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Phase Equilibria in the System Niobium Pentoxide-
Boric Acid
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The phase-equilibfum disggram for the system NbyOy—Bz0y was derermined experimenially
using the gquenching lechnique and sxamining the samples by optical microacopy and x-ray powder

diffrectoms=try.

The syatem comaine one binary compound of approximate compasition 3Ny -

Beh." which mels incongroently at about 1150 *C to H = NkOy and BeOaerich liguid. A lavge pegion
of hquid immiacibilily extends, & 1352 *C. from 10 mole percent Nbo(h to 65.7 mole percent NiwO,.
The itheoretically caleulated excent of immiscibility is in reasonable agreement with the expetimentaily

determined velue.
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1. Introduction

Comsisient with the objective expressed in the Intro-
duction 10 the preceding paper on the system NbaCy; —
Ge0;z [I])! the systematic study of immiscibility was
extended to incluode the phase relations in the system
MNb;Oy—B:();. The Nb* cation has a high charge
and moderate ionic radius, 0.69 A; and, consequently,
a high ionic field strength. Notwithstanding the high
fiekd strength, the NbeOs — Ge(); system dees noz show
liguid immiscibility. However, the Nbe(:—510;
s¥stem was found to contain a large region of immis-
cibility {2]. Based on the observation that no case
has been reported in which liguid immiscibility exists
for the silicate system but not for the corresponding
borate system, immiscibility in the Nbh:Oy;—EB.04
system was to be expected. Furthermore, the syatem
offered a possible opportunity to apply and to extend
the principles of immiscibility developed mainly from
systems of boratea with the oxides of divalent cations.

2. Sample Preparation and Test Methods

Starting materials for the preparation of mixtures
consisted of high-purity nicbium pentoxide and re-
ggent grade boric acid powder. The Nha(ly contained
the following impuyritiezs when examined by the general
qualitative spectrochemical method: Si—less than 0.1
percent; Fe, Sn, Ti—0.001 ta 0.01 percent; Ca, Mg—
00001 o 0.001 percent; Cu—7 The boric acid was
of especially high purity, containing only faint traces
(0.0001 to 0.001%%) of Mg and 5i.

Three-gram batches, on an ignited basis, of the
starting materials were formulated by mixing or grind-
ing, pressing, and heating for 4 hr, at three sueces-
sively higher temperatures: 700, 800, and about S0 *C,
Phase equilibrium relations were studied by the well-
established quenching technique. Samples were
heated in sealed P tubes for periods of 1 to 336 hr,
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Temperatures were measured with a calibrated Pt-
S0P : 10 Rh thermocouple. Quenched samples were
examined with the binocular and polanizing micro-
gcopes and by x-ray powder diffractometry (Ni-fltered
CuK, radiation) using a high-angle Geiger-counter
diffractometer. The technique and details of sample
preparation, apparatus, and method have been de-
scribed in previous publications {3] and were the same
as for the study of the Wby — GeOs system [1].  The
overall maximum uncertainty of the liquidus tempera-
tutes reported are estimated to be within £10 °C.

It should be noted that the polarizing microscope
was of limited value because clear homageneous
glass was not observed, even for the compositions
richest in B20s. Quenched liquid devitrified, to lesser
or greater extent, and the grains appeared brownish,
finely mottled, and very weakly birefringeat, when
viewed under the microscope.

3. Chemicol Analysis

Formulated compositions were analyzed by the
Analytical Chemistry Divigion. For most of the com.
positions only the Nbo()s; content was determined, by
titration of an unbuffed solution at pH 4.5 with stand-
ard EDTA solution. Percent B:(); was estimated by
difference from 100 percent. Analyses of three com-
positions {(formulated at 25, 50, and 66.7 mole percent
NbaOy) as well as analysis of the mechanically sepa-
rated heavy and Light devitrified liquids in the immis-
cihility region were made for both Nba(dy and BaD,.
B:0; was determined by titration of a neutral solution
{pH 7.00) with standard NaOH sohition, after the addi.
tions of manitol. WbhyO; was determined from the
weight of the ignited residue. Anealyzed values were
nsed in constructing the phase diagram. Those com-
positions for which one of the components was dever-
mined by difierence have an estimated uncertainly of
about 2 mele percent. Those for which bath compo-
nents were analyzed have an estimated accuracy of
better than 1 mole percent.
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4. Results and Discussion

A1, Nb=0Os ond B:0: Components

No gquenching experiments were made with the com-
ponents, as they were the same materials that had been
used previousty in phase equilibrium studies orng-
nating in this laboratery [3, 4]  As regards the NbOg
component, the same remarks pertain &g for the
Mbe(s —GeQ; system{1]. For purpozes of consistency
with previous publications the indicated meliing tem-
peralure of Bz is given a= 450 °C, although this value
may be 5 to 10° low T3],

4.2, Phase Diagram

The phase diagram for the system is shown in fgure
1, and table 1 lists the compositions studied, heat
treatments, and phases identifed. The system is
characterised by a large region of liquid immiscibility,
extending from about 10 mole percent to 65.7 mole
percent Nball;, and by a binary compound, “3Nbz (s -
B:(};" meliing incongruently at 1150 °C, some 200°
below the monotechic.

The two wiangles in figure 1 designate the chemi-
cally analyzed values for the By0zrich and the Nhy(s-
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Tane 1.
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rich devitrified liquids which were mechanically
geparated f{rom samples quenched from above the
monotectic. When the Pt was removed jrom the
quenched specimens, two distinet lavers were clearly
visible. The top layer appeared opalescent white
and was found te be herd and glassy when ground.
An index of refraction of approximately 1.51 =0.01
wag determined for clear portions of some of the grains.
The lower layer appeared crystalline, metallic grey in
color. Under the microscope the grains were dark
and very weakly birefringent. The x-ray powder
patterns showed that the top layer (B:0s-rich) con-
tained low-Why Oy with a trace of high-NbeOs, whereas

serd 20 room Iemperalure.
iatzan [pkeely gomnpenit jom of ehe hlnary eompiand,
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Fhoser nat necesannily presend at the gbevabad tempartions oo

the lower layer (Nba{d;-rich) contained appreciable
high-Mbs(s, low-Nby(d;, and a small amount of
“3NbOg  BO5.”

Homogeneous glasses were never obtained for any
composition as the biguids devitrified on quenching.
X-ray examination showed either low-NbhzOs, high-
Nbe(la, *3NbeOs-Be0y", or combinations. The low-
Mb:0s phase corresponded to the pseudo-ortherhombir
subcell of low-NbeOs found for some of the quenched
Liquids in the NbyO, - Geth system. It had the same
unit cell dimensions [1].  The metastable low-tempera-
ture niobia-type phase of hexagonal symmetry oe-
curring in the Ge(: syatem was not found.



4.3. Compound “INb; Qs - B;O;”

The exact compasition of this compound could not
be determined because of insufficient sensitivity, in
this instance, of the microscopic and x-ray methods
together with some uncertainty in the chemical anal-
yses. Therefore, the 3:1 ratio of oxides is given as
the most probable.

The compound formed readily for all compositions
in the system. It melted incongruently at abowm 1150
*C to liguid and H—Nb:(;. However, disappearance
of the compound above the melting point was ex-
tremely sluggish, The compound could be detected
in diminishing amounts up to the monotectic and lig-
uidus temperatures (see table 1). Even compositions
heated at 1161 *C for 68 hr showed appreciable
amounts of the compound, but the appearance of
H—Nb:Os indicated that the temperature was above
the incongruem: melting point. X-ray powder dii-
fraction data suitable for identification is given in
table 2. The pattern is of low symmetry with regions
of closely spaced low-intenaity peaks and could not
be indexed.

Tanie 2. X-roy powder diffraction datq {CukK. rediorion) for the
compound “ENpO; - Byy™

IPxern of Low aymmedry and could nos be indexed)
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2808 10 L7748 10
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2. TNb T 15855 2%
2613 o 18874 1
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2,506 9 1.5 1
247 4
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4.4. Application to Liquid Immiscibility Theory

The niocbium borate and niohium silicate systems
both contain large regions of immiscibility, whereas
the niobiom germanate system shows complete liguid
miscibility. us, as previously discussed [1], the
nizbium cation possesses a critical ionic field sirength
for the formation of two liquids with the glass-forming
cabions.

With data on immiscibility in the niobium borale
and silicate systems, it is sihle 1o test and to extend
the principles of immiscibility developed mostly from
data on the divalent cations to the cations of high
charge. A fundamental consideratien in the struc-
tural approach is the average number of oxygens
associated with a modifer cation, in the modifier-rich
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liguid. Once this value is known, statement of the
nomipal composition is a routing calculation. The
ouygen-volume method, discussed in previous publica.
tione [3, 6] is an attempt 1o make a reasonable estimate
of this number.

TAELE 3. Calcafated compasition of modifier-rich Squids, in #HNh
aad in mofe percent Wby, based on che oxymen-volume method
[ and twp values both for the niahiom separation and the volume
of space eccupisd by I (Vyh

Calegluied From Wh-Wh separaton:
Expeviwemal | of 405 A(XLA0 0090 and |, of 408 &, acd
Syutem
F=ITh a9 A Faciv
Ny | #O/Nb | #0NE | DiegCly | $OPNE | FbyOy | #NE | Dby
Mol % Mrle % Mols % ol %
NEsDh —Bri 67| 3| wB| a473| ar| 55l| x5 511
MOy — 580, 12] 4.5 461 +18 Erf ] ERH 4540 345 512

Table 3, column 3 gives the nomber of oxygens per
modifier cation calculated directly from the experi-
mentally determined composition of the modifier-rich
Lquid. For example, in the NheQs—B:{); aystem:

5 X 0.657+ 32,00 —0.657) _

#0/Nb= 3% 0.657 3.28,
Similarly, in the WNboOs—5i00 system:
SOIN <X CATEHAL00-0.475)

2x 0475

As a first approximation the number of oxygens per
cation may be considered independent of the glass-
forming cation. Using the data in column 3 for one
of the systems, it is possible to caleulate the compo-
gition of the modifier-rich liquid in the other sysiem.
The caleulation yields 57.5 mole percemt Mb:Oy in
the borate system,? using the 3.61 value, and 56.2
mole percent NheQs in the silicate system, nsing the
3.28 value. The calculated value in the borate ays-
tem is about B mole percent low, that in the silicate
zystem about 9 mole percent high. As will be shown
later, thiz seemingly large discrepancy is due to the
sensitivity of the calculations in the niohium oxide
systema.

Table 2 icolumn: 4-7) lists the calculated #)/Nb
and the corresponding mole percent Nbhy(k;, bazed on
the oxygen-volume method using a Nb—0O—=Nb bond
angle of 180" and Ahrens’ jonie radii for Nb+*5 and
0-3, the original papers oo immiscibility the valoe
of 17 A® was taken as the average velume of space
occupied by an oxygen atom in the modifier-rich liquid.

[t} 22 3615

A Mgminal pmide feomula ]

L LS

By = Mgy, ¢ 0L 780y {5T.5 mmole %



An analysis of the experimental data in about 40
barate and silicate systems showing immiscibility
[7] gives an empirical value of about 19 lR”. There-
fore, in table 3 calculations are given for hoth oxygen
values. It may be seen that for the 19 :{"’ value in
the silica case agreement is good between the calcu-
lated mole percent NbyOy (45.00 and the experimental
ane (47.5). In the borate case the caleunlated valoe i=
11 male percent low.

For the case of small highly charged modifier ca-
tions, such as niobium, the calculations are very
sensitive to cationic rading because a small difference
in separation has a large effect on the caleulated
number of oxygen per cation. For example, using a
separation of only 0.1 A less than 4.18, will increase
the calculated value by about 6 mole percent {column
9): and the calculated number of oxygens per niobium
{ecolumn B) is intermediate beiween 3.28 and 3.61,
the experitmentally determined values for the borate
and silicate systema, respectively. Gatehouse and
Wadsley [8], from a erystal structure determination of
high-WNbOs., have concluded that in Nb;Qy the aver

ionic radius of 0%~ is kilvl} A and that of NE**, 0.59 A,
The latter value is (.1 A less than Ahrens’ ionic radius.

5. Summary

The phase equilibrinm diagram for the system
Nbe(s—B:0: was constructed from “guenching”
data on nine selected compositions. Solidus and
liquidus values were determined by examination of
the samples with the binocular and polarizing méero-
scopes and x-ray powder difftactometry.

The system was found to contain one binary com-
pound, “3NbyQs- B}, which melts incongruently
at about 1150 °C, some 200 helow & monctectic. The
liquidue is characterized by a large twoliquid region,
at 1352 *C, extending from about 10 mole percent
Nbes to 65.7 mole percent NbeOs.
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Experimental limitations precluded an unequivocal
atatement of the composition of the “3Nby(k - BaOy™
compound. Above the incongruent melting point its
decomposition to H—NbyD; and B:Ogrich liguid is
sluggish. X-ray powder data soitable for idemtifica-
tion 1z listed,

In the modifier-rich liquid in the immiscibility region,
an average of 3.2B oxygen are associated with each
Nb atom, as compared to 3,61 for the corresponding
silicate system. Calculation of the composition of
the modifier-rich liguid, by the oxygen-volome method,
givea acceptable agreement with the experimentally
determined value, considering that for cations of large
valence the calculation is sensitive to small changes
in the parameters.

6. References

[1] E- M, Levin, ). Res. NBS TOA (Phys. and Chem.). No. 1, 5-10

(15646,
[2] M. lbtahim and M. F. H, Pright, I. Am. Ceram, Soc. 45 [5),
221-22 (1982),
[3] (a} E. M. Levin, C. B, Bobhbina, and ). L. Waring, ). Am. Ceram.
Soc. 44 2], 8701 (1961),
{b] E. M. Levin and C. L. McDaniel, ). Am. Ceram. Soc. 45
Sﬂi. 25560 (1962),
(4] tab ). L. Waring and R. 5, Roth, I. Res. NES 694 (Phys. and
Chem.}, Ma. 2, 1192 {1%65].
) R. 5. Both and ). L. Waring, J. Hes. WBS 654 (Phys. and
Chem.), No. 4, 35744 (1061},
[51 T. ). Rockett and W, R. Fester, J. Am. Ceram. Soc. 48 [2],

T 0 {1965),

[6] E. M. Levin and 5. Block, I. Am. Ceram. Soc. 44 [3], 95~106;
[4], 11513 (19T,

[T E. M. Levin, Structyral interpretation of immiscibility: pans
1¥. ¥, and ¥1, in preparalion.

[81 B.[J{Jmﬂinrlehmu and A. D, Wadsley, Acia Cryst. 17[12], 1535-54

{Paper T041-382)




