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Liquidus cwrves of glass-forming two-component systems of alkalt
borates were calculated by means of the Le Chatelier—Schreder equation.
Activities of components in solutions were obtained by the formal use
of the Haases approach. An analogy of the structure of the crystalline
phase with that of the melt was considered in the calculation. The liquidus
curves obtained by calculation were compared with the experimental
ones and a satisfactory agreement was found.

INTRODUCTION

Structural research of vitreous and molten boron trioxide made with the aid
of X-ray techniques has shown that the substance comprises BO; triangles
joined by their apexes into an irregular three-dimensional network [1], [2].
The low electric conductivity value and the high viscosity of molten B203
close to its melting point indicate that the three-dimensional covalent network
is retained in the structure even after fusion.

Richter and coworkers [3] on the basis of X-ray analysis first suggested that
the BOj groups are not planar, forming flat tetrahedrons with the boron atom
at the apex. Grjotheim and Krogh-Moe [4] pointed out that the structure
of boron oxide glass is similar to that in its hexagonal crystalline form and
that it consists of two types of irregular BO, tetrahedrons. The first onc is
a hybride between triangular and tetrahedral configuration with the boron
situated much closer to the three oxygen atoms. The other is a distorted tetra-
hedron with various lengths of the B—O bond. The mean co-ordination number
of boron in the B,O; melt, 3.1 as determined by Biscoe and Warren [5], does
not provide explicit evidence of any change in boron co-ordination according
to the authors of study [4]. However, more recent measurements of nuclear
magnetic resonance have confirmed the Warren’s X-ray diffraction measur-
ements.

In the glass-forming binary systems of alkali borates it is possible to observe
a change in the trend of a number of physico-chemical properties in the con-
centration range of approx. 20 mole 9, of alkali oxide. For instance, Gooding
and Turner [6] found that expansion of sodium borate glasses decreases with
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- increasing content of alkali oxides up to about 16 mole 9,, increasing again
above this concentration. Shartsis et al. [7] found that the viscosity of borate
melts first decreases with increasing concentration of alkali oxide, then increa-
ses and attains a maximum in the region of about 20 mole 9, of alkali oxide.
These phenomena, called "boric acid anomaly* in literature, are due to a change
in the structure of the B,O; melt caused by the alkali oxide addition and are
related to the ability of boron to change its co-ordination number.

Biscoe and Warren [5] studied X-ray diffraction of sodium borate glasses
and for the first time established a change in the co-ordination of some boron
atoms from 3 to 4 in the low Na,O concentration range. Abe [8] assumed a
maximum concentration of four-co-ordinated boron at a concentration of
16.7 mole 9, Na,0O. Krogh-Moe [9], on the basis of a similarity between the
infrared spectra of crystalline and glassy alkali borates, has come to the con-
clusion that the change in the co-ordination number of boron from 3 to 4 takes
place up to a content of 33 mole 9, of alkali oxide, which corresponds to a
maximum concentration of 50 9, of four-co-ordinated boron. This assumption
has been explicitly confirmed experimentally by the measurements of nuclear
magnetic resonance carried out by Silver and Bray [10] and by Bray and
O’Keefe [11]. These authors found that within the concentration range of
2 = 0—30 mole 9%, of alkali oxide the concentration N4 of four-co-ordinated
boron may be quite accurately expressed by the relation

X

Na=150—% °

(1)
Equation (1) may be interpreted so that each oxygen added will change the
co-ordination of two boron atoms from the triangular to the tetrahedral one.
As a result of this there are no non-bridging oxygen atoms present within this
concentration range. This fact has also been confirmed by X-ray structural
analyses of various crystalline borates described in study [9] where it is also
pointed out that equation [1], which primarily holds for alkali borate glasses,
may likewise be applied to crystalline alkali borates.

The comparison of results of nuclear magnetic resonance studies [10], [11]
and those of the glass forming ability of alkali borates indicate that the limit
glassforming concentration is only slightly higher than that at which non-
bridging oxygen atoms are formed. This implies that at the limit glassforming
concentration the degree of latticing in alkali borate systems is much higher
than for instance in silicate systems. However, this difference in structure will
obviously decrease with increasing temperature as a result of the lower stabi-
lity of BO,4 groups at higher temperatures [8].

In a previous work [13] the present authors suggested a thermodynamic
model of silicate melts in the systems MeO — SiO,, based on an analogy of
the crystalline structure and that of the melt. On the basis of the facts mention-
ed above one may reasonably expect an analogy between the structures of
the crystalline phase and of the liquid one also in the alkali borate systems.
This assumption has been verified in the present study in the calculation of
liquidus curves in alkali borate systems while a approach similar to that
employed in study [13] has been used in the formulation of the thermodynamic
model of borate melts.
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THEORETICAL

The structure of alkali borate melts can be assumed to be a three-dimensional
network of apex-joined BOs triangles and BO, tetrahedrons where the cations
are situated in the free spaces. The properties of such a melt will obviously
depend on the numerical representation of boron in the individual co-ordinat-
ions, on the amount of alkali cations and bridging oxygens, and at higher con-
centrations of the alkali oxide also on the amount of nonbringing oxygens
present.

Let us consider a two-component system Me,O —.B,0; containing ¢ moles
Me,O and b moles B;03. The total number of boron moles in the mixture
is 2b. When assuming that each oxygen atom of alkali oxide changes the
co-ordination of two boron atoms from 3 to 4, then the number of moles of
four-co-ordinated boron atoms in any mixture will be 2¢ and the number of
moles of three-co-ordinated boron atoms 2b — 2a. The total number of oxygen
atoms in any arbitrary mixture will be equal to 30 + a. The total number of
boron co-ordinations is 60 + 2a. The number of moles of bridging oxygens
will be 6b -+ 2¢ — (30 + @) ='3b 4 @, so that all the oxygen atoms present
will be the bridging ones. Tor example, in the compound Na,O . 4B,0; there
will be two boron atoms in tetrahedral co-ordination, six boron atoms in
triangular co-ordination and all the oxygen atoms will be the bridging ones.

As follows from the results of work [10], [11] such a trend is maintained up
to a concentration of approx. 30 mole 9, of alkali oxide. Above this concentrat-
ion in melt, nonbridging oxygen atoms arise as a result of reverse transition
of some boron atoms from tetrahedral co-ordination into the triangular one.
According to [11], Na,O . 2B,03 melt contains by about 7 9, less boron in
tetrahedral co-ordination than would correspond to equation [1]. In the melt
there are therefore about 7 9, atoms of non-bridging oxygen, which formally
corresponds to 0.5 non-bridging oxygen atoms per formula unit. When further
alkali oxide is added the representation of boron in the tetrahedral co-ordinat-
ion remains at first unchanged (at about 50 9,) but then it decreases and falls
down to zero at 70 9, of the alkali oxide [11]. In metaborate melts it is possible
to assume the presence of approximately 40 9, non-bridging oxygen atoms
which corresponds roughly to 1.5 atom of non-bridging oxygen per formula
unit. It should be noted, however, that within the concentration range above
33 9, of alkali oxide only scarce experimental data are available so that the
picture of the structure of these melts is only approximate. Larger differences
between the liquid and the crystalline phase can likewise be expected in this
concentration range.

The Haase’s approach was used in the calculation of activities of the indi-
vidual components [14]. Chemical potential of the component in solution was
determined as a sum of chemical potentials of cations, three- and four-coordina-
ted boron and that of bringing and non-bridging oxygen atoms. The derivation
of the expression for the activity of a component based on the theory mentioned
above, as well as the assumptions under which the activity of a component
was calculated, have been dealt with in the preceding study [13].

When defining the true molar fraction of ¢-th particle in pure /-th component
and in mixture by means of equations

4,1 Zmg, 121

Yol = g Yi = @ Ema) (2)
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where 27 is the molar fraction of 7-th component in mixture and =, ; is the
number of i-th particles (e.g. alkali ions) in the /-th component, then the
activity of I-th component in solution is given by the relationship

k& Y ny, 1
ay = = i 3
! il;ll (?/i,l ) ( )

The same relations also hold for the other component. The liquidus curves of
two-component borate systems were calculated by means of the simplified
LeChatelier-Schreder equation (AHf = const.)

AHS (1 1
In (0=T(W_?); (4)
where AHf and 77 are enthalpy and temperature of fusion of the pure com-
ponent respectively.
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Irig. 1. Phase diagram of the system B,0s — Na,Bsg013; — — — — calculated.

THE RESULTS OF CALCULATION AND DISCUSSION

The liquidus curves were calculated in the binary systems B;0s(B) —

—N&2B3013(NB4), NB4—N€L)B4O7(NB2), NBz—NﬂszO4(NB), leB4O7(LB2)—
L12B204(LB) and I(2B407(I{Bz) & I{2B204(I{B) (Figs 1—5)
The necessary values of enthalpy and temperature of fusion are listed in
Table I. As the values of enthalpy of fusion of NB4 and KB are not known,
they were estimated from known values of entropy of fusion of NB, NB, and
oxides using the formulas

4 silikaty &. 1, 1979



Calculation of Liquidus Curves in Qlass-Forming Two-Component Systems of

AJNID = ASlyy — A8l — S,
ASNB+B = ASK . — ASh, — AS,
ASkip. AShp, + 2485 4 2A8NB+B (5)

Ay = ASy + A8, + ASN+D

The calculation has shown that due to the relatively high values of enthalpy
of fusion of the components in question an error of 4- 10 9, in the estimated
value does not play any significant role and may cause an error of only a couple
of degrees in the calculated temperature on the liquidus curve. The presence
of the incongruently melting NB3; compound has been taken into account in
the calculation of the liquidus curve of the system NB, — NB,. The primary
crystallization curve for NB; was calculated on the basis of estimated hypothe-
tical melting point of 1045 K, and the enthalpy of fusion was estimated
similarly to the case of NB,.

T k] T T T T
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Iig. 2. Phase diagram of the system Na;BgO13 — Na,B407; — — ~ — calculated.

Table II lists the numbers of particles in a formula unit of the pure com-
ponents considered. The numbers of three- and four-co-ordinated boron
atoms in the formula unit was calculated according to equation (1). In the
case of metaborate the presence of 50 %, tetrahedrally co-ordinated boron was
assumed. The calculation of non-bridging oxygen atoms was based on experi-
mental data given in [11]. For diborate the presence of 0.5 atom of non-brid-
ging oxygen and 6.5 atoms of bridging oxygens was considered. The values

of 2.5 bridging and 1.5 non-bridging oxygen atoms were adopted for me-
taborate.
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Table I.
Thermodynamic data for pure components [18]

Component T [K] AST[J . mol-1. K-1] AHf [kJ . mol-1]
B,0s3 723 30.6 22.2
NB, 1088 122.6* 133.4%
NB; 1046 101.2* 106.7*
NB; 1016 79.8 81.1
KB, 1088 96.7 104.1
LB, 1190 101.2 120.4
NB 1239 68.4 72.4
KB 1223 653.0%* 64.8%
LB 1117 60.3 67.7
Na,0 1406 33.9 417.6
K,0 1164 28.5%* 32, 7%*

* estimated values (see the text)
*% [19]

T [K]
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Irig. 3. Phase diagram of the system Na;B4sO7 — Na;B;04; emem= Milman
and Bouaziz [15, 1975), ~.~.— Morey and Merwin [15, 1964],
- — — — calculated.

A comparison of experimental [15] and calculated liquidus curves indicates
that the calculation method describes satisfactorily the courses of liquidus
curves in these complex glassforming melt systems. The explanation of the
structure of borate melts conforms with experimental data obtained by both
X-ray diffraction and nuclear magnetic resonance, and allows to characterize
thermodynamic behaviour of the melt with satisfactory accuracy.
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Table I1I.
Numerical representation of particles in formula unit of pure components

Component Nat+ B2 B4 —0— —O0
B;0s — 2 — 3 —
NB, 2 6 2 13 -
NB; 2 4 2 10 -
NB.; 2 2 2 6.5 0.6
NB 2 1 1 2.6 1.5

T [K] ' ' ' '
1200 |- -
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I"ig. 4. Phase diagram of the system LiaB4O; — LizB204; - - — — calculated.

In the system NB, — NB the calculation has confirmed the course of the NB
liquidus curve determined experimentally by Milman and Bouaziz [15, 1975]
whereas the earlier results of the study by Morey and Merwin [15, 1964] can
be considered incorrect because the limit relations are not fulfiled around
the NB melting point. However, on the basis of the calculations submitted
one may assume formation of an eutectic very close to the NB; compound.

A significantly less satisfactory agreement with experimental course of
liquidus curves may be observed in the systems MeB, — MeB (where Me = Li
and K) where the assumption of an analogy between the structures of the
liquid and the crystalline phases will hold to a lesser degree. The effect of
different polarizing effects of the individual alkali cations will also probably
be more substantial in these systems. For example, according to [16], [17] the
concentration of tetrahedral boron Ny in the system K,0 — B,0; decreases down
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tozero at 50mole %, K;0. This means thatin potassium metaborate all the boron
atoms are in triangular co-ordination. This fact obviously results in an increase
in the concentration of non-bridging oxygen atoms and consequently in a lower
degree of latticing of the melt and thus in a steeper course of the KB liquidus
curve in the system K;B — KB (cf. Fig. 5).

1300 !

T (K]
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80
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Fig. 5. Phase diagram of the system K;B40; — K3B104; — — - - calculated.
CONCLUSION

A thermodynamic model of silicate melts in the systems MeO — SiO, [13],
based on an analogy between the structure of the cristalline phase and of the melt,
was used in the calculation of activities and liquidus curves for two-component
systems of alkali borates. The change in the co-ordination of boron atoms in
dependence on alkali oxide concentration was taken into account in the
calculations. The calculation is based on structural concepts obtained from
experimental data of X-ray diffraction and nuclear magnetic resonance, and
allows the liquidus curves of the given systems to be characterized with a satis-
factory accuracy.
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VYPOCET KRIVIEK LIKVIDUS V SKLOTVORNYCH
DVOJZLOZKOVYCH SUSTAVACH ALKALICKYCH BORITANOV

Vladimir Danék, Zdendk Pének

Ustav anorganickej chémie SAV, Bratislava

Vykonali sa vypoéty kriviek likvidus sklotvornych dvojzlozkovych sustav alkalic-
kych boritanov pomocou rovnice LeChatelierovej-Srederovej. Aktivity zloziek v roz-
toku sa ziskali formélnym pouzitim teérie konformnych roztokov. Pre vypoéet aktivit
zloziek v roztoku sa pouzil termodynamicky model silikdtovych tavenin sustav Me O —
— 8103 [13], zaloZzeny na analégii Struktury krystalickej fazy a taveniny, pri¢om sa
zohladnila zmena koordindcie atémov béru v zdvislosti od koncentrdcie alkalického .
kysliénika. Vypoéty vychddzaju zo Struktirnych predstdv, ziskanych na zédklade
experimentédlnych udajov rtg difrakeie a jadrovej magnetickej rezonancie. Vypoéitané
krivky likvidus sa porovnali s experimentdlnymi. Zistilo sa, Ze uvedeny sp6sob vy-
pod¢tu umoziuje s dostatoénou presnostou charakterizovat krivky likvidus uvazova-
nych sustav.

PACUET KPUBDBIX JIUKBIJYC B CTEKJOOBPA3VYIOMUX
JIBYXKOMIIOHEHTHLIX CUCTEMAX I[EJIOYHLIX BOPATOB

Baapgumup anek, 3nenex llanex
Hemumym 1eopearnuuecroii xusuu CAH, Bpamucaasa

IlpoBojiinch  pacueThl KPHUBBIX JIMKBHAYC CTeKJI000pa3yOUX [BYXKOMIOHEHTHLIX
cicTeM IEJIOUHLIX GopaToB ¢ moMomnio ypaBHeHus Jle-llaTennepa—IIpegepa. AKTHBHOCTH
KOMIIOHEHTOB B pacTBOpe MOJyyaluch (JOpMasILHEIM HCHOJIL30BaHHeM MeTosfa Xaaca [14].
[asa pacueTa aKTHBHOCTH IKOMIOHEHTOB B pacTBOpe IIPHMEHAJM TepMOJMHAMHYECKYIO
MOJe/L CHIMKATHLIX pacmilaBoB cucTeM MeO—SiO, [13], ocHOBLIBaIOmYIOCST Ha aHaJIOTI
CTPYKTYPHI KPUCTAJIIMYeCKOH (padhl M pacIilaBa, IpHYEM YUMTEIBAeTCA M3MeHeHMe KOOpJIHi-
Hamui aToMoB 6opa B 3aBHCHUMOCTH OT KOHIEHTPALMH I€II0YHOTO OKHCIA. Pacuersl BHIXOAAT
13 CTPYKTYPHBIX IPeAcTaBJIeHHui], ToJIyUeHHEX Ha OCHOBAHMHU IKCIIEPUMEHTAJLHEIX JaHHBIX
PEHTI'eBOBCKON JAu(paKkLui ¥ sAepHOro MarHUTHOIO peidoHaHca. ﬁanee COIIOCTaBIFTIICE
KPHBHE JUBKBUAYC C 3KCIIePUMEHTaJILHLIMI KPHBHMU. BGIIIO yCTaHOBIIEHO, UTO HpHBEHeH-
HEDM COOCOGOM pacueTa MOMKHO C JOCTATOUHOI TOYHOCTLIO ¥apaKTepH30BaThL KPHUBLIe JIMKBH-
AYC paccMaTpHBaeMBIX CHCTEM.
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Puc. 1. Juaepassa paz cucmesst B203—Na2Bs0,3; — ——— pacuem.

Puc. 2. Juaepassa paz cucmesmvrt NazBgO13—NaB404; — — = — pacuem.

Puc. 3. HQuaepamma $paz cucmesst NaaBsOr—Naz13,04; Muasar v Byasus (15, 1975),
----- Mopeli u Mepgui (16, 1964], - - - - pacuem.

Puc. 4. Juazpassa paz cucmenwt LizB407—LiaB,04; ———— pacuem.

Puc. 5. Quazpamsa pas cucmesvr K;B1s07—KoB,045 — = — - pacuem.

Obr. 1. FPdzovy diagram ststavy B;03; — Na,BsO13;
———— vypolet.

Obr. 2. Fazovy diagram sustavy Na:BsO13 — Na,B4Oq;
~ —~ — vypolet.

Obr. 3. Fazovy diagram sustcvy Na:B4O; — NaB204;
e V[ ilman a Bouaziz [15, 1975], —.—.—~ Morey a Merwin [15, 1964]
———— vypolet.

Obr. 4. Fazovy diagram sustavy LiaB4O7 — Li;B204;
— ——— vypolet.

Obr. 8. Pdzovy dragram sustavy K2B407 — K,B20s;
—— —— vypolet.

10

Silikaty &. 1, 1979





