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The phase equilibdum diegram for 1he binary syatem nichinm pentoxide-tungsten trioxide has
been vonstructed from results of x-ray difftaction studies on both single crystals wnd powders und
from fusion characteristios. Twelve stahle compounds have heen fand in the system. The exart
compasition of eight of these compounds has heen esablished by single crysial analraes at the
Bh O - Wby ratios of 6:1, 13:4, 7:3,.8:5,9:8,1:1,4:9, and 2:7. The approximate compnsilicns
of Lthe remaining lour other phases are M0 1, G101, 110, and 1: 15, The6:1,"6: 11" &% and 2.7
phazes mell congruently ax 1476, 1378, 1380, and 1357 °C. rcapeetively. The “30:17,7:3 B:5 98,
111", and “L:15" phases mel incongroetitdy ar 1470, 1440, 1385, 1375, 1356, and 1358 °C, respree-
tively, and the 13:4 and 1:1 phaees decompose before melting ar 1435 and 1115 °C, respectively.
The 8:5, 98, *%: 11", 2:7, “1:11", and *1:15" compuunds are shown on the phase diagram as
having minimum lemperatures of stability. {Ine metastable phase having & narvow range of compsi-
tion neear the 3: 8 o was alsu encountered,  Although NbeOy apparendy exhibits no solid solution,
W, wae found to accept & maximum of three mole percent niohia in solid solution enabling all the

reported polymarphe of W03 to be obiained at room temperobre,
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1. Introeduction

A complete study of the phase relaticnships in the
binary system MNbeQOs—W0; has been conducted as
part of a continuing program of fundamental phase
equilihria atudies of ceramic materials. This par
ticular system was selected for study in order to further
the knowledge of the erystal chemistry of niohates
in view of the results obiained from previous atrue-
tural studies of single crystals [1-4}2

Due to the complex nature of the x-ray diffraction
powder patterns in this system, conflicting interpre-
tations of the data have been reported [5-11) In a
previous siudy of the NbOs-W0, system, Gald-
schmidt [5] concluded that Nb.(Oy could accept more
than 3 mole percent W in sobhd solution and re-
ported the existence of a compound at approximately
Nby(Q. : 3W0,. He aiso found a limited solid solution
of MbeOk, in W Kovba and Trunoy [6] reported
that the 1:3 compound was tetragonal with a struc-
ture related to that of & tetragonal lungsten-broonze.
Fiegel et al. [7], studied the phuse equilibria in the
system at 1200 °C and below. They reported only
about 33 male percent solid =olution of WO, in Nb,();
with a 3 :2 compound occurring at 1200 °C and a 111
compound &t 1100 °C and bhelow. They found very
little, if any, solid solution of Nby(O:, in Wk and con-
firmed the existence of a eompound ar abour 1:3
with a limited solid solution for both b0, and Wk,

3 Figures in brackein indicate 1he lieratare references &1 the end of this papeT.

Later [8] they reported that the 1 :3 composition gave
single erystal x-ray diffraction patterns which showed
superstructore differing {from one crystal to the nexr,
Kovba et al. [9], also attempted to determine the
phases formed in this syastem at about 1200 °C.  They
concluded that compounds exizted at the Nbe Qs : WO
ratioe of 4:1,2:1,4:7, and 1:3. They also reported
a phase with varable W, content cccurcing at high
W0 concentrations and observed a amall amount of
solid solution in both Nb.0O, and WO,

In a description ol preliminary phase identification,
Roth and Wadsley [1] on the basis of single crystal
wray difftaction stodies reported the existence of
five compounds structurally related o NbeQs occurring
at NboOy: WOy ratios of 15:1. 6:1, 7:3, 8:5, and
9:8. They alse confirmed the 1:1 phase and noted
the existence of at least three phasea related to the
teiraponal  tungsten bronze-type structure. The
cryatal sirnctures of 6:1, 7:3, 8:5. and 9:8, were
reported [2, 3] and the “boilding block™ principle
was elaboraled as 1he basis of the crystal-chemistry
of nichate compounds [4].

Schifer and Gruehn [10] and Felten [11] have in-
dicated in private communications that their inter.
pretations of x-ray diffraction powder data for the
NheyOh=W(h syslem differ in some respects from the
previously mentioned published reporis.

Because of the conflicling nature of the repuried
dala, it was thooght desirable to study completely
the phase equilibria of the NbyO,-WO, system.
With the use of the unit cell dimensions derived from
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single crystal data the existence of the varous phases
in the powder patterns can now be established maore
readily. The exact compositions of phases can often
be determined only by a solution of the crystal stene-
ture. The approximate composition and even the
existence of a phase can sometimes be found only by
a rather complete phase equilibria study. The two
disciplines, erystal siructure analysis and phase
equilibria are therefore complimenary and no aya.
tern can be considered to be well characterized unless
bath such studies have been made, Therefore, x-ray
diffraction data together with the melting points of
the compounds and solidus and liquidus temperatures
at various compositions across the syutem have been
obtained in arder to conatruct an equilibriom diagram,

2. Sample Preparation and Test Methods

The following starting materials were employed for
the preparation of the majority of the specimens:

Nb:Os—high purity niobium pentoxide. Spectro-
graphic analysis indicated less than aboul
(0] percent Si; 0.00] percent Ca and Mg
with As, Cu, and Ta only questionably
preaent.

W0O; —high puority tungsten anhydride. Spec-
trographic analysis indicated less than
about 0.1 percent Si: 0.001 percent B, Ca,
Cr, and Mg; .01 percent Cu with Pb
only questionably present.

A few specimens were prepared with less pure
starting matenals, in order to determine qualitatively
the effect of imporilies on the equilibrium products.
The following is a typical example of the nature of
the impurities present in two specimens of Nb:Os: W0s
tatio of 16:5. For the less pure specimen the first
series transition elements, in general, are presenl in
amounts of an order of magnitude greater than for
the more pure specimen.

NbyOs : WO (16 : 5) = higher purity end members,

Spectrochemical analyses in-
dicated less than abom 0.01
percent Cr, Cu, and Si: 0.001
percent Al, B, Ca, Mg, and
Ni: 0.0001 percent Mn with
Pk only questionably present.

Nb:Oy: W03 {16:5)—less  pure end members.
Spectrochemical analyses in-
dicated less than about .01
percent Al, Ca, Cr, Cu, Fe,
Mg, Ni, and 5i; (001 percent
Mn; 0.0001 percemt B with
Fb anly questionably present.

For the preparation of the specimens, the weight
percentages were caleulated to within =0.01 percent,
with no carrections made for percentage of purity of
the atarting materialz except for loss on ignition.

For the higher putity specimens, the starting ma-
terials were weigﬁ‘sed te the nearest =01 mg, in
sufficient guantities to yield 3 g hkatches. Each
bateh was mixed in a mechanical shaker for about

15 min and pressed into a disk in a %s-in. diam mold
at 10000 ibfin®*. The disks were placed on Pt foil
and caleined by heating in air at 700 *C for 19 hrs,
with heating and cooling retes of approximately 4
“ min.

The less pure specimens were weighed out in ap-
proximately 1 g batches and mixed with an alumina
moriar and pestle, In order to minimize any pos-
sible loss of WOy Lhese specimens were not calcined
after mixing.

Subsolidus, as well as melting peint data, were
obtained by the quenching technique on samples
sealed in platinom tubes. An electrically heated
vertical tube fumace wound with 80 percent Pr-20
percent Bh wire was vsed for the quenching experi-
ments. The furnace was cantroiled by an a-¢c Wheat-
stane bridge controller which was capable of holding
the 1emperature to at least =2 °C for an extended
period of time. Temperatures were measured with
a Pt veraus Pt-10 percent Rh thermocouple which
had been calibrated against the meling points of
Au (1063 *C) and Pd (1552 *C) [12]. The thermao-
couple was recalibrated several times during the
course of the work. Specimens were suspended In
the furnace by fine Pt wire. In order 10 quench
the wire was fused allowing the sealed tubes to drop
out of the heating chamber into a beaker of water.
When the tubes were opened the specimens were
examined for physical appearances of melting. The
frst sign of glazing of the surface of the specimen
was interpreted as the frst experimental evidence
for the solidus temperature. Acceptance of Lhis
appearance a= evidence of melting was found justified
in many specimens by an abrupt difierence in the
x-ray diffraction powder patterns of the specimens.
The formation of a concave meniscus, withouot the
formation of relatively large erystals, indicated rthe
liquidus temperature. The overall reproduocibility
of the temperature measurements for the experi-
mental data points was within =2 °C or better and the
overall accuracy of the reported temperatures was
within +=5 “C or hetter.

Equilibrium was considered to have heen abtained
when the x-ray diffraction patterns of specimens sie-
cessively heated for longer titmes andfor at higher
temperatures showed no change. X.ray diffraction
powder patterns were made using a high-angle record-
ing Geiger counter diffractometer and nickel-Alrered
copper radiation, with the Geiger counter traversing
the specimen at 1/4°2#/min and the intensity of the
radiation being recorded on the chart at 1°28fin, The
unit £ell dimensions reported can be considered ac-
curate to ahout =2 in the last decimal place listed.

3. Compounds in the Nb:O:-WOD; System
1.1. Nbi);

The stability relations of the various reported poly-
motphs of Nba(}y have been summarized by several
wotkers [13-17). It has heen goncluded that the high-
tempetature monoclinic form of NbeA)s is the only
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stable form at atmospheric pressure [14, 16, 17].  The
crystal structure of the high-temperature modification
of NbyD: has been described by Gatehouse and
Wadsley [18] They report thiz phase to be mono-
clinic, {space group PZ) with 14 formula units in the
unit_cell and a=21.16 A, 6=3.822 A, ¢=19.35 A,
H=11950", The x-ray diffraction powder pattern
previcusly listed for NboOy [19] can be more corvectly
indexed on the basis of the published single-crystal

intensity data and is shown in table 1. This indexing
leads to slightly reviaed values of the unit cell dimen-
slons, as follows: 0 =21.149 A, 5=23.823 &, ¢=19.352

A, B=119°48', in excellent agreement with the
lattice constants given by Gatehouse and Wadsley [18).
The melting point of the pure NbyOs uaed for this
study was previously determined to be 1485 *C [20].

TABLE |. X-ray diffractien powder data for NbaOg (Caks radiation}
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3.2. Compounds Structurally Reloted to Nb.O;

a. Compounds Bslonging to the Homalogous Saries B o (Danm-trrmira

Roth and Wadsley [4] have shown that most of the
phases formed by the addition to NbyO; of oxides
with cations similar in size 10 Nb*¥, regardless of
valence, can be described by the homologous series
notation  Bumps1Qaump_tnsmipes.  Strizeturally,  these
phases are made up of bloecks of octahedra in a given
plane r long and m wide with a variable number {p}
of hlocks connected by edge sharing of octahedra at
the corners of the blocks. Similar block units occur
at two levels in the unit cell, zero and one-half, in a

TagLE 2. X-ray diffraction ponder dota for the compoungd WNhyDx

(CuK e radiation)
+ ol T R Ve D B T L e
ok | obe |2 B b |oe |E™ A
4.1 1o DUO0ES | CUDDS ool § X 1a? L] 2.2 0235 | 100,56
11,08 3 T T o 2113 L
i & R
T2 16 sl ) A0183 m“ 2213 i
b3 a fre F JINE 2m
sk | 1s | szl omes | ow@aie | e | | [EESL OF
535 [ 349 iE2 T 1 2112 ] 2242 M4 ST
YL $H it | fit 403 || 2072 &7 8o ng | et
4937 12 MG | ML 003
LX) 58 i 458 M (] Fkgn 5 2308 e 05
AT rL] 0714 | A713 ThD g 2006 [} MR | 4BT oz
— . 802
atee | o6 | oM o7 [ MTQlesms [ 0 | a6 ﬁ:}; ey
2| M | o] o (oM
300 | oA | | omak | selfiveme| 8 | oem| 2um ns
30T 1] 142 fLirg H3 &0Z f 10121 1] 2735 2 i -1}
J0lE | B4 fLip-L Kby 3
1.BTH i sl i L1k i}
3535 3 080 it 111 § 1. A H Rl -t} 9.%
3510 | 30 0812 1 o § | A%0 1% . Je0a | 1)
3437 17 0847 e i ol L fuory
3415 | 15 | ey | RS [ G Q Leeq | M b o0le| Suo 2
3.3 ol B r e a1 20H) i+
Lz | & | omoed| zem| Lo
3.M3 1) T4 (| =] 112
zou | 16 Lisa LIS 204 B 15144 B 20| 3040 | 12,07
2. 5 | new| e | uZllieeef oo M05d|  3069 e
gt | 58 | 1mT| 28 | S fisw7| B | Som| 3083 ]
b4 = ar 1243 A4 113 || 1.789 13 SI26| 323 | 1L L5
A B J183 i85 | 11, 1.6
. T dm Q2 208
1.733 L]} BELTE 1337 S )| 17687 e a1 L | 3193 s
2.7 31 1365 1366 312 [ 17640 o] 3214 1T | & 1D
1402 B 11567 % ap0 A5 | 12,08
2687 | 17 | _1300 {m:: = [t [ el e A T
- | LB L asn] e
5542 g | sm| 1% | 3
Cflima | o | asar] ass oY
157 m 159013 bt L 501 3
25 | 1% 1575 ] 11580 1l
_ [{1.om05 2 A5 [g:; :;g
S | 0T
2409 | 10 602 | | gy 1 j 16708 | = a5ez]  3sms | 11, 1,B
1.6088 b | (ABS4 i TR R
a0z | 16 | uesr [ sl | B
240 | o4 | T i | nT(jLeeve | B agra| aem | o000l
230 | o | emen | ama | s Jlswis | s e I iz
_ || 1.58=8 z1 987 goo? | 9, 1,1
Mz | 715 4006 | 14, 0,5
2528 | 15 | oms | Timg | wool|r5mon | = | so0s {er 'm.o,mﬁ
180G TEI 1578 b | S| e 1%
29 | = a3 | Lassn | s
Lo | o | 4108 a0 1313
215 n SA03E | 2 &0 (| 15827 0 4144 4152 ) 4.0
2183 | 7 | 2006| 200 [ Tio (s | s | dale| At |40

¥ lwterplunar wpacing.

B dbhperyed imlennity,

© Indhased o vk kmin of & monncbinis unis cell fapace gop G a=2F. 083 &, &= 380 &,
= IT.T&:I. z]ﬁ- 123°2F and the previowdy reporied strwciere facion from dhe simgle

283




plane perpendicular to one axis which always has
a value of gpproximately 3.8 A. This axis is the b-axis
of a monoclinic cell or the c-axis of a tetragonal cell.
The octahedra occurring at the two different levels
are connecied to each other by edge sharing except
at the junction of four such blocks, two a1 each level,
where they are bonded by a tetrahedrally coordinated
cation. Those compounds in the Nhalls—Wil; sys-
tem whose structures have been described all have
p=1 and the formula simplifiez to Brws 1 Onm—turmiess
where the tetrahedral position is always oceupied by
W+ ions. In thi= arrangement when »=m, the unit
cell is body-centered tetragonal as in PNby(; [21].
When = # m the cell is C-centered monoclinic,

b. SMEO; + WO WNE ;305 )

The unit cell of this eempound is C-centered mone-
clinic (probable space group Cs) havingn=3, m=4(2).
The indexed x-ray diffraction powder patiern oblained
in the present study is listed in table 2. The omit
cell dimensions derived [rom this pattern are o =22.282
A, 5=3.824 &, c=17.724]2,£=123°22’. Wby Og
is apparently stable from room temperature to ihe
congruent melting point ar 1476 °C.

& FNbyDs - WO (W MNb, O}

The unit cell of this compound is body-centered
tetragonal, space group I4m or =4, m=4 [3]).
The indexed x-ray diffraction powder pattern is listed
in table 3 and the unit cell dimensions derived from
this pattern are o=21.002 A, c=3.820 A.

d. BMbzls - SWOy (WabieOss)

The unit cell of this phase 1z C-centered moncelinic
space group C; (m=4, m=5.[2]). The indexed x-ray
diffraction powder pattern is listed in table 4 and the
unit cell dimensions derived from thjs pattern are
0=20638 A, b=3.820 A, c=23.126 A, B=126°27".
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Tanrk 5  X-ray diffraccion pmeder dota for the compotrd WelNb 9O (Cwfl, radiation)
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Due to the very large monoclinic cell this powder
pattern can only be indexed unambigoously with the
aid of single crystal data. By utilizing the published
Fops values for WiNbeOuas [2] it was possible o assign
indices to the cbserved peaks in the powder pattern
with reasonable certaimy up lo about 60°28 (Cu radi-
ation). W;NbwOys is probably not stable below about
1080 °C and melts incongruently ai about 1385 *C.

». 9NbsOs - BWOa (WiNl=Ow)

The unit cell of the last compound ohserved in this
structural series has a=25, m=2a [§] and iz body-
centered tetragonal with the most probahle space
group IL. The indexed x-ray diffraction powder
pattern is given in table 5 and the unmit cell dimensions
derived [rom this pattern are 2= 26,270 A, c=3.814 A
This compound is nol stable below ahout 1265 °C and
melts incongruently at abeut 1375 °C.

It should be noted that the binary equilibrium sta-
bility regions of this structural group of compeunds
tend to decrease with increasing W*¢ content.  This
phenomenaon is probably due to the increasing size of
the basic “building block™ unit, and therefore to the
greater energy needed to maintain long range ordering,

f. Other Compounds Siructurolly Relobed to NbxDs

In addition to the compounds with structures de-
scribed by the homologous series formula Biggs
Oyump—trsmpra, the existence ol several other phases
has been reported, but their structures are, as yet,
unknown. [Notable among these is the NbOyg g
{and (Ti,Mb}0: 420 reported by Gruehn and Schiifer
[22] which is apparently similar to the *X’ phase re-
parted by Waring and Roth in the system vanadium-
oxide-niobiom oxide [23]. There are several stahble
phases in the Nba(:—W0O; system which fall in this

category.

B 1IN0 - AW, (W HnsOr)

Another phase, previously unreported, was found
1o occur between the known 6: 1 and 7:3 compounds.
The composition of this phasze was deduced by Schafer
(private communication] to be 13:4 based on oxygen
analyses. It was postulated that this compound
might have an Nhy{¥;: W} ratio of 16:5 and the strue-
ture would then be related to that of Nb:(O, by increas-
ing the size of the basic “building blocks™ from 3 x4
and 3 %5 (reported for NbeOs [18]) to 4% 4 and 4 % 5.
However, single crystals obtained from a 16:3 com-
position were found by A. I Wadsley (private com-
munication} to have a unit cell wh.ick is C-centered
monoclinic a=29.74 jk, h=3.823 A, o=26.02 A,
B=92°18". These values are nof in agreememt with
the primitive space group and approximate unit cell
dimensions which can be derived for the postulated
16:5 struciure. The partially indexed powder pattern
is given in table 6. It cannot be fully indexed without
the aid of single crystal intensity data due to the very
large size of the unit cell. The structure of this phase,
is actually a mixture of blocks of 3 X4 and 4 x4 oe.
curring in alternate sequence 1o make an “‘ardered
imtergrowth” strocture [24). The composition can
be arrived at by adding the homalogous series twice
ias for NhyOs [4]) =3, m=4, p=1 (B 10u} plos
=4, m=4, p=] {BLTD«}:Bnuﬂﬂ {ISth'Da - 4W03}
Although this compound does not form in short-time
experiments (about 1 hr) it can be prepared readily
by heating for several days at about 1400 °C. This
phase was observed 1o decompose at about 1435 *C
into 6Nby0; - Wi and TNb.O; - 3W0,.

h. “F0MbCy - WOy~ T

Another phaze was found to occor in the Nbglh.
W0 system at a ratic of approximately 3.5 mole

d 1o b nod
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30N b O W0y (Cek, radiation)

TABLE 6. X-ray d{ﬁucﬁm}&mﬁxﬂ?ﬂr data for the compound W,NbeOn  TaBLE 7. X-ray diffrection powder dota for the composition

radiation)

o ™| ke
AR | 10
P T
T |32
rnT 5
Lila i
2067 14
Tty | oAr
T4z | 66
1912 | 68 | 20
1857 17

FRERE Hanlb

3
wERnn

E
mEwmi

53
B

* Inserplaner i

* Dibsa rred hm

= Pumially indered om the basis of a C-cegbered monockinie wnit cell with o=3.74 A,
baiEr A, c=2040 A, =18 by comparisen with the alugle crystal iensiticr ob-
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percent W0y This phase is apparently the same as
that previously reported to occur a1 about 15:1, the
structure of which could not be venfied [1]. The
30:1 ratie is that deduced by Schifer (private com-
murmication). It is apparently composed of some
complex packing of the “building blocks™ previcusly
described. One possible structure might he n=23,
m=4, p=2 (BzxOy} plus two blocks of a=3, m=4,
p=1 (BesOae}=BsiOin (25Nb05- W) Anather
possibility might be a=3, m=4, p=2(B;0p)+r=23,
m=5, p=1 (BiQu)=BuOs 20Nk, - W)
The exact structure and composition remain to be
proven hecause no good sngle orystal data s yet
available. The *“30:1” phase was found to melt
incongruently a1 about 1470 °C. Its unindexed x-ray
diffraction powder pattern is listed in table 7.

3.3. Compounds Containing Pentagonal Bipyramid
{Saveanfold) Coordinaimd Cations

a. NbzO: - WO, (Wb, 0:)

A phase isostructural with NbyQ:F [25] might be
thought likely to occur in this system, but ne such
structure has ever been reported in pure oxide sysiems.
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Instead a new phase was found with unit cell dimen-
sions related to the tetragonal tungsten bronzedype
structures.  Single crystals of the 1;1 compound were
prepared by decomposing the 3:8 phase imade with
the lesa pure end members) at about 1100 °C.  Single
crystal precession patterns of this phase made by A.
Perloff of the National Bureau of Standards staff
showed these crystals to be orthorhombie, probable
space groups Pmah or P2,ab. From these data the
y-ray diffraction powder pattern given jn table 8 was
indexed with &= 16.615 A, 6=17.616 A, c=3.955 A
The compound NbyO; - W could not be made as a
single phase in the quenching experiments. X-ray
diffraction powder patterns of these specimens always
showed a trace of a metastable bronze-type phase plus
some 7MNbsOw - 3W0y., However, high temperature
y-ray powder patterns showed that the extra phases
disappeared quickly above about 900 °C. The 1:1
compound was found to dissociate at about 1115 °C
te 8Nb 05« 5WOs plus a bronzelike phase, probably
dNby Oy - FW 0y,

WNb:Os, is related to WTa:Op (a=16.701 A,
b=8864 A, ¢=34877 A) by a doubled baxis. The
crystal structure of LiNhgO:sF which is apparently
isostructural with WTas0: was found by 5. Andersson
and M. Lundberg [26] to be made up of octahedrally
coordinated cations. These octahedra are corner
shared to form a ring of five octahedra., Within this
ring is a cation in sevenfold coordination, in a penta-
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TABLE 8. X-ray diffraction pousder data for the compoond WNb.Oa (Cuk, radiation)
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gonal bipyramid configuration. These rings are con-
nected by further corner sharing ta form double chains.
The doubled cell in WNbyOg is probably due to an
alternate puckering of the positions occupied by the
sevenfold coordinated ions, but the proof of thiz must
await a complete single crystal stmmcture analysis.

b. dAMEnOs - PO N W1}

A compound having a general diffraction pattern
similar to tetragonal potassium tungsten bronze
(K:W03) was reported by Roth and Wadaley [1] w
occnr at the composition 4NbeOs-9WQ,..  Sleight
and Magneli [27] described the structure of this phaze
from a erystal obtained from a 1:3 composition which
had been heated to a temperature of 1200-1400 *C.
The structure of this crystal was found to be made up
of three tetragonal-bronze-like unit cells with four
gut of the twelve possible five-fold rings being occupied
by cations, with oxygens above and below forming
pentagonal bipyramid ecordination polyhedra. This
structure represents the composition NbeWi3Ow and
has orthorhombic symmetry. The unit cell dimeﬁ-
gions found in the presemt work are a=236.662 A,
b=12191 A, c=3945 ﬁ, and were obtained from

the indexed x-ray diffraction powder pattern given in
table 9. This compound was found to be stable from
at least 1150 *C to the congruent melting point of
about 1380 °C.

The presence of cations in the pentagonal holes of
the tetragonal tungsten bronze struciure suggesis
a possible homologous series which can be expressed
- 1-H

RBmﬂm"‘ mB( or B1|n+mnson+m

where n is the number of subcellz of the tetragonal
bronze type in the true unit cell and m is the number
of pentagonal bipyramid polyhedra occupied hy a
cation. Each hronze-iype eubeel has only four penta-
gonal holes, therefore the maximum valve of m must
be equal to or less than 4a.

€ INb:O: - TW0; (N, W0y, )

One method of reducing the general formula
Biogsmsmsm 10 include the 4:9 compound and to
predict a minimum number of other phases is te
assume m=4. This resulis in the formula Bise+aOaon 4.
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Tame 3. X-ray diffraction pouder date for the compoind WolNbe Oy (00K, radiarion)
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For the 4:9 compound r=23. The composition of
n=2 iz Nbelk - WO; and the composition of =4
would be 2NbgOs:TWO: The 1:1 compound does
not belong to the general homologous series but has
a wnigue structure only vaguely related to the tetrag-
onal tungsten bronze type, as previously described.
The structure predicted for 2NbyOs - TW0; would
be either orthorhombic with one a-axwis multiplied
by four or tetragenal with both @-axes doubled. The
latter structure, which exhibits a higher symmeiry
thar the former, was found to occur for the 2 : 7 pom-
position between a minimum temperature of about
1245 *C and the probahle congruent melting paint of
1357 °C. A crystal structure analysis of this com-
pound is corrently being conducted by N. Stephenzen
[28i. The unit cell dimensions of NbWils are
a=324.264 A, c=3.924 &, and were obtained from the
inﬂi:mid x-tay diffraction powder pattern listed in
table 10,

d. “6MbO, - VIWOY [Nb W D)

Roth and Wadsley [i] reported another cempound
in this system occurring at a ratio of gbout
13Nbe0s : 24W (.. Kovba and Trunov [9 described
a ghﬂse to which they assigned the compuosition
4Nb.O; : TW0;. The only logical ratio, near this
compasition, which could belong to the general for-
ml.l]a Blmr+m0m+m is ﬁNhE'CI; H ].].WD,‘],. II'I ﬂrd.ﬂr Lo
include this composition with the 4:9 and 2:7 com-
pounds in one simplified formula, it is sufficient to
postulate a series limited to the case i=nrn+1. The
new homologous series formula then becomes
Bise1Oansr.  In this case for the 2:7 compound,
r=c0 gnd for 4Nbslh -9WO;, r=3. When n=2
the compasition is BuyOg and the predicted strocture
has two bronze-like subcells in the unit cell, with three
filled pentagonal holes. Such a structure would
have a very low symmetry and is apparently not formed

z84a




Tabla 10,  X-ray diffraction powder dite for the compound WoNbdg, (CokK, rediation)
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in this system. Experimentally the compound
“6Nba( - 11WO" was found to be orthorhembic,
probably with the g-axis of the telragonal bronze
subcell tripled. It is steble fram about 210 *C to
the apparently congruent melting point of 1378 °C.
The x-ray diffraction powder pattern listed in table kl
is indexed with a=36.740 A, 6i=12.195 A ¢=3.951 A,
It may be concluded from the size and symmetry of
the unit ¢ell, that the homologous series formula
Biiw+iOniner §8 not correct for this compound. There.
fore, “6MNbOy - 11W0" either has a defect structure
or belongs to some other siructural homologous aeries,
as yet unkoown. A single crystal structure analysis
is currently under study by N. Stephenson [28].

#. Metovioble Tatrogonod Brenzs-Type Sehd Solution {387}

En addition to the ordered bronze-like phases which
have been found in the NheO:— WO, aystem, another,
apparently disordered, phase has also been reported
at about the NhOs3W0; composition [5, 6, 7 In
the presemi study a tetragonal bronze-type phase
without any indication of superstructure in the powder
pattern was found to ocour from about 72 to 74 mole
percent Wk in a temperature range from about
1100 to 1250 °C. The unit cell dimensions of this

phase were found to vary from about ¢=12.190 A,
c=3.968 A for the composition containing 72 mole
percent W05 to a=12.178 A, ¢=3.930 A for the

composition containing 75 mole percent Wy It
must be concloded that the lower temperahire phase
is only meiastable, because it decomposes at high
temperatures inte the twe ordered compounds,
4MbDy - 9W Oy and 2MNbeOs - TW (.

3.4. Compounds Related to the RaO; Structuvo-Type.
The Mognell “Shear Phoses”

In the temperature interval from about 1270 o
1358 °C, at least two phases have been found to cccur
with x-ray diffraction powder paHems suggestive of
the Magneli “shear phases™ [29]), which are struc-
urally related to WO, These phases have been
found to coour between about 91 and 94 mole percent
W0, Due to the difficulty of obtaining equulibrium
and the complex nature of the diffraction patterns,
it is very dificult to decipher the exact composition
of the phases by powder data alone. Alihough no
single crystals have been examined, the hest mnter
pretation of the data suggesis thal there are two
equilibrium phases having the NbyOs;WO; ratios of
1:11 and 1:15. These compositions would corre-
spored to the members a=13 and n=17 of the homol-
ogous series ByOs,_. It is possible that other strue-
mrally related phases are formed in this compositional
region which have very litle vr no thermal stability.
Unindexed xray diffraction powder patterns for the
“1:11" and *1:15" phases are given in tables 12 and
13, respectively.

3.5. Polymarphs of WO, and WO Sofld Solutions

Wik has been reported to occor in many different
polymorphs [30-32]. WNone of the various high- or
low-temperature polymorphs have been previously
reported to be quenchabie to room iemperature.
However, many of these reporied phases have been
found ar room temperanire in the Nb(O—W0, system.
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o. Room Termperature Monadiinke Polymerph

A monoclinic polymorph of WO; was reported by
Tanisaki [32] to have a monoclinic unit cell with 2
=730 A, 5=7.53 A, c=T7.68 &, B=90°54" at room
temperature. However, the x-ray diffraction powder
paltern can be completely indexed with the c-axis
equal to one-half that of the true unit cell. The
presence of superstticture requiring the doubled
cell can apparently only be found with single crystal
data. For thizs reason, the xray diffraction powder
pattern listed in table 14 has been indexed on the baais
of one-hall the real c-axis value. The unit cell dimen-
sions abtaiped fromm this pattern were found to be
a=7.299 E b=7.535 A, c=7.688 (384 A, 8
=00F4". With 1 mole percent =olid sclution of
Nbhe®)s in WO,, the parameters are changed to a

=737 A, 5=7.532 &, ¢=7.684(3.842) &, B=90°55,
For pure W0 this monoclinic polymorph is apparently
stable from about 17 *C [32] to about 310 *C.

TanlE 12 X-ray diffraction powder dota for the compoealfion
WheOh:11W 0y i€k, radiation)
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b. Low-Temparature Tritlinie Palymorph

According to Tanisaki [32] the room temperaiure
polymorph of Wy transforms to a triclinic form at
about 17 °C, on caoling. However, on reheating there
is still some of the triclinic form remaining at room
tempetature, indicating some hysletesis in the phase
transition. It was found in the present stody, that
the room temperature monoclinic polymorph could
be partially transformed to the triclinic modification
by grinding the specimen in a mortar and pestle,

without ~lowering the itemperature. The unil cell
dimensions of the triclinic form were reported [32]
as o=7.30 A, =752 A, =769 A, a=BE50,

A=55", y=%"5". The indexed xray difftaction
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TaBLE 14. X-ray diffraction powder data for the room temperature
imoncchinic) form of WOy (Cuk. radiation)
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powder pattern of the iriclinic polymorph obtained
&t Toom temperature from a specimen which had been
removed from liqurd nilrogen, is listed in table 15
The value ol the c-axis was again halved, as the larger
value i8 not necessary to index the powder pattern,
According ta Tanisaki, this phase is stable [tom abouot
—40 °C to about 17 *C.  The triclinic polymorph was
nevet cohserved in any of the NbsO,—W0, solid

solutions.

c. Lowsst Tawsperoiure Palymerph (Menodinid

From about —40 °C to below liquid nitrogen tem-
perature, another monoclinic polymorph occurs in
pure Wik which was repirted by Tanpi=aki [32] 1o
have a=5.27 A, b=5.16 A, c=?.678i_ B=09143".
This polymerph can be oltained essentially single
phase at room temperature by guenching a solid
solution of 2ZNb,O, :98WQ, from the temperatore
interval 12M) *C 1o about 1385 °C, the solidus tem-
perature.  This polymorph also occurs az a mixture
with other polymorphs in specimens containing 1
and 3 mole percent NheOy. The onit cell dimensions
ohtained from the powder pattern for the 2 mole per-
cenl Mbe(}; specimen are a=5.305 A, §=5.192 A,
e=17.671 A, §=91"33". The indexed x-vay diffeactio
powder patiern is given in table 16, utilizing the 7.671 £
value for ¢ as several peaks necesritating this doukled
value are observed in the powder pattern. High-
temperature x-ray patterns show this phase to be
apparently stable in the 2 mole percent NbOs com-
position up to a temperature of about 735 °C, at which
temperature it transforms to a tetragonal polymorph.
If the temperalure is not raized above abom 750 *C,
this transition is reversible. However, if the tempera-
ture iz raised to 900 “C the low-tempetature mona-
clinic polymorph is not recovered and the tetragonal
phase transforms to the orthorkombic polymorph.

Tungsten Irioxide has been reported to be ferro-
electric below aboul —40 °C [23) Specimens of
sintered W03 containing 2 to 1 mole percent Ta.0,
were reported 1o exhibit ferroelectric behavior at
room temperature [34]. The low-temperature mon-
oclinic polymarph formed by quenching a specimen
containing 2 mole percent NbeOs was examined for
evidence of ferroelectricity [35]. However, no con-
clusive ferroelectric properties could be found.

TABLE 15 X-rey dtfraction peweder dota for the teiclinge form of W0y (CuK, radigrion)
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TABLE 16. X-ray diffrection prwder data for the low-temperature
maonaciinic form of Wik taker from ZNLOy : WOy sofid sefution
Cukly radintion)
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d. High-Temparature Qrthorhambic Palymemph

Although no thermal effect was indicated with DTA,
the room-temperature monoclinic polymorph of pure
WOy is observed in the high temperature x-ray furnace
to transform reversibly at 310 °C 10 an orthorhombic
phase in agreemant with Wyart and Foex [31]. This
orthorhombie form iz observed at room tempeta-
ture in the solid solutions whenever the low-tempera-
ture moncclinic polymorph is heated to about 90 °C
and cooled by removing from the furnace. The
indexed x-ray diffraction powder pattero of a specimen
of this polymeorph containing 2 mole percent NhO,
is listed in tzhle 17. It shows no indication of a
doubled c-axis and is indexed on the hasis of the
smalier orthorhombic eell. The unit cell dimensions
obtained for this composifion, al room temperature,
are a=7.384 A, b=T7512 A r=T7.692 (3.845) The
orthothombic phase is observed in this composition
to transform to tetragonal in the high temperature
x-tay furnace at 510 °C and the reverse transition
was observed to take place at 440 °C.

#. Twirogonal High-Temperoture Polymorphis)

In pure WO; the orthorhombic polymorph was
found te undergo a transition to the tetragonal form
at about 750 °C io the high-temperature x-ray furnace,
The EDTA data indicated that the phase transition
occurred at a temperature of 740 °C on heating and
730 °C on cooling. These resulis are in reascnable
agreement with those of previous workers [7, 31]
The tetragonal polymorph is found as a single phase
as low as 440 °C in the specimen containing 2 maole

percent Nb:(Os. However, in the 3 mole percent
Nbh;(3s specimen, the low-temmperature monoclinic
polymorph transforms after hesting at ahout 900 °C
into a mixture consisting predominantly of a tetragonal
modification - with only a trace of the orthorhombic
form. The unit cell dimensions ohtained at room
temperature from this composition are a=5.265 A,
c=3.84 A, and the x-ray diffraction powder patetn
from which the data were obtained, indexed on the
basis of the smaller cell, is listed in 1able 18.

In addition to the transformation at 730740 °C,
another trapsition is observed at about AN °C in
pure W, as indicated by a very small peak in the
DTA pettern. High-temperature x-ray diffraction
powder patierns indicate thet WO, is tetragonal both
above and below thiz minor thermal discontinuity.
It is pessible that the unit cell has a doubled c-axes
below 900 *C and only above this temperature does
the powder pattern yield the correct unit cell. How-

ever, this hypothesiz cannot be verified without single
crystal dala.

Alhough WOy might be expected to have a cubic
polymorph of the ReOstype, there ia no evidence
in either the present work or previousiy reporled
studies that such a polymorph exists,

Tanrle 17, X-ray diffreceion powder datz for the orthorbombic
form af WOy taken from ZNbeOW:08WO0s solid solution (Cuk,
radiation)
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TaplE 18. X-roy difffaciion powder data for ehe tetragonal form
of WOy taken from 3WMbeOy  97WOy solid sofution (Cek, radiation)
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4. Discussion of Phuse Equilibria

The postulated phase equilibrinm diagram of the
binary system Nb:Qs—W{) is shown in figure 1. The
experimental data from which this diagram was con-
structed are given in table 1% The systetn contains
four compounds which are shown as melting con-
gl‘llEl'lT.l‘_lr, 6Nh205 . Wﬂg, “6Nba O - 11WO,,"
ANbe O - YW, and 2Nb05 - TWO;.  Six componnds
melt incongruently “30Nb:Os - Wih," TNIel)s - 3WOs,
AN O + SWO,, 9NbyO; - 8W 0y, and the two Mag-
neli phases estimated to be “NbpOs « 11W0,™ and
“Nbe(l, - 15W0,." In addition, two stable phases,
L3Nk O - 4W 0y and NboOh - W0y dissociate hefore
melting as do=s the apparently metastable disordered
bronze type solid solution labeled “3 ;8" in the phase
diagram. Six of the compounds (8:5, 9:8, “6:117,
2:7,*1:11," and *1:15™ are shown on the phase
diagram as having minimum stahility remperatures.
In many of these cases, it is impossible to determine
whether or not the mimmum temperature represents
a stable transition. The existence of solid solution
could neither be definitely established in any of the
compounds nor in Ny Os. However, Wi accepts
a maximum of about 3 mole percent NhO, in solid
solution,

The solidus temperature batween the *30: 17 phase
and 6Nba(dy - W3 has been found to be abont 1464 °C.
The exact eutectic composition has not been deter-
mined buot probably exists between about 7 and 10
mole percent W0z The peritectic corresponding to
the incongruent melting point of 7NbeO: - 3WO0,
occurs at 1440 *C and about 40 mole percent WOs.
However, the composition of the two peritectics at
1385 and 1375 *C and of the eutectic at 1364 °C,
were not determined exactly. They probably occur
between about 60 and 63 mole percent WO,

Both the 8:5 and 9:8 compounds apparently have
minimum temperatures of stability. However, all

efforts to locate accurately the temperature of these-

"minimums proved inconclusive {table 19).

For both
compounds, the experimental temperature at which
the phasze begins to form on heating and the tempera-
ture &t which it beging to dissociste on cooling had a
wide range of overlap. Furthermore, the actual
termpetature of the minimum stability seemed to be
strongly dependent on the purity content (table 19,
arts | and II). For these reasons the minimum sta-
gﬂn}r temperatures of the 8:5 and 9:8 are indicated
on the phase diagram by dashed lines and the tempera-
tures assigned to each, — 1090 and ~ 1265 *C, respec-
tively, represent the best compromise between the
inconsistencies in the experimental data.

None of the ordered bronze-type phase: can be
prepared in reasonable laboratory time at 1100 °C.
The *6:11" phase was not found to be weil crystallized
below about 1210 °C. The minimom line at this
temperature is dashed to indicate uncertainty in both
the temperature value and the stability relation.
The same discussion alse is relative for the minimuom
wvalue of the 2:7. In this case, however, the super-
straoture lines characteriatic of this phase do not
begin to appear below abom 1245 *C. The three
ordered brorze-type phases, “6:117, 4:9, and 2:7,
all appear to melt congruently at 1378, 1380 and 1357
*(., respectively. The solidus temperatures between
theze phases at 1365 and 1335°C appear to be measur-
ably lower than the observed melting remperature of
the compounds. However, no eutectic compositions
coutd be experimentally determined, possibly due to
reduction and, therefore, the lLignidus curves are
pecessarily dashed {see discussion on reduction in
sec. al

The ability to distinguish a two-phase region hetween
the 1wo bronze-type phases $Mb:0;5 - 9W 0, and 2Nbg 0,
- TW () was greatly increased by a separation of those
phases in the experiments of longtime duration.
The top of the specitmens within the two-phase region
showed only 4:9 in the x-ray diffraction pattern while
the bottom of the specimen showed mostly 2:7.  This
apparent gravity separation is probably enbanced by
an appreciable vapor phase in the sealed Pt tube and
iz considered to be due mam]}r to vapor trans
A similar gravity separation takes place thrcmgfm?:ut
most of the system and adds more evidence to the
prehability of a iwo-phase region between “6Nby0;
- 11WO,™ and 4Nb:QOs - 9W0;.  This two-phase region
is based mostly on the different morphelogy and color
of these phases, as well as the slight differences in
the superstructure exhibited by single crystal patterns.
Almost all of the high-temperature p % in the
Nby03- W0, system are needle formers. Most of
those which contain appreciable W(); are yellow-
green or blue-green in color. However, the “6:117
phase is white and forms tabular crystals rather than
needles,

A eutectic exists between the 2:7 compound and
the Magneli “shear phases at about 1340 *C and 83
mole percent W05, However, the exact compositions
of the peritectics at 1356 and 1358 °C, corresponding
to the decomposition temperatures have not been
determined.
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Tungsten trioxide haz been found to accept a maxi-
mum of about 3 mole percent NbeOs in solid solotion
at the solidus temperature of 1358 *C. The amount
of solid solution decreases with decreasing tempera-
ture to about 2 mole percent at 1230 *C and less than
1 mole perceat at 1100 °C. The melting point of WO,
was found, in the present study, to be 1435 °C. This
value was independently confirmed by E. M. Levin
[36] ard is In dizagreement with the previously pub-
lished walue of 1472 *C {Jaeger and Germs) [37]
In a discussion of the 1472 *C value for the melting
point of WO, Phillips and Chang [38] concluded that
this temperature was probably too low and might
actually represent the eutectic between WO, and
Wk, However, they did not attempt to experi-

MOL % WOy

o

50
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Fostuioted phase equittbrivm dicgram of the finary sysiem NbaOp W0y,
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Dulied Enes represent persisent meludshle equikibrinm.

mentally determine the melting points of the com-

unds WOy and WayOg or the solidus temperature

tween them. The 1435 °C walue for the melting
point of W, is internally consistent with the experi-
mental phase diagram of both the NbeO»-W0O; and
Wi:-B:)a systems [36] This value apparently
represents the practical melting point for 1he expen-
mental condition= utilized: =ealed Pt tube, heated
for very short intervals of time {Z£5 min}). Thi=
method is preferable 1o that of Jaeger and Germs
[37] who utilized an open Pt ctucible and moch longer
heating time. However, the troe melting point of
Wil; can probably only be establiched by utilizing an
oxygen pressure furnace and extrzpolating to one

" atmosphere pressure.
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TAELE 19. Exzperimental data for compositions in the Knory system Nb(O=W0,,

Part I=Continued.
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5. Reduction

As has been previcusly mentioned there iz some
tendency for WO 10 reduce on heating to high tem-
peraturea, even in the sealed Pt tubes. This tendency
is greatly enhanced by subjecting the specimens to

igh temperaturés for extended periods of time.
The problem of reduction of WO, is apparently carried
into the Nb:O:-W0; system to such an extent that
the syatem may not be completely binary at high
temperatures,

The experimental data indicate that the aystem prob-
ably remains esaentially binary as long az no melting
ooours.  However, above the solidos, reduction very
likely takes place and the measured hquidus values
may not represent binary equilibriom. The melting
relations around the ordered bronze-type phases, from
about 60 to 80 mwole percent W(0s, were particularly
difficult to obtain experimentally. The three com-
pounds at *6:117, 419 and 2:7 all appeared to melt
congruently with binary solidus relations between
them. However, the liquidus values appear to form
smooth curves between these congruent melting points
without any indication of a change in slope toward a
eutectic composition. The phenomena is character-
istic of a nonbinary system.  For the sake of aimplicity,
the phase diagram has been drawn to indicate the most
likely hinary relationships and liguidus carves have
been dashed to illustrate the uncertainty in values.

Another indication of reduction occurs in the melting
relations of the Bum.iOyam—ningrd homologous series
compounds. The phases WiNh Oy, WilNb O,
and WiNbigDg were all observed to melt incon-
gruently. Experimentally these compound composi-
tions were ohserved to begin to form a aecond phase
at about 1440°, 1385° and 1375%, reapectively. How-
ever, compositions in two-phase regions between these
compounds did not begin to form the new phase uniil
considerably higher temperatures, even though the
specimen may have shown an appearsnce of partial
melting. This apparent increase in the stability
temiperature of the phases is dependent on the amount
of time the specimen ia held at temperature, and binary
melting relationships can be approximated by only
holding the experimental specimens for relatively
short periods of time. It may therefore be concluded
that reduction takes place in these specimens, when
held sbove the solidus temperatures. However, it
has previously been concluded [1-4] that the crystal
structure of these compounds precludes any appreci-
able nonstoichiometry. Therefore, it appears likely
that, as the W+ ign is reduced, the Nb/W ratio of
these phases shifts towards higher tungsten content,
maintaining an essentially constant cation: anion
Tatio.

In addition to the relatively large amount of reduc-
tion which apparently takes place above melting, there
ia possibly some tendency towards reduction at lower
temperatures. The amount of reduction which can
take place experimentally below melting is probably
several orders of magnitude less than that which accurs
above melting because it seems in no way to affect

the equilibrium relationships, The only indication
of this minor reduction is in a tendency for discolora-
tion of the specimens. Almost any compoasition in
the system, held for long periods of time in a sealed
Pt tube will show a muoch darker green or blue colox
than does the =zame composition either held for
shorter pericds or not. sealed. This darker color
can always be lightened by annealing the specimen in
an open Pu tube, at about 1000 °C,

It i iptrigning to postulate that the Nb:O,-WO,
system might more closely approach hinary conditions
if the experiments were performed under conditions
of high oxygen pressure, such as that utilized by ¥an
Hook [39]. Such studies will probably become more

common in the pear future,

4. Matastable Phases and Nonequilibrium

6.1. Metostobls Malting

It can be seen from table 19, that all compositions
containing more than about 72 mole percent WO,
were calcined for about 2 hr at 1200 °C prior to attemp-
ting to obtain equilibrium data. This was because the
few preliminary heat treatments, petformed at tem-
petatures above 1250 °C, without the 1200 °C calcine,
exhibited some indication of melting, whereas those
with a prior 1200 *C calcine did not show melting uneil
much higher temperatures.

The metastable melting apparently is due to a
eutectie type feaction hetween the metastable bronze-
type solid solution (Jabeled “3:8™ on fig. 1) and pure
W0Oa Tt must be emphasized that in order 1o obtain
equilibriuvm products in the region 72 to 100 mole
percent W, this preliminary calcine at 1200 °C
is imperative. Without such preliminary heat treat-
ment, peither the 2:7 compound nor the “Magneli-
shear™ structures can be prepared as single phases,

5.2. Matastoble Phoses

The bronze-type solid solution previously mentioned
(*3:8" of fig. 1) has been interpreted as a metastable
phase for several reasons. It appears to be respon-
sible for very low temperature metastable melting
which takes place between sbout T2 and 100 mole
percent Wiy,  The x-ray powder pattern of the bronze-
type solid solution shows no superstructare and the
phase must contain disordered pentagonal bypyramid
polyhedra. It muost be concluded that the disordered
phase is metastable because it dissoviates on heating
to two ordered phases. All compositions between
ahout the 6:11 and 2:7 ratios, when quenched from
above the liquidos exhibit the tetragonal bronze-type
“disordered™ phase with no indication of any super-
structure peaks in the x-ray diffraction powder pattern.
In addition, many specimens also show a small amount
of a quenched liquid phase which exhibits a poorly
defined xray pattern characieristic of a disordered
Rel); strueture, the basic building unit of all the com-
pounds in the system.
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From about 5 mole percent Wi to at least 15 mole
percent Wiy another metastable phase is formed
from the quenched liquid. This pkase has an x-ray
pattern, characteristic of the aoarthothombic low-
temperaiure form of Nbhg(h. The diffraction pattern
shows diffuse peaks and little or no superstructure
ILnes. This phase never appears below the melting
point and only forms as a single phase if the quench-
ing temperature is considerably above the liquidus.
The ability of a specimen to be quenched as a phase
with a powder pattern similar 1o the low-temperarure
form of Nbo(y seems to be dependent on eooling rate
and composition. This phenomena has been previ-
ously reported for other niohate systems [23, 40].

As shown in table 19, another unknown phase has
been found occasionally in nonequilibriom mixtores
between about 7 and 25 mole percent Nb:0Os. All
efforts 1o establish an equilibrium region for this phase
have proved negative. 11 is possible that the unknown
compound may represent a complex structure involy-
ing a mixture of 3X3 blocks along with the 3 X4
andfor 4 % 4 blocks normally found in other compounds
occurring in this composition range. Such a strue-
ture would contain a considerable oumber of Nh+*3
ions in tetrahedral coordination and would not be
expected to form a stable assemblage.

It has been previously mentioned [1] that WNbaCha
appears to have a small region of homogeneity,
in that the 8:1 composition showed only a single phase.
However, no change in lattice parameters could be
detected. This apparent region of solid solution is
mast likely doe to the very similar powder patterna of
the 6:1 compound and the *30:1" phase. A solid
solution structure containing either a considerable
number of oxygen vacancies or cation interstitials
{in either the tetrahedral or octahedral position}
would be expected 1o cause some measurable change in
the lahice parameters. One other possible mecha.
nism which has been suggested for solid selution [41]
is again raised by the appearance of the “ordered
intergrowth™ structure of t[];e 13:4 compound, and the
suggested pnss:hlﬂ structure of a 25:1 or 20:1 com-
pound. it is possible that a “disordered intergrowth”
of double 3X4 blocks might oreor in association
with the isolated 3 x4 blocks of the WNbyzOy com-
pound [24]). Such a disordered structure or *composi-
tional stacking fault” would cause only a slight broad-
ening of some of the lines of an x-ray diffraclion powder
pattern, as would a mixture of a small amount of the
ordered =econd phase. It is problematical as to
whether such a picture of solid solution would repre-
sent a stable or only a metastable condition. Never-
theless, proof of such a postulated disorder would
necessarily depend upon other data, outside ihe seope

of this project. A careful electron diffraction andfor
electron microscope study might prove of value in
deciphering the nature of any possible disorder of
this type,
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