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Phase Equilibrium Relations in the Bmary

System Bismuth Sesquioxide-Nicbium Pentoxide

R'S. Roth and J. L. Waring
(Angust 2, 1062)

The phase cquilibrivm diagram for the binary aystem bismuth sezguloxide-niobitn
ntoxide has been construeted from observations of fualon characterisilea and X-ray dif-
raction data. [n the ayatem Bve binary compounds were ghaerved with Bl : Ny, ratios
of 5:3, 1.1, 4:%, 1:5 and 1:6 The 1:1 compound was fonnd to transforin irreversibly
(in laboratory time} from the orthorhombie bismutplantalite type strueiure to s triclinic
form st about 1,020 °C and melt eongraently st 1,245 *C,  The 5:3 gompound melts incon-
gruently at 1,153 *C the 4:9 at 1,183 °C aud the 1:8 st 1,242 *C, The i :5 compound haa n
maximum temperature of stability at 1,085 *C and the 4:9 and 1:9 compounds have mini-
muym temperatures of stability at 107G °C and 1,002 °C respectively. by was found to
enter into solid solution in Bi;04 up to sbout 33.5 mole percent Nby(Gs. The meltiog peiot
is incregeed and the monoelinde-cubio phase trensformation temperetoro 12 decreased.

A morphotropic phase change oceurrs at about 19.5 mole pereent Nbu(y fromn the cubic toa

peeudocubic structure.

1. Introduction

A study of phase relationships in the hinary
Eysiem Bing-P?b:D; has heen conducted as part of
a program of fundamental phase eguilibria studies of
ceramic  materials. Attempts to  =ynthesize an
orthorhombic BiNb(, compound isostructural with
the mineral bismutotantalite have been reported as
failures by several workers [1, 2].! Aunvillius [2]
hias indicsted that the resultant materinl was tn-
clinic. Ne systematic attempt to study the phase
eanilibrium relations in the entire binary syatem has
been previously published.

Xray diffraction date, together with the melting
points of the compounds and the zolidus and liquidus
temperatlires At various compositions across the
systemn have been obtained in order to construct an
equilibrinm diagram.

2. Sample Preparation and Test Methods

The following starting materiuls were employed for
the preparation of specimens:

NII;,Ol:,—whigh-purit},r prada niohium pentoxide.
Spectrographic analysis indicated less than about
0.01 percent Si, 0.001 percent Ca and Mg, with As,
Chu, and Tw only questionably present.,

Bi(;—Reagent grade bhismuth sesquioxide.
Spectrographic analysis indicated less than about
£.01 pereent Fe snd 3i, 0.001 percent Al and FPb,
and 0.0001 pereent Ag, Cn, Cr, Cu, Mg, and Mn,
with Co gquestionably prescnt.

For the preparation of the speeimens the weight
percentapes wera caleulated to within £+0.01 percent
with no corrections made for percentaga purity of

1Figures o Brackets indicwts the baralure ceBrences @t ke endl of thia paper.

the raw materials exeept for loss on ignition. The
gtarting materials were weighed to the nearesi
+0.1 mg, in sufficient quantities to yield 3 g hatches.
For most compositions each batch wes mixed in a
mechanical shaker for sbout 15 min and pressed
into & disk in a % in. diam mold at 10,000 !b/in.?
The disks were sandwiched between Pt foil disks,
etacked in a Mg crucible and caleined in air to
700 °C for either 3 or & hr in an electricslly heated
furnace. Bome compositions were prepared b
grinding a slurry of Lthe weighed mixture and al-
eohol with an agate meortar and pesile for a few
minutes. The slwry was then allowed to dry in air
or dried under an infrared lamp, or in & drying oven,
then pressed into s pellet and fired in the vsnal
THANDET,

Following the preliminary heat treatment the
disks were ground in an sgate mortar, remized, and
a portion of the sglecimen reformed in & % in. mold
at 10000 Ikfin® and reheated t0 & desired
temperature.

SBubsolidus as well as melting point data were
obtgined by the quenching technigue on samples
sealad in platinum tubes. An electrically heated
vertical tube furnace wound with 80 percent Pi—20
percent Bh wire wazs used for the quenching ex-
periments. The furnace waz controlled by an a-e
Wheatatone bridge controller which wea capable of
holding the temperature to at least 12 for an
extended period of time. Temperatures were mesa-
ured with & Pt versue Pt 10 percent Rh thering-
couple which had been calibrat alnst the melting
points of NaCl (800.4 °C [3])) and Au {1,083 °C [4]).
The thermoeouple was recalibrated several times
during the course of the work. When the tubes
were opened the apecimens were examined for
physical sppesrances of melting. Specimens were
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suapended in the furnace by fine Pt wire. In order
to quench, the wire was burned off, allowing the
sealed tubes to drop out of the hesting cheanber
into a beaker of water. The first sign of glazing of
the surface of the specimen was interpreted as the
first experimental evidence for the “solidus tem-
gerat.ure. Acreptance of this appearance as evi-

ance of melting was {found justified in many
speeimens by an abrupt diffcrence in the X-ray
dilfraction atterna  of the specimnens. The
tormation of a coneave meniscus, without the
formation of relatively large crystals, indicated the
Liquidus temperaturc. The precision of tha tem-
perature measurements for the experimental data
points is about +2 °C and the overall ascouracy of
the reported temperatures is probably about =45 2C.

Equilibrium was mnﬂidermf to have been chtained
when the X-ray diffraction patterns of specimens
successively heated [or hn§er times and/or at higher
temperatures showed no change, Xoruy diffraction
powder patterns were made psing a high angle record-
ng Geiger counter diffractomater and nickel-filtered
copper radiation, with the Geiger counier traversing
the apecimen at ¥°28/min sand the radiation being
reeorded on the chart at 1°28/in. The unit ecll
dimecosions reported ean be considered accurate to
about £2 in the last decimal place listed,

3. Compounds in the Bi,O.NLO, System
3.1. By,

Four polymorphs of Bi(; have been roported.
The equlihrium and stability relationa have bean
somewhat confused mainly becausa BiO; reacts with
almost any eontainer, and alse because the high-
temperature forma sre diffieult or bnpossible to
quench.

a. Low-Temperature Monoclinic Modifieation

It has been recognized by several workers [5, 6, 7, 8]
that the moneclime forin is the true low-temperature
stnble mmodification.  The structure of this phasae has
been described by Sillen [6,9] whoe has shown by single
crystal studies that, although the powder pattern enn
be indexed on the basis of orthorhombic symmetry,
the true symmetry is monoelinic,  The indexed X-ray
diffraction powder pattern has been given by Sillen
[6] and by g\?ranaon et al, [10].

b. High-Temperature Cobic Modificating

The monoeclinic form of Bi(, transforms reversibly
to & high-teinperatyre form abeve 700 °C. This
tranalormation was fivst reported by Guertler [5] to ba
at 704 °C using DTA apparatus, but since the com-
position of the container was not stated the resnlts of
this work werc queationad by Schumb and Rittner [7],
Apperently only Pt can he used as a container for
Blag; at any wsppreciable temperature without fear
of ponsiderable contamination, Schumh and Rittner
(7], using Pt containers found a tainperatyre of 710 2C
a3 the transformation point. However, they postu-
Inted that the high-temperature form was tetragonal,
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DTA and high-temperatiive X-ray data (to be
reportad in more detail in & futore publication) have
shown that the Bi0; used in this study transforms
from monoclinie to cubic at, 730 +5 °C, this phase
reraining stable to the melting peint at 825 £5 °C.
However, on cooling the cubic form of BijOs, it was
cbaerved that the monoelinic phase did not reform at
730 *C. Instead, the evhic phase supercooled to
about 650 °(, then tl‘&nﬂfﬂrmedp to o tetragonal phase
hefore reverting again to the monoclinic form at
abput 450 °C,

The cubic form has an Xe-ray diffraction powder
patterr: regembling thal of & lace-centerad cubic eall
of about 5.5 A. However Sillen [ﬁLhﬂ,s pointed out
that it is probabiy simple subic with ordered oxygen
vacancy positions somewhat similar to the euhic
forma of SheQ; and A=y,

o, Metastable Tetragonal Medificatlon

A tetragonal forin, structurslly related to the
cubic modification, wss first reported by Sillen [6]
who prepared it by very fast cooling of Bi.O, vapor.
1t was alzo prepared by Schumb and Rittner [7] by
& differenl method of condensation of v vapor. Both
workers used a graphite furnace. The tetragonal
form ¢ould not bhe obtained in thia laberatory by
condensing Big0; vapors from a Pt dish of molten
Bi;0; onto a glass slide. It is still not known whether
the graphite s necessary for obtaining the tetragonal
form at room temperatare.  DTA and high-iemper-
wture X-ray patterns made in this laboratory on pure
Bi, () indicate that under the conditions of the experi-
ments the tetragonal form only oecurs on cooling of
the cubie form. It ia found only in the range of 650
t-:ir_l 450 °C where the monaclinic form is the stable

nae,

P Sillen [6] reported the umit ¢ell dimension of tha
tetragonal phaze to be 2=10.93 A, c=5.62 A, nand
Sehuemb and Ritiner [7] obtained a=1093 A, c=
63 A, In the present study the tetragonal Form
wgs ohigined at room temperature by guenching
from 773 *C', a mixture of 99 mole percent Bif); an

1 1ol pareent NbyO,.  The unit ¢cell dimensions of
thia phase are e=10.9:15 A, +=5632 4

d. Metastable Body-Centered Cukio Phose(s)

Sillen 16] first reported the occurrcnce of a body-
centered cubic phase (a=10.08 A}, which he found
by fusing BiyOy in a porceluin crucible. He recog-
mzed that this phaze wae probably impure, and
considered it to be a compound of Biz0; and a second
metal oxide in the propertion of about 12 Bit? ions
to one other met.ﬂf cation. Schumb and Ribtner
[7] were akle to prepare a hody-centered cubic phase
[e=10.245 A) Whi-g;l? they considered te be a met-
astable form of pure BiOk{z=13) diffarent rom
Sillen's phase, However, thiz phase could only be
made by moderately fast cooling of the previously
formed tetraponal p‘ha&e. It should be pointed out
here that even this “‘pure bismuth oxide’ boedy-
centered cubic phase may well have had some
carbon atoms present in the lattice, asince the



original tetragonal materigl had been prepared in
a graphite crmeible. In this lshoratory w body-
centered cubic phase has been lound to ocour in a
largs number of binary systems containing BiO.
The thermal stability of the phasea found in these
svetems will be discussed in a future publication.

3.2. Compound 5Bi;04-3NL.O,

A compound was found in the presant study at a
ratio of 5B1,0y3NbO;.  The Xoray diffraction pow-
der pattern lisied in table 1 can be partially indz?ced
on the basis of a tetragonally distorted pyrochlore
type structure with Eﬁja ratio less than one. The
peeudotatraponal parameters sre 2=10.912 A, ¢=
10496 A. I the ¢ axis is doubled (20992 A) then
the relatively strong peik at 6.99 A can be indexed
as {003). However, this larger value does not
aceount for all the extra peaks and the true sym-
metry is probably less than tetragonal. It should
be noted that the powder pattern 18 always of quite
paor quality regardless of the temperature ?‘rﬂm
which the specimen ia guenched or the length of
time at Whi[gl the specimen is held at temperature.
This phenomenon i= often indicative of & nonguench-
able phase trapeformation and may indicate that
the compound is actuslly teiragonal scinewhat
above room temperatuore.

The X-ray diffraction powder pattern of the
compound 5Bi;0,-2Nb.0: 15 similar to that of the
¥seudmetr trally distorted 1r_pl;r,"rltmcl|1~::|nrn=. previously
ound for 3PLO-NboO, [11]. However, in the latler
compound the /e ratio i3 greater than one instead
of less than one. Ancther example of a tetrag-
enally distorted p hlore with #/z lesa than one
wns found by C. R. Bobhins of this laboratory, in
E deecimen of DBy0y:(ie(. quenched from the

quid.
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3.3. Compound Bi,O,;-NE,Q,

Although this compoeition has not been found in
nature, the snalogous composition Bi0pTa05 has

been found and is called bismutotantalite. Both
Dihlstrom [1] and Avrivillius [2] attempted te svo-
thesize BiNB(0, and BiTa(, but found that the
synithetic cormpounds were different from the natu-
rally oceurring hismutotantalite, which is ortho-
rhombic [12] and apparently isostructural with stibio-
tantelite (E‘:—hTaD,.}] snd antimony tetroxide (ShyOy)
iDihlstrom, 1]

a. Low-Tempsrabure Orthorhombie Modificalion

The low-temperalure orthorhombic modification,
wins found in all aolid-state preparations of the 1:1
composition heatad below about 1,020 °C. How-
ever, ance the high-temperature modification was
formed the transformation could net ba reversed by
heating at lower temperatures. The X-ray diffrac-
tion powder pattern of the low-temperature modifi-
cation ig given in table 2, indexed on the basis of an
orthorhombic unit cell with ¢=4.980 A, 5=11.70 A,
and e=5.675 A.

TavrLs 2. X-Ray diffraction powder data for the low tempere-
ture arihorhombic form of Bigs-NhaOg {Cure radiofion
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b. High-Temparature Triclinie Modification

From about 1,020 °C to the melting point, about
1,245 *, the stable modification of %th-szﬂﬁ is
the triclinie form reported by Aurivillins [2]. The
Xray diffraction powder patiern, listed in table 3,
was indexed on the basis of & Lriclinie unit cell with
g=7.061,4, b=5534, c¢c=7.01.A, w=8088% pg=
77.43° +=87.15° az compared with the rather in-
acenrate values calenlated by Awrivillius [2] from
Waissenburg photographs of s=7.7,4, b=5.0:4,
e=7.0A, =807 F=T77° +v=587"
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TanLE 3. Xeray diffractior power dale for the Righ Ewmpera-
tyrg triciinie form of Big0y-Wha0y {CuKa radiation)
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which ¢an e waslened with neasooetd: cortuinty.

3.4. Compound 4Bi;0,-8Nb0,

This eompound was found to be stable from about
1,070 °C to the incongruent melting point ot 1,183 “C.
The X-ray diffraction powder pattern, listed in takle
4, can be indexed on the basis of a hexagonal unit
cell with a=6.4474, ¢=19.778 A. There iz no
indication on the powder pattern that the true
symmetry muight have s= 3 6.447 A=11.166 A,

A compound with a similar Xeray diffraction
powder pattern Ba({NbLis)0; has a= 43 5.767
A=10040 A, ¢=10.072A; the increase in « is rep-
resented by only one small peak in the powder
diffraction patiern. These Xray diffraction powder
patterns are similar (o those of the hexagonal come-

TaBLE 4. N-rey diffracipr power date for the compound
4Bi;05. YN b0y (CuFa radiation)
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gaunds 5Bal-2Nb 05 [13], 5Ba0-2Ta0s [14], Hex-
aTi0; [15] and Rhomb PbO-NbyOs [11]. It can be
assumed that all of these compounds are structurally
related, the major difference being in the stacking
sequence of layera of the large cations plus O~9 ions.

3.5. Compounds Bi(Q;-SNbO; and Bi(,-6NL,O,

The eompound Bi);-5NbA); was found Yto7 be
atahls [ront room temperature to & dissocigtion
temperature of about 1,095 “C. The unindexed
X-ray diffraction powder pattern of this compound
iz listed in table 5. The compound Bi(hy-6Nb0,
was found to be stahls frem aboul 1,002 °C to the
incongruent melting point of 1,242 (!, The unin-
dexed X-ray diffraction powder pattern of this com-
pound iz given in fable 8. The X-ray patterns of
thasa two componnds are very complax and obviously
of low symnetry. From the genornl appescance of
the two patterns it con ba concluded that these two
compounds are structurally related and probably
also structurally related to pure NbyO,.

TarLE 5. X-ray diffraction rder defn for the compound
BigGy SMbOy (CuKa radiction)
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3.6. NbO,

The stability relations of the warious reported
polymorphs of Nhy(y have been summarized h
several workers [16, 17, 14, 18], BiyOy, unlike Pbg
[11], has no estalytie action on the thermal stability
of the various modifications of Nbg;. Since it has
hean concluded [11, 16, 18] that the high-teinperature
moncelinic form of NbOp (H-Kh(Op) is the only
stable form, no phase transformation temperatura
has been indicated. The X-ray powder pattern and
unit cell dimensiona of the stable form were pre-
viously reported [11],




4. Discussion of Phase Equilibria

The phiaze equlibrium disgram of the binary
syatem Big),—Nby(}; iz shown in figure 1. The
experimenital data [rom which this disgram wus
constructed are given in table 7. The desipnation
Per. in table 7 stands for the perovskite structure
type and signifies that the material which crystallizes
in thie structure type must have been in the liquid
state when quenched fsee discussion of metastable
compounds in section 5). The system contains one
compound which melts eongruently, BiO,Nh.Oy:
three compounds which  melt  incongruently,
5Bi203'3Nb205: 4Bijﬂ;'9Nh205, and Bigﬂg‘ﬁNb;ﬂﬁ,;
m}d one compound which dissociaies before melting,
Biy0;-5Nby0y. In addition Bi0yNhod, has twae

clymorphs and 4Bi0: 9N and Biz0,-6Nb0,

ut.{ apparently have minimum temperatures of
stakility. )

The %igh—temperature cubic polymorph of BiO,
iz stubilized by the addition of NbO, in wolid aolu-
tion. When speciinens containing 1, 2, 3, and 4
mole percent Nhy(), are quenched trom the region
hetween the monoelinic-cubic phase transformation
and the solidus temperature the resultant material
is tetragonal with the unit cell dimensions shown in
table 3. However, lugh-temperalure X-ray pat-
terns show the compositions to be really cubic ab
these temperatures. The unit eell dimensions of
the cubic and pssudocubic solid solutions Irom 5
mole percent ) to 25 mole pereent Nbg(l are
alzo given in table 8,

Takre 7. Bxperimeniel dafa for composifions in the binary sysiem BiyOrNhe(k,
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TanLE 7.

Experimenial duaig for compostifons in the binary syalem BigOrNnDh—Coatinned
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TabrLe 7. Erperimenin! dain for compotitiont fn the binary ayelem BigQiy=NbhoOw—Continued

Com oot 1Al trsalment Hevults
. Calplg » puench b -
Bt (g Physiesl oty vatin X-ruy cllTrwttlon mnalywes +
Temp T'ne Temp ‘Time
foda % | Moke 55 oo hr a hr
o &a 1,151 S | pertielly welted__ .. ... H—Blh NhuDrlv-iBi:D: BN Tt Ter
1,144 B3 | considoeably melted. | H- EL:O-; LiyChF-Prar
1,41 . 187 -do.. -
1,212 -U83 | almwat camuplenly metted
1, kR -0b% | eompletaly melbed
h ] '] T 3 (RSP FS——
1173 -3
1,137 -k
1,1 , H =Byl Mt A B0y SN 10y
L 182 i |:tt'|r|.lall;I melied | -
1183 AR | compsletely mebtel e rraaee.
. B 6, By 7o 1N (R N R -
[1=2) 1. 145 1.0 na :I'I'I.ell.',.lng R | 4BE i bl H — Bl IV Listy
1, 150 08 | conseligubly malba:d. ....... ABL 0N O H — Tl Oy [ e+ Prr
% s - : 1,184 3 | complelely maltrad Fer+ H =Biply Nbath
1, g 9 D nu,lt,tnz ooe | RO D H — B0 MLt B 0GR a0
1, 10 I - ABIQA byl 4+ 11 = BiyOa- A belhsikr)
1, IM 33 R Lo
1,170
1,176
1, IEL
1, IRE
a1, 25 B, 75 0] E| R .
(5:11) 1, 1@ 2B Ly B L+ H — B30 Ny D By Cy-BI Ll
1, 14p 4 BLyChy B Bt TEBlatha M b ir)
o€, 77 =0 ki 25 P
[E ] 1,00t 2.0 L-Blydy M helh - BiOy 5 ey
1, [ 1.0 H-BlpleN e+ BlyDa AN DO+ Bl S byl
I, 06l . EL-Tx03- M huCy = BirQa- S i
il .0 H-BiyC-WhyOy+ BiyOy B byl 4B ey S8 bl
1. 148 2.0 1B1; H'ND:U|+H-HI:|A{J$-I\ byl B Ly B bl R
1, 151 14. ) B0 BN ey
1,151 o, 0 Lo,
1.1 0,157 |- 8 L B b+ BE Oy AN byl H-BlOg Mk
1, 150 063 | partlally mcliol (momatahle meltng | B0 8N D0 Bl G0 ta Ot TT-RiaCh: W ety +Fer
of on-rescted sHOTCNENLE}
1, L} L SN PO U RRR B = 1 P14 1)) (¥ T
1,401 = o mﬁlr.inxu -| 4B RN byt Bl BN I - Bl N leptaP2
1,051 40 AR L0 YN brlhs - By 0g-GH Ly Oyite)
1,075 51 4 B0 AN b
1, I o33 |-
1, LiY - _| 4Rt 9T b Qi TL-Blai0bs TT RGN haQsd Fer
1, 185 1.0 Per+4H 10 N byl -+ H - BHUJ a+B!|ﬂ:.-ﬂ- byl
}. {ﬁ 111333 Per4H-Hi#0s N0+ Bl 8
1, 11 O 167 Fer+11-Blalhy Mty
LM | 1ya,
-1 Ly T 1) (R [—
1,149 Lo oc meJth:_ ..... 4BL;-D; YN0+ H-Bi Nh:OH—Bi:I:]: AN by
1,152 18.0 [ . A By BN beQpt BEsthy 6§ {I
1,14 = 3 (R
I, 154 0. 167 | Tia reedking.. .
1, 145 . 157 | partially melted __ -
1, 200} 2y | complelely meited, .
.67 Ti 43 0 2 -,

{23 - II&lgljEEENb:ﬂ.rl-'lBi:ﬁ;—ﬂNb:DﬁBi:ﬂrﬁNh:ﬁH—‘ma
ELIERER Y |0J+H—BI|U|szDJ+BhOrﬁNb:O|
4Birﬁ;—ﬂNh:0|+Birﬁ;—B\h 1y

Do,
1, 1er 18 Tho
-«| Perd-TL-Rindh: M lels+ Bl G izl
- (L3} 75 Tl E LeBir O NIt F B0 3N 1y O+ LN Lyl
| LeBip0y-Win+Eiphe 51 oy
. ‘EEN l:-rD.rI-BhD: ENMD:+HvEI!Da I tnQet Bl Che
H-Bip0y- N b0y Ble0-8M hyOp4-4 B Op- SN byt te)
- "-Bliul ?];iuﬂrj—ﬂims-&hhlﬂﬁﬂ B0y Nl Bl0g-
i iz(h-ﬁ |0,1+Bi|.01-ﬁ‘\Tb¢Us+H By Q-2 b=0rs
weno| ABLR-BN B0y B8N by
i BT LR
. =i ly- -Hiphg-
. almasl mmp]m]y mﬂmﬂ_.. .- Lh.
. wanopleloly toelbel_ .. . .| H-Bhfly Qo Tokigwn
1, 1m .- - | SEE Dy U L O By Qi e g
L M 184 ik melting. . .| ABI0a8N byOn+ Bl SN belDu - B0y beCh (kT
1, (6 L ' P | N AR QBN Tty + Bl N T Dt Bilei ke S0 btk
L, 180 O, 367 |- _do.
L 1B5 .25 | partially meelsd
1, 30 AT | almost mmp]ch:lﬁ
1, 24 V107 | compdotely meltad___ -
Bee Peatnctes at end of table,

458
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TarLe 7. Erperiteental dofa for compostiions in the binary syalem Bhﬂn—NbgG;—nCnnt.inund
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b A1 apecimeng were quenched In senled P babes,

? Ther prhiAsues BAAnEE are glven in the order of the amount present & reem
tampersinre,  Tle: phases are not necessarly Lhose present st the temperature Lo
which tha specimsn wes hanted. C—cetbic, C'—nsoudockehic, be.s —bady-

TasLe B, Unfl cell dfmensions of teiregonal and cubic BiOy
aolid sefulions
QP i ttom Heal trestment. queoch TTnit ol dieendicn s
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=] 1z 2R 15

5] 15 | o] j1]

25 16 1. oM 1
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] o0 | 1, 0l 18

] # 1, D5 z
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v 2 ‘ 1,0H 1.5
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& Thiy matecly was poorly areatalline and the valee glven is an gveragesvilue
for the cuble ond tedraganal phades,

b From 20 to 25 mole nt MbaQ. tlw parameters vepresent the values
Mg ghbred Lir the Iluudmugic cell

pointa of the solid solutions increase
from the me]t.m% point of pure Biy(h, 825 °C [20], to
sbout 1,055 2C at 17 mole percent Nhi, A

The melting

morphotropic transformation oceurs in the solid

temrerature polymorph, Per—perovehite fa = . , 4 compoezidon of spproxt-
malely B0y 3By, alwa)s brelasiphble e thie system and oevurs only upon
gquemching t: 1igoid, ss—selid solution, tr—traer, Just ey diacemmekile o Xapay

solution al this poinl curving to a eutectold at about
610 °C and 1%4.5 mole percent NhyO;. The cubic-
monoclinie transformation temperature is lowered
from about 730 °C to the above-mentioned cutecteid
glthoueh there iz very litkle solid solution in the
monoclitie phase,

The solid solution higher in NbO; content s
deaigniated C’as in table 7. It is apparently only
peeudocubic with severnl very small superstricture
peaiss in the Xray diffraction pattern corresponding
to o spacings of about 8.4 4 260 A and 235 A,
The two phase region between the two solid zolution
fields is too narrow to be found by experimentution
and is shown as dashed lines in figure 1. The C’ss
is apparently stable from reom temperature to the
solidus which extendz Lo about 1,006 *C at 23 mole
percent NhyO, The peritectic for this solidus
oceirs at about 20 mole pereent KhoO;.

The liquidua riges smoathly from tha 1,006 °C

ritectic to another peritectic at 36.5 mole percent
gﬁ:zﬂﬁ and 1,193 °C! corresponding to the incongruant
melting temperature of the compound $Bi0;-3NbaOs,
Thers is Littls or no solid eolution on either side of
this comnpound, or any other of the compounds in
the binary system, as shown by the similarity of the
unit cell dimensions of the pure compound to thosa
of the same compound in a twe phase region.

The hgnidus again rises amoothly from the 1,153
°(> periteclic to the congruent melting poiot of
Biz(-WNb0, at 1,245 °C. This compound was
observed to crystallize in two polymorphic forms.



The low-temperature orthorhombic form was found
toJtransiorm to the triclinie form at-about 1,020 202
However thiz phase transformation ecould not be
reversed. Neither polymorph appeared changed
aftar 184 hr at 1,008 “(%, hut & smaﬁ amount of the
high-tempernture form wus present in the originai
low formm after 114 hr at 1024 ' (see table 7).
Because of the inabilily to reverse the phass trans-
formation the polymorphic change is shown as a
dashed line in figure 1.

The Ligmdus curve fells smidothly from 1,245 *C
to a eutectic at 1,180 °C and about 64 mole pereent
Nhy(};. The Nguoidus then rises very shallowly to
a peritectic point at about 65 mole percent NhbyOy
and 1,153 ""CE, the incongruent meliing temperature
or the 4Bi09Nb0; compound. This compound
needs B long period of heating time at relatively
high temperatvres in order to %ﬂrm & single phasa.
It aleo takes n relatively long tiroe to be completely
transformed to liguid plus tha Bi056Nb0, corm-
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pound (gee table 7). The hexagonal 4Bi:0;9Nh. O,
compound is not rormed at all-below about 1,070 °C.
Specitnens preheated to torm a single phase are
slowly decomposed to triclinic Big{]rl% » and the
Bi0y-5NE:0y compeund, when bested below abont
1,070 *C. The 4Bi(}-9Nby(}; compound can there-
fore be concluded to have a minimum temperature
of atability at about 1,070 °C.

The compound Biy-6Nb(), was found to have a
maximnm temperature of stability of about 1,085 °Cl.
The preforined compound slowly decomposed to
4Bi.0,-9Nb0: and ﬁigDa'ﬁNbgDﬂ, above this tem-
perature, while the original 700° calcined material
showed no BizﬂavENb,a at all when heated much
above 1,085 °C. The compound BiQs8Nb.O; was
found to have n minimum temperaiure of stability at
sbout 1,002 °C. A specimen heated for 21 hr st
1,000 °C contained only Biy(y-5Nb0; and H-Nb.Oy,
while heating for 1 hr at 1,005 *C was enough to form
the Bi0,6NbO; phase with only traces of the other
two, The preformed Bi0p6Nby), compound
showed definite traces of Bi;(0y5Nb.(, and H-Nh,(},
after reheating for 21 hr at 1,000 °C.

Bi 0, 8NDsl); was found to melt incongruently at
1,242 C to a liquid containing xmately 76
mole percent Nb,ﬂ), plus crystalline ﬁbgﬂ; with {;tt-lﬂ
or 00 Biy0, in solid aolution. The liqguidus between
the 1,183 °C peritectic and the 1,242 °C peritectie is
essentially a straight line. The liquidus rises
gmoothly from the last peritectic to the melting paint
of Nb.y, found to be 1,485 °C for the batch ofg I?b:ﬂﬁ
used tor this study. As this Nbyy iz essentially Ta
frec it iz not surprising that this melting point is
several degrees lower than that previously reported
(11, 13, 16, 19].

It is interesting to note that although both BaQ
and PhQ enter into solid solution n NbhO [11, 13]
the Bi0; doea not. Congidering that the radins and
polanizability of Ph*? and Bi*? are verv similar [20]
this fact must be dependent on the difference in va-
lence. Tt should aleo ke noted that unlike PHO [11]
Bi,O; has no catalyiic eifect upon the temparntore of
the metastable phaas transformations in Nha,.

8. Metastable Phases

5.1. The Perovekite Phase

When eomposiiions eontaining more than 50 maole
percent NhiJ; were quenched from above the solidus
a metastable phase alwava formed from the liguid.
The maximum amount ¢f this phase oceurred around
the compesition Biy0::3NbD),. The Xoay diffrac-
tion pattern of this phase could be interpreted as that
of & poorly eryatalline cubic perovskite with ase3 04 A,
Specimens quenched from abeve about 1,380 °C
fwell above the liguidus} contained another metas-
table phass which had an X-ray diffraction pattern
similar to the cubic perovskite, but with extra liues.
The metastyble perovskite in this systetn pan be com-
pared with the distorted perovskite compound Lay(,.
3Nb,0,, previously reportad [21].

5.2. The System Bi0y-Nb,O.-Alcohsl

A large number of matastabla phases were found to
occur in the BiOp-Nbi); syatem if either methyl or
ethyl aleohol was used for wet mixing of the end mein-
bers, and the resultant material was pressed into a
pellet and fired without first thoroughly drving the
mixture. Two separste body centered cubic phnses
were observed in mixtures containing 3 to 25 mole
percent WhiO, which had been wet mixed with
methyl ah:nhu'i. The first phase, labeled b.c.c. in
table 7, had & unit cell dimension of a=10.263 A,
This phase decomposed quickly in quench runs above
750 °C and did net affect the malting point mensure-
ments. However specimens contalning 16 to 24
mala percent Nbe(y onginally mixed with methyl
alechol contained large amounts of a second bod
centered cubic phase (labeled b.e.c.” in table 7) witﬁ
& about 10.15 to 10.19 A. These specimens were
found te dissociate t0 unknown phuases which had
metastahle melting points several handred degrees
helow the melting values of specimens prepared with-
out aleshol, and had to be discarded. For these
latter compositions only the dry-mixed specimens ara
reported in table 7. Other unknown phnses were
found in mixtures containing 1 to 4 mole percent
Nby¥ which had been wot-mixed in ethyl alcohol
and were also discarded for table 7.

It seems likely that Big0; forme a series of complex
compounda wlt.ﬁ methyl and ethyl alcobol and can
incorporate Nbd{), into these compounds. The
first hc.e. phease (3=10.263 A) seems to contain
little or no NbyOy; and probably contains only BixOy
and aleohol o earbon. The sseond (b.c.c.”) phase
apparently contained about 12 to 15 mole percent
Nb O {}} us alcohol or carbon).  The body-centered
cubic phase appears t¢ he built up by spheres of
Bi*? and O~ jons with a large teteabedrally eo-
ordinated hole in the center [6, 3. This host lattice,
by iteell apparently thermodyoamically unstable,
is stabilized in some cases by the addition of » second
eomponent in the central hola, It is possible that
this phnse may therefore be a  clathrate type
compound, A mora complate atndy by hich-temper-
ature X-ray diffraction, of the body-centered cubie
ghm with a larga number of other oxides will be

iscusaed in a futura publication.

6. Summary

The aystem Bi0;-Nb0p was studied by means of
aolid state reactions, fusion charucteristios, and Xra
diffraction data. The existence of five compounds
in this system wasshown, Theyare: 5Biy0;3Nbys,
which melts incongruently at 1,193 °C to Bi0,-Nb.Oy
and liquid containing about 36.5 mole percent NhyQ,;
BisOy-Nb,0; which melts congruently at 1,245 °C,
and has o phuse transition {irreveraihﬂ in laboratory
time) at about 1,020 *0 from a low-temperature
orthorhombic strusture to a high ternperaturs tri-
clinie form; 4Bi;0;9Nb0, which has a2 minimum
temperature of stability at 1,070 “C and melts
incongruently to Bigﬂrﬁ%hgﬂ; and liquid containin
ahout 88 mole percent NbyQy; BigQp5NbiD, whic



has a maximum temperature of stability, dacompos-
ing at 1095 *C to 4Bi0, 9NLD; plus BiOp-6NbiO;;
and Bi:0:6NbyO; which has & minimum temmperatures
of atability at 1,002 °C and melts incongruently st
1,242 (] to I\hgﬂﬁ and a liquid eontaining ahout 76
mole pereent Nhy),. The only eutectic m the sys-
tﬁﬁﬂmcm at 1,180 °C and about 64 mole percent

a3

Nbo}, enters into solid solution in the high-
temiperature enbic form of B0y, raismE the melting
point to about 1,055 *C wnd lowering the monoclinic
to cubic phase transition from about 730 °C' to about
610 °C. A morphotropic transilion oecurs in the
solid solution st about 18.5 mole percent to a peeudo-
cubic form, and further aclid solution oecurs from
19.5 mole percent to about 23.5 mola percant Nb.Q;.
The peendocubic form of B0y solid solution 1=
stabla from room temperaturs to a aximum solidus
temperature of 1,08 *C. No solid solution wae
observed in NbyO; or in any of the five binary
compounds in the system.
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