CCHUIKHM KO BCCM YacTsiM NPHBOJSITCS B KOHME nepBoif gacti. MeHo-
MEHOJIOTHYCCKAsI MOJEND HCCJEHLYCTCsI B 110JIHOM JIHana3oHe CTEKIIOBHIHOIO COCTOSAHIISI B OT-
HomenuH K oOBCMHLIM XapaKTCDHCTHKAM, K HHBAPUAHTHLIM TOYKaM ()a80BLIX paBHOBCCHH,
K TCPMOXHMMUCCKHM XapaKTEpHCTIKAM, a HMEHHO K JIpefie)laM Tpexpa3MepHOI'o CTPYKTYpI~
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poBanus. 3a uckiouenuneM d@dexra KoMOMHNPOBAHHEIX MOHOB Yy BCeX aHOMalHil OnLIo
YCTaHOBJICHO B KauccTBe o0niero npus3HaKa M3MCHCHHC ,,COCTOANMA'Y KHCJIOPOJOB.

Bopunie asoMaiiui pacloOMeEABl B 1HIOJIIOM JHANa30HC CTCKIOBMIHOIO €OCTOSHUSL.
OjtHaKO OHN COCPEJOTOUMBAIOTCH IWIABHLIM 00pa3oM K OTHOCHTCALHHIM COCTABAM, HMMCHHO
K neHrabopaty. IleaTaGopaTHoe OFHOLICHIE, B KOTOPOM JCXKHT MIHIMYM TCMIEPaTYPHOIO
pacIpeHIs, MUHHMYM tangd, MHHIIMYM SHCPrHIl aKTHBAlUH MJIACTHYECKOro TCUCHM
J MaKCHMYM 9YBEpIrHM aKTHBaYMH NponeccoB puddysmis (XHMIUCCcKol ycToliunBocTH), 3a-
KJIIOYACTCH B OTHOIMCHHMHM K 113MCHCHIIIO HMOHHOJ ¢BA3I KHCJOPOJIOB B KOBaJICHTHYIO CBA3b.
Ha nepexojie Mexcry o0enMu CTPYKTYpaMil IPOABIACTCA B KiUCCTBE KOHTAKTHOrO addexra
uaMeHeHue BOpaliyii MOHOB 1 #3MCHCHEC [IOKa3aTedIeli /n 11 n ¢ 10CJIe/0BaTCIILHOI HHBepCenei
cBoiicTB. ClleioBaTe)ihbHO, (JEROMCHOJIOTHYCCKYIO XHMHUCCKYIO MOJ(CIh OOpAaTHLIX aHOMAJIIf
MOKHO OMHCATh CJeyloniM obpasoM:

B orcyrerBun OH-rpynm nosmmepnaaiuts B cieremax M20—1303 npoxojuiT BEenpepniBHO,
(ez dKCTpPEMAJILHBIX M3MCHCHMIE cBolicTB. [last pe3axknx aHOMAJILHLIX M3MCHEHHIT B XHMI-
UCCKOI 3aBICHMOCTH CBONCTB HYMEH HMNYJbe. TaKHM (XMMHYCCKHM) HMIIYJIBLCOM CIYIKAT
BOJIOPOJIHLIC ¢BH3IL.

Puc. 1. Xaparmepucmuru o6vema (Vi, Ry, Ro) ¢ cucmesme Na20—DB20s.

Puc. 2. I'eostem punecrue ceoiicmea ¢ cucmeme Na:0—B20s3; d [37], np [37), n [42], I [50].

Puc. 3. Axmusupoganmwle ceoticmea ¢ cucmese Na:0—B203: a) 154 [55], Ea [coenacro 52),
ASy [cozaacro 80); Iy [coeaacro 80].

Puc. 4. Coolicmea ¢ cucmese Na:0—B,0s; koafiuyuerm mesnepamyprozo pacutuperus
a) 20—300 °C [65], b) —196—20 °C [66]; x0od memnepamypsl npesepaujenus tg;
M. U = MEMAcmabuabias ummucyuobuavrocmy [68].

Puc. §. Cooticmea ¢ cucmesme Na,O0—DB203: ¢ o6aacmu I1 w I1I omuiocumeavrozo cocmasa
1:6u2:6; I — murpomeepdocmyv (22], [60); A, B, T'o — koncmanmu ¢ ypagre-
nuu Mozea— Dyavzep—T asmanna [80), « [40]; tang § [62].

Puc. 6. Kucaomo-ocrosrocmy ¢ cucmeme Na20O—B203 [68].

Puc. 7. Vi ¢ cucmeme Na20—B20; [22] y npob6 (a) oxaancdaemuz, (q) pesko oxaarcdaembiz;
(v) pesro oxaaxclaemn us pacn.aasa, NOAYHEHHOZ0 60 GAKYYAe.

Puc. 8. Xaparxmepucmuru o6vesa o cucmeme K,0—B,03 (V;5, Rm, Ro).

Puc. 9. I'eomempuueckue ceoticmea ¢ cucmese K.0—B205: d [37], np [37], p [49], I [49].

Puc. 10. Axmuguposannwe ceoiicmea ¢ cucmeme K20—0B303: I, [65], 4 [53], Iy [86], o [12].

Puc. 11. Cmpyxmypa nenmabopamnoti sumumet 1: 5 w 2: 5 coenacno [32] u [75].

Puc. 12. «Kosarenmnaan u «uonnasy céa3v M-O ¢ cnpyrnmypasvrnx eQunuyax ¢ yeHmpaisb-
Hulat anemernoar Si, B. P
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