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of a chemical potential with respect to concentra-
tion variables. Reliance upon the critical condi-
tions thus obtained for quantitative results re-
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quires a greater faith in the complete applicability
of the chosen model than is probably justified.
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The Cr(VI)-Cr(III) indicator is applied to binary borate melts at 1200°.
Their ratio, corrected for the oxygen pressure above the melt, is taken as a measure
The systems of B;O; with Li;O, BaO and ZnO show minima of this

below 0.19;, are determined by titration,
for the availability of oxygen ions for bond formation.

The concentrations of the two valences, each

oxygen ion availability which are correlated to anomalies in some physical properties reported for the corresponding glasses.

With K;O and PbO, no minima are observed.

Several physical properties of binary boric oxide—
metal oxide glasses indicate that an increase
in metal oxide concentration, starting from pure
B:O;, first tightens the structure of the glass to
loosen it up above metal oxide equivalent frac-
tions of about 0.1.2%: For instance, the ‘‘apparent
molar refraction” Roe- introduced by Fajans and
Kreidl* as a measure of the looseness of oxygen
bonding shows minima at equivalent fractions of
0.06 to 0.08 in the systems with Na,O, K,O and
BaO.? It seemed worthwhile to see whether the
availability of the oxygen ion for bond formation,
as measured with an indicator, would exhibit simi-
lar features in the molten mixtures at 1200°.

Indicators which have been employed in liquid
oxide systems by Weyl%2 Dietzel®® and Lux® are
pairs of metal ions like Cré*~Cr¥+, Their equilib-
rium, at a specified oxygen pressure, is determined
by the availability of oxygen ions (the “‘oxygen ion
concentration” in the terminology of Lux and
Flood”). The range of the indicator can be ex-
tended by using different oxygen pressures. The
present view of molten oxides® does not permit the
assignment of definite formulas to the indicator
ions. Formally, their equilibrium can be written as

Cr{VI) (in melt) = Cr(III) (in melt) + 2/,0; (1)

In order to compare the results measured at differ-
ent oxygen pressures, a quantity K’ is defined

K' = j—: X po? /s 2)
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(2) B. E. Warren, J. Am. Ceram. Soc., 24, 256 (1941).

(3) The calculation of Ro, was based on refractive indices and
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e, €3 and po, denoting the concentration of hexa-
and trivalent chromium found by analysis (in
weight 9) and the partial pressure of oxygen in
atmospheres, respectively. This K’ is primarily a
function of the pseudo-binary oxide composition.
All its factors are measured; thuslog K’ is the ana-
log of Hammett's H-function® in protic solvents.
The composition of the pseudo-binary borate sys-
tems is expressed in this paper by the equivalent
fraction of the metal oxide

gMeO = 2nyMe0 /(GnBzoa + 2nxe0)

Me denoting K, Ba, etc., # the oxide mol number,

The indicator equilibrium was to be followed by
chemical analysis. Therefore the Cr(VI)-Cr(I1I)
pair was chosen. Its hexa- and trivalent ions are
fairly stable in aqueous solution and can be ti-
trated without special precautions; also, one would
expect only these two valences under the oxygen
pressures applied.’® As to the second component
to be added to boric oxide, all oxides occurring in
several valences were ruled out by the analytical
method used for the indicator. Evaporation from
the melt and narrow homogeneous liquidus ranges!!
were other limitations. To have cations of differ-
ent charge, size and polarizability, the oxides of
Li, K, Ba and Zn were chosen, and PbO which per-
mits investigation over the whole concentration
range.

Experimental

The general procedure was as follows: A mixture of boric
oxide and the corresponding metal oxide containing about
0.19% Cr was held at 1200° in an oxygen-nitrogen atmos-
phere of known composition until equilibrium was reached.
The sample was then quenched and analyzed for the metal
oxide and for hexa- and trivalent chromium. By choosing
the proper gas atmosphere, the ¢s/c; ratio was kept between
0.1 and 10 which is convenient for the analysis.

The reagents were boric acid, the nitrates of lithium,
potassium and barium, and zinc and lead(II) oxide, all of
analytical grade. Chromium was added as K,yCr:0s.
These components were premelted under either hydrogen
or oxygen, checked for the absence of nitrate and then
placed into a small 1-ml. platinum crucible. Two of these
were hung together into a vertical ceramic tube of 11/,* i.d.
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(11) (a) F. P. Hall and H. Insley, ‘‘Phase Diagrams for Ceramists,"*
J. Am. Ceram. Soc., November, 1947, and December, 1949; (b) M. A.
Foex, Ann. chim., 11, 359 (1939).
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which was heated in a SiC rod furnace, The temperature
was measured with a calibrated external Pt-Pt/Rh thermo-
couple; it could be held at 1200° within =£=10° for many
hours by manually regulating the furnace voltage. The
gas mixture inside the tube was made up front oxygen or air
aud nitrogen; these gases were purified and dried in the
usual manner and nteasured within 5%, in flowmeters
similar to those described by Darken and Gurry.’? The gas
flowed upwards in the tube at a velocity of 0.95 cm./scc.
at which rate thermal diffusion is negligible.!?

To reach equilibrium, tlie majority of the samples were
heated for 12 hr., the ones containing much B,O; for 24 lir.,
and the mixtures rich in K,;O and PbO, having a ligh vapor
pressure, for 2 to 4 hr. For eacli composition one sample
had been reduced to blue color by tlie premnelting under hy-
drogen; the other one had been over-oxidized under oxyge.
If this was not possible, one sample was made to have about
1/, the volume of the other. Both were heated simultane-
ously under the corresponding O;—N; mixture. When they
gave the same ¢s/c; ratio within the limits of error, it was
concluded that equilibrium had been attained.

For quenching the samiples, the crucibles were lowered
inito the pool of mercury at the bottom of the furnace tube.
A slower cooling certaiilly would not alter the oxygen con-
tent of the very viscous liquids, but in some mixtures rich
in B,O; and Crli¥ it resulted iu a precipitation of CryO; in-
soluble for analysis.13

Analysis.—The finely ground samples of about 0.5 g.
were dissolved in boiling 0.5 N HCl. Li,0 and K.O were
titrated directly with HCIl, whereas the barium borates
had to be dissolved iu an excess of acid and titrated with
NaOH. An antimony electrode as the electrometric indica-
tor gave satisfactory end-poiits. To dissolve the lead bor-
ates, boiling 3 N NaOH was emnployed. ZnO aud PbO
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Fig. 1.—Cr(VI)-Cr(IIl) equilibrium at differet oxygen
pressures in constant solvent, 1200°, 0.1% Cr. The points
for gri;o = 0.292, gx.n = 0.053 and 0.047 have been shifted
downwards by 2, 2.6 and 4 units in log (¢s/¢:). respectively.
Straight lines drawn witlt slope 3/4. Further explanatious
see below Fig. 2.
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were determined by the usual gravimetric methods in a sepa-
rate sample.

The hexavalent and the trivalent chromium were frac-
tions of the total amount of 0.1, Cr or less, so that quanti-
ties of 20 to 500 ug. Cr of either valence had to be deter-
niined. A direct titration seemned to be the most promising
method. For the Criil, the procedure of Hahu!t was
adopted. A suitable fraction of the solution resulting from
the acid titration was added to twice the volume of boiling
10 N NaOH and titrated with 0.01 N cyanoferrate(III)
after the additionn of a few drops of 0.0005 N thallium(I)
iitrate to serve as an accelerator. The 10 N NaOH had
to be ‘‘neutralized’’ previously with a little cyanoferrate-
(III) up to the end-point potential, which was at =0 mv.
with the platinum and saturated calomel electrodes used.
It was found that lead(II) is oxidized quantitatively to
Pb(IV) under these conditions. For the lead borates,
therefore, a NaOH solution of only 2.5 N was employed,
which prevented the oxidation of lead and still gave com-
plete Cr(III) oxidation with a satisfactory end-point. The
Cr(VI) was titrated with 0.01 N iron(II) sulfate in another
fraction of the solution.

Probable Errors.—An oxidation of the sample during the
grinding is very unlikely. That dissolving under the condi-
tious specified did not alter the respective chromium concen-
trations was checked with known mixtures. An appreciable
error could be due to the fact that some of the samples rich
in boric oxide gave whitish opalescent solutions which did
1ot clear up after addition of a gtrong acid or base. In view
of its smallness this residue was not further analyzed. If
one assumes that it contained Cr(III), then the trivalent
chromium found for these saniples would be too low. It is
believed that the scatter in the high boric oxide region is
due to this phenomenon. The metal oxides titrated are
thought to be accurate within =+0.5%. For Cr(III) and
Cr(VI) the following error can be estimated: An uncertainty
of £0.05 ml. of titrating agent corresponds to =9 ug. of Cr,
which may be as much as 1/; of the amount of one valeiuce
giviug for log (¢s/c;) an error of 0.2 in unfavorable cases.
L1 most samples, the sumn of ¢g and ¢; was found as 80t0 1059,
of the original Cr concentration. In the samples containing
lead oxide the agreemeut was within 5%; thus, the presence
of ligher lead oxides appears improbable,

Results and Discussion

Indicator Equilibrium.—First of all, the behavior
of K’ at constant solvent composition had to be
checked. Table I shows that from 1.0 to 0.19; Cr,
and presumably below, K’ is independent of the
indicator concentration. (0.19, Cr equals about
0.03 gram atom per liter.) Changing the temper-
ature from 1200 to 1100° gave an increase of .29
and 0.14 in log K’ for a K and a Li borate, respec-
tively. 1

TasLE I
Loca K’ For ConsTANT SoLVENT COMPOSITION
(a) Solvent: K.0-By0s, gxo = 0.078, po, = 0.2 atm.,
1100°. (b) Solvent: Li,O-B.0s, qumo = 0.223, po, = 0.2
atmt., 1200°. (c¢) Solveut: K;0-B;0s, gx,o = 0.060; iu-
terpolated from Fig. 2. (d) Solveut: Li,0-B:Oj, qrio =
0.223, po, = 0.2 atu., 0.19%, Cr.

Variation of indicator concentration

(a) (b) Variation of temperature
Total Total (c) i1
Cr ¢ log Cr log Temp.,
o+ o K’ Cs + c3 K’ @ log K’
0.115 1.07  0.102 0.30 1100 0.77 0.0
.121 (.92 104 28 245
124 .97 .Hb3 .23 1200 .48 30
108 1.4s .H59 16 28
.552 1.08 1.070 .23
500 1.08 1.075 .25
1.012 1.07

(14) F. L. Hahn, Z. angew. Chem., 40, 349 (1927).

(15) This yields some 10 kcal. for the AH of reaction (1). Ac-
cording to (). Kubaschewski and E. L. Evans, ‘‘Metallurgical Thermo-
chemistry '* Academic Press Inc., New York, N, Y., 1931, the Afzn =
422 2= 23 keul, Tor the reaction: CrOzl(c) = 1/:Cra0s(c) -+ Ouig).
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To show the effect of different oxygen pressures,
log (cs/cs) was plotted vs. log po,. Itis seen on Fig.
1 that, at least down to po, = 0.02 atm., the points
lie on a straight line with a slope of 3/4. It seems
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Fig. 2.—Log K’ in the system K;0-B;0;. “L.” and “D.”
points according to Lux? and Dietzel ®® Estimated analyti-
cal error given with each point. Oxygen pressures: @, 1;
@, 0.2; ™, 0.02; O, 0.002 atm.; @, mean from experiments
at different pressures. Phase diagram!! information at
bottom: Thick vertical lines symbolize crystal phase with
m.p., if dotted, incongruent melting. Thin dotted vertical
lines: limits of two phase range. Horizontal dotted lines:
range in which glassy samples were obtained.
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unlikely to the author that the deviation at low
oxygen pressures can be explained by experimental
error only. The conclusion was drawn that, for
constant solvent, K’ can be considered as an appar-
ent equilibrium constant representing the indicator
reaction as written in eq. (1). This holds for Cr
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Fig. 4. —Log K’ in the system BaO-B,Oy;
see below Fig. 2.
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concentrations below 19 and oxygen pressures be-
tween 0.02 and 1 atm., a variation in temperature
of £20° giving no appreciable change. The log
K’ values reported below were obtained within
these limits,

Log K’ Values for Pseudo-binary Borate Sys-
tems.—The results for the 5 systems investigated
are plotted vs. composition in Figs. 2-6; the curves
which seemed to give the best fit are reproduced
together in Fig. 7. For the systems with Li,O and
BaO (Figs. 3 and 4) the curves are quite similar
except for the miscibility gap in the latter. A min-
imum is observed around gumeo = 0.1; one may pre-
sume that the decrease in oxygen ion availability
is caused by the same reasons as the structure tight-
ening of the corresponding glasses.? With ZnO,
furnishing a cation of high polarizability, the mini-
mum occurs at higher metal oxide concentration
with a log K’ value much below the one for boric
oxide (Fig. 3).

The system K,0-B.0; (Fig. 2) does not reflect
the anomalies found in the glass, nor does the sys-
tem with PbO (Fig. 3).%® From the fact that in
these two systems the melts are relatively volatile
and little viscous, one may guess that the log K’

{16) For this system, a minimum in the heat of formation of the
glasses has been observed at ¢PbO = 0.2 (calculated per gram atom of

oxygen). L. Shartsis and E. 8. Newman, J. Research Nail. Bur.
Standards, 40, 471 (1948); J. Am. Ceram. Soc., 31, 213 (1948).
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Fig. 7.-—Log A’ i1 the 5 pseudo-binary systems investigated.

minima will disappear also in the other systems if
the temperature is increased. In the PbO-B,O;
liquids up to gero = 0.2 the oxygen ion availability
is almost the same as in pure B;0;; indeed, a simi-
larity in the oxygen bonds of Pb, B and Si is sug-
gested by magneto-optical measurements? indi-
cating the presence of tetracovalent lead in lead
silicate glasses. The steep increase of log A’
around gepo = 0.3 is paralleled by an anomaly in
the surface tension of these liquids. '

At a constant composition of gmeo = 0.25 the
log K’ values are found to decrease in the order K,
Ba, Li, Pb, Zn, which is very much the same as in
the various ‘‘basicity series” reported.’® The or-
der is changed, however, at different gnreo.

If another indicator were chosen, one might ex-
pect similar log K’ values (except for an additional
constant), only if the ion pair is of the same charge
type. This is suggested by the results of Dietzel®®
obtained with the Mn*+-Mn?* pair. It would
permit extension of the method to mixtures not
accessible by the Cr{VI)~Cr(III) indicator.
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