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Alkaline binary mul ternary systems exhibit an anomalo·us dependence o/ 
properties on composition, which varies with the individual networlc formers as 
welt as with mocli[icators. Most attention has so far been yiven to borate 
a.nomalies. The present pa.per is concerned with the study o/ che;mical dependence
of anomalies, using a comparative method on borate glasses (Part I), on silicate,
alkali-al·uminosilicate and phosphate yla.sses (Part II), ancl on germanate and 
teltitrate glasses (Pa·rt III). A l-ist o/ symbols employed in all the parts is
enclosed to Part I. 'l.'he phenomenological model has been studied within tlte
entire range oj the vitreous state in terrns of the ·volume characteristics, o/
invariant points oj phase equilibria, of thermochemical clwracteristics, and ·in
particular in connection with bounclaries o/ cross-linkú1g. With the exception
of the effect oj combirwd isovalent ions a change in the „state" of_oxygens 
has been found as the common jeature oj all the anomalies„

1'/ie borate anomalies are spread all over the range o/ the vitreous state. 
However, theiJ are coneentrated above all at the ,·elative standard compositicms, 
in varticular at that. oj pentaborate. The ventaborate ·ratio, which exhibits a 
m·inimuqi oj thermal expansion, a minimum oj lan o, a minimum oj activation 
energy oj viscous jlow, and a maximum o/ activation energy oj the diffusúm 
proces ses ( chemical resistance) is considered to be related to the change jrom 
the iq_nic bond oj oxygen atoms to a covalent one. In the transition betwee·n the 
two • structures there appears the contact effect as the change in ionic vibration 
aiul that oj Mie's inclexes m and n, and the subseqiient change in properti'es. 

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 Němec [l], Fanderlik [2] and Vogel [3]. 

We have found that the borate anomaly is not unique and that similar anomalies 
oocur a)so in other binary and teruary systems with respect to various properties. 

This finding has motivated a complex study and new _evaluation of anomalies and 
thejr causes, aimed at their phenomenologioal chemioal models. In this oase, a ohemical 
model is understood to be a summary description of phenomena related to chemical. 
dependence of their properties. In a phenomenological ohemical model one seeks the 
relations between the changes of properties and the changes in chemical composition, 
the change 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 coordinatjon number, and the·volume oha.ractedstics, with minimum 
respect to the structural points of view. 
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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 
as they 

a) affeot to various degrees also the _multicomponent glasses,
b) delimitate and render more preoise the applioation of additivity in the interpol-.

ation of properties from a given composition, 
c) are instructive in the chemistry of glass, as a relatively young fi.eld of science,

from the point of view of interdependenoe of properties. 
The simple linear additive equation introduced by Winkelmann and Schott 

(l) 

simplifies glasses as a mixture of oxides. Interpolation of properties from composition 
according to equation (1) assumes an idea} linear relationship between property A

and composition c. 
Deviations from 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 inclu<le diffusion phenomena, viscosity, electrical conductivity, chemical 
resistance; 

(iii) The properties spccified 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 phase diagrams concern equilibrium states, while glasses are thermo
dynamically unequilibrial systems. The relationships betwéen changes in proper
ties in conneotion 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 prima(y
phases or at the points of contact between two ohemioally 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 anomalou:;i changes in properties (their extreme values, maxima, minima,'
deflections) in terms of composition. •

The co-ordination number y is usually changed together with the ratió of oxides
of uni- or bivalent metala to the sum of network-forming and intermediate elemen�

*) The chemical dependence is understood here as a dependence on chemical compositiim of 
gl�ss, similarly to the temperatura dependencťl, which is a dependence on temperature, and the 
like. 

**1 The term „miscibility" (ability of mixing) has been explained from the standpoint of 
thermodynamícs 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 proveď experimentally (e.g. by the 
NMR method) the changes in properties should be related to the change in y with 
utmo!!t caution only. 

It has been found expedient to follow not only the course of chemical dependence 
of property A but also its activation energy E A, beoause activation energy responda 
sensitively to the chánge in the "state." 

The change in entropy !l.S A then indicates the degree of disarrangement and that 
of miscibility. 

EA and !l.SA were calculated from the following formulas: 
- activation energy related to electrical conductivity [9]

B 
Ea = 19.4 1' [J. moJe-1] 

where B is the term in the Arrhenius equation 

- activation energy of viscous flow [10]

BT 
ErJ = 2.303R 

T _ 'l'o 

- change in entropy of viscous flow [10]

B1' !l.SrJ = 2.303R 
T T ( - o)2 

[J. moJe-1] 

(J. mo]e-1]. 

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

V:r.r = Wg/d [cm3 . moJe-1] 

where W g is the mean molecular weight of glass 

Wg=LWtft, 

(2) unit volume V1 related to 1 gramatom of oxygen (cm3 /gramatom O)

Wg V1 =--�-(no)iOtft 

(2) 

(3) 

(4) 

(5) 

(6) 

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

1 
No=-

V1 
(8a) 

expresses the density of spatial arrangement of oxygen atoms. Ray [12] has pointed 
out the existence of a relationship between V1 [or No] and the course of some pro
perties. 
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(3) Molar refractivity KM [cm3] describes the relationship between d, nD and VM 
and the changesin its course indicate in some cases the changes in the constitution
of glasses (iri optical spatial arrangement). 

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

Ra= 
RM -L (mM)dtRt . 

. • L(no)dt 
(9)

The values ofionic r.efractivity Rt have been taken over from the study by Bacanov
[13). 

The change in R0 in terms of composition may also indicate a region of changes in
glass constitution. , . 

According to Gladstone and Dale [14] the relationship between density and
refractive index is specified by the values of atom refractivity Ra 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 a,ll the oxygen 
atoms (gramatoms) present in the glass. It is calculated from the formnla suggested
by Blan [16]: 

(rnM)PM

NM=M:O= WM _ (rnM)m1,.

L 
(no) Pili - L (no) rni '

WM 

(10)

(b) the number of bridging oxygens Y and non-bridging oxygens X in the poly
hedron according to Stevels [17], [18], (19); 

(c) the degree of cmss-linking Vn after Kuhne {20): 

[
L (Ft(rnM)i mt] 

L rnt(rnM)i NWF + NWD L. (0,2-) MOD 
Vn = --,--------�--�

[
L (Ft(rnM)i rnt)

] i [(02-)NWF+NWD + (02-)Mon] 
L rnt(rn:t.1)t MOD „ 

where Ft is the bond strength (z/a2 Ór UM or ev or X) of oxide i [21],
mt is the mole% of oxide i, 
(mM)t is the number of atoms M 'in i-th oxide Mm On . 
The anomalies. in the system NaiO-B2O3 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

récently coricentrated rather more at the use of modem 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 (BO4). 
(ii) The (BO4) tetrahedra are formed continuously with increasing M2O content up

to 30-40 mole % M2O. 
(iii) The anomalous changes are suppressed by melting in vacuo whilé the extreme

values of changes in properties 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 systerri.s. 
The anomalous changes in the course of properties in terms .of composition are 
suppressed by introduction of further compónents. Anomalies have been found 
only in systems containing, apart from the oxide of a network-forming or an 
intermedi.ate element, also oxides of univ?,lent 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 Ma_zurin [23]. 

THE ANOMALIES IN BORATE GLASSES 

a) Descri p t ión of t h e  chemical  dependence o f  anomal ies  in various
propert ies  

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 alÍomalies 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-
-lin,king.

The upper glass forming limit in the systems Na2O-B2O3 and K2O-B2O3 is
38 mole% and:34 mole% respectively [24], [25] in the E1 eutectic region (1 : 1/1 : 2).

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

The following poirits should be elucidated before a ohemical model of borate
anomalies can be con'structed:

1. the difference in: the effects of cations on anomalies,
2. the part played by the two co-existing coordínation humbers of boron m

anomalies, 
3. the effect of melting in vacuo,
4. looalization (topology) of anomalous ohanges in terms of oomposition,
5. the causes of inversions in properties .
The analysis will be concerned simultaneously with the systems Na2O-B2O3

and K2O-B2O3 for which adequate amo1mts of tabellated data are available. 
In spíte 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 ri

ri[(6)Na1] = 0.102 nm, 
rť[<s>Na1] = 0.110nm, 
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ri[(G)l(I] = 0.138 mn, 
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c) in deformability

ionic refraotivity (13]

atomic refractivity (15] 

M. B. Volf:

R1[Na1] = 0.47, 

R1[K1] = 2.24, 

Ra[Na1] = 4.75, 

Ra[K1] = 8.25; 

(d) in electron structure: Na1 is an s-element of the short period, KI is an sdo-ele
ment of the Jong period (with unoccupied d-orbit);

12,5 
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12,0 
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Fi.g. 1. Volume characteristics (V1, RM, Ro) in the system N°'30-B203 • 
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{e) Both elements in the system M2O-B2O3 differ in the phase equilibria diagrams 
as well as in the number and positions of invariant points (Tahle I and II). 

The best known anomaly of borate systems is that of thermal expansion. With 
increasing Na2O content the IX decreases up to 16.7 mole% Na2O, and then increases 
with further increase in Na2O content (Figs. 4, 5). However, this anomaly is not 
unique. 
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Fig. 2. Geometrical properties in the system Na20-B203 ; d [37], nn [37), fl [42], E [50]. 
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Tahle I 

Invariant pointa in the Na2O-B2O3 phase diagram [72] 
"No. Phase Na2O/B2O3 • l t

°
C 

Na2O 
I 

B2Q3 
I Nn ', ·mole % i·· 

,. 1 Na2O. B2O3 c, 1 : I 966 49.902 50.098 0.500 
2 Na2O. 2 B203 c, 1:2 742,5 . 33.540 66.460 0.571 
3 Na2O. B2O3 + E, 1 : 1 . 740 34.476 65.524 0.567 

+ Na2O. 2 B2O3 - --1: 2 
4 Na2O . 2 B2O3 + E2 1 : 2 722 29.772 70.228 0.584 

+ Na2O. 3 B2O, -- -1 : 3 
·, 5 Na2O. 3 B2O3 R 1 : 3 766 25.123 74.877 0.590 

6 Na2O. 3 B2O3 + p 1 : 3 766 26.078 73.922 0.596 
+ Na20. 4 B2O3 ---1: 4 

7 Na2O. 4 B2O3 C, 1: 4 816 19.995 80.005 0.615 
8 2 Na,O. B2O3 C4 2:1 625 66.632 33.368 0.400 
I - -

- - 5 95 0.655 
II Na2O. 5 B2O3 - 1 : 5 - 16.7 83.3 0.624 
III 2 Na2O. 5 B2O3 - 2:5 - 26.3 73.7 0.595 

Table II 

Invariant points in the K2O-B203 phase diagram [73] 

I
Pro-

I K2O/B2O3 t
°
C I 

K2O 
I 

B2O3 Nn No. Phase cess mole% 
1 K2O. B20, c, 1 : 1 950 50 50 
2 K2O. B2O3 + E, 1 : 1 787 37.97 60.03 0.554 

+ K2O. 2B2O3 - --1: 2 
3 K2O. 2 B2O3 C2 1 : 2 815 33.3 66.7 0.571 
4 K2O. 2B2O3 + E2 1: 2 770 30.73 69.27 0.581 

+ K20. 3 B2O3 �-

6 K2O. 2B2O3 + K1 1: 2 825 27.14 72.86 0.593 
+ K2 0. 4 B203 ---1:4 

6 K2O. 4 B;O3 c3 1: 4 857 15.6 84.4 0.628 
7 K2O. 4 B2O3 + K, 1:4 780 16.67 83.33 0.625 

+ K2O. 5 B203 - --l : 5
8 K2O. 2 B2O3 + ME 1:2 752 29.82 70.18 0.584 

+ K2O. 4 B2O3 ---1: 4 
9 cxK,O.5 B2O3 + MKC 1 : 5 760 - - -

+ K2O. 4 B2O3 - --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 individua! 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 literatura to the twin coordinating number of 
boron and to co-existence of (BO3) and (BO4) building units. 

The two possible co-ordination numbers were found first by Biscoe and Warren [26] 
by X-ray diffraction and their oonclusions have been borne out by the method of 
nuclear magnetic resonance by Silver and Bmy [27) and by Bray and O'Keefe [28). 
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l!'ig. 4. Properties in the system Na20-B203 ; the1·mal expansion coefficient a, a) 20-300 °G 
(65), b) -196 to 20 °0 [66]; the course oj tmns/ormaJion temperat·ure tg; m.i. = metaatable 
immiscibility [ 68]. 
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Fulcher-Tamann's equation [80], o: [40]; tan o [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 l2[K]2s22pI[L]. One 
of the s electrons in the outer orbit may be exoited into state p, so that three electron 
oouples may be formed by combining with three oxygens producing (B03). However, 

0,6 

pO 

0,5 

0,4 
10 20 30 

Fig. 6. Aci<lobasicity in the system Naci0-B203 (58]. 
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11,8 

D 5 10 15 20 25 JO 35 

No2o [mol%] 

- Fig. 'l.- V1 in the system Na20-B203 [22] in samples (a) annealed, (q) quenched; (v) quen.ched 
from vacuum-melted glass. 

300 Silikáty č. 4, 1980 



Oxygen Anónialies oj Oxide Glasses I 

the B(III) 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 st:udies y�elded the finding that the (BO4) building units multiply in borate 
glasses graduallY with increasing content of monovalent alkaline oxides roughly up 
to 33 mole% M2O accor<ling to the curve described by the Beekenkamp equation [30] 

X 

[BO4] = ___ (l_�x_) __ _
1 + exp (11.5 x - 4.8) 

(12) 

where x is the molar fraction of alkali metal oxide. 

RM Ra 

15,0 

,----,-----,-----..------......,..-------.[cm3J (cm3]

14,5 

<>)' 

10,3 3,5 

14,0 

10,2 3,4 

13,5 

10,1 

13,0, 

10,0 

12,5 

�9 
10 20 30 40 
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Fig. 8. Volume charactel'istics in the system K20-B203 (V1, RM , Ro)-

The base buil<ling units, triangular planar pyramids (BO3) and �trahedra (BO�), 
�re not <l.isp1;ibuted statistically throughout the b0rate glass matrix, being aggrégated 
in defined groups, chain-linked or cross linked formations [31], [32]. 

.Silikáty, č. 4, 1980 301 



M. B. Volf:

The anomalous changes take place: 

a) in the region of invariant points of phase equilibria;
b) by introduoing alkali metal ions into energetically variously advantageous

points in the glass constitution, which has its effect on the course of volume charac
teristics; 

44 
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/_0'1 I t,f;'-, 

_, IÍIJ I ,8() 
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I I, I·, 

'. 91) 1_ I, /(I 

o � 10 15 ?O ?5 JO 35 

K20{mot.%1 

.l!'ig. 9. Geometrical properties in the syslem K20-B203 : d [37], no [37], µ [79], E [49]. 

o) most distinctly in the regions of three relative points, e.g. in the system
Na2O-B2O3 at relative compositions at I. 5, II. 16.7, III. 26.26 mole% Na2O.*) 

The invariant points of phase equilibria in the systems Na2O-B2O3 and K2O-B2O3 

are listed in Tables I and II. 

*) ,,Reference or relative composition" is defined here as a compound of definit chemical com
posítíon, to whích the change ín 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 Na20-B203 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 A and To (Fig. 5). The water-extraction minimum Jies 
at the 1 : 3 compound. 
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Fi,g. 10. Activation energies in the system K20-B203 : E,. [55], Ea [53], E11 [86]; °' [12f;
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The maximum of viscous fiow activation energy (Fig. 3b) and that· of the chemical 
resistance activation energy (Fig. 3a) is situated at the composition corresponding to 
compounds 1 : 3 and 1 : 4; this is in an agreement with the findings by Kurnakov [4] 
and Demkina [5] that the highest bond strength occurs in the regions of compounds 
in the, pha.se 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 Na20-B203 (Fig. 3a). 

In the system K20-B203 , extreme viscosity charaeteristics have been established 
at the compound 1 : 2 [36]. The volume characteristics likewise show anomalous 
courses (Figs. 1, 8). 

The course of VM 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% K2O. 

In Na-borates, V1 at firnt clecreases steeply (the structure contracts), between 
12 ancl 28 mole % Na2O there is a calm zone containing two shallow ·fiat minima 
at 14 to 16 mole% and 26 to 28 mole% Na2O respectively, that is approximately at 
points of relative compositions II. and III. Above 28 mole% Na2O, the V1 shows 
a sharp increa·se (the structure expancls). 

In K-borates, the V1 shows a different course similar to that of V1 in the systems 
Na2O-SiO2 and Na2O-GeO2. Intrqduction of K(I) brings about a merely brief 

• decrease up to 4 mole % K2O (relative composition I).
Molar refractivity RM in Na-borates and-K0borates decreases with incrasing M2O 

content; with K-borates, a, deflection arising at 28 mole% K2O is similar to that of 
VM (relative composition III). Because RM for relative compositions I and II in the 
systems Na2O-B2O3 ancl K2O-B2O3 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. Tota! refractivity of oxygens Ro 
in Na-borates shows at first a curved decreasing course and from 12 mole% Na2O 
upwards a mildly curved increasing course. A local sharp peak arises at 12 mole 

% Na2O. With K-borates, R0 increases continuously from the beginning, showing 
merely a slight disturbance at 16 mole % K20. 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 K2O content. 

The course of volume characteristics differs from that of properties and activation 
energies in that, although being not lin(;)arly additive in eome instances, it does not 
exhibit any distinct extreme changes that could be qualified as inversions. The 
tranaitions 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 (Figs. 2, 9). 

Both density and re'fractive index ha.ve an S-shaped course with two shallow 
peaks which are more distinct with K-borates. The results obtained by various 
authors in the system Na2O-B2O3 for density [37], [38], [39], [40], [41], [42], [43], 
[44], [45] and refractive index [37], [39], [41], [43], [46] and in the system K2O-B2O3 
for density [37], [38], [45], [47], [48], [49] and refractive iť).dex [37], [46], [48] are in 
a quitc satisfactory agreement. At temperatures above tg the peaks and densities 
are shifted towards higher 1\120 contents. Permittivity has not so far been measured. 
The Poisson's ration µ [42] shows a more varie<l course than d and nD, showing 
2 minima and 1.peak with Na-borates a.t (-) 10, (+) 18 a.nd (-) 25 mole% Na20 
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and with K-borates at (-) 10, ( +) 18 and (-) 28 mole% K2O. Modulus of elasticity 
in tension was measured in the system Na2O-B2O3 by Fanderlik [50], in the system 
K2O-B2O3 by Nemilov (51]. In both systems the course is rather monotounous 
howing 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 M2O-B2O3 the course of log (! is roughly 
parallel. At first, log (! decreases steeply towards 5 mole % M2O (relative composi
tion II), then decreases slowly towards 26 mole% M2O (relative composition region 
III). Activation energy Ea was calculated for Na-borates Uf?ing the values by Schu
karev and Mjuller (52). Ea exhibits a peak s,t 4 mole% Na2O (relative composition I), 
attains a calm course beyond 26 mole % (relative composition III) and shows no 
changes further on. An almost parallel course is furthcr exhibited by the curve of 
activation energy E0, for K-borates; which has been calculated from the values of 
log(! according t.o Markin and Mjuller [53]; however, the curve has no initial maxi
mum. The standstill section is attained at 23 mole % K2O. No local changes in 
resistivity .occur at relative composition II. 

The course of viscosity curves for all the systems M2O-B2O3 is ahnost parallel 
with the initial minimum between 5 to 10 mole % M2O in the region of relative 
composition I while a maximum occurs at around 20 mole% M2O [54]. 

In the system Na2O-B2O3 , the chemical resistance to water [55] expressed by 
total extraction loss, is of U-shape with minimum extraction loss at 25 mole% Na2O. 
Its activation energy shows a single maximum at 17 mole% Na2O, that is at relative 
composition II (55]. A similar course has been established in the system K2O-B2O3 
with a minimum extraction loss at about 20 mole % and with an activation energy 
maximum at 16 mole% K2O. The maximum separation into immiscible phases lies 
at relative composition II (56], [57] (Fig. 4). 

The basicity as measured by Duffy and lngram [58] shows a marked steeper 
increase between relative composition II and 20 mole% Na2O (Fig. 6). The basicity 
was not measured in the system K2O-B2O3 . 

As regards the position of anomalies, it should be stressed that not all the anoma
lies are located precisely s,t the points corresponding to relative compositions, their 
position being somewhat shifted. Appen [59] 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 fiat, 
are likewise difficult to ascribe precisely to a certain composition. l\foreover, deter
mination of a change in property in terms of change in composition was carried out 
in series ancl larger composition intervals then would be required just in the neigh
bourhood of relativc 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 mathe1rn1,tically; 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 compouuds) towards which the anomalies converge. Anomalies of different 
properties need not coincide by their extťeme values with al! the relative pointa 
(I, II, Ill). 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 pertaining 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 b,

with constants of VFT-equation (A, B, T0) and with the change in the entropy of 
viscous flow D.S11, 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 chemica,l dependence of microhardness H exhibits two changes on annealed 

samples in the system Na20-B203• Tomlinson [60] found a sharp V-minimum at 
4 mole % Na2O (i.e. at relative composition I), Everstein [22] reported a bend at 
relative composition II at 18 mole % Na2O. Then • follows the smooth part of the 
curve terminated by an inflection at 30 mole% N2O. The bend at 18 mole% Na2O 
corresponds to inflection of tg, 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 �ystem Na20-B20� [Stevels 62]. Electrical conductivity does not show any 
parallel extreme. Dielectric losses have not been measured in the system K20-B20J . 

The -chemical dependence of the coefficient of thermal expansion o: converges 
continuously towards relative composition II (Figs. 4, 10) as pointed out by a number 
of authors for Na-borates [401, [631, [641, [651, [661 as well as for K-borates (481, [671. 
On introduction of M2O, rx :first decreases to a minimum at 17 mole % M2O (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 +20 °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 nunibers in the binary systems where the thermal expansion anomaly 
has been established (invert glasses, phosphate glasses, tellui·ate 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 (B03) and 
(B04) units in various borate groups which are considered to have the nature of 
compounds. These „compounds" in the polymer structure of borate glasses differ 
nmtually 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 re lat ion  o f  ano mal ies  t o  the  chemistry  of  a lkal i  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 metala and their hydrates. 

Lithium pentaborate 1 : 5 is known as anhydride [69] and constitutes a phase in 
the system LiiO-B2O3 . 

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 Na2O. 5 B2O3 in the subsystem 
Na20 . 4 B2O3-B2O3 and the existence of incongruently melting 2 Na2O .  5 B2O3 in 
the subsystem Na2O . B2O3-Na2O . 4 B2O3 . 

Sodium pentaborate 1 : 5 is not known in anhydrous state. Its decahydrate 
Na2O .  5 B2O3 . 10 H2O however, is formed spontaneously from a mixture of borax 
with boric acid [31 ]. The extreipes • in the course of the chemical dependences of 
properties in the system Na2O-B2O3 are proportional to the contei:it of H2O 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 E2 [l : 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 E2 is illustrated in Tahle I. 
Three modifications of anhydrous potasium pentaborate 1 : 5 are known. The « 

and � forms melt incongruently above 760 °C [31] while only the y-modification is 
metastable at all temperatures. K2O . 5 B2O3 forms a stable poorly soluble octo
hydrate. The anhydride is comprised as a phase in the system K2O-B2O3 [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. 
NaB5O8 . 5 H2O should be more correctly described by the chemical formula 
NaH4B5O10 . 3 H2O. 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 
penťaborate as a stoichiometric molecule, but as a condition for the formation of a 
polyanionio stable polymer. 

The conditions under which borate polyanions arise are known from the chemistry 
of borates. At relative composition II boroxol groups composed of (BO3)n prevail in 
borate glass. The (BO4) units improve the stability of borates, but <;mly under certain
conditions: 
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I. The ratio of <4lB to the total number of B(III) must be equivalent to the ratio
of the anion oharge to the. total number of boron atoms and has •to be expressed by 
integers. The pentaborate ratio Na20 : B2O3 is therefore converted to the ratio 
<4>B : 1: B(III).

2. Stability of the borate polymer is increased only wheri the ratio of <4>B to
1: B(III) is expressed by a small integer (1 or 2). This is why only two relative com
positions arise, namely II and III. 

3. If the ratio <4lJ3 : 1: B(III) does not comply with the two previous conditions,
no stable polyanion can be formed. The anomalies concentrated at relative oomposi
tions II and III 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 lrnown to show a strong 
tendency to association. Preparation of anhy:drous glasses of the system Na2O-B2O3 
by melting without evacuation is extremely difficult if not iihpossible. They are 
usually melted from a mixture of H3BO3 with Na2B4O7. Sodium tetraborate keeps 
2 moles of H2O 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 B2O3 
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 s'Gate 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 [58], and the type of 
oxygen bonds, which will be dealt with below, is also subject to continuous ohanges 
free from any extremes. 

Associatiori is probably likewise of significance in the formation other alkali 
borates, as relative point II in the system K2O-B2O3 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 (BO4) 

tetrahedron is surrounded by foup planar (BO3) ones. 
The resulting two rings (I) and (II) lie in mutually perpendicular planes [75] . {BO4) 

plays the part of the centra! ion. The structural group has 4 unsaturated bonds and 
represents a "composite tetrahedron" capable of spatial networkforming. This 
structural group cónstitutes a nucleus even for dipentaborate with 5 . unsaturated 
oxygens, which contains two (BO4) tetrahedra (Fig. ll). 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 
Na2O-B2O3 into the following three sections: 

(I) According to our conception, roughly up to 10--'12 mole% Na2O, Na(I) occupy
preferentially energetically advantageous positions in bora,te glass composed of 
boroxole groups (BO3)n, The boundary of 10-12 mole % Na2O is demarcated by 
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terminating contraction and terminating steep decrease of V1 . Monotonous course 
of V1 in vacuum-melted glasses likewise begins at this boundary (Fig. 7). This is 
a.lso 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 
structurc is abruptly transformcd from a chain-linked into a spatially cross-linked 
one. 
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F1'g, 11. The structure oj the pentaborate entity 1: 5 and 2: 5 according to [32] and [75]. 

(III) Beyond the third relative point there occurs an extended band of changes
between 22 and 28 mole% Na2O. Mass particles of Na(I) are linked to the lattice 
similarly to the silicate lattice. Electrical conductivity does not undergo any further 
ohanges. The formation of (BO4) tetrahedra decreases strongly between about 33 
and 40 mole% Na2O. 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 strnctures 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 Na2O-B2O3 into three sections can be 
demonstrated visually on optical absorption in the presence of CoO, CuO and 
Mn2O3, has so far been disregarded. With all these ionically colouring oxides the 
colouring is markedly intensified above 16.7 mole % Na2O. In the case of glasses 
coloured with cobalt oxide, the colouring passes with increasing Na2O 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 % Na2O 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 Na2O-P2O5 . 

Division of the system Na2O-B2O3 into three sections has further been borne out 
by acidobasicity according to Duffy and Ingram [58]. In sections (I) and (III) the 
course proceeds alrnost parallel with increasing Na2O content, while region II 
exhibits a steep increase in basicity. 

The division of the system Na2O-B2O3 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,1 (Fig. 3b). In region (I) the 
activation energy rises steeply and continuously. Section (II) is characterized by 
a static course between 17 and 20 mole% Na2O. In section (III) the activation energy 
again rises mildly showing a maximum at 22 mole% Na2O in the region of compound 
03 1: 4. 

Uhhnan and Shaw [68] and Kaiura and Toguri [79] pointed out the interesting 
relation between t0 (in equation VFT) and tg (both in °C) in the given three regions. 
Above relative point II (about 17 mole% Na2O) both t0 and tg exhibit close values up 
to relative point III. At lower N a2O concentration (in region I) the t0 values are 
much lower than those of tg, and vice versa in region III, as indicated by Tahle III. 

Na20 to 
mole% oc 

o -273
5.45 -93

10.2 +155 

• 17.2 +397
21.9 +451
27.1 -j-453

33.3 + 513

Table III 

Values of t0, tg and !1t 

tg 

oc 

250 
271 
304 

374 
413 
430 

433 

!1t 
oc 

I 
-523
-364
-149

+23
+38
+23

+so

c) The  mechanism o f  anomal ies  of borate  glasses

Region 

I 

II 

III 

Relative point I, which has not so far been dealt with, lies between 4 and 6 mole% 
Na2O in region I. A sharp minimum of microhardness H [60] and a maximum of 
log e [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 
concentrations of ions with positive and negative charges in an amphoterous electro
lyte. 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 isoélectric point is a significant physico-chemical characteristic. A number 
of transport properties (viscosity, diffusion, eleetrical conductivity) attain minimum 
values at the isoelectric point. 

In borate glasses (as well as in other systems showing anomalies of the samo type) 
a similar situation occurs at the boundary coiltact of two structures: chain-linked 
and cross-linked. According to our conception, oxygens of different „s'tates" 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 ls22s22p4• The 
stable electron structure of the nearest rare gas neon ls22s22p6 can be achieved in 
various ways (cf. e.g. 82): 

(a) by acceptiug two electrons which yields oxidic anion 02-. The óxygen is then
bound by an electrostatic ionic bond. This is the oase of some oxides and glasses 
with a three-climensional, 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- ioQio _ B.

(b) In a non-coordinated chain-linked mono-or bidimensional structure, oxygen
is bouncl 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 
neutra] molecule is formed (M-c0Qco_BIII). 

Our explanation of the inversion of propertics is based on the conversion of the 
oxygen bond from the ionic fonu to the covalent one, so that the oxide, with 
respect to its responses, quantified by the partial molecular additive factor g,, 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 t
g
) 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 metala and alkaline 
earths elements acquire a „covalent" bond with· oxygen. In the spatial network, 
Na+ act as ions in a solidified solutiou, in a chain-linked constitution the Na1 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 Na2O--SiO2 

(transition to invert glasses) and in the system Na2O-P2O5, as shown below. 
In Weyl's words [83], the relative composition II glass passes from the region 
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M. B. Volf: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 c'l 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 therearises a great change in the entropy of viscous flow f::.S71 • This can be explained bythe assumption that at this point, and at this point only, there is present thé sameamount of oxygen on- belonging to the chain-linking region and of oxygens O2-belonging to the cross-linking one. Oxygens of both bond types increase the enharmonicity. The minimum of tan c'l therefore represents the contact effect at this point.
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Fig. 12. ,,Oovalent" and „ionic" M-O bond in structural units with central elements Si, B an� P. The viscosity characteristics show extremes in both relative points. At relative point II, activation energy E71 exhibits a smooth course, while the change of entropy t::.S71 has a maximum. If a high entropy is regarded as a measure of increased miscibility this thermodynamical conception is in agreement with the change in activation energy. In contrast to this, activation energy attains a maximum at the I : 4 cotnpound, where the degree of arrangement is the highest. The thermal expansion coefficient °' has a quite different course. It converges from the side of chain-linking as well as from the cross-linking one towards relative composition II forming a rounded minimum in the range of pentaborate, where both branches are widely open. This fact allows to assume that the mechanilim involved differs markedly from the previous contact effect. An explanation can be found in Mie's equation relating oc to the Griineisen's constant [81]. In regions II and III, Na+ is bound ionically, electrostatically to 02-. If in the region I Na+ is not bound to 02
- but to on-, the Coulombic attractive and repulsjve forces cease to be effective, and the coefficients 1n and n in the Mie's equation converge towards zero value. 
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In region II and • III the ·e holds the • Mie's designation 

m + n + 3 ,e3ocV 
=y=--6 Cp 

(13) 

where y is the Gri.ineisen's con tant. Both cp and V:r,i: do not show any abrupt changes 
with changing composition. 

In region I, as a tesult of m -i>- 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 a 
increases with increasing Na2O content. 

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

(a) at the contact of two different (incompatiblc) 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 oc-anomaly may have only one cause. 
Local disarrangement of oxygens is probably responsible for slowed-down diffusion 

and reduced extraction losses. Hciwever, the Na(I) particles as donors of oxygen 
required for the formation of (BO4 ) 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(I) retains in region II the ability of transmitting current, 
so that no marked anomalics in electrical conductivity arise at relative point II. 
Electrical conductivity incre:;i,ses continuously without showing any extremes. 

SUMMARY 

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

In the absence of OH-groups polymeration in the systems M20-B203 proceeds 
uniformly without exhibiting any extrerne changes of properties. 

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

(3) BIIIas acceptor obtains one oxygen from the coordinating envolope of oxygens
from Na(I) which acts as a donor. (BO4) units are also formed apart from the planar 
(BO3) units. 

Up to 16. 7 mole% Na2O (up to relative. composition II), B2O3 forms cyclic boroxol 
groups (BO3)n- Their stability is increased by (BO4). The shari:ng of oxygens between 
(BO3) and (BO4) results in their joining, which promotes polymeration. The condition 
for the format,ion of a stable polyanion (a conception taken over from the knowledge 
of borates) is that the ratio of <4>B to all the B(III) atoms should be expressed by 
a simple ratio of integers and that strengthening occurs only when the "molecule" 
contains only small amounts of (BO4 ) (1 or 2). Stability of the polyion is promoted by 
hydrogen bonds. If the ratio of <4>B to� 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 (BO4) arising beyond the 1 : 5 ratio only increase the 
ionic nature of the polymer. Beyond the 2 : 5 ratio the constitution of alkali borate 
gla.sses is similar to that in the systeni Na2O-SiO 2. 
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List  o f  Symbols  

property; constant in the Arrhenius-type equation 
constant in Arrhenius-type equation 
composition 
specific beat under constant pressure [J. g-t K-t] 
a compound as invariant point in phase diagram 
density [g . om-3) 
summary capability of a system as oxygen donor 
dissociating energy (related to 1 mole volume) [J. m-3] 
eutectic; modulus of elasticity in tension 
activation energy related to electrical condúctivity [J. mole-1] 

.activ;ation energy related to property A [J. mo]e-t] 
activation energy related to chemical resistance [J. mo]e-1] 
activation energy relate� to viscosity [J. mole-1] 
partial molar fracticin oť oxide i; L, ft = I 
bond strength in the Mt - O bond 
partial additive mobr factor 
microhardness [MPa] 
congruently melting composition (in phase diagram) 
Mie's index of attractive forces 
content of i-th oxide, in mole% 
the number of atoms of electropositive element in i-th oxide MmOn 

electropositive element 
electropositive element with forma] valency z and coordination number y 
modification transformation 
congruently melting metastable eutectic 
metastable congruent melt 
modifying element 
Mie's index of repulsive forces 
refraotive index 
the number of oxygen atoms in i-th oxide 
volume characteristic-density of oxygen atoms contained [O . cm-3] 
network-forming element 
network dwelling (intermecliate) element 
Huggins' symbol for the M/0 ratio 
non-bridging oxygen 
bridging oxygen 
oxygen with ionic bond 
oxygen with covalent bond 
ionically bouncl oxygen 
atomary bouncl oxygen 
amount of oxide MmOn in% by wt. 
peritectic 
effective ion radius [10-10 m] 
gas constant; invariant deoomposition point 
molar refractivity [ mn3] 
atomic refraetivity 
ionic refraotivity 
total refractivity of oxygens [ cm3] 
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lo 
T 
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change in entropy of viscous flow 
temperature in °C 
Constant in the VFT equation. (in °C) 
temperature in K 
constant in equation VFT (in K) 
Magnus's lattice energy 
Ktihne's degree of cross-fo1king 
volume characteristic - molar volume [om3. mole-1] 
volume characteristic - volume related to 1 gramatom of oxygen [cm3/gram 
atom 02-] 

Wi , W rvr molecular weight of i-th oxide of electropositive element M 
TV g mean molecular weight of glass 
Xt content of i-th oxide in glass 
X electronegativity; Stevels's symbol for number of non-bridging oxygens in 

the polyhedron 
y 
y 
z 

z/a2 

coordination number 
Stevels's symbol for the number of bridging oxygens in the polyhedron 
charge; formal valency 
strength of electrostatic field 

a thermal expansion coefficient [10-6 K-1) 
y surface tension [10-3 N . m-1] 
y Griineisen's constant 
s permittivity 
1P ratio of oxides 
i-c compressibility 
(! resistivity [Q . cm] 

indexes i, j desighate i-th or j-th oxide 

KYSLÍKOVÉ ANOMÁLIE OXIDOVÝCH SKEL I 

Miloš Bohuslav Volf 

Sklo UNION, kp, Slclárn'IJ Kavalier, Sázava 

Alkalícké binární a ternární systémy jeví anomální závislosti vlastností na složení, a to různé 
u jednotlivých sítotvorných prvků i u různých modifikátorů. Nejvíce jsou dosud prostudovány 
anomálie boritanové. Cílem práce je studium chemické závislosti anomálií srovnávací metodou
u skel boritanových (část I), u skel křemičitanových, alkalicko-hlinito-křemičitých a fosforečna
nových (část II), a posléze u skel germaničitanových a tellw-ičitanovýc,h (část III). Symboly ke
všem částem jsou zafazeny za část I. Fenomenologický model je studován v celém rozsahu
skelného stavu k objemovým charakteristikám, k invariantním bodům fázových rovnováh, 
k termochemickým charakteristikám, a zvláště k hrnnici trojrozměrného zesítění. S výjimkou
efektu kombinovaných iontů byla u všech anomálií nalezena jako společný znak změna „stavu"
kyslíků.

Boritanové anomálie jsou rozloženy v celém rozsahu skelného stavu. Soustřeďuji se však 
hlavně ke vztažným složením, zejména k pentaboritanu. Pentaboritanový poměr, ve kterém leži 
minimum teplotní roztažnosti, minimum tang c'l, minimum aktivační energie viskozního toku 
a maximum aktivační energie difúzních pochodů (chemické odolnosti), je spatřován ve vztahu 
ke změně iontové vazby kyslíků na kovalentní. Na přechodu mezi oběma struktw-ami se projeví 
jako stykový efekt změna vibrací iontů a změna Mie-ových indexů m a n a návazná Inverze 
vlastností. 

Fenomenologický chemický model boritanových anomálií můžeme popsat takto: 
Za nepřítomnosti OH-skupin probíhá polymerizace v eystémech M2O-B2O3 plynule bez 

extrémních změn vlastností. 
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Aby došlo k výrazným anomálním změnám v chemické závislosti vlastností, je třeba impulsu. 
Tímto (chemickým) impulsem jsou vodíkové vazby. 

<3>BIII jako akceptor získává jeden kyslík z koordinační slupky kyslíků od Na(I), který působí
jako donor. Vedle plošných jednotek (BO3) vznikají také jednotky (BO4). 

B2O3 do 16,7 mol. % Na2O (do II. vztažného složení) tvoří cyklické boroxolové skupiny 
(BO3),.. (BO4) zvyšuje jejich stabilitu. Sdílením kyslíků mezi (BO3

) a (BO4
) dochází k jejich 

spojování, což podporuje polymerizaci. Aby vznikl stabilní polyaniont (představa, kterou přijí
máme ze znalosti boritanů), je nutné, že poměr <4>B ke všem atomům B(III) musí být vyjádřen 
jednoduchým poměrem celých čísel a že ke zpevnění ,dochází jen při malém množství (B04) 

v „molekule" (l • nebo 2). Stabilitu polyiontu podporují vodíkové vazby. Není-Ji poměr 
<4>B: � B(III) vyjádřen jednoduchými celými čísly (mezi poměrem 1 : 5 a 2: 5), ke tvorbě E!tabil
ního polyaniontu nedochází. Proto jsou anomálie vázány na úzké rozpětí složení kolem vztažných
bodů. 

• 

V místě pentaboritanového poměru se stýkají dvě polymerní, vazebně nekompatibilní struk
tw·y, zřetězená a prostorově 7,esítěná. Obě nekompatibilní struktury jsou patrně příčinou fázové 
separace, která při poměru 1 : 5 dosahuje maxima. 

Při poměru 1 : 5 se zvyšuje změna entropie, dochází k vyšší směsitelnosti. Stykový efekt se 
podobá ízoelektrickému efektu. 

Změna vlastností na hranici dvou struktur opačným směrem než u struktury zesítěné je 
vysvětlitelná tím, že se mění vazba kyslíku z iontové na kovalentní. 

Nad poměrem 1 : 5 další vznikající polární jednotky (BO4) zvyšují pouze iontovou povahu 
polymeru. 

Nad poměrem 2: 5 se podobá stavba alkalickoboritanových skel stavbě skel v systému 
Na2O-SiO2 . 

Obr. 1. Objemové charakteristiky (V1, RM, Ra) v systému Na2O-B2O3 . 
Obr. 2. Geometrické vlastnosti v lťlJstému Na2O-B2O3 ; d [37], nn [37], µ [42], E [50]. 
Obr. 3. Aktivované vlastnosti v systému Na2O-B203; a) E,. [55], E,. [podle 52], /::;.Sri [podle 80]; 

b) En [podle 80].
Obr. 4. Vlastnosti v systému Na2O-B2O3; koeficient teplotní roztažnosti ex; a) 20-300 °C (65), 

b) -196 až 20 °0 [66]; priwěh transformační teploty tg; m. i. = metastabilní immiscib'i
lita [98].

Obr. 5. Vlastnosti v systém1� Na2O-B203 v oblasti li a Ill. vztažného složení 1 : 5 a 2: 5; H -
mikrotvrdost [22], [60]; A, B, T0- konstanty ve Vogel-Fulcher-Tammannově rovnici [80], 
ex (40]; tang o [62]. 

Obr. 6. AcidobasiáJ.a v systému Na2O-B2O3 [58]. 
Obr. 7. V1 v systému Na2O-B2O3 [22] u vzo,·k·1t (a) chlazených, (q) prudce ochlazených (v) 

prudce ochlazených z taveniny tavené vakuově. 
Obr. 8. Objemové charakteristiky v systému K2O-B2O3 ( V1, RM, Ro)-
Obr. 9. Geometrické vlastnosti v systému K2O-B203; d [37], no [37], µ [49], E [49]. 
Obr. 10. Aktivované vlastnosti v systému K2O-B203 : E,, (55], E,. [53], En [86], ex [12]. 
Obr. 11. Struktura pentaboritanové enJ.ity 1: 5 a 2: 5 podle [32] a [75]. 
Obr. 12. ,,Kovalentní" a „iontová" vazba M-0 v strukturních jedn�tkách s centrálním· prvkem 

Si, BaP. 

H 11 C JI O P ó _n H bIE A H O M A JI 11 11 O H C 11 _n H bI X C T E H O JI 

Mn.Ho111 BorycJiaB BOJihq> 

C1 • .11,o-.VnuoH, 1:omf. npeiJnp. C1..11,apnbi Kaaa.11,u.ep, Caaaaa. 

IIJ:eno•1m,1e 61,rnapm,ie H TCpnapm,rc CHCT0Mhl rrpOHBJHIIOT UHOMUJibHLTe 3UDHCI1MOCTl1 OT 
COCTaBa, OTJUl'Jal011\110Cll y OTA0JlbBbIX CTpy1ťTypnpyIOU11IX 3JieMeHTOB JI y pa3HbIX MOAIHpH
JWTOpOB. _no cnx nop ua1160Jiee norqw6Ho 11ay•ieHu 6opann,re aHOMan11n. IJ;eJILIO rrpel-(JJarae
Moi,i pa60Tbl HBJIH0TCH HCCJI0f\OBan11e X11Mf f'I0CI{Oii aaBHCHMOCTH UIIOMUJIHM C JJOMOTl(blO 
COT!OCTaBHT0JlbHOl'O M0TOAU y 6opaTHbIX CTCl{OJJ (•JaCTh I), y Cl1JIIIHUTHLJX, Il\0JIO'lHOaJI IOMO
CHm!HaTHbIX H cpoccpaTHLIX CTeHOJI (•raCTI, I I), JI y repMaHaTHI,IX H TeJIJiypaHaTHT,IX CTeHOJI 
(•raCTb III). CnMBOJJbl H CCbIJII{H J{O BCOM 'IaCTHM npHBOAHTCH B IrnHn;e rrepBOFI qacTJI. <1)eHO
M0HOJIOl'I.PJeCirnH MOA0Jlb HCCJ ieµ:yeTCll D IIOJJHOM AHarraaone CTOHJIOBlfAHOl'O COCTOHHJ1H D OT
rromemm H o6'beMHblM xapaRTepHCTHHaM, I{ Hirnap11aHTHI,IM TO•rnaM cpá30BblX paBHODec11ň, 
H TOpMOXHMH'IeCHHM xapaHTepHCTIIRUM, a HMCHHO H rrpeµ:cJJaM Tpexpa3MepHoro CTPYHTypn-
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ponamrn. 3a MCHJIIO'ICIIHCM ::Hp!peI<Ta IWM6111rnponaHHbTX HOHOB y ne.ex aHOMaJmň: 6L1J10 
ycTaHOBJICilO B Ha'ICCTBC o6ru;ero npnanairn H3MCHCHIIC „COCTOHIUUl" l{ffC,JIOPOAOB. 

Bopm,rn fll-lOMUJIIIH pacnOJlQ)HCITT,I B llOJlllOM ).\Hana30HC C,TQHJIOBHAHOrO C,QC,TOHIIHH. 
0AHUHO OHII cocpe}.\OTO'IIrnaJOTC,H l'JiaBllI,JM o6pa3mr H OTHOCHTCJlbHbIM C,OCTaBaM, lIMCHHO 
I{ IICHTa6opaTy. IlenTa6opaTBOe O'ťHOIIJCHHe, B I<OTOpOM JJC)HHT MllHllM)'M TCMrrepaTyp11oro 
pacm11pemm, MHIIHMYM tang o, Mlll-IIIMYM :mepnrn UHTHBal\1111 nJiaCTll'IeCIWťO TC•JCHHH 
JI MUI<C11M)'M :mcpnm aHTHBall,Hll npo1�cccon ).\ll!pcpya1111 (XHJllll1JCC,1{0H ycTOll'IHBOCTH), 3a
HJIIO•IaCTCl-l B OTHOlllCHlm I{ 113MCHCH1110 HOHHOH CBH3fl HHCJIOJJOAOB D I<OBaJleHTHYIO C,DH3b. 
Ha uepexO).\C MC)HJJ.Y o6eHMH CTJJYI<Typa11m llJJOHBJIHCTC,H B IW1JCCTBe l<OHTaKTHOťO a1pqic1<Ta 
}13MCHCHHC n116pa1v1ii .HOIIOD lI .ll3MCHCHBC llOHa3aTeJieií ,n II n C JlOCJleiwnaTCJlbIIOH 1rnnepcneií 
CBOiÍCTD. CJie).\OBa'fCJll,HO, cpeIIOMCIIOJIOťll'JCCKYJO XHMH•JCCRYJO MOJ],01/b 6opaTIII,IX a110111annii 
MO)HHQ om1caTb CJJeAYJOll�HM o6pa30M: 

B OTCYTCTDHH OH-rpyrrn n0Jrn111ep1rna1�11H n CHCTCMax M20-B203 rrpoxow1T nenpepbIBHO, 
6ea 8HC,TJJCMa.TJhHI,IX ll3MCHCHHÍf e,noikTB. )].1111 pearmx aHOMaJlbllLTX H3MCHemii1 B XHMH
'ICCHOH :rnBlfCHMOCTH CBOiÍCTB Hymen HMITYJlhC. Tam-1M (nlMH'JCCHHM) llMITYJlbCOM c11ya<aT 
B0/lOJJO)VILIC Cllll3H. 

1. Xapa,zmepucmu,..u 06'be.1w (V,, 1hr, Ro) e cucme.1w Na20-B203. Puc. 
Puc. 
Puc. 

2. I'eo.1r.empwiecnue ceoacmea e cucme.1ie Na,0-B203; d [37], nn [37), µ [42], E [50].
3. A1.mueupoeaw1&1e ceoiícmea o cucme„ue Na20-B203: a) E,. [55], Ea. [coa.aacno 52],

�s'7 [ C0/!.aacno 80]; E,, [ C0i!JtllCl-t0 80].
Puc. 4. Ceoiícmea e cucme.Ate Na20-B203; _1wag'Hjiuu,uaun me.1tnepamyp1weo pacumpenu11 

a) 20-300 °C [65], b) -196-20 °C [66]; xoéJ nw.1rnepamypbt npeepau,ettU!I, lg ; 
.1t. u. = .1temacma6u.a1,nan, u.1utu.cu,uo6u.a0Hocmo [ 68]. 

Puc. 5. Ceoiicmea e cucme.1w Na20-B203: e 06.aacinu II u III omnocume.abH0eo cocmaea 
1: 5 u 2 : 5; H - .1w.1;,pomeepéJocmb [22), [60]; A, B, To - no1-u:maHmbt a ypaeHe- • 
1wu <Poee.a-([>y.abxep-Ta.1taH.Ha [80], IX [40]; tang o [62]. 

Puc. 6. Ruc.aomo-ocHoeHocmb e cucme.1ie Na20-B203 [58]. 
Puc. 7. V, a cucme.1te Na20-B203 [22) y npo6 (a) ox.aaJtcéJae.1tbiX, (q) peano ox.aa.JtcéJae.1tb1x; 

(v) peai.o ox.aa;1céJae.1tMX WI pacn.aaea, no.ay'i.eHHoeo eo ea1>;1JY.1ie. 
Puc. 8. Xapai.mepucmui.u 06'be.1ta e cucme.1ie K,O-B203 (V,, RM, Ro). 
Puc. 9. I'eo.Aiempu•1ec1.ue ceoiícmea e cucnie.Ate K20-B203: d [37], nn [37), µ [49], E [49].
P11.c. 10. Ai.mueupoeaw1&1e ceoiicmea e cucme.1te K20-B203: E,. [55], Ea [53], E11 [86], IX [12].
Puc. 11. Cmpyi.mypa nemna6opamH.oií aH.mwmi 1: 5 1.1. 2: 5 coeJtac1-1,o [32] u [75]. 
Puc. 12. «Roea.aeHmll(U/.)) u «U0H/taJl,)) C8!1,8b Jlf-O e c,npyMnypa.abHblX eéJuHuq,ax C lfť/Wtpa.ab

Hbl.l(. a.ae.1w1-111w„u Si, B. P. 
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