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The phase equil ibrium diagram for the binary system niobium pentoxide-tungsten trioxide has 
been constructed from results of x-ray diffraction studies on both single crystals and powders and 
from fusion character istics. Twelve s table compounds have been found in the system_ The exac t 
compos ition of eight of these compounds has been established by single crystal analyses at the 
Nb,O" : WO" ratios of 6 : J, 13: 4, 7: 3, 8: 5,9: 8, 1 : 1,4 :9, and 2: 7. The approximate compositions 
of the remaining four other phases are 30: 1,6: ll, 1: 11, and I : 15. The 6: 1, "6: 11 ",4: 9, and 2 : 7 
phases melt congruently at 1476, 1378,1380, and l357 °C, respectively. The "30: I", 7 : 3, 8 : 5, 9 : 8, 
"1 : ll" , and "1: 15" phases melt incongruently at 1470, 1440, 1385,1375,1356, and 1358 °C, respec­
tively; and the 13: 4 and I : I phases decompose before melting at 1435 and l1l5 °C, respectively. 
The 8: 5, 9: 8, "6: 11 ", 2: 7, "} : 11 ", and "l : 15" compounds are shown on t he phase diagram as 
having minimum temperatures of stability. One metastable phase having a narrow range of composi­
tion near the 3 : 8 ratio was also encountered_ Although Nb,O" apparently exhibits no solid solut ion , 
WO" was found to accept a maximum of three mole percent niobia in solid solution enablin g a ll the 
reported polymorphs of WO" to bt' obtained at room temperature. 
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1. Introduction 

A complete study of the phase relationships in the 
binary system Nb20:, - WO:1 has been conducted as 
part of a continuing program of fundamental phase 
equilibria studies of ceramic materials. This par­
ticular system was selected for study in order to further 
the knowledge of the crystal chemistry of niobates 
in view of the results obtained from p~evious struc­
tural studies of single crystals [1-4].' 

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 study of the Nb20 3-WO:I system, Gold­
schmidt [51 concluded that Nb20:; could accept more 
than 50 mole percent WO:1 in so lid solution and re­
ported the existence of a compound at approximately 
Nb20:; : 3WO:1• He also found a limited solid solution 
of Nb20:; in WO:1• Kovba and Trunov [6J reported 
that the 1: 3 compound was tetragonal with a s truc­
ture relat ed to that of a tetragonal tungsten-bronze. 
Fiegel et al. [71, studied the phase equilibria in the 
system at 1200 °C and below. They reported only 
about 33 mole percent solid solution of WO:I in Nb20., 
with a 3 : 2 compound occurring at 1200 °C and a 1: 1 
compound at 1100 °C and below. They found very 
little, if any, so lid solution of Nb20., in WO:1 and con­
firmed the ex istence of a compound at about 1: 3 
with a limited so lid solution for both Nb2 0:; and WOOl. 

I Figun'" in brach'ls indicate tht· litnaturt' rt'fert'lU't·~ at the l'nd of Ihi:; paper. 

Later [81 they reported that the 1: 3 composit ion gave 
single crystal x-ray diffraction patterns which showed 
superstructure differing from one crystal to the next. 
Kovba et al. [9], also attempted to determine the 
phases formed in this system at about 1200 0c. They 
concluded that compounds existed at the Nb20:; : WO:I 
ratios of 4: 1, 2 : 1, 4: 7, and 1 : 3. Theyalso.reported 
a phase with variable WO:I content occurring at high 
WO:I concentrations and observed a small amount of 
solid solution in both Nb20 3 and WO;j. 

In a description of preliminary phase identification, 
Roth and Wadsley [1J on the basis of single crystal 
x-ray diffraction studies reported the existence of 
five compounds structurally related to Nb20:; occurring 
at Nb 20:,: WO;I ratios of 15: 1, 6: 1, 7: 3, 8: 5, and 
9: 8. They also confirmed the 1: 1 phase and noted 
the existence of at least three phases related to the 
tetragonal tungsten bronze-type structure. The 
crystal structures of 6: 1, 7: 3, 8: 5, and 9: 8, were 
reported [2, 3] and the "building block" principle 
was elaborated as the basis of the crystal-chemistry 
of niobate compounds [4]. 

Schafer and Gruehn [10J and Felten [l1J have in­
dicated in private com munications that their inter­
pretations of x-ray diffraction powder data for th e 
Nb20:;-WO:I system differ in some respects from the 
previously mentioned published reports. 

Because of the conflicting nature of the reported 
data, it was thought desirable to study comp letely 
the phase equilibria of the Nb20:;-WO:I system. 
With the use of the unit cell dimensions derived from 
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single crystal data the existence of the various phases 
in the powder patterns can now be established more 
readily. The exact compositions of phases can often 
be determined only by a solution of the crystal struc· 
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, crystal structure analysis and phase 
equilibria are therefore complimentary and no sys· 
tem can be considered to be well characterized unless 
both 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 system have been 
obtained in order to construct an equilibrium diagram. 

2. Sample Preparation and Test Methods 

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

Nb 20 5 - high purity niobium pentoxide. Spectro­
graphic analysis indicated less than about 
0.01 percent Si; 0.001 percent Ca and Mg 
with As, Cu, and Ta only questionably 
present. 

WOa - high purity tungsten anhydride_ Spec­
trographic analysis indicated less than 
about 0.1 percent Si; 0.001 percent B, Ca, 
Cr, and Mg; 0.0001 percent Cu with Pb 
only questionably present. 

A few specimens were prepared with less pure 
starting materials, in order to determine qualitatively 
the effect of impurities on the equilibrium products . 
The following is a typical example of the nature of 
the impurities present in two specimens of Nb20 5 : W03 

ratio of 16: S. For the less pure specimen the first 
series transition elements, in general, are present in 
amounts of an order of magnitude greater than for 
the more pure specimen. 

Nb20 5 : W0 3 (16 : 5) - higher purity end members_ 
Spectrochemical analyses in­
dicated less than about 0.01 
percent Cr, Cu, and Si; 0.001 
percent AI , B, Ca, Mg, and 
Ni; 0.0001 percent Mn with 
Pb only questionably present. 

Nb20.,;: W03 (16: S)-less pure end members_ 
Spectrochemical analyses in­
dicated less than about 0.01 
percent AI, Ca, Cr, Cu, Fe, 
Mg, Ni , and Si ; 0.001 percent 
Mn; 0.0001 percent B with 
Pb only questionably present. 

For the preparation of the specimens, the weight 
percentages were calculated to within ± 0.01 percent, 
with no corrections made for percentage of purity of 
the starting materials except for loss on ignition. 

For the higher purity specimens, the starting ma­
terials were weighed to the nearest ± 0.1 mg, in 
sufficient quantities to yield 3 g batches. Each 
batch was mixed in a mechanical shaker for about 

IS min and pressed into a disk)n a 5/s-in_ diam mold 
at 10,000 Ib/in2 • The disks were placed on Pt foil 
and calcined by heating in air at 700 °C for 19 hrs, 
with heating and cooling rates of approximately 4 
DC/min. 

The less pure specimens were weighed out in ap- < 
proximately 1 g batches and mixed with an alumina 
mortar and pestle. In order to minimize any pos­
sible loss of WO:1 these specimens were not calcined 
after mixing. 

Subsolidus, as well as melting point data, were 
obtained by the quenching technique on samples 
sealed in platinum tubes. An electrically heated 
vertical tube furnace wound with 80 percent Pt-20 
percent Rh wire was used for the quenching experi­
ments. The furnace was controlled by an a-c Wheat­
stone bridge controller which was capable of holding 
the temperature to at least ± 2 DC for an extended 
period of time. Temperatures were measured with 
a Pt versus Pt-l0 percent Rh thermocouple which i 
had been calibrated against the melting points of 
Au (1063 °C) and Pd (1552 0c) [12]. The thermo­
couple was recalibrated several times during the 
course of the work. Specimens were suspended in 
the furnace by fine Pt wire. In order to 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 
first sign of glazing of the surface of the specimen 
was interpreted as the first experimental evidence 
for the solidus temperature. Acceptance of this 
appearance as evidence of melting was found justified 
in many specimens by an abrupt difference in the 
x-ray diffraction powder patterns of the specimens. 
The formation of a concave meniscus , without the 
formation of relatively large crystals, indicated the 
liquidus temperature. The overall reproducibility 
of the temperature measurements for the experi­
mental data points was within ± 2 DC or better and the 
overall accuracy of the reported temperatures was 
within ± 5 °C or better. 

I 
I 

Equilibrium was considered to have been obtained 
when the x-ray diffraction patterns of specimens suc­
cessively heated for longer limes and/or at higher 
temperatures showed no change. X-ray diffraction 
powder patterns were made using a high-angle record­
ing Geiger counter diffractometer and nickel-filtered 
copper radiation, with the Geiger counter traversing 
the specimen at 1/4~e/min and the intensity of the 
radiation being recorded on the chart at 1 D2(}/in. The 
unit cell dimensions reported can be considered ac­
curate to about ± 2 in the last decimal place listed. 

{ 

3. Compounds in the Nb~5-W03 System 

3.1. Nbz0 5 

The stability relations of the various reported poly­
morphs of Nb 20 5 have been summarized by several 
workers [13-17]. It has been concluded that the high­
temperature monoclinic form of Nb 20 5 is the only 

i 
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stable form at atmospheric pressure [14, 16, 17]. The 
c rystal structure of the high·temperature modification 
of Nbz0 5 has been described by Gatehouse and 
Wadsley [18]. They report this phase to be mono­
clini c, (space group P2) with 14 formula units in the 
unit r-ell and n=21.16 A, b=·3.822 A, c=19.35 A, 
j:J = 119°50'. The x-ray diffraction powder pattern 
previously listed for Nb20 5 [19] can be more correctly 
indexed on the basis ' of the published single-crystal 
intensity data and is shown in table 1. This indexing 
leads to slightly revised values of the unit cell dimen­
sions, as follows: a = 21.149 A, b = 3.823 A, c= 19.352 
A, {3 = 119°48', in excellent agreement with the 
lattice constants given by Gatehouse and Wadsley [18]. 
The melting point of the pure Nb20 5 used for this 
study was previously determined to be 1485 °C [20]. 

TABLE 1. X-ray diffraction powder data for Nb,O, (CuK" radiation) 

d " I " ,t,obs ~cal <: ilkl' d " I " ~obs ~ca lc hklf: 

16.66 6 0.0036 0.0036 001 t1526 
802 

10.517 5 .0090 .0090 201 2.543 36 0.1546 .1541 107 
10.063 2 .0099 .0097 101 .1543 6 14 
9.615 2 .0108 .0\07 102 2.523 5 .1571 .157 1 015 
9. 148 5 .0120 .Oll8 200 2.49 1 26 .1612 .1 612 707 

8.354 4 .0143 .0 142 002 { .1623 5 11 

6.942 2 .0208 .0206 30T 2.478 8 .1629 .1625 2 14 
6.486 3 .0238 .0236 102 { .1662 4 16 
6.285 11 .0253 .0252 \03 

2.452 5 . 1664 .1672 6 15 
5.590 4 .0320 .031~ 003 { .1 865 413 

5.273 6 .0360 .0359 402 2.3 14 29 .1 865 .1869 616 

5. 116 48 .0382 .W\82 40T .1872 208 

4.734 2. 11 4 4 .2244 .2239 414 
4 .0446 .0446 103 2.076 38 .2321 .2321 10. O,~ 

4.616 36 .0469 .0465 \04 2.037 34 .2411 .2410 209 
3.852 6 .0674 .0670, 305 

1.9 12 29 .2736 .2736 020 

3.82 1 6 .0685 

t 
.0683 205 

r846 

3.0. 1Q 
.0684 010 .2847 11 , 0,1 

3.737 100 .07 16 .0714 110 1.873 5 .2852 .2847 11 , 0,3 
.0717 liT .2855 220 

3.636 100 .0756 .0755 105 

3.577 4 .0782 .0782 III 1.856 3 .2903 .2904 208 

3.553 4 .0792 .0791 11 2 1.8 19 20 .3020 ( .3020 2, 0 , IQ 
.303 1 11 ,0, 8 

3.5 15 4 .0809 .080; 603 

C3115 
407 

3.483 100 .0824 { .0824 602 1.789 16 .3124 .3118 421 
.0826 012 .3127 902 3.406 4 .0862 .0859 604 

3.383 4 .0877 .0877 303 { .3201 124 

{ .0886 005 1.765 5 .3211 
.3227 12 . 0.~ 

3.35 1 28 .089 1 .0890 3 1T .3230 12,0.~ 

3.3 16 5 .0909 .0911 601 
.3231 6.0, 11 

3.264 4 .0939 .0936 113 { .3292 119 
1.742 23 .3295 .3296 12.0,4 

3.247 4 .0949 .0951 310 1.727 25 .3353 .3353 8,0, IT 3. 153 II .1006 . 1003 01 3 
3.078 6 .1055 .\05 1 506 

1.709 10 .3424 ( .3422 11 , I , ! 

2.994 7 . 111 6 .11\3 106 .3425 11 , 1 , ~ 

2.832 36 . 1247 . 1246 5 12 1.692 20 .3493 .3491 125 

2.826 38 . 1252 { . 1248 014 1.683 5 1 .3529 ( .3530 3, I, 1Q 

.1262 513 .3531 11 , I , 3 

5fi 1.627 8 .3776 .3776 408 
2.77 1 31 .1303 .1301 1.592 27 .3945 .3946 7. 1, IT 
2.70 I 34 .1371 ( .1367 2 15 

.1377 706 
1.582 20 .3994 { .3982 11 , 0, I 

{ .1401 415 
.3995 318 

2.668 3 .1405 1.579 18 .4012 .4011 10, 1, 1 
.1405 207 1.556 22 .4130 .4133 12, 1.8 

( .1426 510 2.644 4 .143 1 
.1433 804 

2.628 5 .1448 { . 1445 803 
.1452 607 

H Inte rpla ner s pacing. 
h I nt e nsil y relati ve to I he 51 ronges! pea k(s). . 
C Indexed on the basis of a monoclinic unit cell (space group P2) a = 21.)49 A, b= 3.823 A, 

c = 19.352 A, (J = I) 9°48 ' and the previously reported observed structure factors from the 
single c rys tal data [181. 

3.2. Compounds Structurally Related to Nb 20 S 

a . Compounds Belonging to the Homolagous Series B""'+ IO"""' - ("+"')+4 

Roth and W adsley [4] have shown that most of the 
phases form ed by the addition to Nb20 5 of oxides 
with cations similar in size to Nb+5 , regardless of 
vale nce, can be described by the homologous series 
notation B"mp+I031lIllP- (n+1II)P+4. Structurally, these 
phases are made up of blocks of oc tahedra in a given 
plane n long and m wide with a variable number (p) 
of blocks 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 

TABLE 2. X-ray diffraction powder data for the compound WNb " 0 ",, 
(CuK" radiation) 

d ' '" I I d" I " I 1 
ub~ obs di obs -;p ca lc hkl ' 

obs obs 
- obs ;p ca lc Ilk[ <: 

<I' 

14.77 19 0.0046 0.0046 00 1 2. 167 6 0.2 130 0.2135 10. 0.6 

11.08 23 .008 1 .008 1 201 
5 {-221.1 801 

2. 128 .2209 .22 13 808 7.42 16 .0 182 .0 183 002 
6.43 8 .0242 .024 1 201 

(-2236 007 5.54 18 .0326 .0325 402 2. 11 6 6 .2233 .2237 206 

5.35 6 .0349 .0348 401 2.11 2 6 .2242 .2244 5 17 
5.04 '18 .0394 .0394 403 2.072 67 .2325 .2328 10,0,7 
4.937 12 .0'110 .041 1 003 
4.674 58 .0458 .0458 202 2.042 52 .2398 .240 1 405 
3.743 76 .07 14 .07 13 110 2006 6 .2484 .2487 912 

3.729 96 .07 19 .07 18 111 {-2669 802 
1.9375 9 .2664 .2669 809 

3.702 40 .0730 .0730 004 
3.697 40 .0732 .0732 603 1.9324 8 .2678 .2683 315 
3.670 20 .0742 .0742 602 1.9 121 60 .2735 .2735 020 
3.6 16 284 .0765 .0766 203 

1.8729 4 .285 1 .285 1 220 
3.535 43 .0800 .0798 III 1.8664 5 .287 1 .2873 222 
3.5 10 300 .08 12 .08 11 604 1.8560 15 .2899 .2903 12. 0,5 
3.437 13 .0847 .0846 601 

{'29 10 207 
3.4 15 15 .0857 .0857 205 1.8524 29 .2914 .2918 022 
3.358 29 .0887 .0887 3 12 .2920 008 

1.8342 8 .2969 .2972 12,0,4 
3.203 27 .0974 .0975 11 2 
2.930 16 . 11 65 .1I65 204 1.8 144 8 :3038 .3040 12,0,7 
2.90 1 5 . 11 89 .11 89 5 12 1.8090 20 .3056 .3063 406 
2.866 58 .12 17 .12 18 5 13 1.8007 8 .3084 .3093 209 
2.836 37 . 1243 .1243 11 3 1.7895 13 .3126 .3 123 11 , 1,5 

1.7720 8 .3 185 .3185 11 . 1, 6 
2.799 7 .1277 .1279 206 
2.735 41 . 1337 .1 337 514 1.7697 9 .3 193 .3193 222 
2.706 31 .1365 .1366 312 1.7640 22 .32 14 .32 17 8,0, 10 

{-1 392 802 1.7567 19 .3240 .3245 12,0.8 
2.682 17 .1390 

805 
1.7403 21 .3302 .3305 3 16 

.1392 1.7329 19 .3330 .3332 10,0, I 
2.542 8 .1548 .1548 5 15 

1.73 11 18 .3337 .3339 11 , 1,7 

r574 
801 1.6903 20 .3500 .3501 223 

2.520 1I6 .1575 .1 580 407 ( .3545 5 15 
1.6805 42 .3541 

3547 624 
f599 607 

2.499 10 .1602 .1603 114 1.6709 26 .3582 .3585 11 , 1,8 
1.6088 21 .3864 .3869 10, 0 ,2 

2.462 16 .1650 .1651 511 
2.4\0 4 .1722 .1722 712 1.6070 23 .3872 .3880 2,0, 10 
2.339 6 .1828 .1831 404 1.5975 16 .3918 .3924 9 12 

1.5838 21 .3987 .3992 9, 1. 10 

{1842 715 
('4006 14. 0.5 

2.328 15 .1 845 .1848 ~OO 1.5801 20 .4005 
10, O. IT .4017 

f865 711 1.5734 21 .4039 .4049 11 9 
2.316 29 .1864 .1868 316 

1.5608 19 .4105 .4109 13, l. ~ 
2.215 11 .2038 .2043 608 1.5527 9 .4148 .4 154 1 4,O~ 
2. 183 7 .2098 .2099 710 1.5405 5 .4214 .4227 4,0, 11 

a Int erplanar s pacing. 
h Observed int ensit y. 
C Ind exed on t he bas is of a monocl inic unit cell (space group Ct ) a = 22.282 A. b = 3.824 A, 

c= 17.724 A, {3 = 123°22' and the previously reported struc ture fac tors from the s ingle 
crystal data [21. 
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plane perpendicular to one o axis which always has 
a value of approximately 3.8 A. This axis is the 6-axis 
of a monoclinic cell or the c-axis of a tetragonal cell. 
The octahedra occurring at the two different levels 
are connected to each other by edge sharing except 
at the junction of four such blocks, two at each level, 
where they are bonded by a tetrahedrally coordinated 
cation. Those compounds in the NbzOs-WO:1 sys­
tem whose structures have been described all have 
p = 1 and the formula simplifies to B1I1II+ 1 0 311111 -(11+111)+4 , 
where the tetrahedral position is always occupied by 
W +6 ions. In this arrangement when n = m, the unit 
cell is body-centered tetragonal as in PNb!JOz5 [21J. 
When n -,6 m the cell is C-centered monoclinic. 

b. 6Nb.O,· WO" WNb 120 3,,) 

The unit cell of this compound is C-centered mono­
clinic (probable space group C) having n = 3, m = 4 [2]. 
The indexed x-ray diffraction powder pattern obtained 
in the present study is listed in table 2. The unit 
cell dimensions derived from this pattern are a= 22.282 
A, 6=3.824 A, c=17.724 A, ~=123°22 ' . WNbl20 33 

is apparently stable from room temperature to the 
congruent melting point at 1476 °C. 

c. 7Nb-zO,' 3W03 (W3Nb I40 44 ) 

The unit cell of this compound is body-centered 
tetragonal, space group 141m or 14(11 =4, m=4 [3j). 
The indexed x-ray diffraction powder pattern is listed 
in table 3 and the unit cell dimensions derived from 
this pattern are a=21.002 A, c=3.820 A. 

d. BNb20S . 5WOa (WsNb160SS) 

The unit cell of this phase is C-centered monoclinic 
space group C2 (n=4, m =5, [2]). The indexed x-ray 
diffraction powder pattern is listed in table 4 and the 
unit cell dimensions derived from this pattern are 
a =29.638 A, 6=3.820 A, c=23.126 A, ~=126°27'. 

TABLE 4. X-ray diffraction powder dataJor the compoundW,Nb l60,5 
(CuKa radiation) 

d" I" I I hkl' d" I' I I hkl' 
(!i obs (li calc (IF ob, (l£ calc 

18.58 7 0.0029 0.0029 001 2.397 4 0.1741 0.1744 912 
14.84 12 .0045 .0046 201 2.382 8 .1763 .1764 71 1 

9.31 13 .01l5 .0116 002 2.350 4 .1811 .1811 12.0.8 
7.40 17 .0183 .0183 402 

2.3 16 7 .1864 [1862 
207 

6.75 4 .0220 .0220 403 . 1873 8.0.10 

6.21 12 .0260 .0260 003 2.294 .37 .1900 
.1898 911 

5.85 6 .0293 .0293 202 
.1903 518 

4.935 12 .04l1 .04l1 603 2.254 6 .1969 (.1968 3 15 
4.701 45 .0453 .0453 604 . 1970 10.0.10 
4.652 to .0462 .0462 004 2.177 6 .2111 .2111 910 

4.512 35 .0491 .0491 203 
2.104 8 .2260 .2260 519 
2.067 8 .2340 .2340 11 ,1.2 

3.77 1 130 .0703 .0703 110 2.036 52 .2413 .24 13 14,0.9 
3.767 142 .0705 .Q705 liT 
3.717 26 .0724 .0722 005 2.021 36 .2448 .2448 407 
3.705 22 .0729 .0731 804 1.9453 4 .2642 .2638 606 

3.660 250 .0747 (,0743 803 1.9099 37 .2742 .2742 020 
.0747 204 1.8827 6 .282 1 .2823 10.0.,1 

3.630 40 .0759 .0759 III 1.8783 6 .2835 .2837 12.0.12 
3.587 222 .0777 .0777 805 1.86tl2 17 .2890 .2890 0.0.10 
3.539 25 .0798 .0799 312 1. 8503 7 J92 1 .2919 16.0.7 
3.506 8 .0813 .0813 802 

(-2972 16.0~ 1.8329 18 .2977 
3.406 8 .0862 .0863 403 .2978 2.0. 11 
3.386 10 .0872 ,0872 lI2 1.8294 26 .2988 .2988 408 
3.252 6 .0946 .0947 407 1.8007 12 .3084 .3083 16.0.5 
3. 188 16 .0984 .0984 513 1.7944 18 .3106 .3107 16,0,ljj 
3.095 12 .1044 .1044 11 3 

(-3 153 623 1.7800 4 .3156 
.3157 4.0,~ 3.072 10 .1060 .1061 205 

2.980 7 .lI26 .11 26 800 1.7691 7 .3195 .3 195 624 

2.897 8 .1192 .1192 10,0,& 1.7580 25 .3236 (.3233 223 

2.832 16 .1246 . 1245 713 .3238 12.0.13 

2.817 47 .1260 .1260 714 1.7452 8 .3283 .3285 11 9 

2.804 40 .1272 (. 1273 114 1.7421 14 .3295 .. 3292 12,0.2 
.1274 408 1.7311 24 .3337 .3336 318 

2.775 5 .1299 . BOO 10,0,7 1.7229 12 .3369 .3368 15.1.9 
2.740 54 .1332 .1332 71 5 (.3479 5 17 
2.732 65 .1340 .1339 10,0,2 1.694.1 28 .3484 

.3489 224 
2.727 71 .134. .1345 313 (,35 15 15.1,ljj 

1.6862 57 .3517 
2.6 15 8 .1462 .1463 7 16 .3518 825 
2.574 16 .1509 .1509 5 12 1.6303 12 .3763 .3762 12,0.,1 

2.562 84 .1524 r520 

10,0,1 1.6284 13 .3771 .3772 4.0.13 
.1528 609 1.6101 10 .3857 .3861 14.0.14 

2.549 22 . 1539 
.1538 809 1.5888 12 .3962 .3958 11.1.3 
.1540 405 (.40 15 13.1.3 

2.533 8 .1558 .1559 li S 1.5783 14 .4014 .4015 428 

2.479 6 .1627 r627 

915 
.1628 314 1.5732 26 .4041 .4041 3,1 , 12 

.1699 12,0,7 1.5654 30 .4081 (-4078 17 , 1.~ 
2.425 II .1701 

.1704 916 .4081 10.2.2 

-,------ -----.,---- -_. 
.1 Inl ~rp lan ~r s pacing:. 
h Observed intensity. 
t" Indexed on the basis of a monoclinic unit ce ll (space group C~) a = 29.638 A, b = 3.820 A, 

c=23.126 A. f3= 126°27' and the prev ious ly reported observt'd structure factors from Ilw 
sin!!]!" crystal data f21. 

TABLE 3, X-ray diffraction powder data Jor the compound W"Nbl,OH (CuKa radiation) 

d" I " ..L 
ob, obs d t obs 

14.87 25 0.0045' 
10.52 5 .0090 
7.42 33 .0181 
6.65 8 .0226 
4.951 23 .0408 

4.694 82 .0454 
4.118 5 .0590 
3.757 142 .0708 
3.7 12 37 .0726 
3.598 480 .0772 

3.539 ,52 .0798 
3.32 1 20 .0907 
3. 195 42 .0980 
2.968 8 . 11 35 
2.912 22 .1179 

2.826 80 .1252 
2.756 21 .1317 
2.649 105 .1344 
2.623 4 .1453 

a ]nt erp laner spacin~s. 
b Observf'd intensities. 

..L 
d t ca tc 

hki' 

0.0045 110 
.0091 200 
.0181 220 
.0227 310 
.0408 330 

.0453 420 

.0589 510 

.0708 101 

.0725 440 

.0771 530 

.0799 211 

.0907 620 

.0980 321 

. 11.34 710/550 

. 1179 640 

.125J 501/431 

.1 3 15 730 

.1343 521 

.1451 800 

do I' ..L ..L hkl' 
obs obs d2 0bs d t cak 

2.560 22 0.1526 0.1524 6 11 
2.546 122 .154.3 .1542 820 
2.488 10 .1616 .1615 541 
2.441 7 .1679 .1678 750 
2.421 16 .1706 .1705 631 

2.358 9 . 1799 .1796 70 1 
2.347 8 .1814 .1815 840 
2.3 19 1.3 . 1860 .1859 910 
2.302 41 . 1887 . 1887 721 
2.215 2 .2037 .2040 930 

2.152 9 .2 159 .2 159 811/741 
2.121 3 .2222 .2222 770 
2.100 II .2268 .2267 10.0.0/860 
2.067 18 .2341 .2340 831 
2.039 130 .2405 .2403 950 

1.9497 :1 .2631 .2630 10.4.0 
1.9102 40 .2741 .2743 002 
1.9004 10 .2769 .2766 11.1.0 
1.8797 5 .2830 .2831 202 

r lndexcd on the basis of a !plragonal ullit cdl (space group 141m or 14) a = 21.002 A.. c = 3.820 A. 
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d fl I' ..L ..L hkl' 
obs obs dt obs (j2 ca lc 

1.8620 6 0.2884 0.2884 941 
1.8564 15 .2902 .2902 880 
1.8419 28 .2948 .2947 II ,3.0/970 
1.8367 15 .2964 .2967 312 
1.8007 54 .3084 .3083 10,6.0 

1.7694 16 .3194 .3194 422 
1.7546 \0 .3248 .3247 871 
1.7499 40 .3266 .3265 12,0.0 
1.7305 43 .3339 .3338 961 
1.6874 65 .35 12 .3511 532 

1.6857 85 .3519 .3519 11.2.1/l0,5.1 
1.6612 4 .3624 .3627 12.4.0 
1.6559 5 .3647 .3647 622 
1.6396 5 .3720 .3718 10,8.0 
1.6239 4 .3792 .3791 11.4.1 

1.6103 35 .3856 .3854 13.1.0/ 1 L7,0 
1.5861 40 .3975 .3973 12.1.1/981 
1.5686 62 .4064 .4063 10.7.1 

) 

~ 

I 



TABLE 5. X-ray diffraction powder data/or the compound WKNb 'K06!1 (CuKa radiation) 

d" J' 
I I hkl' d" I ' 

I I I I 
(ji obs {fi caJc 7ft. obs 7ft. calc hkl' d' J' d'l.obs {jl calc hkl' 

18 .43 4 0.0029 0.0029 110 2.73 1 119 0.1341 0.1340 631 
9.33 8 .0115 .0116 220 2.626 12 . 1450 . 1449 10.0,0/860 

1.9340 4 0.2674 0.2673 11 ,4,1 

6.20 10 .0260 .0261 330 2.622 18 . 1455 . 1456 72 1 
1.9068 40 .2750 .2750 002 

5.88 10 .0290 .0290 420 2.575 96 . 1508 . 1507 10,2,0 
1.8578 10 .2898 .2893 14,2.0/10,10,0 

4.64Q 8 .0464 .0%4 440 2.522 II . 1573 . 1572 65 1 
1.8482 12 .2928 .2927 11 ,9,0 
1.8216 48 .30 14 .3014 12.8,0 

4 .563 80 .0493 .0493 530 2.477 15 . 1630 . 1629 811/74 1 
4 .375 5 .0522 .0522 600 2.456 7 . 1744 . 1745 831 

1.7791 12 .3 160 .3 159 13,7,0 

3.771 146 .0703 .0702 101 2.378 9 . 1769 .1768 11,1 ,0 
1.7561 15 .3243 .3243 532 

3.7 12 25 .0726 .0725 710/550 2.304 6 . 1885 . 1884 11 ,3,0/970 
1.7474 26 .3275 .3275 15.1,0 

3.642 372 .0753 .0754 640 2.283 38 . 19 18 . 19 19 921/761 
1.7384 7 .3309 .3310 10.9, 1 

1.7235 28 .3366 {-3362 14,6,0 

3.450 15 .0840 .0840 730 2.253 II . 1970 .1971 10,6,0 .3368 13.4.1/11.8, 1 

3.378 17 .0876 .0876 32 1 2.248 7 . 1978 .1977 851 
3.185 12 .0986 .0985 820 2.242 6 .2086 .2087 12,0,0 1.6943 57 .3484 .3484 12,7, 1 

3.088 { .1043 660 {.2 145 12,2,0 1.6897 65 .3503 .3504 642 
25 .1049 2. 156 9 .2 151 1.6614 5 .3623 .3624 

.1050 501/43 1 .2151 10,1, 1 15,5,0/13,9,0 

3.054 15 .1072 .1072 750 2. 100 12 .2267 .2267 10,3,1 1.6532 6 .3659 .3658 14,3,1/13,6,1 
1.6292 22 .3768 .3768 16,2,0/14,8,0 

2.90 1 5 . 1189 . 11 88 910 2.077 5 .23 19 .23 19 12,4,0 
2.793 82 .1282 .1282 54 1 2.015 85 .2463 .2463 13,1,0/11 ,7,0 1.5801 28 .4005 .4006 15,2, 1 

2.769 26 .1304 .1304 930 1.9584 5 .2607 .2608 12.6,0 1.5688 48 .4063 .4064 13.8, 1 

" J nle rplane r spacing. 
/J Observed inte nsit y. _ 
c Indexed 0 11 the basis of a tet ragonal unit cell (space group 14) 0 = 26.270 A. c = 3.814 A. 

Due to the very large monoclini c ce ll this powder 
pattern can only be indexed unambiguously with the 
aid of single crys tal data. By utilizin g th e published 
Fobs values for W 5NbI 60 ," [2] it was possible to assign 
indices to th e observed peaks in the powder pattern 
with reasonable certainty up to about 60°28 (C u radi­
a tion). W5Nbl(;0 5, is probably not s table below about 
1090 °C and melts incongruently at about 1385 0c. 

e . 9Nb20. · BW03 (WsNbI8069) 

The unit cell of the last co mpound observed in thi s 
structural series has n = 5, In = 5 [3] and is body­
ce nte red tetragonal with the most probable space 
group 14. The indexed x-ray diffract ion powder 
pattern is given in table 5 and the unit c~ll dimensions 
derived from this pattern are a= 26.270 A, c= 3.814 A. 
Thi s co mpound is not stable below about 1265 °C and 
melts incongrue ntl y at about 1375 °C. 

It s hould be noted that the binary equilibrium sta­
bility regions of thi s s tructural group of compounds 
tend to decrease with increasing W+6 content. This 
phe nome non is probably due to the increasing size of 
the basic " building block" unit , and therefore to the 
greate r energy needed to maintain long range ordering. 

f . Other Compounds Structurally Related to Nb20. 

In addition to the co mpounds with s tructures de­
scribed by the homologous series formula Bl/lnp+ l 

03nmp-( 1I + 1II)p+4 , the existence of several other phases 
has been re ported , but their s tructures are, as yet, 
unknown . Notable among these is the NbOu82 
(and (Ti,Nb)02.4d reported by Gruehn and Schafer 
[22] which is apparently similar to the 'X' phase re­
ported by Warin g and Roth in the sys te m vanadium­
oxid e-niobi u m oxide [23 J. There are several s table 
phases in the Nb20 5- WO:l syste m whic h fall in this 
category. 
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g . 13Nb,,05' 4W03 (W.Nb260 77 ) 

Another phase, previous ly unreported, was found 
to occur between th e known 6: 1 and 7:3 co mpounds. 
The composition of this phase was deduced by Schafer 
(private communi ca tion) to be 13:4 based on oxygen 
analyses. It was postulated that thi s co mpound 
might have an Nb20 5 : WO:1 ratio of 16 : 5 and the s tru c­
ture would th en be related to that of Nb20 5 by increas­
ing the size of the basic "buildin g blocks" from 3 X 4 
and 3 X 5 (reported for Nbt 0 5 [18]) to 4 X 4 and 4 X 5. 
However, single crystals obtained from a 16: 5 com­
position were found by A. D. Wadsley (private com­
munication) to have a unit ce ll which is C-centert6d 
monoclinic a=29.74 A, 6 = 3.823 A, c=26. 02 A, 
f3 = 92°18'. These values are not in agreement with 
the primitive space group and approximate unit cell 
dime nsions which can be derived for the postulated 
16: 5 structure. The partially indexed powder pattern 
is given in table 6. It can not be fully indexed without 
the aid of single crys tal intensity data due to th e very 
large size of the unit cell. The struc ture of thi s phase, 
is actu all y a mixture of blocks of 3 X 4 and 4 X 4 oc­
curring in alternate sequence to make an "ordered 
intergrowth" structure [24J. The composition can 
be arrived at by addi ng the homologous series twice 
(as for Nbt 0 5 [4]) n =3, m=4, p=l (B 1:lO:d plus 
n =4, m =4, p= 1 (B 1704-1) = B300 77 (l3Nb20 5 ' 4WO:I). 

Although thi s compound does not form in short-time 
experiments (about 1 hr) it can be prepared readily 
by heatin g for several days at about 1400 0c. This 
phase was observed to decompose at abo ut 1435 °C 
into 6Nb20 5 • WO:1 and 7Nbt 0 5 ·3W03 • 

Another phase was found to occur in the Nb20 5-

WO:1 system at a ratio of approximately 3.5 mole 

2 Quotation marks are used around a compos it ion whenever the phase refe rred 10 has not 
been comple tel y t: haracterized. 



TABLE 6. X-ray diffraction powder data for the compound W,Nb'60 77 
(CuKa radiation) 

d" 

14.82 
12.93 
7.43 
6.55 
5.19 
4.951 
4.833 
4.686 
3.786 
3.748 

3.711 
3.657 
3.610 
3.564 
3.542 
3.%3 
3.367 
3.264 
3. 199 
2.966 
2.919 
2.845 
2.832 
2.777 
2.731 
2.724 
2.529 

a Interpiane r spacing. 
b Observed intensity. 

f ' 

10 
8 
12 
5 
7 

14 
15 
60 
18 

200 

40 
15 

250 
190 
50 
10 
10 
10 
16 
5 

15 
32 
48 
10 
52 
55 
90 

il k!' d" {" H I!' 

200 2.418 10 
002 2.346 7 
400 ,2.309 22 

2.277 5 
2. 113 7 

600 2.067 13 
205 2.055 42 
602 2.042 88 
110 1.912 68 020 
(Ill '1.857 12 

111 

r7 

1.854 15 
1.848 25 m 1.835 5 
1.816 5 

20Z 1.805 33 802 
207 1.781 16 

(80~ 1.763 15 311 1.756 19 
113 1.744 13 

1.736 16 
114 1.731 15 

1.706 5 
1.689 25 
1.684 68 
1.675 12 
1.610 25 
1.597 8 
1.592 20 
1.585 18 
.1.571 25 
1.565 38 

C Partially indexed on the basis of a C-cente red monoclinic unit cell with a = 29.74 A. 
b=3.823 A. c=26.02 A, 13 = 92°18' by comparison wit h the single c rystal intens ities ob­
served from a film taken wit h a Weisingberg camera [A. D. Wads le y, private communi­
cationl· 

percent WO:J. This phase is apparently the same as 
that previously reported to occur at about 15: 1, the 
structure of which could not be verified [1]. The 
30 : 1 ratio is that deduced by Schiifer (private com­
munication). It is apparently composed of some 
complex packing of the "building blocks" previously 
described. One possible structure might be n = 3, 
m = 4, p = 2 (B 250 6t) plus two blocks of n = 3, m = 4, 
p= 1 (B2S066)=B510128 (25Nb20 5 · W03). Another 
possibility might be n=3, m=4, p=2(B250d+n=3, 
m=5, p=1 (BI6041)=B410105 (20Nb t 0 5 ·WO:J) . 
The exact structure and composition remain to be 
proven because no good single crystal data is yet 
available. The "30: 1" phase was found to melt 
incongruently at about 1470 °C. Its unindexed x-ray 
diffraction powder pattern is listed in table 7. 

3.3. Compounds Containing Pentagonal Bipyramid 
(Sevenfold) Coordinated Cations 

a . Nb20 , · WO" (WNb20s) 

A phase isostructural with Nb:J07F [25] might be 
thought likely to occur in this system, but no such 
structure has ever been reported in pure oxide systems. 

TABLE 7. X-ray diffraction powder data for the composition 
30N\:},O, : WO" (CuKa radiation ) 

, 
d" {' da 

16.20 \0 2.435 
13.93 <I 2.376 
!0.73 16 2.2 12 
8.96 7 2. 100 
8.10 5 2.076 
6.37 14 2.041 
5.36 8 1.999 
5.10 50 1.936 
4. 797 7 1.913 
4.645 60 1.871 
3.742 132 1.866 
3.638 312 1.857 
3.579 10 1.825 
3.556 10 1.819 
3.493 228 1.796 
3.354 37 1.791 
3.173 16 1.782 
3.093 7 1.769 
2.984 14 1.746 
2.845 55 1.743 
2.836 47 1.731 
2.763 38 1.716 
2.707 % 1.693 
2.693 18 1.684 
2.647 8 1.680 
2.614 7 1.623 
2.597 6 1.603 
2.538 65 1.595 
2.503 45 1.581 
2.476 10 1.558 
2.458 !O 1.548 

B lnterplaner spac ing. 
b Observed intensity. 

I ' 

9 
40 
6 
8 

74 
90 
5 
8 

48 
10 

10 
12 
18 
42 
8 
8 

23 
7 

14 
25 
30 
10 
22 
30 
60 
15 
8 

30 
44 
28 
8 

--

Instead a new phase was fo und with unit cell dimen­
sions related to the tetragonal tungsten bronze-type 
structures. Single crystals of the 1: 1 compound were 
prepared by decomposing the 9:8 phase (made with 
the less pure end members) at about 1100 0c. Single 
crystal precession patterns of this phase mad e by A. 
Perloff of the National Bureau of Standards staff 
showed these crystals to be orthorhombic, probable 
space groups Pmab or P2 l ab. From these data the 
x-ray diffrar.tion powder pattern given in table 8 was 
indexed with a=16.615 A, b=17.616 A, c=3.955 A. 
The compound Nb20 5 · W03 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 7Nb20 5 • 3W03 . However, high temperature 
x-ray powder patterns showed that the extra phases 
disappeared quickly above about 900 ° C. The 1: 1 
compound was found to dissociate at about IllS °C 
to 8Nb.20 ii • 5WO:J plus a bronze-like phase, probably 
4N~05 ·9W03 • 

WNb20 s" is related to WTa208 (a=16 .701 A, 
b = 8.864 A, c = 3.877 A.) by a doubled b-axis. The 
crystal structure of LiNb60 15F which is apparently 
isostructural with WTa20s was found by S. 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 powder data/or the compound WNb20 . (CuKa radiation) 

d" I " ;}, obs ;}, calc hklC ([11 / " ~ obs ~ calc " k/c d ' I ' ~obs 
([' ~calc hklC 

8.83 6 0.01 28 0.0129 020 2.250 8 . 1976 . 1975 6 11 1.7546 16 .3248 {-3246 83 1 

8.30 25 .0145 .0145 200 2.223 8 .2023 .2024 451 
.3249 09 1 

4.689 6 .0455 .0455 320 (2060 541 1.7496 20 .3267 .3266 422 

4.483 5 .0516 .0516 048 
2.203 19 .206 1 .2062 080 

1.7464 23 .3279 .328 1 481 

4.259 12 .0551 .0552 148 2. 198 19 .2070 .2072 62 1 1.7247 15 .3362 r~ 
052 

2. 11 7 4 .2232 .2233 63 1 
.3366 680 

3.952 272 .0648 .0639 00 1 2.09 1 8 .2288 .2290 748 
.3394 29 1 

3.894 46 .0660 .0660 248 
1.7 154 16 .3398 .3399 342 

3.759 11 2 .0708 .0708 420 2.078 14 .23 16 .23 17 800 
.3399 152 

3.608 4 .0 768 .0768 02 1 2.050 6 .238 1 .2379 461 
3.570 9 .0785 .0785 20 1 (.2445 7 11 1.6969 40 .3473 (.3472 841 

2.023 18 .2443 .2446 820 
.3477 860 

3.449 202 .084J .0841 348 1.9774 50 .2558 .2557 002 
1.6885 9 .3507 .3508 252 

3.279 20 .0930 .0929 03 1 1.9652 7 .2589 .2590 012 
1.6748 7 .3569 .3573 761 
1.6684 22 .3593 .3591 522 

3.215 8 .0967 .0966 131 
3. 165 22 .0998 .0997 3 11 1.9473 18 .2637 .2642 480 

1.6662 28 .3602 .3604 911 

3. 110 98 . 1034 .1034 520 .2702 081 1.6651 27 
1.9247 13 .2699 .2702 202 

.3607 .3607 581 

3.051 16 .1075 .1074 23 1 .2703 73 1 
1.6625 26 .3618 .3620 10,0,0 

2.937 4 . 1159 . 11 60 060 .283 1 222 
1.65>18 5 .3652 .3652 442 

2.893 80 . 1195 . 11 96 160 1.8797 16 .2830 .2833 
1.6434 4 .3703 .3701 921 

848 1.6396 4 .3720 .3717 062 r5 1 

411 .2846 
2.825 11 .1 253 1.8743 15 .2847 

28 1 
{'3749 10,2,0 

.1255 331 .2847 032 1.6326 12 .3752 .3752 532 

2.77 1 78 . 1303 
.1303 600 1.852 1 18 .2915 .29 15 312 .3754 162 
.1305 260 

2.725 50 .1347 .1348 421 1.8475 24 .2930 .2929 741 

2.654 16 . 1420 .1421 548 .2934 760 1.6234 14 .3795 .3802 4,10,0 

2.644 18 . J430 .1432 620 1.8373 30 .2962 .2956 80 1 { 386 1 
602 

2.633 12 .1443 .1445 05 1 .2968 580 1.6096 13 .3860 
.386 1 0.10, 1 

1.8284 15 .299 1 .2988 8 11 . . 3862 93 1 

(. 1481 341 .2992 232 .3862 262 

2.599 86 . 1481 .1481 15 1 1.8 178 6 .3026 .3027 38 1 1.6029 9 .3892 ( .3893 6 12 

2.573 8 . 1511 .1509 43 1 1.8081 6 .3059 .3061 920 .3898 1, 10, 1 
1.5928 6 .3942 .3942 452 

2.5 18 8 .1577 .1577 5 11 
2.5 10 8 . 1587 . 1590 251 1.8017 r073 

042 1.5853 8 .3979 .3978 542 
8 .308 1 

2.445 44 . 1673 . 1673 52 1 .3085 82 1 

1.7908 
.3 109 142 1.5826 8 .3993 r~ 

622 
7 .3 11 8 .3992 77 1 

2.398 7 . 1739 .1739 460 .3 123 57 1 

2.375 8 . 1773 . 177 1 35 1 1.7852 6 .3138 .3 137 482 1.5808 10 .4002 .4005 681 

(. 1834 53 1 1.7762 9 .3170 .3 169 4 12 .4806 2, 10, 1 

2.334 40 . 1835 .1836 16 1 {'3218 242 1.5640 
.4087 94 1 14 .4888 

2.293 5 . 190 1 . 1903 720 1.7637 14 .32 15 .32 19 75 1 .4093 960 

(. 1943 601 .3223 0,10,0 1.5592 26 .4 11 4 .4 11 6 861 
2.268 23 . 1943 .1944 26 1 

1.5326 12 .4257 .4260 JO,O, I 

In terp laner spaclIlg. 
II Observed inte nsit y. 
C Indexed o n the basis of an ort horhombic unit cell (space group Pma b or P2 l ab) a = 16.6 15 A. b = 17. 6 16 A. c = 3.955 A. 

gonal bipyramid configuration. These rings are con­
nec ted by further corner sharing to form double c hains. 
The doubled cell in WNb20 s is probably due to an 
alternate puckering of the positions occupied by the 
sevenfold coordinated ions, but the proof of this must 
await a complete single crystal structure analysis. 

the indexed x-ray diffraction powder pattern given in 
table 9. This compound was found to be s table from 
at leas t 1150 °e to the congruent melting point of 
about 1380 0c. 

b. 4Nb,0 5 . 9W03(Nb.W90.,j 

A compound having a general diffrac tion pattern 
s imilar to te tragonal potassium tungs ten bronze 
(Kx W 0 3) was re ported by Roth and Wadsley [1] to 
occur at the composition 4Nb20 5 • 9W03. Sleight 
and Magneli [27] described the s tructure of this phase 
from a crystal obtained from a 1:3 composition which 
had been heated to a temperature of 1200- 1400 °e. 
The s tructure of thi s crystal was found to be made up 
of three te tragonal-bronze-like unit cells with four 
out of the twelve possible five-fold rings being occupied 
by cations, with oxygens above and below forming 
pentagonal bipyramid coordination polyhedra. This 
structure represents the composition Nb\6W 1s0 94 and 
has orthorhombic symmetry. The unit cell dimen­
sions found in the present work are a = 36.692 A, 
b = 12.191 A, c = 3_945 A, and were obtained from 

The presence of cations in the pentagonal holes of 
the tetragonal tungsten bronze struc ture sugges ts 
a possible homologous series whic h can be expressed 
as: 

where n is the number of sub cells of the tetragonal 
bronze type in the true unit cell and m is the number 
of pentagonal bipyramid polyhedra occupied by a 
cation. Each bronze-type subcell has only four penta­
gonal holes, therefore the maximum value of m must 
be equal to or less than 4n_ 

C. 2Nb,0 5' 7W03 (Nb4W,03') 

One method of reducing the general formula 
B101l+m0301lHn to include the 4: 9 compound and to 
predict a minimum number of other phases is to 
assume m=4. This results in the formula B 10l1+4030n+4-
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TABLE 9. X·ray diffraction powder data fo r the compound W 9Nb.0 47 (CuK. radiation) 

d " I ' ~obs £P calc ilkl' d " I ' -j, obs fpcalc Ilk" " d' 

11.59 4 0.0074 0.0075 110 2.835 5 . 1244 0. 1244 901 1.867 1 
10.14 12 .0097 .0097 210 

(-1248 031 
9.16 8 .0 119 .0119 400 2.827 9 . 125 1 .1256 131 1.8553 
8.64 9 .0 134 .0134 310 

{ .0186 500 f276 721 
7.34 6 .0186 

410 
2.799 7 .1277 .1278 231 1.8503 

.0186 

r31l 
911 1.82 19 

6.12 6 .0267 .0267 600 2.783 76 .1315 .1315 331 1.8178 
6.09 11 .0269 .0269 020 1.8040 
5.46 57 .0335 .0335 610 2.732 80 .1340 .1339 12,2,0 
5.08 5 .0388 .0388 420 2.727 78 .1344 .1344 640 1.7924 
4.314 22 .0537 .0537 620 2.684 12 .1388 .1387 821 

2.643 7 . 1432 .1434 531 1.7872 
4.081 6 .0601 .0602 900 {" 1514 921 
4.064 10 .0605 .0606 030 2.569 77 .1515 .1516 631 1.7749 
4.044 10 .0612 .0613 130 
3.945 21 2 .0643 .0643 001 2.490 6 .1613 .1612 731 
3.867 176 .0669 .0669 910 1.7568 

f675 12,3,0 
3.858 195 .0672 .0672 330 2.442 5 . 1677 .1678 940 1.7397 

{,0709 301 1.7360 
3.754 6 .0710 2.416 9 .1 713 .1712 12,0,1 

.0710 011 2.411 10 .1720 .1719 041 1.7305 
3.732 7 .0718 .0717 I II 2.405 6 .1729 .1727 141 
3.678 10 .0739 .0740 21 1 2.370 52 .1780 .1779 12, 1,1 1.7269 

{0.0743 10,0,0 2.366 64 . 1787 .1786 34 1 1.7238 
3.660 28 .0746 0.0746 820 

2.325 22 . 1850 .1850 931 1.7172 
3.587 4 .0777 .0777 3 11 
3.559 14 .0790 .0791 530 {" 1982 12,2,1 

{"0828 50 1 2.245 33 .1984 .1 987 64 1 1.7045 
3.474 6 .0829 .0829 4 11 

2. 158 4 .2147 .2 146 12,4,0 1.6808 
3.388 164 .0871 .0871 920 2.095 10 .2278 .2277 15,3,0 

2.091 14 .2286 .2284 950 1.6703 
3.384 166 .0873 .0873 630 {"23 14 15,0, 1 1.6540 
3.3 16 5 .0909 .0910 601 2.078 10 .2316 .23 18 12,3, 1 1.65 13 
3.260 13 .0941 .0942 221 .232 1 941 

{'0977 611 1.6417 
3.197 60 .0978 {"2325 051 

.0979 321 2.072 10 .2330 151 1.6273 .2332 
3.145 7 . 1011 . 1012 10,2,0 

1.9725 54 .2570 .2570 002 
3.1 15 4 .1030 .1031 421 1.9681 35 .2582 .2583 15,2,1 1.5991 
3.058 20 .1070 .1070 12,0,0 1.9644 12 .2591 .2592 651 
3.048 25 .1076 .1077 040 

CZ637 012 1.592 1 
3.019 6 .1097- .1098 521 1.9473 4 .2637 1.5841 
2.964 146 .1138 .1l37 12,1,0 .2637 302 

1.58 18 
1.5798 

2.958 158 .1143 .1143 340 1.9332 45 .2676 .2676 18,2,0 
2.9 12 17 .11 80 . 11 79 621 1.9278 48 .2691 .2690 660 
2.878 50 . 1208 .1207 930 {"2748 15,4,0 1.5635 

1.9072 12 .2749 
.2752 12,5,0 

" Inlerplaner spacing. 
b Observed in tensi t y. 
t' Indexed on the bas is of an orthorhombic unit cell with a = 36.692 A. b = ]2. 191 A, c = 3.945 A. 

Jb -j, obs -j,calc 

15 .2869 .2869 

34 .2905 {2905 
.2906 

20 .2921 
{"29 19 
.2926 

34 .30 13 .30 12 
53 .3026 .3024 

6 .3073 .3072 

10 .3 11 3 {"3107 
.311 6 

5 .3131 .3 132 

8 .3174 {"3172 
.3176 

22 .3240 {-3239 
.3243 

12 .3303 .3304 
30 .3318 .33 19 

60 .3339 {"3332 
.3343 

80 .3353 .3353 

55 .3365 .3364 

20 .3391 {"339O 
.3394 

20 .3442 
{"3441 

.3443 

6 .3540 .3545 

7 .3583 .3584 
32 .3655 .3655 
40 .3667 .3666 

24 .3710 {"3707 
.37 14 

7 .3776 .3777 

12 .39 11 
{3909 

.3914 

9 .3946 .3947 
40 .3985 .3985 
46 .3997 .3996 
42 .4007 .4006 

10 .4091 
{"4089 

.4094 

ilkl' 

222 
612 
322 

15,3,1 
95 1 

18,3,0 
960 
161 
622 

18,1,1 

361 
902 

032 

9 12 
332 

170 
18,2, 1 

66 1 
21,1,0 

15,5,0 

370 
15,4,1 
12,5,1 

922 
632 

21,2,0 

16,5,0 
18,3,1 

961 
12, 1,2 

342 

932 

12,2,2 

642 

171 
21,1,1 
15,5,1 

371 

18,5,0 

15,6,0 

For the 4 : 9 compound n = 3. The composltlOn of 
n = 2 is Nb20 5 ' W 0 3 and the composition of n = 4 
would be 2Nb 20 5 : 7W03 , The 1 : 1 compound does 
not belong to the general homologous seri es but has 
a unique struct ure only vaguely related to the tetrag· 
onal tungsten bronze type, as previously described, 
The structure predicted for 2Nb20 5 • 7W03 would 
be either orthorhombic with one a -axis multiplied 
by fo ur or tetragonal with both a-axes doubled. The 
latter structure, which ex hibits a higher symmetry 
than the former, was fou nd to occur for the 2 : 7 com· 
position between a minimum temperature of about 
1245 °C and the probable congruent melting pdint of 
1357 0c. A crys tal structure analysis of this com· 
pound is curre ntly being conducted by N. Ste phensen 
[28]. The unit cell dimensions of Nb4 W 70 :11 are 
a=24.264 A, c = 3.924 A, and were obtained from the 
indexed x·ray diffraction powder pattern listed in 
table 10. 

Roth and Wadsley [1] reported another compound 
in this sy s t e m occ urring at a ratio of about 
13Nb20 5 : 24WO:!. Kovba and Trunov [9] described 
a phase to which they assigned the composition 
4Nb20 5 : 7W03. The only logical ratio , near this 
composition, whic h could belong to the general for­
mula BI 01I +1Il0301l+m is 6Nb20 s : llW03 • In order to 
include this composition with the 4 : 9 and 2: 7 com· 
pounds in one simplified formula, it is sufficient to 
pos tulate a series limited to the case m = n + 1. The 
new homologous series formula then becomes 
BII II +103111+ 1. In thi s case for the 2 : 7 compound, 
n = 00 and for 4Nb2 0 s ' 9W03 , n = 3. When n = 2 
the co mposition is B230 63 and the predicted structure 
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 
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Table 10. X-ray diffraction powder dataJor the compound W,Nb40 31 (CuKa radiation) 

d' / b 1. obs 
d' 

1. calc 
d' 

hkl' d' / b ..1 obs 
,{, 

10.84 10 0.0085 0.0085 210 2.860 31 0.1223 
8.56 8 .0136 .0136 220 2.838 8 .1 242 
6.06 8 .0272 .0272 400 2.822 8 .1256 
5.43 35 .034<1 .034<) 420 2.816 10 . 1261 
4.508 8 .0493 .0493 520 2.743 98 .1329 

4.289 18 .0544 .0544 44<1 2.713 102 . 1359 
4.046 5 .0611 .0612 600 2.660 10 . 1414 
3.996 5 .0626 .0628 610 2.851 18 .ISOO 
3.924 194 .0649 .0649 001 2.555 50 .1532 
3.839 256 .0679 .0679 620 2.473 8 .1635 

3.792 25 .0696 .0696 54<1 2.399 5 .1737 
3.735 10 .0717 .0717 201 2.349 50 .1804 
3.617 16 .0764 .0764 630 2.311 10 . 1872 
3.429 25 .0850 .0849 710/550 2.290 5 . 1907 
3.366 136 .0883 .0883 64<l 2.232 4<1 .2008 

3.333 8 .0900 .0900 720 2.177 5 .2209 
3.265 10 .0938 .0938 411 2.128 12 .2308 
3.181 52 .0989 .0989 421 2.064 14 .2347 
3.052 7 .1074 .1074 50 1/43 1 1.9620 42 .2598 
3.034 18 .1086 . 1087 800 1.9182 60 .2718 

2.942 146 . 11 55 . 11 55 820 1.8967 7 .2780 
2.898 5 .1 191 .1 193 441 

a Inl erp lanar spaci ng 
h Observed intensity. 
C Indexed on the basis of a tetragonal unit ce ll with II = 24.264 A. c = 3.924 A. 

in this system, Experimentally the compound 
"6Nb20 s 11 W03" was found to be orthorhombic, 
probably with the a-axis of the tetragonal bronze 
subcell tripled. It is stable from about 1210 DC to 
the apparently congrue nt melting point of 1378 DC. 
The x-ray diffraction powder pattern listed in table 11 
is indexed with a=36.740 A, b= 12.195 A, c=3.951 A. 
It may be concluded from the size and symmetry of 
the unit cell, that the homologous series formula 
Blllt+I03111 +1 is not correct for this compound. There­
fore, " 6Nb20 5 • 11 WO:1" either has a defect structure 
or belongs to some other structural homologous series, 
as yet unknown. A single crystal structure analysis 
is currently under study by N. Stephenson [28]. 

e. Metastable Tetragonal Bronze-Type Solid Solution ("3:8" ) 

In addition to the ordered bronze-like phases which 
have been found in the Nb20 5-W03 system, another, 
apparently disordered, phase has also been reported 
at about the Nb20s:3WOa composition [5, 6, 7]. In 
the present study a tetragonal bronze-type phase 
without any indication of superstructure in the powder 
pattern was found to occur from about 72 to 74 mole 
percent W03 in a temperature range from about 
1100 to 1250 dc. The unit cell dimensions of this 
phase were found to vary from about a= 12.190 A, 
c = 3.968 A for the composition containin~ 72 mole 
percent W03 to a= 12.178 A, c=3.930 A for the 
composition containi~g 75 mole percent W03 . It 
must' be concluded that the lower temperature phase 
is only metastable , because it decomposes at high 
temperatures into the two ordered compounds, 
4Nb20 5 • 9WO:l and 2Nb 20 s ' 7W03 . 

1.. calc 
,(, 

hkl ' d' / b 1. ob. 
d' 

1. calc 
d' 

hkl' 

0.1223 660 1.8664 9 0.2871 0.2869 4<12 
. 124<1 830 1.8606 II .2887 .2886 412 
. 1257 750 1.8447 24 .2939 .2937 422 
. 126 1 601 1.8384 11 .2959 .2960 10,6,1 
. 1329 62 1 1.8189 12 .3023 .3022 502/432 

.1359 84<1 1.8087 36 .3057 .3058 12,6,0 

. 1414 631 1.7878 7 .3129 .3 129 11 ,5, 1 

.1499 711/551 f'3141 442 

.1533 641 1.7839 8 .3142 .3142 13.4.0/11,8,0 

.1635 731 
1.7468 20 .3277 .3277 622 

.1737 801 1.7232 50 .3368 .3367 12,4,1 

.1804 821 

.1872 661 1.7160 104 .3396 .3397 14,2,0/10,10,0 

.1906 751 1.6949 15 .3481 .3481 642 

.2008 841 1.6825 6 .3533 .3533 12,8,0 
1.6480 7 .3682 .3685 802 

.2208 11,3,0/970 1.6426 30 .3706 .3707 12,6,1 ' 

.2310 10,6,0 

.2348 10,0,1/861 1.6326 15 .3752 .3753 822 

.2598 002 1.6177 4 .3822 .3821 662 

.2718 12,4,0 1.5896 12 .3958 .3957 842 

{'2773 11,2,1/10,5,1 1.5720 63 .4<147 .4047 14,2,1/10,10, 1 

.2786 10,8,0 1.5535 7 .4144 .4145 12,10,0 

3.4. Compounds Related to the ReO:l Structure-Type. 
The Magneli "Shear Phases" 

In the temperature interval from about 1270 to 
1358 DC, at least two phases have been found to occur 
with x-ray diffraction powder patterns suggestive of 
the Magneli "shear phases" [29], which are struc· 
turally related to W03 . These phases have been 
found to occur between about 91 and 94 mole percent 
W03 • Due to the difficulty of obtaining equilibrium 
and the complex nature of the diffraction patterns, 
it is very difficult to decipher the exact composition 
of the phases by powder data alone. Although no 
single crystals have been examined, the best inter­
pretation of the data suggests that there are two 
equilibrium phases having the Nb20 5 : WOa ratios of 
1: 11 and 1: 15. These compositions would corre­
spond to the members 11 = 13 and n = 17 of the homol­
ogous series BnO:ln - , • It is possible that other struc· 
trucally related phases are formed in this compositional 
region which have very little or no thermal stability. 
Unindexed x-ray diffraction powder patterns for the 
"1:11" and "1:15" phases are given in tables 12 an'd 
13, respectiv~ly. 

I 

3.5. Polymorphs of W03 and W03 Solid Solutions 

W03 has been reported to occur in many different 
polymorphs [30-32J . None of the various high- or 
low-temperature polymorphs have been previously 
reported to be quenchable to room temperature . 
However, many of these reported phases have been 
found at room temperature in the Nb20 5-W03 system. 
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TABLE 11. X-ray diffraction powder data for the phase 
"6Nb,O •. 11 WO,," (eaK" radiation) 

d' I b ~obs 

11.62 5 0.0074 
10.18 14 .0097 
9. 16 8 .0119 
8.62 8 .0 135 
5.47 36 .0334 

4.320 16 .0536 

4.070 8 .0604 

3.952 236 .0640 

3.865 140 .0669 

3.742 7 .07 14 

3.682 8 .0738 

3.663 19 .0745 

3.596 6 .0774 
3.562 10 .0788 

3.388 156 .087 1 

3.223 12 .0962 

3.201 24 .0976 

3.06 1 14 .1067 
3.049 22 . 1076 
2.968 100 . 11 35 
2.959 106 0.1 142 
2.9 17 10 .1 175 
2.880 33 .1205 
2.803 5 . 1273 

2.763 76 . 1310 

2.735 45 . 1337 
2.730 49 . 1342 
2.687 12 .1385 
2.644 5 . 1431 

2.573 62 . 1511 

2.492 5 .1610 
2.42 1 6 . 1706 
2.414 7 .1716 
2.373 49 .1776 
2.368 59 . 1783 

a Inte rpla nar spac ing. 
h Observed intens it y. 

1.. calc 
({' 

0.0075 
.0097 
.011 9 
.0 134 
.0334 

.0536 

{ .0600 
.0605 
.064 1 

{-0667 
.0672 

{ 0707 
.0708 
.0715 

.0738 

{,074 I 
.0743 
.0775 
.0790 

{"0869 
.0872 

.0964 

{'0975 
,0976 

. 1067 

. 1076 

. 11 34 

0.1 143 
.1176 
. 1205 
.1273 

t l308 
.13 13 

. 1336 

.1343 

.1384 

.1431 

{" 15 10 
. 1513 

.1609 

.1708 

.1717 

.1775 
d783 

hkl' d' I' !.. obs 
({' ~ calc 

110 2.328 15 .1846 .1846 
210 2.248 25 .1978 . 1977 
400 2.246 22 .1983 .1983 
3 10 2.097 7 .2273 .2272 
6 10 2.095 8 .2282 .228 1 

620 2.072 6 .2330 .2329 

900 1.9754 85 .2563 .2563 
1.9355 22 .2669 .2669 

030 1.9290 26 .2688 .2688 
001 { .2743 
9 10 1.9087 8 .2745 .2748 
330 1.8696 7 .2861 .2861 
30 1 {"2897 
0 11 1.8585 13 .2895 .2898 III 

1.8528 15 .29 13 .2913 
211 1.8496 II .2923 .2922 

10,0,0 
.3006 1.8239 25 .3006 

820 1.8195 32 .302 1 .302 1 
3 11 {"3230 
530 1.7593 23 .323 1 .3235 
920 
630 {.3302 

1.7384 22 .3309 .J31O 

11,1.0 1.7332 33 .3329 . 3328 
61 1 
32 1 1.73 17 35 .3335 . 3334 

1.7284 52 .3348 .3348 
12,0,0 1.7244 5 1 .3363 .3362 

040 j:3384 
12, 10 1.7 184 8 .3386 .3389 

340 
621 {"3432 
930 1.7072 22 .343 1 
72 1 .3435 

911 1.6559 15 .3647 .3646 
1.6524 25 .3663 .3662 33 1 

("3697 1.6442 22 .3699 .3705 12,2,0 
640 1.6294 8 .3766 .3768 
82 1 
53 1 

f3899 
921 1.60 12 12 .390 1 .3905 
63 1 1.5926 5 .3943 .3943 

1.5858 25 .3977 .3975 
73 1 1.5833 32 .3989 .3989 

12,0,1 1.5801 24 .4005 .4002 
041 

\2 ,1,1 1.5654 5 .408 1 .4081 
341 1.5640 7 .4089 .4088 

hkl ' 

93 1 
12,2, I 

64 1 
15,3,0 

950 

151 
002 

18,2,0 
660 

15,4,0 
12.5.0 

222 
6 12 
322 

15,3, I 
95 1 

18,3,0 
960 
9 12 

332 

170 
18,2, I 

66 1 

2 1,1,0 
15,5,0 

370 
15,4, I 
12,5, I 

922 

63 1 

18,3,1 
961 

12,1,2 

342 

932 

12.2.2 

642 

17 1 
21,1,1 
15,5, 1 

371 

18,5,0 
15,6,0 

C Indexed on the basis of an orthorhombic unit cell with 0=36.740 A, b= 12. 195 A 
c~.1.951 A. 

a , Room Temperature Monoclinic Polymorph 

A monoclinic polymorph of WOOl was reported by 
Tanisaki r321 to have a monoclinic unit cell with a 
=7,30 A, b= 7.53 A, c=7.68 A, .B=90054' at room 
temperature. However, the x-ray diffraction powder 
pattern can be completely indexed with the c-axi s 
equal to one-half that of the true unit celL The 
presence of superstruc ture requiring the doubled 
cell can apparently only be found with single crystal 
data. For thi s reason, the x-ray diffraction powder 
pattern listed in table 14 has been indexed on the basis 
of one-half the real c-axis value. The uni t cell dimen­
sions obtained from this pattern were found to be 
a= 7.299 A, b= 7.535 A, c= 7.688 (3.844) .A, .B 
= 90°54'. With 1 mole percent solid solution of 
Nb20 s in W03 , the parameters are changed to a 

=7.317 A, &=7.532.A, c=7.684(3.842)A, .B =90055'. 
For pure W03 thi s monocli nic polymorph is apparently 
stable from about 17 °C [32] to about 310°C. 

TABLE 12. X·ray diffraction powder data for the composition 
Nb,O.: ll WO" (eaK" radiation) 

d' 

4.638 
4.308 
3.966 
3.850 
3.726 

3.690 
3. 116B 
2.764B 
2.677 
2.670 

2.579 
2.202 
2.190 
2. 139 
1.998B 

B= broad . 
H I nl erplaner s pacing. 
h Observed int e'l si t y . 

I ' 

5 
7 

25 
350 
230 

350 
15 
10 

178 
190 

28 
25 
25 
12 
10 

cia I " 

1.927 90 
1.910 30 
1.865 58 
1.845 90 
1.812B 18 

1.712 32 
LiOO 14 
1.677 100 
1.664 50 
1.569 8 

1.54 1 18 
1.530 25 
1.493B 10 

TABLE 13. X-ray diiFaction powder data for the composition 
Nb,O. :15WO" (eaK" radiation) 

d" 

3.93 1 
3.839 
3.760 
3.682 
3. 134 

3.089 
2.763 
2.676 
2.647 
2.584 

2.2 14 
2.18 1 
2.152 
2.006B 
1.922 

B= broad. 
11 Int e rplane r spacing. 
II Observed int C! ll s it y. 

I" d" 

25 1.898 
284 1.869 
116 1.855 
336 1.841 

10 1.81 2B 

23 1.799 
7 1.7 11 

140 1.695 
96 1.671B 
18 1.652 

14 l.573 
30 1.5:;5 
12 l.546 
10 1.529 
58 1.525 

b. Low-Temperature Triclinic Polymorph 

I" 

27 
65 
20 
40 
15 

25 
23 
20 
65 
15 

8 
10 
15 
34 
30 

According to Tanisaki [32] the room temperature 
polymorph of WO;J transforms to a triclinic form at 
about 17 °C, on cooling. However, on reheati ng there 
is still some of the triclinic form remaining at room 
temperature , indicating some hysteresis in the phase 
transition. It was found in the present study, that 
the room temperature monoclinic polymorph could 
be partially transformed to the triclinic modification 
by grin~ing the specimen in a mortar and pestle, 
without lowering the temperature. The unit cell 
dimensions of the triclini<$ form were reported [32] 
as a=7.30 A, &=7 .52 A, c=7.69 .A, a=88°50', 
.B = 90°55', 'Y = 90°56'. The indexed x-ray diffraction 
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TABLE 14 . X- ray diffraction powder data Jar the room temperalll.re 
(monoclinic)Jon n oJ WO:, (CuK" radiation) 

c. Lowest Temperature Polymorph (Monoclinic) 

From abou t - 40 °C to below liquid nitrogen tem­
perature, a noth e r monocl ini c polymorph occurs in 
pure WOa whi ch wa re ported by Tani saki [32] to 
have 0 = 5.27 A, b = 5. ]6 A, c= 7.67 A, ,8 = 91 °43'. 
Thi s pol ymorph can be obt a in ed essenti all y s ingle 
ph ase a t roo m te mpe ra ture by quenching a solid 
solution o[ 2N b-!0 :; : 98WO:l [rom th e te mpera tu re 
inte rval 1230 °C to about 1385 °C, the solidu s te m­
perature. Thi s polymorp h al so occurs as a mixture 
with other polymorph s in specime ns co nt a inin g 1 
a nd 3 mole percent Nb-!O". The unit cell dim e ns ions 
obtain ed from the powde r pattern for the 2 mole per­
cent Nb2 Q., specim en are a = 5.305 A, 6 =5.192 A. 
c= 7.671 A, ,8= 91 °33' . The indexed x-ray diffrac ti on 
powd er patt ern is given in table 16, utilizing the 7.671 A 
valu e for c as several peaks necessitating thi s doubled 
value a re obse rved in th e powder pa tt e rn . High­
te mpe ra ture x·ray patt ern s s how thi s phase to be 
a ppa re ntly s table in the 2 mole perce nt Nb2 0., co m­
pos ition up to a te mperature of abo ut 735 °C, a t whi ch 
te mperatu re it tran sform s to a te trago nal polymorph . 
If the te mpe rature i not rai sed above abo ut 750 °C, 
thi s tra nsiti on is reve rs ibl e. However , if the te mpera· 
ture is ra ised to 900 °C th e low· te mpe rature mono­
clinic polymorph is not recovered and the te tragonal 
phase tra ns form s to th e orth orh ombic polymorph . 

d lj I " 
I I 

hk! ' fI" I " f, obs J... calc --;{i obs d2 calc hl.l ' ,. ,f' 

3.840 154 0.0678 0.0677 00 1 1.8 111 4S 0.3049 0 .30;;0 112 
3.76 1 160 .0707 .0705 020 1.7977 42 .3094 .3094 11 2 
3.6·16 268 .0752 .0751 200 

{"34 13 022 
3.419 5 .0856 .0853 01 1 1.7 11 6 48 .34 14 

202 3.344 65 .0894 .0892 120 .3414 

3. 11 4 70 .103 1 .1030 III 1.6914 40 .3495 .3495 04 1 

3.08.3 50 .1052 .1052 111 1.6894 32 .3504 .3504 202 

2.689 132 .1383 .1382 02 1 
2.667 72 .1407 .1406 2 10 1.6740 35 .3569 .3569 240 

2.629 54 .1447 .1450 
1.6581 34 .3637 .3636 401 

201 1.6504 24 .367 1 .3672 1.]1 

2.620 152 .1457 .1455 220 
1.6455 42 .3693 .3694 14 1 

2.533 22 .1559 .1558 121 
1.6423 80 .3708 .3708 420 

2.5 14 27 .1582 .1580 12 1 1.638.'> 50 .3725 .3725 401 
2. 176 38 .2 11 2 .2 110 221 1.623 1 5 .39 19 .39 18 331 
2. 154 36 .2 156 .2 155 22 1 1.58·13 5 .3984 .3985 33 1 

1..'>58'] 30 .4 11 7 .4 119 222 
2. 103 6 .2262 .2262 03 1 1.5419 32 .4206 .4208 222 
2.043 17 .2395 .2394 320 
2.025 12 .2438 .2439 131 1.538'] 27 .4225 .4224 241 
2.0 16 14 .246 1 .2461 13 1 1.53 12 10 .4265 -4268 241 
1.9955 20 .25 11 .2509 3 11 1.5 179 15 .434 1 .4341 421 

1.5029 20 .4427 .4430 42 1 
1.9709 12 .2574 .2576 3 11 1.4981 22 .4456 .4459 132 
1.92 16 4·] .2708 .2708 002 
1.8838 60 .2818 .28 18 O·W { 4503 1:12 

{'3oo.1 '100 1.4899 42 .4505 .4507 3 12 
1.8246 133 .:\004 

.:1006 140 
.4508 :no 

1.4679 1'1 AMI .46-1 1 312 
-

a l lllt-'rp la rwr spacing. 
h Obs('rved i nl e ll !' i ly. 

<: Indt'x,'d on I he ba!" i!- of a rnorHlel in ic unit ed l with (I = 7."299 A. b = 7.S:{':) It (' = :UU I 1\ 
It X 7.688 AI. /l ~ 9()'.> . 1 ·. 

powder pattern of the triclinic polymorph obtained 
at room te mperature from a specimen which had been 
re moved from liquid nitrogen, is li s ted in tabl e 15. 
The valu e of the c-axis was again halved, as the large r 
value is not necessary to ind ex the powder pattern. 
Accordi ng to Tanisaki, thi s phase is s tabl e from about 
- 40 °C to about 17 0c. T he triclini c polymorph was 
never observed in any of the Nb20 5- WO:\ solid 
solutions. 

Tu ngsten trioxide has been re ported to be ferro­
electri c below abou t -40°C [33]. Specim ens of 
sintered WO:l co ntaining 2 to 4 mole pe rcent T a20 0 
were re ported to exhibit ferroe lec tr ic be hav ior at 
room temperature [34]. The low-temperature mon­
oclinic polymorph fo rmed by quenc hing a specimen 
containing 2 mole percent b 20 .) was exa mined for 
ev ide nce of ferroelec tri c it y [35]. However, no con­
clu sive ferroelectri c properti es could be found. 

TABLE 15. X-ray diffraction powder data Jar Ih e tric/illic/orm oJWO" (C I1K" radiation) 

-

d ;l I " ~obs ~ ca l c hh-l" eli' I " ~obs ~ca lc Irkl" r!" I " ~obs ;it calc hU t' 

-- ._- -- --
3.840 284 0.0678 0.0677 001 2. 159 20 0.2145 0.2145 22 1 1.8040 26 0.3073 0.3068 112 
3.760 224 .0707 .0707 020 2. 154 53 .2155 .2158 221 1.8007 43 .3084 .3086 112 
3.652 350 .0750 .0749 200 2. 150 5 1 .2 163 .2163 221 1.7931 26 .3 11 0 .3 11 3 112 
3.362 20 .08.85 .08.85 120 2. 120 3 .2224 .2227 031 1.7244 17 .3363 .3360 022 
3.322 25 .0906 .0906 120 2.082 5 .2306 .23 10 03 1 1.7 113 24 .34 15 .3420 202 

3.1 43 42 . 10 12 . 1013 TIT 2.059 4 .2358 .2360 320 1. 70 13 23 .3455 \.345 1 041 

3.099 20 .104 1 . 1042 I II 2.046 8 .2388 .2389 ill .3457 202 

3.085 65 . 105 1 . 1051 II I 2.032 5 .2422 .2423 320 1.6975 22 .3470 .3470 022 

3.070 42 . 106 1 . 1059 I II 2.025 10 .2439 .2439 13 1 1.6897 17 .3503 .3506 041 

2.7 14 55 . 1359 . 1358 021 2.0 11 9 .2474 .2481 ill 1.6825 13 .3533 .3536 240 
1.6653 16 .3606 .3608 ill 

2.667 108 .1 'W7 .1407 201 2.005 12 .2487 .2490 131 
2.660 10 2 . 14 13 .1413 02 1 1.9985 10 .2504 .2503 13 1 1.66 12 52 .3624 .3620 240 
2.640 80 .1435 .1435 220 1.9844 9 .2540 .2540 311 1.6570 3 1 .3642 .363.'> 401 
2.632 93 . 1443 .1443 20 1 1.9746 12 .2565 .2564 3 11 1.6537 28 .36S7 .3660 420 
2.600 58 .1480 .1477 220 1.9713 14 .2573 .2568 3 11 

p669 141 

TIl 
1.6502 33 .3672 

.3672 401 
2.562 13 .1524 .152'] 1.9216 48 .2708 .2708 002 
2.527 I I . 1567 .1564 12 1 1.8801 52 .2829 .2829 040 1.6358 30 .3738 .3736 141 

2.50 1 15 . 1598 .1598 121 1.8273 148 .2995 (.2995 400 
2.500 17 .1600 . 1600 121 .2995 140 1.6337 35 .3747 .3744 420 
2.202 20 .2063 .2066 m 1.8198 44 .3020 .302 1 ill 1.6303 18 .3763 .3760 I 'l l , 

II Inte rili ann spacing. 
b Obse rved inl t· ns it y. 
r In de xed on the bas is of a Iriciinic unit cel l with (I = 7.30 A. h = 7 .~2 A. c = 3.8'~;) A (1 X 7.6tJ :\ l. IX = 88",=)0 ' . f3 = 90°5';'. y = 9Cf56'. 
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TABLE 16. X-ray diffraction powder data for the low-temperature 
monoclinic form of wo" taken from 2Nb,O, : 98WO" solid solution 
(CuK" radiation) 

d ' I ' I J... calc ilkl ' ri a I " I .2. calc hkl ' Ji obs d' 
d2 obs d' 

3.834 400 0.0680 0.0680 002 1.7990 54 U. 3090 0.3090 014 
3.703 380 .0729 .0729 110 1.7875 28 .3 130 .3130 104 
3.145 25 .1011 :JOll 102 1.7 163 37 .3395 .3394 114 
3.083 50 .1052 .1051 012 1.6900 25 .3501 .3501 114 
3.067 32 .1063 .1 064 102 1.6805 37 .3541 .3542 222 

2.691 138 .1 381 .1 382 112 1.6692 4 1 .3589 .3592 3 10 

{" 1432 200 1.6557 28 .3648 .3648 222 
2.641 144 .1 433 . '.1435 11 2 1.6448 26 .3697 .3696 130 
2.594 40 . 1486 . 1484 020 · 1.61 79 4 .3820 .3821 302 
2.458 6 . 1655 . 1654 021 1.5851 4 .3980 .3981 302 
2.294 10 . 1900 . 1900 01 3 

1.5776 5 .401 8 .4018 032 

2.236 5 .2000 {-1998 12 1 1.5729 10 .4042 .4044 204 
.1 999 2 11 1.5464 18 .4 195 .4192 312 

2.206 22 .2056 .2058 202 1.5422 21 .4205 .4202 024 

2.148 70 .2 167 {" 2 163 022 1.5326 6 .4257 .4257 204 
.2165 202 

2.120 12 .2429 .2429 2 12 f"4349 132 
2.002 14 .2496 .2495 122 1.5 161 2R .435 1 .4.352 3 12 

1.9860 {"4402 132 
17 .2535 .2536 2 12 15056 26 .441 2 .441 5 214 

1.981 5 18 .2547 .2548 122 1.4895 13 .4508 .4507 124 
1.9178 68 .2719 .2719 004 

{.461 4 124 
1.8521 100 .291 5 .291 5 220 1.4700 24 .462 1 

.4628 214 
1.8192 27 .3022 .3023 104 

- ~ 

II inlPrpJane r spac ing. 
h Observed int e ns it y. 
C Indexed on the bas is; of a mOllllci inic unit ce ll with (J = S.:10S A. b = S. 192 A. c = 7. 67 1 A, 

{3 = 91 °33' 

d. High-Temperature Orthorhombic Polymorph 

Although no thermal effect was indicated with DT A, 
the room-temperature monoclinic polymo!"ph of pure 
W03 is observed in the high temperature x-ray furnace 
to transform reversibly at 310 °C to an orthorhombic 
phase in agreement with Wyart and Foex [31]. This 
orthorhombic form is observed at room tempera­
ture in the solid solutions whenever the low-tempera­
ture monoclinic polymorph is heated to about 900°C 
and cooled by removing from the furnace_ The 
indexed x-ray diffraction powder pattern of a specimen 
of this polymorph containing 2 mole percent Nb20 s 
is listed in table 17. It shows no indication of a 
doubled c-axis and is indexed on the basis of the 
smaller orthorhombic cell. The unit cell dimensions 
obtained for this composition, at room temperature, 
are a=7.384 A, b=7.512 A, c=7_692 (3_846) A. The 
orthorhombic phase is observed in this composition 
to transform to tetragonal in the high temperature 
x-ray furnace at 510 °C and the reverse transition 
was observed to take place at 440 °C. 

e. Tetragonal High-Temperature Polymorph(s) 

In pure W03 the orthorhombic polymorph was 
found to undergo a transition to the te tragonal form 
at about 750 °C in the high-temperature x-ray furnace. 
The DTA data indicated that the phase transition 
occurred at a temperature of 740 °C on heating and 
730 °C on cooling_ These results are in reasonable 
agreement with those of previous workers [7, 31l 
The tetragonal polymorph is found as a single phase 
as low as 440 °C in the specimen containing 2 mole 

percent NbzOs. However, in the 3 mole percent 
Nb2 0 s specimen, the low-temperature monoclinic 
polymorph transforms after heating at about 900°C 
into a mixture consisting predominantly of a tetragonal 
modification with only a trace of the orthorhombic 
form_ The unit cell dimensions obtained at room 
temperature from this composition are a= 5.265 A, 
c = 3.846 A, and the x-ray diffraction powder pattern 
from which the data were obtained, indexed on the 
basis of the smaller cell, is listed in table 18. 

In addition to the transformation at 730-740°C, 
another transition is observed at about 900°C in 
pure W03 , as indicated by a very small peak in the 
DT A pattern. High-temperature x-ray diffraction 
powder patterns indicate that W03 is tetragonal both 
above and below this minor thermal discontinuity. 
It is possible that the unit cell has a doubled coaxes 
below 900 °C and only above this temperature does 
the powder pattern yield the correct unit cell. How­
ever, this hypothesis cannot be verified without single 
crystal data_ 

Although W03 might be expected to have a cubic 
polymorph of the Re03-type, there is no evidence 
in either the present work or previously reported 
studies that such a polymorph exists. 

TABLE 17. X-ray diffraction powder data for the orthorhombic 
form of WO" taken from 2Nb20,:98W03 solid solution (CuK" 
radiation) 

d' I' ~obs ;i,calc hkl ' 

3.845 248 0.0676 0.0676 001 
3.754 156 .0710 .0709 020 
3.691 232 .0734 .0734 200 
3.427 5 .0852 .0853 011 
3.346 18 .0893 .0892 120 

3.104 60 .1038 .1037 III 
2.686 85 .1386 .1385 021 
2.662 80 . 1411 .1409 201 
2.633 126 .1443 .1442 220 
2.525 \0 .1568 .1568 121 

2. 173 42 .2119 .2118 221 
2.099 5 .2270 .2271 031 
2.056 5 .2365 .2359 320 
2.018 20 .2455 .2454 131 
1.9976 14 .2506 .2504 311 

1.9232 48 .2704 .2704 002 
1.8779 33 .2836 .2836 040 
1.8461 46 .2934 .2934 400 
1.8198 21 .3020 .3019 140 
1.8064 37 .3065 .3064 112 

1.7119 24 .3412 .3413· 022 
1.7057 25 .3437 .3437 202 
1.6879 35 .35\0 .3512 041 
1.6740 26 .3569 .3569 240 
1.6645 32 .3609 .3610 401 

1.6568 34 .3643 .3643 420 
1.6453 14 .3694 .3695 141 
1.5968 5 .3922 .3922 331 
1.5530 10 .4147 .4146 222 
1.5349 17 .4244 .4245 241 

1.5217 20 .43 19 .4319 421 

1.4933 16 .4484 C482 132 
4486 340 

1.4858 13 .4530 .4531 312 

a Interplane r s pac ing. 
b Observed intensity. 
C Indexed on the basis of an orthorhombic unit cell with 0 = 7.384 A, b = 7.512 A. c = 3.846 

A I} X 7.692 A). 
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TABLE 18. X-ray diffraction powder data for the tetragonal form 
of WO, taken from 3Nb,05: 97W03 solid solution (CuKa radiation) 

d" I " 
I d2 obs ~calc Ilk! C 

3.847 280 0.0676 0.0676 00 1 
3.725 252 .0721 .0722 110 
3.106 58 .1037 .1037 101 
2.674 116 .1398 .1398 III 
2.638 96 .1438 .1443 200 

2. 173 40 .2118 .2 11 9 20 1 
2.008 25 .2481 .2480 2 11 
1.923 45 .2705 .2705 002 
1.861 48 .2886 .2886 220 
1.806 42 .3067 .3066 102 

1.707 26 .3430 .3426 11 2 
1.675 40 .3566 .3563 20 1 
1.665 48 .3606 .3608 3 10 
1.597 5 .3922 .3923 301 
1.552 8 .4150 .4148 202 

1.528 28 .4284 .4284 3 11 
1.489 15 .45 10 .4509 212 

a Inl e rplanar spac ing. 
b Observed int ens it y. 
C Inde xed on the bas is of a te tragonal unit ce ll wi th a =5.265 A.. c=3 .846 A. 

4. Discussion of Phase Equilibria 

The postulated phase equilibrium diagram of the 
binary system Nb20 5- W03 is shown in figure 1. The 
experimental data from which this diagram was con­
structed are given in table 19. The system contains 
four compounds whi c h are shown as melting con­
gruently, 6Nb2 0 5 • W0 3 , "6Nb2 0 s ' llW03 ," 

4Nb2 0 5 • 9W03 , and 2Nb20 5 • 7W03 • Six compounds 
melt incongruently "30Nb20 s . W03 ," 7NblOS ·3W03, 

8Nb20 5 - 5W03 , 9NbzOs' 8W03 , and the two Mag­
neli phases estimated to be "Nb2 0 5 • lIWO/' and 
"Nb2 0 5 • 15W03 ." In addition, two s table phases, 
13Nb2 0 5 • 4WQl and NbzO!\ . WO:J di ssociate before 
melting as does the apparently metastable disord ered 
bronze type solid solution labeled "3 : 8" in the phase 
diagram _ Six of the compounds (8: 5, 9 : 8, "6: 11", 
2 : 7, " 1: 11," and "1: 15") are shown on the phase 
diagram as having minimum stability temperatures. 
In many of these cases, it is impossible to de termine 
whether or not the minimum temperature represe nts 
a stable transition. The existence of solid solution 
could neither be definitely established in any of the 
compounds nor in Nb2 0 S • However, W03 accepts 
a maximum of about 3 mole percent Nb20 s in solid 
solution. 

The solidus temperature between the "30: 1" phase 
and 6Nb20 s . W03 has been found to be about 1464 0c. 
The exact e utectic composition has not been deter­
mined but probably exists between about 7 and 10 
mole percent W03 . The peritectic corresponding to 
the incongruent melting point of 7Nb20 5 • 3W03 

occurs at 1440 °C and about 40 mole percent W03 • 

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 
be tween about 60 and 63 mole percent W03• 

Both the 8: 5 and 9: 8 compounds apparently have 
mlmmum temperatures of stability. However, all 
efforts to locate accurately the temperature of these 
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minimums proved inconclusive (table 19). For both 
compounds, the experimental temperature at which 
the phase begins to form on heating and the tempera­
ture at which it begins [0 dissociate on cooling had a 
wide range of overlap. Furthermore, the actual 
temperature of the minimum s tability see med to be 
strongly dependent on the purity content (table 19, 
parts I and II). For these reasons the minimum sta­
bility 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 phases can be 
prepared in reasonable laboratory time at 1100 0c. 
The "6: ll" phase was not found to be well crystallized 
below about 1210 0c. The minimum line at this 
temperature is dashed to indicate uncertainty in both 
the temperature value and the stability relation. 
The same discussion also is relative for the minimum 
value of the 2: 7. In thi s case, however, the super­
structure lines characteris ti c of thi s phase do not 
begin to appear below about 1245 0c. The three 
ordered bronze-type phases, "6:11",4:9, and 2:7, 
all appear to melt congruently at 1378, 1380 and 1357 
°C, respectively. The solidus temperatures between 
these phases at 1365 and 1335°C appear to be measur­
ably lower than the observed melting temperature of 
the compounds. However , no eutectic compositions 
could be experimentally determined , possibly due to 
reduction and, therefore, the liquidus c urves are 
necessarily das hed (see di scussion on reduction in 
sec. 5). 

The ability to distingui sh a two-phase region between 
the two bronze-type phases 4Nb20 s . 9W03 and 2 b20 s 
. 7W03 was greatly increased by a separation of those 
phases in the experiments of long-time duration. 
The top of the specimens 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 enhanced by 
an appreciable vapor phase in the sealed Pt tube and 
is considered to be due mainly to vapor transport. 
A similar gravity separation takes place throughout 
most of the system and adds more evidence to the 
probability of a two-phase region between "6Nb20 s 
. llW03 " and 4Nb 20 s . 9W03 • This two-phase region 
is based mostly on the different morphology 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 phases in the 
Nb 20s-W03 system are needle formers. Most of 
those which contain appreciable W03 are yellow­
green or blue-green in color. However, the "6: ll" 
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 W03 . 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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FIGURE 1. Postulated phase equilibrium diagram of the binary system Nb,O,·WO". 
I-Icavy lines represent well-cslablislred portions or the system and dashed lines represent nut as well -es tablished portions. DOll ed lines re lHcsent persiste nt metastable eq uilibrium . 
• - lIu l melted. 
tW - partiall y melted. 
O -completely melted. 
X -experiment al data obt ained from "less-pure" materials. 
Do- high-Iemperatu re x-ra y data. 

Tungsten trioxide has been found to accept a maxi­
mum of about 3 mole percent Nb20 5 in solid solution 
at the solidus temperature of 1358 dc. The amount 
of solid solution decreases with decreasing tempera­
ture to about 2 mole percent at 1230 °C and less than 
1 mole percent at 1100 0C. The melting point of WOa 
was found, in the present s tudy, to be 1435 dc. This 
value was independently confirmed by E. M. Levin 
[36] and is in disagreement with the previously pub­
lished value of 1472 °C (Jaeger and Germs) [37]. 
In a discussion of the 1472 °C value for the melting 
point of WOa, Phillips and Chang [38] concluded that 
this temperature was probably too low and might 
actually represent the eutectic between WOa and 
W 200 58 • However, they did not attempt to experi-

mentally determine the melting points of the com­
pounds WOa and W 200 58 or the solidus temperature 
between them. The 1435 °C value for the melting 
point of WOa is internally consistent with the experi­
mental phase diagram of both the Nb 20 5- W03 and 
W03-B 20 3 systems [36]. This value apparently 
represents the pract ical melting point for the experi­
mental conditions utilized: sealed Pt tube, heated 
for very short intervals of time (~5 min). This 
method is preferable to that of Jaeger and Germs 
[37] who utilized an open Pt crucible and much longer 
heating time. However, the true melting point of 
W03 can probably only be established by utilizing an 
oxygen pressure furnace and extrapolating to one 
atmosphere pressure. 
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TABLE 19. Experimental da.ta.for compositions in the binary system Nb,O:,- WO:,. Part I 

H eal t reatment s Resull s 
Compos ition 

Initia l H Final h Ph ys ica l o bse rva tion X-ra y diffrac tio n analyses" 

Nb,Q., WQ, Te mp. Time Te mp. Time 

Mole % Mole % °c Hour °c /foll r 

99 1425 65 1·~~· I~~li~lg .. Nb,Q, . 
1450 66 ....... Nb,Q,. 

98 2 1425 65 No me lling ..... ...... 1 Nb,(), +"30: I' ·. 
96.77 3.23 1350 ........ No melting . .. 

(30: 1) 

I 
1435 46 ....... do .. " 30:1". 
1450 66 ....... do ..... "30 :1" . 
1465 I No melting (?) ... " 30: 1". 
1474 0.5 Part ia ll y melted .. "30:1 ". 
1483 . S .... do .. ... .... ... .... .. .. . 

95 5 1100 d 60 No melt ing .. . . " 30: 1"+ Nb,(), (?)+ 6:1 (?'f. 

1359 · ... do .. "30: 1" + 6:1 (?). 
1429 88 ....... do ... " 30:1" + 6:1 (?) . 
1435 46 · ..... do .. " 30: 1"+6: 1 (?) 
1454 I ....... do .. . .......... .. .. "30:1"+ 6:1 (?) 
1476 I Partiall y melted .. "30: 1"+6: 1. 
1481 I Comple te ly melted. 
1488 0.833 ..... do .. Low Nb,Q, . 

93.75 6.25 1350 ....................... 
(15: 1) 

I 

1435 46 No melting .. "30: 1" + 6: 1. 
1468 0.5 Partially melted .. ·'3O: 1'·+6:i. 
1474 .5 ....... do .. "30:1" + 6:1. 
1483 . 5 Co mpletely mch ed .. 

92.86 7.14 1350 ...... j ..... 
(13:1) 1466 0.5 PartiaJ ly melt ed ..... ,6:1 + "30: 1" 

1473 . 11 7 · do .. 
1476 .5 ..... do .. 6: 1 (+ unknown) . 
1478 16.5 · do .. 6: 1. 
148 1 0.5 Compl f'tcly melted . 

90 10 Ii00 d 60 No me lting .. .... 6: 1 +"30: 1". 
1359 ...... ... .... do ... 6: I + "30:1"' (? ) . 

I 

1429 88 .. do .. 6: 1+ "30: I" (') . 
1453 I .. ..... do .. 6: I + "30: I" (?) . 
1466 I Partiall y melled ..... . . . . . . . . . . . . . .. . 
1476 I Completel y melted .. 6: I + low NblO!'o ' 

85.71 14.29 llOO d 60 No me lting .. 6:1. 
(6: 1) 1304 ... ....... do ........ 6:1. 

I 1435 0.25 ....... do .. 
1467 .25 .. do .. 6: I. 
1476 .5 Pa rti al ly melted .. 
1481 . 5 Comple tely melted .. 6: 1 + low Nb,O, . 
1492 .25 · ... do .. Low Nb2O:;. 

80 20 1026 136 No melting ... 6:1 + 7:3 (+ un known Irr:. 
1100' 60 ....... do .. 6:1 +7:3. 
1102 65 .. do ... 6:] +7:3+ 13:4 (+ unknownf. 

1350 ..... do .. 6: 1+7:3 + 13:4 (Ir)'. 
1430 I ....... do .. 6: 1 + 13:4+ 7:3 (tr)'. 
1431 17 ....... do 6: 1 + 13:4 + 7:3 (tr)'. 
1440 I · do .. 6:1 +7:3. 
1470 0.5 Partially me lted .... . . . . . . . . . . . . . . . . . . . 
1476 .5 Completely me lted ... 

77.78 22.22 1026 136 No meiting ... 6: I + 7:3 (+ unknown trY'. 
(7:2) ll OO d 60 ....... do .. 6: 1 + 7:3 + 13:4 (+ unknown trY' . 

I 
1102 65 · do .. 6:] +7:3 + unknown+ 13:4 (Ir)t. 
1202 20 ....... do .. 6: I + 7:3 (+ unknown trf . 

1350 ........... ....... do ... 

7:2 1431 0.5 ....... do .. 13:4 + 6: 1 + 7:3 ' . 

(con) 146S .5 Partially melted .. 

I 1470 .5 Comple tel y melted .. 

76.19 23.81 11 09 2 No me lting ... 6: 1+ 7:3 + u n known~. 

(16:5) 1110 18 · do .. 7:3+ unknown + 6: 1 (?)". 
1307 I · do .. 6:1 + 7:3 '. 

1360 ...... ....... do .. 
1389 11 9 · do .. 
1393 88 .. do .. 13:4 . 
1404 0.25 .. do .. 
1421 . 25 · do .. 
1431 17 .. . .... do . ... 13:4+6:1+7:3 (1)' . 
1452 0.5 Partially melted .. .. . 
1476 . 25 Comple tel y melted ... 

1360 2 ........... ..... . 
1389 11 9 . ......... . " ... 
900 0.33 No melting ... 13:4. 

1435 1.25 ... do . . .. 13:4 . 
1439 17 ....... do .... 13:4 + 7:3 + 6: 1 (?)' . 
1440 I .. do .. 13:4 + 7:3 + 6:1 (?)' . 
1454 I Part ially me lt ed .. 13:4 + 6:1 +7:3 (?) '. 

75 25 HOOd 60 No melting .. .. 7:3 + 6:1 + 13:4 ' . 
1102 65 · do .. 7:3 + 6: 1 + 13:4 + unknown e. 

1350 .... .. do .... 
1431 17 .. do .. .. 13:4 + 7:3 (?) . 
1462 0.5 Partially melted .. 
1470 . 5 Comple tel y me lt ed .. 

70 30 1l00 d 60 No melting 

··••· •• ·1 

7:3 + "'b ronze" (Ir)". 

(7:3) 1304 · do ... 7:3. 
I 1423 ....... do .. ............... . 
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TABLE 19. Experimental data for compositions in the binary system Nb20 5- W03 • Part I - Continued. 

Composition 

Initial a 

Nb,O, W03 Te mp. 

Mole % Mole % ·c 

66.67 33.33 
1350 

61.54 38.46 
(8:5) 

1357 

1359 

60 40 
1350 

55 45 
1350 

52.94 47.06 
(9:8) 

1357 

50 50 

1300 

45 55 

1300 

60 

1298 

36.36 63.64 1300 
(4:7) 

I 

Heat treatme nts Results 

Time 

H our 

3.5 

Final b 'Physical observation X.ray diffract ion analysesC 

T emp, Time 

·c Hour 

MM I .. ~.. 7~ 
1439 17 ..... do. . 7:3. 
1449 0.583 Partially melted ............................. ... ..................... .. ... . 
1466 .33 Completely melted ................................................ .... . .. 
llOO d 60 No melting.. 7:3 +1: 1 + "bronze" (tr)e. 

................. .. .................. . ... do ................ ,.. . .... .. ..... . ...... . ................. .• .. •.. 
1381 1 . do.. 7:3 +8:5. 
1389 1 Partially melted (?) ..................• 
1442 0.5 Partially melted 
1450 .5 ...... do ..................... .. ....... ... . .... ......... .. . 
1461 .5 Completely melted ......................................... .... . . 
1037 236 No melting.. 7:3+ 1:1. 
llOO d 60 ...... do.. 7:3+ 1:1 + " b,onze" (t,)·. 
llOO 167 ...... do 7:3+ 1:1 +8:5'. 
1125 160 ... do ................. 8:5+ 1:1 +7:3·. 
114O 65 ...... do.. 8:5+ 1:1+7:3' . 

......................................... ~ ............... . 
1037 236 ...... do.. . . ... ... . 8:5 + I : I (tr)·. 
1100 167 ..... do ... 8:5 + 1: 1 (t ,)'. 
11 25 160 .. .. .. do ........................................ . ................... .. . . 
1140 65 . do ......................... . ............... ................. ........ •.. 

. .. . . do .................. 8:5. 
1381 2 ...... do .............. . 8:5+ 7:3 '. 
1388 2 Partially melted (?) .. 7:3 + 8:5 (tr). 
1402 2 ...... do.. 7:3. 
1417 I ...... do... . .. . ... ........ . . . . ... ............................... ... . 
1437 I ....... do.. .. . ......... . ....... ............................. ... . . 
1457 0.5 Completely melted .. . ...................................... .. .. . 
lloo d 60 No melting.. 7:3+ 1: 1 + " bronze" (t r)e. 

....................................... do .. .. . ......... .................... ................................ ...... . 
1371 ....... do.. 8:5 + O·R (t,). 

1381 1 Parti all y melted (?) .. 8:5 . 
1387 ] Parti all y mehed ..................................................... .. . . 
1433 I ...... do.. . ................................... .... . . 
1446 0.5 Completely melted ............................................ . 
l l OOd 60 No melting.. 1:1 + 7:3+ "bronze" (tr)e. 
.............. , ................. d o ............................................................... . .. . .. 

1360 
1381 
1424 
1435 
1157 
1222 
1255 
1279 
1307 
1350 
1351 
1351 

1222 
1255 
1279 
1371 
1377 
1383 
1402 
1422 
1452 

998 
1100 ' 

0.67 ...... do... 9:8 +8:5. 
.5 Parti all y me lted (?) ....................... . 
.5 Parti ally me lted.. . ......................... . .......... . ... .. .. 
.5 Completely me lted .................................... .. . 

89 No melting.. 8:5 +]: 1 + "bronze" e. 
168 ...... do.. 9:8 + 8:5+"6:11"'. 
89 ...... do.. 9:8 + 8:5+"6: 11 ·· ·. 
64 ...... do.... 9:8+8:5+"6: 11"'. 

I ...... do ........ 9:8 + 8:5+"6:11 .. '. 
I . do.. 9:8 + 8:5 (t,). 
2 .. ... . do 9:8 + 8:5 (t,). 

18 ....... do.. 9:8 + 8:5 (t , ). 
No melting .. 

168 ...... do.. 9:8+8:5+"6:11". 
89 ... .... do.. 9:8 + 8:5+ "6: II ". 
64 ....... ~. ~+~r 

I ....... do.. 9:8 + 8:5 (t,). 
1 Part ially melted (7) .. 9:8+ 8:5. 
I Part ially melted.. 9:8 + 8:5. 
0.25 ...... do.. 8:5+ Q- iiq '. 

.25 ...... do .. 

.25 Completely me lted.. Poorly crysta lli ne 8:5 f. 
144 No melting.. 1:1 + 7:3+ "bronze" e. 
60 ...... do.. 1:1 + 7:3+ "bronze"e. 

................... ... .. ... ... . . . . .. do .. 
1361 
1368 
1414 
1424 
ll00 d 

1294 
1404 
1415 

1360 
1370 
1100' 
1294 
1405 

1353 
137 1 
1379 
1388 
1396 

1332 
1354 
1361 
1368 

0.5 ...... do .. 9:8 + "6: 11". 
.67 Pa rt ia ll y melted (?) .. 
.5 Pa rt iall y melted .. 
.5 COlnplete ly Ine lted ........................................ . ................. . 

60 No melting.. 1: 1 + "bronze". 
65 ....... do.. 9:8+"6:]]"'. 
0.5 Parti all y Ine lt ed ........................................ , .... . ......... .... . 

.583 Completely me lted .. 9:8+ Q- liq'. 

0.5 
. 5 

60 
65 
0.5 

I 
I 
I 
I 
0.833 

17 
64 
0.5 

.5 
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No melting ...................................... .. 
.... . . do.. . ........... 9:8+ "6: 11 ". 
Parti a ll y me lted (?) ............................ .. . 
No melt ing.. 1:1 + '·bronze". 
..... do.. "6:11" + 9:8. 
Comple te ly melted .. Q- li<1 + ·'bronze". 
No melting.. "6:11" + 9:8 (?) + 8:5 (tr)'. 
...... do.. "6: II" + 9:8. 
Partially melt ed.. "6: 11 +9:8. 
...... do .................. 9:8+"6:11'·+8:5 tr+Q- liq ·. 

... do.. Q- liq + 9:8 (7) '. 
Completely me lted .. " bronze" + Q -liq. 
No Ine lting.. . . ............................ .. ........... .. .. .. 

.... . .. do.. "6:11 " + 9:8 (?). 
. .. . do.. "6:11"+ 9:8 eJ. 

....... do.. " 6:11 " + 9.8 (1). 
Pa,t ia ll y melted.. "6:11"+9:8 (?). 



TABLE 19. Experimental data for compositions in the binary system Nb20 5- W03 • Part /- Continued. 

Composition 

Nb,O, W03 

Mole % Mole % 

35.29 64.7 1 
(6: 11) 

33.33 66.67 

32 68 

30.77 69.23 
(4:9) 

30 70 

28.57 71.43 
(2:5) 

28 72 

27:27 72.73 
(3:8) 

26.42 73.58 
(14:39) 

25 75 
(1:3) , 

Heal treatme nts Results 

[nitial a 

Temp. 

'C 

1298 

1296 

1300 

1299 

1296 

................. 

1249 

1265 

1296 

1200 
1300 

..... ............ 

1200 
1250 

1200 
1304 

1200 
1250 

1200 
1304 

Time 

H our 

......... ... 

70 

70 
2 

2 
65 

2 
16 

2 
65 

2 
16 

Tem p. 

'C 

1372 
1380 
1100 ' 
1100 
1203 
12% 
1305 

Final b 

Time 

Holtr 

.5 

.5 
60 
64 
19 

165 
48 

P hysical observa t ion X-ray diffrac tion analysesC 

... do.. .. . ..... " 6:11 "+9:8 m. 
... do r ...... ........... " 6: ll " + 9:8 (?). 

No melt ing.. " bronze" + 1:1. 
.. do.. " bronze" + 1: 1. 
. do ................ 4:9+8:5 tf. 

....... do.. " 6:11 ". 

....... do.. " 6:11 " . 
No melting ... . ... .. ......................... . . 

12% 165 .. ..... do .. . "6: 11 " . 
1353 1 ....... do... " 6:11". 
1369 93 ....... do .................. " 6: 11". 
137 1 I ....... do .................. " 6:11 ". 
1380 I Completely melted.. " bronze" + Q - liq. 
1406 0.5 ....... do.. " bronze"+ Q - liq. 
)) OO d 60 No melt ing.. " bro nze" + 1:1. 

....................................... do.. "6: 11 "+ 4:9 (?). 
1339 166 .do...... "6: 1] "+4:9 (?). 
1362 I ....... do ............................................................ .. 
1371 1.5 Partiall y melted.. "6: 11 " + Q - liq. 
138 1 I Com pletely melt ed .. "bronze"+Q - liq (tr). 

No melting.. . .................. .. . 
1322 17 ....... do ................ 4:9 +"6: 11 "(?). 
1339 166 ... .. do ................. 4:9 +"6: 11 " (?). 
1354 64 ..... do .. 
136 1 0.5 ....... do .. 
1368 .5 Part iall y melted ... ................................... .. . . . 
1375 .5 ....... do .. 
ll OOd 60 No mchin g ............ . "bronzc" + 1: 1 (If). 
1100 64 ....... do.. " bronze" 1: I (Ir). 
11 50 160 ....... do .................. Poorly crys talline 4:9. 
1203 19 ....... do .. .. ..... 4:9 + " broll ze" + 8:5 (')'. 
1300' 48 ..... do ..... 4:9. 
1305 48 ...... do .................. 4:9. 

11 50 
1368 
1379 
1405 
1I00 d 

1361 
]37 1 
1382 
11 00 ' 
1203 
1300 d 

1305 

...~ ............................•• • 
160 ............................. 4:9. 

I ....... do .. 
0.75 Partially melted ...... 4:9. 
I Com pletely melt ed .. "bronze" + Q - liq (lr). 

60 No meiting.. "brol1ze" + ) : ) (Ir). 
........................ do.. .. ..................... ........................... .. 

I Part ia lJ y melted ................ ........................ .... o. 

I .... ... do .................. 4:9 + Q - liq . 
I Comple te ly melted.. " bronze + Q - Uq. 

60 No me lt ing. . " bro nze" + I : I (If) . 
19 ..... do.. " bronze" + 4:9 (?). 
48 ..... do ................. 4:9+2:7 (?). 
48 ....... do ......... 4:9 +2:7('!). 

.~ ............................................. •.. 
1331 64 ....... do 4:9+2:7 (?) . 

...................................... do " bmnze" + 4:9 (?). 
1330 0.5 ....... do ...... 4:9 +2: 7 (?). 

......... do ........................ ............................ . .. 
1329 16.5 ....... do .................. 4:9+2:7 (?). 
1341 1 Partia lly melted ...... 4:9+ Q - 1iq. 
1353 I ...... do.. 4:9+Q - liq. 
1364 I ...... do.. .. ............... .. .. . 
1372 1.5 ... do ..................................................................... .. 
1382 I Completely melt ed .. " bronze:'+ Q - liq. 
1100 d 60 No me lting.. " bron. e" + 1: 1 (tr) + IVQ" (tr) '. 

~ ........................•....................................... , .. 
... "I ·P~~~i~II;· ;~;~ i~ ~d :::::: :4;9 +'Q'~'1 'i ~; '" ........... ................... . 

r Np: :a~r: ~tn,:a~ul~y~~.m~:e. l·t.e: :d: ~:~~~'~:': ::',+' wo~'+'i; i' ' (', 'r')' ~ :""" "" . . . . . 

... ... 4:9 +"bro nze". 
...... No melting ................................................ . . 

1340 0.5 
1361 .5 
1100 d 60 
1200 70 
1347 64 

. do ......................................... .. .. 
1333 67 ... do .................. 4:9 +2:7. 

No melting ............. .. ...... ...... ............................. ........ . 
1369 0.5 Partially melted ................................................ .. 
1 ]OO d 60 No melting .. " bronze" + W03 + }:l (tr) e, 
1200 70 ....... do .. " bronze", 
................. . .................. ~ .. . ....... .. ...... ... .. . 
.. .. ~ , 
1333 67 ... .... do ............. 4:9+2:7. 
1347 64 Partially melted .................................................. . 
1361 0.5 ....... do ............................... .... ............ . " .. 

1370 
llOOd 
1250 
1250 

0.5 
60 

2 
260 
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Partially melted ............................. .. . . 
No melting .. "bronze" + WO !!+ 1:1 (tr)e. 

....... do .................. " bronze+ L-MonWO:!ss+" I : ll "+ WO: 
Partially melted II, 



TABLE 19. Experimental data for compositions in the binary system Nb2 0 5- W03 . Part I - Continued. 

Composition 

Nb,O, WO, 

Mole % Mole % 

22.2l 77.7M 
(2:7) 

20 80 

18 82 

15 85 

10 90 

91 

8.33 91.67 
(1: 11 ) 

Temp. 

'C 

1200 

1200 

1200 

1200 
1249 

1200 

1200 
1300 

1200 

1200 

1200 

1200 
1300 

1200 

1200 
1300 

Heat treatments I Results 

Initial a Final b Physical observation , I X.ray diffrac tion analysesC 

Time 

Hour 

68 

2 
70 

Temp. 

'C 

1255 
1305 
1343 
1353 
1360 
1379 

1325 
W)O" 
1100 
1202 
1250 
1265 
1300' 
1343 
1360 

1229 
1255 
1305 
1342 
1351 

Time 

Hour 

No melting. .. . ............. .. ............. ..• ... 
65 ... do..... .. .. "bronze" +2;1. 
16 _ ... do .................. 4:9+2:7 (?). 
0.75 Partially melted 4:9 + Q= Irq. 

.5 ....... do ........ 4:9+Q-liq. 

.5 ....... do ...... 

.5 Completely melted .... . .......................... . 
.... .... No melting . . , .. '" ...... "bronze'_'-± L-Mon W03ss (tr), 

97 ~.d2~~,~" .. ~ 4:9 + 2:7 (?). 
60 No melting. ... . .. . "bronze" + W03 + 1: 1 (tr) e, 
64 ....... do .. ... . . " bronze" + W03. 

20 .. . .... do...... . " bronze" + L-Mon WO," + WO, (?). 
260 Partially melted It; .................................... . . . 

1 ... do " bronze" + L-MonW03sse. 
48 do . .. .......... .......................... .. .. . 
0.5 ....... do.. .. ........ .. .... .. 
1 Completely melted .................... . ....................... . 

67 
65 
16 
0.5 

.583 

No melting ...................................................... . 
.... ... do "bronze" + Tet WOass. 
....... do 2:7. 
....... do ........ " bronze" + "l:l l "e. 
Partially me lted' ................ . 
Completely melted' ..................... . 

... ..... ... . . ... ... ...... ... ..... No melting ........ ..... 2:7. 
1229 67 . do 2:7. 
1331 64 . do ........ 2:7. 
1344 0.75 ....... do 2:7. 
1350 .5 ....... do .. ...................................................................... . 
1357 .5 Partially melted ................................................ .. 

··· ···· ·········· 1 ::" :.5 ·::r~:~n:~lt ed.·· •••• j"bronze".~~O,+.I: I(tr) ••••••.••••••••••••... 
i.. No meltIng I .. ... 

2 
2 

I 1255 65 . do .. "bronze" + 2.7+ L-MonWO",'. 
I 1305 16 .. do . . . "bronze"+2:7+ " LII"+"1:15" (?)'. 
i 1342 0.5 PartIally melted _. . . 

I 1352 .5 Completely melted (? . . . . 
1363 .5 Completely melted . 

::ui::: ::::~:~:::'::;];~::Ited r~';I~UE"'" 
1352 _5 Completely melted .......................... . 
ll00 d 60 No melting.. W03 + ·'bronze" . 

........................................ do 
1232 17 ....... do "bronze" + L·MonW03s.~+ W03ss (tr). 

"bronze"+ L.MonW03.<;s+2:7 (?)e. 
2:7 +" 1:11" . 

]258 16 .... do .. 
1300 16 I ....... do .... 
1343 0.5 I Parlially melted ..... . . :m :~Co~~~~'ely~~lt~d 

::ggd ~~ I..~~.~~~~~.~:::::::::::::. ~g:~::~~~~~:::~ 
g~ ~ h:;~~ i:rl~·~~il.~~j ~· ... ·. L-MOnW03 SS + "bronze" + W03ss (?). 

1275 144 i ....... do .... . 
.... . ... ~ No melting 

L·MonW03ss + "bronze" . 

1258 
l300 
1301 
1328 
1342 
1343 
1361 
1378 

1295 
130 1 

1379 

1279 
1311 
1350 

16 ' ....... do L-MonW03ss + "bronze" + 2:7 (?) e. 
16 .do " 1:11 "+"1:15"+2:7'. 
69 ... do " 1:11 " + 2:7. 
~ ..... & ....... _ ........................................ ..... .... ... ... ... ... . 

.5 Parlially mehed (?) .. " I:II "+ Q - liq. 
17 Parlially melted.... " 1:1l"+ Q - liq. 
0.67 ....... do .......... 

.5 Completely melted .. .............. . .... .. . 

67 
69 

0.083 

65 
70 
17 

No melting ..... ..... .................... . ....... .. . . 
.. do.. "111"+2:7 (tr). 

....... do.. " 111 "+2:7 (Ir). 

No melting . .... ......... ................ ............................... ... . . 
Partially melted .. 
No melting 

....... do .. 

....... do .. 
.. do . .. . 

" 1:1 1"+ 2:7 +" 1:15" (?)' . 
" 1: 11 "+ 2:7 (Ir) ' . 
" I : II". 

..... ........................ ..... J .. 

1354 
1355 
1357 
1359 
1369 
1379 
1392 

0.33 
. 5 
. 5 
_5 
.5 
.083 
.083 
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No melting 
....... do ... 
..... do .. 
Partially me lted .. 

....... do ... 
.. do .. 

....... do ......... 
Completely melted .. 

" 1:1 1" . 
" I : II ". 
" I : II " . 
" I : 15"+ L.MonWO,~+ Q - liq . 
L-MonWO,~+ Q - liq. 
L- MonWO,~+ Q - liq. 

Q - liq. 



TABLE 19. Experimental data for compositions in the binary sys tem Nb20 5- WO". Part J - Continue d. 

Composition 

Nb,O, 

MoLe % 

7.69 

7.14 

-7 

6.66 

6.25 

6 

4 

WO, 

Mole % 

(I :12) 
I 

(1:13) 

(1 :14) 
I 

(1:15) 

92 

92.31 

92.86 

93 

93.33 

92.75 

94 

95 

96 

97 

98 

Heal treatme nts Result s 

Initi al a 

Temp. Time 

·C HOlLr 

1200 

1200 

1200 

1200 

1200 
1300 

1200 

1200 16 

1200 
1300 

1200 2 
1300 2 
1347 4.5 

1200 

1200 

1200 

1200 
130 1 

1200 

1200 
1301 

1200 

1200 
1248 

1200 
1301 

2 
68 

2 
68 

2 
67 

2 
68 

Final b 

Temp . Time 

°C HOlLr 

130 1 69 

131 1 70 

131 I 70 

1299 67 

1391 0.083 
1402 .083 

13 12 68 

1279 65 
13 12 68 
1350 17 

1355 0.5 
1369 .5 
1380 .083 
1391 .083 
1398 .083 

1357 0.5 
1359 .5 
1364 .5 

1299 67 
1100 ' 60 
1100 20 
1200 90 
1202 20 
1250 16 
1275 144 

1200 70 
1258 16 
1299 67 
1300 16 
1343 0.5 
1343 17 
1362 0.75 
1379 .75 
1400 .5 
1411 .083 
1420 . 25 

................ .............. . . . 
1254 66 
1355 19 
1410 0.083 

Phys ical observation 

No melting .... 
....... do .. 

o melting .. 
.... . .. do .. 

No mehing ... 
.... do .. 
No melting .. 

.... . .. do .. 

No mehing ... 

X-ray diffrac tion anaJysesC 

.. . . . .... .... . 
" I: II " + " 1: 15" (?) . 

"I 15" +"1:11 " . 

Partially me lted . .. .............. .. . 
Complete ly melted .. 
No melting .. 

....... do ... 
No me lt ing .. 

....... do .. 

.. .. . do ... 

.... .. . do .. 

" 1:15"+" 1:11". 
Tel W03S$+" bronze"+ tr W03s.~. 
" 1:15" + L.MonWO,~+ " I :11"+ 2:7 (tf) ' . 
" I: 15" + L·MonWO'M (?). 
" I: 15" + L·Mon WO, ,, (?). 

No melting.. " 1:15" + L.MonWO, ,, (?) +" I II " (?)'. 
...... do ................. " 1:15"+ L.MonWO,,, (?)+" I II " (?) ' . 
Part ially melted L.MonW0 3l1S + Q - li<l. 

· do ............................................ .. 
· do ... 

... .. .. do 

No melting .. 
....... do ....... 
Partially mehed .. 

....... do ..... 
No melting 

" I: 15" + L·Mon WO,. (tf). 
" 1:15" . 
L·Mon WO,,, +Q - liq. 
L·MonWO",+ Q - liq . 

.. ..... do .. " I : 15" + L·Mon W03 •• 

No melting .. WO" + " bronze". 
..... .. do .. . .. WO" + " bro nze". 
....... do. . . L·Mon WO"u + ""bronze" + W03 (tr). 
.. .. ... do .. .... . L.i\{onW03s1 + " bronze" + W03(lr). 
Paftially melted (?)' L.MonWO",+ Q - liq. 
Partially melted '.. L·MonWO",+"1 :15" + WO, (tr). 
No mehing L.MonWO"ss+ W03111 + " bronze". 

. do .. L.Mon W03u+ W03:11+"bronze". 
· do ............. L·MonW03sl;+"bronze". 
. do " 1:15"+ L.MonWO",. 

.. do L.MonWO", + " 1: 15"+ WO,,, + " I I I" (?)'. 
do ... .. ........ .......... .. 

... do .. " 1:15"+L.MonWO",+" 1 II " (?) ' . 
Partially melted L·MonW03sl;. 

....... do..... L.MonWO,.+ Q - liq (?). 

....... do ........ .. ...................... . .............. ........ .. ..... .. 
Completely melted. . ...... ............. .... ................... .. .. . .. . 
..... do ....... L·MonWO", (?) . 
No melting .................................... . 
...... do ................ .. . 
..... do ....... L·MonWO,. + " I : 15" . 
Partially melted .. ................ .. 

............. .... . .. ..... . .. No melting .. L·MonWO:tss+" ] : IS". 
900' 0.25 ...... do .................. Tet WO,q+ " I:t5" . 

....... No melting .. . ............ . ... . 
1254 
1355 
1379 
1409 
1422 

66 ...... do L·MonWO'q+ 2:7. 
19 
0.083 

. 083 

. 083 

L·MonWO,q+ Ofth WO'D (?). 
Partially melted .. 
...... do ........... .. .. 
Completely melted .. 

........................... . ............. ............. ...... . ..... ....... . ............. ••• •.. 
.......... ................ . Nomeiting.. L.MonW03ss +" 1:1S". 

900' .025 .. .... do .................. Tet WO,.+ " 1:15" . 
.......... ................. No melting.. . .................................................. . .. .. . 

1200 90 ...... do L·MonW03SS + W0 3ss + "bronze". 
1232 17 ...... do....... L·MonWO, • . 
1275 19 ...... do L.MonW03ss + W03ss + " bronze" . 
1355 19 .... do 
1379 0.083 ...... do .......... 
1391 .083 Partially melted 
1405 .083 ...... do 
1414 .083 .. .... do 
1422 .083 ...... do ......... .. . 
1430 .083 Completely melted.. .. ................ . 
1435 .083 ... do .... . .. .. L·MonWO",. 

..... ........... . ................. ..... . 
...... ................. No melting L.MonW03ss• 

900' 0.25 ...... do .................. Orth WO'M + Tet WO", (t f). 
900 .25 ...... do ..... .. ...... Orth WO",. 

No melting ... L.MonWO",. 
900' 0.25 ...... do .... . Orth WO'M+ Tet WO",. 
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TABLE 19. Experimental data for compositions in the binary system Nb,05- W03 . Part 1- Continued. 

Heat treatments Results 
Composition 

Initial a Finalb Physical observation X-ray diffraction ana]ysesC 

Nb,O, WO, T emp. Time Temp . Time 

lIfole% Mole % ·c Hour ·c Hour 

99 1200 No mefting. ... .. .. W03ss + L·Mon W03ss ' 

1200 90 ... do WO'" + L·Mon WO",. 

100 

1400 0.083 ... do ............ ..... . .. ...................... .. 

1m :~~ .. p~~t~~.~elted J:::::::::::.:::. 
1~35.:.~8~ .. :::~~::: melted .1.;~~~~~~~I~n;~,~. 
900 h _ ...................... do.. .. WO",. 

1000 10 No melting .. WO,. 

1200 2 
1248 67 

1329 2 ... do WO,+TriWO,. 
1351 48 do WO'M+ TriWO,. 
1420 0.083 ....... do ................................ .. 
1424 .083 _ .. do 
1430 .083 ....... do 
1433 .083 do ... 
1435 .05 Completely melted 
1435 .083 _ do 
1436 .166 ... do ..................................... .... . 
1437 .083 ... do 
1439 .083 ... do 
1453 .083 _ do 
1462 .083 ... do 
1470 .083 _do 
1485 .083 ....... do WO, + TriWO,. 

Experimental data for compositions in the binary system Nb20 5- WOa. Part /I (less pure end members) 

I 
Composition 

93.75 (1~:I) 6.25 

92.86 ! 7.14 
(13:1) 

85.71 I 14.29 
(6:1) 

77.78 I 22.22 
(7:2) 

76. 19 I 23.81 
(16:5) 

72.73 I 27.27 
(8:3) 

70 I 30 
(7:3) 

61.54 1 38.46 
(8:5) 

60 40 

52.94 
(3:2) 

I 47.06 
(9:8) 

50 50 

Heat treatments Results 

Initial j 

1354 48 

................ ... ... 

...... .................. 

................ .................. 

................ ........... ... .. 
............. ............... ... 

................ ... ..... .... .. .... 

1354 16 

. . . . . . . . . . . . . . .. . 

1354 16 

Final Physical observation I X-ray diffraction analyses C 

1053 336 No melting 6:1 + Nb,o,. 
"30:1" + 6:1 (?) . 
"30: I" + 6: 1 (?). 
"30:1"+6:1. 

.. _ ..................................... _ do .. 
1053 336 ....... do ..... 
1354 40 No melting 

1100 66 
1248 64 
1352 66 
1104 68 
1203 89 
1352 21 
1044 336 
1109 65 
1200 138 
1303 71 
1201 89 

1097 94 
1349 23.5 
1097 94 
1201 113 
1202 42 
1255 65 
1255 92 
1303 16 
1350 19 
. . . . . . . . . . . . . , ..... 
1048 336 
1203 89 

1097 70 
1201 113 
1255 65 
1303 16 
1318 67 
1321 19 
1348 20 
1350 19 
1352 21 
1352 68 

No melting 
... do ....... 
... do 

No melting 
... do .... . 

....... do .... . 
No melting. 

....... do .. 

....... do .... . 

....... do ...... . 
No melting 

No melting 
....... do ...... 
No melting .. 

... do 
· do 
. do 

... do .. 
· do 
. do ..... 

No melting 
...... . do ....... 
No melting 

6:1. 
6:1. 
6:1. 
6:1 + 7:3 + 13:4. 
6:1 + 13:4 +7:3 (?) . 
6:1 + 7:3 + 13:4 (tr). 
13:4 + 6:1 (?)+ 7:3 (?). 
13:4 +6: 1 (?)+7:3 (?). 
13:4 + 6:1 + 7:3. 
6: 1+ 7:3 + 13:4 (tr). 
13:4 +7:3. 

7:3 + 13:4 (tr). 
7:3+6:1 (tr). 
7:3 + 1:1. 
8:5+ 7:3 (!r). 
8:5 + 7:3 + "bronze". 
8:5 + 7:3 (tr) . 
8:5+ 7:3 (!r) . 
8:5 + 7:3 (tr). 
8:5 + 7:3 (!r) . 
8:5+ 7:3 (!r). 
8:5+ 7:3 + "bronze" + 1:1. 
8:5+ "bronze" (tr). 

No melting... 7:3+ 1:1 + "bronze" (tr). 
· do 8:5 + "bronze". 
do 8:5+ "bronze" +9:8 (?). 

· do 9:8 + 8:5 (!r). 
· do ...... 9:8+ 8:5 (!r). 
· do ... 9:8 + 8:5 (tr). 
· do ............. 9:8 + 8:5 (!r). 

... do . . ........ 9:8+8:5 (!r). 
· do .................. 9:8 + 8:5 (tr). 
· do ............... 9:8 + 8:5 (!r). 

................. ................ do.. .. .... 9:_8+&5 ('r1. 
1048 336 ....... do 1:1 + 7:3+"bronze" + 9:8(tr\+8:5 (Ir). 
1098 336 No melting 1:1 + "bronze" + 7:3. 
1101 66 ... do ....... 1:1 +"bronze" +7:3. 
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Experimental data for compositions in the binary system Nb20 5- W03• Part 1I (less pure end members)­
Continued. 

li t-a t In'a lm e nl r., B ~s ult s 
Compos ition - -

Initial l Fin al Ph Y!' ic'al ubservat ion X-nIY dilTnlC' li un ana lyst·s " 
-----r---\-----,- --

42.31 I 57.69 
(11:15) 

··f·· .... 3··~~·~7··==·· dO - 9:8+ '·6:11 ". 
1348 20 

35. 14 I 64.66 
(13:24) 

30 I 70 
(3:7) 

25 I 75 
(U) 

23.17 I 76.83 
09:63) 

II.lI I 88.89 (T) 

1044 .............................. 8:S+"6: 11 "+ I:1. 
11 57 No melting " bronze"+ 1:1+ 8:5. 
130S .... ... do.. "6: 11 "+9:8. 
IIOS No melting "6: 11 " . 
1305 22 ....... do.. "6:11" . 
I lOS 67 No melting .......... 4:9 + " bronze" (?). 
1301 70 ....... do..... . .. 4:9 +"bronze" (?). 
1097 I 7440 No melting... .. "bronze" + WO, (tr). 
1300 Partially melted (?)JI: •.• "bronze" , 
1300 1 70 ....... do .. "bronze", 
1202 24 No melting...... " bronze" + WO:1ss (?). 
1279 46 PartiaUy melted (?)' 
1202 24 No melting,. ........... . 
1279 46 Partially melted (?)It, .. 
1300 44 ... . .. do .. 

"bronze" + L·Mon W03ss + W03ss ' 

" 1:1 1" + " bronze" 
" 1:11"+ 2:7. 

a All specimens were initi all y ('a lc ined at 700 'C for 19 hr with hea ting and cooling ra tes of approximate ly 4 °C/min. Smallporlions of thi s calc ine 
were then rehea ted fo r the des igna ted lime alone or more d es ignated hig he r te mpera tures and generally qu enc hed in sealed Pt tubes. 

Il After the initial hea t treatment(s) a ll spec imens were rehea ted a t the indica ted te mperature and qu enched in sealed Pt tubes, unless otherwise 
spec ified. , 

c 'rhe phases identified are given in the order of amount present a t room temperature. The phases are no t necessarily thost' present a t the tem-
perature to which lh t' s pecim en was heated. 

(?) = inte rpretation is not certain . 
ss = solid solution. 

(tr) = trace just bare ly di scernible in x- ray pa tte rn . 
';30: ' " = a phase of unknown s truc ture occurring at a mole ra tio of approximately 30: I NbzOr.: W030 

(unknown)=extra peaks in the x-ray pattern whic h ca nnot be ass igned to any recognized p hase. 
6: 1= 6Nb,O,· WO, (WNb"O",). • 

low Nb20:,> = none(IUilibr ium phase (s imilar to the low te mpera ture form of Nb10:;). whe n quenc hed from above the liquidus a nd examined at room 
te mpe rature. 

7:3 = 7Nb,O,·.3WO" (W,J\'b"O .. ). 
13:4= 13N b,O,·4WO, (W,Nb" O,,). 

" bronze" = a metastable di sordered phase having a va ri able compos ition and an undistorted te tragonaJ -tungsten·bronze type x-ray patt e rn (d esig· 
nated as "3:8" 0 11 the phase d iagram). 

8:S = 8Nb,O,·SWO" (W, Nb"O,,). 
9:8 = 9Nb,O, ·8WO" (W,Nb"O,,). 
1:1 = Nb,O,· WO, (WNb,O,). 

"6: J I" = a tungsten bronze type phase of orthorhombic symmetry a nd with superstructu re lines indicative of the unit cell being trip led in the 
a and b direc tions. 

Q - liq = metastable phase or phases whic h fo rm only from the quenched liquid and give very poorly defined x-ray powder pa tte rns, having 
the general appearance of the ReO:1 subce ll c haracteris tic of most of the compounds in thi s syste m. 

4:9 = 4Nb,O,·9WO, (Nb, W,O ,,). 
L-Mon W03ss = the monoclinic polymorp h of WOI repo rted l30] to occur below --40 DC "stab il ized" by a small a mount of so lid solution of Nb10~ in WO;). 

2:7 = 2Nb,O, ·7WO,iW,Nb,O,,). 
" I: 11 " = Magneli "s hea r" phase having the approx imate composition I Nb20:,>: 11 W03 • 

" 1:IS"= Magneli "s hear" phase having the approxima te compos ition I Nb20~ 1 5W03' 
Tet WO:lss= the high te mpe rature polymorph ofW01 stabilized by solid so lution of NbtO$ in WO;). 

Orth \V03ss = the o rthorhombic polymorp h o f \v03 ord inarily stable be tween a bout 320 DC and - 745 DC, "stabilized" by add it ion of Nb20:'> in 
solid solution. 

Tri W03 = the polymorph of W0:J which is stable ju st be low room te mpe rature and occurs at room temperature when pure WOl is ground in 
a mortar and pestl e for a s hort time . 

(I Speci me n heated and cooled a t a bout 4 DC/min ra the r than q ue nched. 
t' Nonequilibrium , probably due to incomple te reaction . 
f Nonbinary equilibrium , postu lated as being due to reduc tion. 
It Metastable melting. 
h PI tube not scaled. 
I Did not rece ive prelim inary 7()()0 hea t t rea tm ent. 
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5. Reduction 

As has been previously mentioned there is some 
tendency for W03 to reduce on heating to high tem­
peratures, even in the sealed Pt tubes_ This tendency 
is greatly enhanced by subjecting the specimens to 
high temperatures for extended periods of time. 
The problem of reduction of W03 is apparently carried 
into the Nb20 5-W03 system to such an extent that 
the system may not be completely binary at high 
temperatures_ 

The experimental data indicate that the system prob­
ably remains essentially binary as long as no melting 
occurs_ However, above the solidus, reduction very 
likely takes place and the measured liquidus values 
may not represent binary equilibrium_ The melting 
relations around the ordered bronze-type phases, from 
about 60 to 80 mole percent W03, were particularly 
difficult to obtain experimentally_ The three com­
pounds at "6: 11", 4: 9 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 simplicity, 
the phase diagram has been drawn to indicate the most 
likely binary relationships and liquidus curves have 
been dashed to illustrate the uncertainty in values_ 

Another indication of reduction occurs in the melting 
relations of the Bnm+I03nm-(n+m)+4 homologous series 
compounds_ The phases W 3Nb14044, W 5Nb ls0 55, 
and W 8Nb l80 69 were all observed to melt incon­
gruently. Experimentally these compound composi­
tions were observed to begin to form a second phase 
at about 1440°, 1385°, and 1375°, respectively. How­
ever, compositions in two-phase regions between these 
compounds did not begin to form the new phase until 
considerably higher temperatures, even though the 
specimen may have shown an appearance of partial 
melting. This apparent increase in the stability 
temperature of the phases is dependent on the amount 
of time the specimen is 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 above 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 +s ion is reduced, the Nb/W ratio of 
these phases shifts towards higher tungsten content, 
maintaining an essentially constant cation:' anion 
ratio. 

In addition to the relatively large amount of reduc­
tion which apparently takes place above melting, there 
is 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 occurs 
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 composition in 
the system, held for long periods of time in a sealed 
Pt tube will show a much darker green or blue color 
than does the same composition either held for 
shorter periods or not sealed. This darker color 
can always be lightened by annealing the specimen in 
an open Pt tube, at about 1000°C. 

It is intriguing to postulate that the Nb20 5-W03 
system might more closely approach binary conditions 
if the experiments were performed under conditions 
of high oxygen pressure, such as that utilized by Van 
Hook [39]. Such studies will probably become more 
common in the near future_ 

6. Metastable Phases and Nonequilibrium 

6.1. Metastable Melting 

It can be seen from table 19, that all compositions 
containing more than about 72 mole percent W03 
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, performed at tem­
peratures 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 until 
much higher temperatures. 

The metastable melting apparently is due to a 
eutectic type reaction between the metastable bronze­
type solid solution (labeled "3: 8" on fig. 1) and pure 
W03_ It must be emphasized that in order to obtain 
equilibrium products in the region 72 to 100 mole 
percent W03 , this preliminary calcine at 1200 °C 
is imperative. Without such preliminary heat treat­
ment, neither the 2: 7 compound nor the "Magneli­
shear" structures can be prepared as single phases. 

6.2. Metastable Phases 

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 about 72 and 100 mole 
percent W03. The x-ray powder pattern of the bronze­
type solid solution shows no superstructure and the 
phase must contain disordered pentagonal bypyramid 
polyhedra. It must be concluded that the disordered 
phase is metastable because it dissociates on heating 
to two ordered phases. All compositions between 
about the 6: 11 and 2: 7 ratios, when quenched from 
above the liquidus 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 x-ray pattern characteristic of a disordered 
Re03 structure, the basic building unit of all the com­
pounds in the system. 
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From about 5 mole percent W03 to at least 15 mole 
percent W03 another metastable phase is formed 
from the quenched liquid. This phase has an x-ray 
pattern, characteristic of the orthorhombic low­
temperature form of Nb20 s. The diffraction pattern 
shows diffuse peaks and little or no superstruc ture 
lines. This phase never appears below the melting 
point and only forms as a single phase if the quenc h­
ing temperature is considerably above the liquidus. 
The ability of a specimen to be quenc hed as a phase 
with a powder pattern similar to the low-temperature 
form of Nb20 5 seems to be depende nt on cooling rate 
and composition. This phe nomena has been previ­
ously reported for other niobate sys tems [23, 40]. 

As shown in table 19, another unknown phase has 
been found occasionally in nonequilibrium mixtures 
between about 7 and 25 mole percent Nb20 s. All 
efforts to establish an equilibrium region for thi s phase 
have proved negative. It is possible that the unknown 
compound may represent a complex s truc ture involv­
ing a mixture of 3 X 3 blocks along with the 3 X 4 
and/or 4 X 4 blocks normally found in other compounds 
occurring in thi s co mposition range. S uch a struc­
ture would contain a considerable number of Nb +s 
ions in tetrahedral coordination and would not be 
expected to form a s table assemblage. 

It has been previously mentioned [1] that WN b ,20 ;;;; 
appears to have a small region of homogeneity, 
in that the 8: 1 composition showed only a single phase. 
However, no change in lattice para me ters co uld be 
detected. This apparent region of solid solution is 
most likely due to the very s imilar powder patterns of 
the 6: 1 compound and the "30 : 1" phase. A solid 
solution structure containing either a consid erable 
number of oxygen vacancies or ca tion interstitials 
(in either the te trahedral or octahedral position) 
would be expected to cause some meas urable change in 
the latti ce p arameters. On e other possible mecha­
ni s m which has been suggested for solid solution [41] 
is again raised by the appearance of the "ordered 
intergrowth" struc ture of the 13: 4 co mpound , a nd the 
sugges ted possible structure of a 25: 1 or 20: 1 co m­
pound. It is possible that a " di sordered intergrowth" 
of double 3 X 4 blocks might occur in association 
with the isolated 3 X 4 blocks of the WNb ,20 ;J;J com­
pound [24]. Such a di sordered structure or "composi­
tion al stacking fault" would cause only a slight broad­
e ning of some of the lines of an x-ray diffraction powder 
pattern, as would a mixture of a small amount of the 
orde red second phase. It is problematical as to 
whether suc h a picture of solid solution would repre­
se nt a s table or only a metastable condition. Never­
th eless, proof of s uc h a postulated disorder would 
necessarily depend upon other data , outside the scope 
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of this project. A careful electron diffraction and/or 
electron microscope study might prove of value in 
deciphering the nature of any possible disorder of 
this type. 
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