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ABSTRACT

A study was made of computer-simulated powder X-ray diffraction data for Tap2W4067, :
TapWOg, and Ta1eW18094—the three compounds in the Ta205-WO3 system from 27 to
69 mole percent WO3. The crystal structures of TagWOg and one form of Ta1eW18094
(Type B) were deduced from reported data. :
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SUMMARY

Powder X-ray diffraction (XRD) data were computed from available single-crystal data for
Ta2oW4067 and Ta16W18094 (Type A), using CrK g 2 radiation. The atomic parameters
for TapWOg and Ta16W48094 (Type B) were deduced from the crystal data of structurally
related phases, and the powder XRD data of these compounds were similarly computed.
The simulated XRD data were compared with observed data, and the particular need for
calculated patterns in the TapOs-WO3 system was discussed.
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INTRODUCTION

A recent survey of low-expanding oxide materials(1) showed that several compositions in
the Ta205-WO3 system exhibited zero-to-negative thermal expansion (contraction)
throughout the temperature range from room temperature (RT) to 10000 C. The three
compounds reported(2-7) in the composition range giving unusual thermal expansion
behavior were: 11Ta05-4W03 (Ta22W4067), Ta205-WO3 (TapWOg), and 4Ta2059W03
(Ta16W18094), occurring at 27, 50, and 69 mole percent (mol %) WO3, respectively.
Studies of these three compounds would be beneficial in elucidating their puzzling thermal
contraction. However, reported X-ray diffraction (XRD) data (PDF(a) Cards 25-925,
19-1375, and 16-828) represent observed powder diffraction patterns using CuKeqq o
radiation. Although these patterns are adequate for many purposes, they present a problem
(when an accurate determination of phase composition or of lattice parameters is sought)
because of: (1) the similarity and complexity of the X-ray data for these three compounds,
(2) the possibility of intensity variations from various causes, and (3) the use of CuKgy
radiation. Therefore, it is the purpose of this report to present calculated powder XRD data
from the positional parameters and crystal systems of these phases.

This work was conducted at the Oak Ridge Y-12 Plant.(b)

(a) Powder Diffraction File, Joint Committee on Powder Diffraction Standards,
Swarthmore, Pennsylvania.

(b) Operated by the Union Carbide Corporation’s Nuclear Division for the US Energy
Research and Development Administration.
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CALCULATED POWDER X-RAY DIFFRACTION DATA FOR
THREE TANTALUM TUNGSTATES

CALCULATION OF DIFFRACTION PATTERNS

Computer simulation of XRD patterns was accomplished with a program developed by
Smith.(8.9) The program was designed to correct for flat sample absorption and calculate
integrated intensities; thus, the simulated intensity data are directly comparable with the
total area under a peak recorded by a diffractometer. These calculations were based on
Crkaq 2 radiation in order to spread the reflections apart (creating a larger 20 difference
between peaks) and, thus, to reduce the total of reflections observable, simplifying the
patterns somewhat and improving the resolution.

CRYSTAL DATA FOR THE TANTALUM TUNGSTATES

The most refined single-crystal data available were used for Tap22W40g7 and Ta1gW18094
(Type A) as input for the computer code. No single-crystal data were available for TapWOsg
or Ta1gW18094 (Type B). The general crystal data (previously reported or deduced in this
report) are listed in Table 1. The references in the table with a ®symbo| contain the
atomic positional parameters used for this simulation, although data for TapWOg and
Ta16W18094 (Type B) were modified as explained later.

Initially, since it was indicated that NboWQg and TapWOg were structurally related,(10) the
atomic positional parameters determined(11) for NboWOg were used for the TapWOg
calculation (requiring the ag and cg of TapWOg to be exchanged and the b doubled from
those listed on PDF Card 19-1375). On comparing these calculated XRD data for TapWOg
with the observed file card data, the latter had an absence of reflections which result from
the doubled bg value used for the calculated pattern. Thus it was apparent that the
compound TapWOg is isostructural (excluding the undetermined lithium positions) with
LiNbgO15F,{12) as suggested by Roth, et al,(2,13) without doubling the bg axis (necessary
for Nbow0g.){11)

For TapWOg the atomic positional parameters given for NboWOg(11) were averaged to fit
the positions given for LiNbgO15F.{12) The calculated XRD data of TagWQOg, using the
averaged NboWQg atomic parameters, were compared to the calculated XRD data for
TapWOg, using the as-reported LiNbgO15F atomic parameters.{12) The calculated patterns
were almost identical for the two input data sets and differed only slightly from the original
TagWOg calculation using NboWOg data with the doubled bg {excluding the superlattice
lines). The averaged NboWOg positional parameters with fractional occupancy of the metal
sites are felt to be the most logical for TagWOg. These parameters are listed in Table 2 and
were used as input for the computer code to generate the calculated powder XRD data
tabulated later. A projection of one unit cell of TapWQOg on the (010) plane is given in
Figure 1.

Several compositions [6Nb205-11WO3 (or 9Nb20s5-16W03 and 9Nb205-17WO03),
4Nb205-9W03, 3Nb205-8WO03, and 2Nb20s-7W03] have been reported(10.13} in the
Nb20Og-WO3 system from 64 - 78 mol % WQO3. Each of these compounds is a superstructure
of the basic tetragonal potassium tungsten bronze (TPTB) subcell, with the different unit



Table 1
CRYSTAL DATA FOR TANTALUM TUNGSTATES

(References Marked with a@ Contain Atomic Positional Parameters)

Compound
Ta16W18094
TaaW4057 TagWOg Type A Type B
Reference(s) ’ @ Stephenson and @ Lundberg(1 1) [Nb WOg data] ; @ Sleight‘5) Kovba and Trunov(6) [lattice parameters] ;
Roth(3) ’ Kovba and Trunov 4) ®Sleight(5) [Type A superiattice data)
[refined lattice parameter]
Space Group Amm2 {38} Pmma (51) P24292(18) P4/mbm (127}

Crystal System

Lattice
Parameters (A)

[technique used]

Crystal Density
{g/em3)

Number of
"Molecules”
Per Unit Cal!

Orthorhombic

ag =3.84

bo = 47.40

¢ =6.136
[single crystal)

8.602

Orthorhombic Orthorhombic

ag = 16.70 £ 0.01 ag = 12.266
bg = 3.882 + 0.001 bg = 36.274
co = 8.864 + 0.004 co =3.886
[powder] {single crystal)
7.796 7.402
4q 1

Tetragonal

ap=12.28 ¢ 0.01
co = 3.881 + 0.002

{powder}
7.289

1 (Meq1_33031,33, where
Mg = 5.33 Ta, 6 W)




Table 2

ATOMIC PARAMETERS FOR TapWOg

{Space Group Pmma)

Temperature Fractional
Positional Variables Factor Occupancy
Atom Position X Y z (B by Tungsten
Meq 2e 0.25 0.0 0:6869 1.17 0.24
Meo 2e 0.25 0.0 '0.0545 1.06 0.70
Me3 4i 0.1316 0.0 0.3967 1.0 0.37
Megq 4i 0.0594 0.0 0.8139 1.1 0.17
O 2e 0.25 0.0 0.4496 0.4
02 2f 0.25 0.5 0.6866 0.6
O3 2a 0.0 0.0 0.0 1.8
Q4 2f 0.25 0.5 0.0490 1.9
Op 4i 0.1332 0.0 0.6198 0.4
Og 4i 0.1750 0.0 0.8798 0.8
07 4i 0.1645 0.0 0.1874 1.1
Og ai 0.0227 0.0 0.3334 0.3
Og 4j 0.1286 0.5 0.4046 2.2
010 4j 0.0601 0.5 0.8124 2.3
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Figure 1. A (010) PROJECTION OF ONE UNIT CELL OF TapWOg.
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cells and symmetries arising from the manner in which the five-membered rings (or tunnels)
are filled with metal and axygen atoms to form a metal-filled pentagonal bipyramid.
Although Ta20sg analogs to the reported Nb20Os-WO3 phases may exist, only the Types A
and B Ta1gW18094 (analogous to 4Nb20s5-9WO03 and 3Nbp05-8WQO3, respectively)} have
been reported in this region of the Ta205-WO3 system.



The disordered tetragonal Type B Ta16W18094 phase, which generally(5,6) occurs at
temperatures less than 1400° C, is favored at high oxygen pressures, and exhibits a wide
homogeneity range (from ~ 69 - 89 mol % WO3). If the behavior of Type B Ta16W18094
were truly analogous to the tetragonal 3Nb205-8WO03 phase, it would transform to the
tantalum analogs of orthorhombic 4Nb205-9WO3(Nb1eW18094) and tetragonal
2Nb205-7W0O3. Since the latter phase has not been observed in the Tap05-WO3 system, it
appears that the Type B Ta1gW18094 phase transforms (between 1300 and 14000° C) to
~ the ordered, orthorhombic Type A Ta1gW18094 phase when at a composition of about
69 - 75 mol % WO3. Higher WO3 contents {from about 75 - 89 mol % WO3) appear to form
only Type B material. Thus, while the formula Ta1gW18004 is correct for the lower
WO3-content material, it is not really appropriate for the higher WO3-content material.
Thus, the formula for the Type B material probably should be written Me10 + x030 + x.
where x varies from 1.33 to 0.53 (from 69 to 89 mol % WO3, respectively); or the variation
is from MeQ2 77 to Me02.90.

By comparing the structural data given “for Type A Ta16W180g4 with that of TPTB,(14) it
is apparent that if the pentagonal tunnels are randomly filied, the Type B-disordered
tetragonal phase results. The primary difference between this proposed structure for Type B
Ta16W18094 and TPTB is the potassium positions in KgW10030. For the tantalum
tungstate, the K positions (4g) are filled with oxygen, the K positions (2a) are empty, and
the metal positions are all in the same plane. The atomic positional parameters for the
superstructure Type A Ta1gW180094 were averaged to fit the positions given for TPTB,
assuming fractional {and random) occupancy of the pentagonal tunnels (Positions 4h and
49). The averaged atomic positional parameters, listed in Table 3, were used as input for the
computer code. A projection of one unit cell of Type B Ta1jgW18094 on the (001) plane is
portrayed in Figure 2.

Table 3

ATOMIC PARAMETERS FOR Ta;gW180g4
(Type B, Space Group P4/mbm)

Temperature Fractional

Positional Variables Factor Occupancy
Atom Position X Y Z (8) by Tungsten
Meq 2c 0.0 0.5 0.5 . 0.27 0.876
Meo 8j 0.0764 0.206 0.5 0.22 0.589
Meg 4n(1) 0.169 0.669 0.5 0.37 0.163
01 2d 0.0 0.5 0.0 0.001
09 8i 0.0765 0.2054 0.0 0.001
O3 4h 0.2918 0.7918 0.5 0.001
04 8j 0.9991 0.3438 0.5 0.001
Og 8j 0.1451 0.0719 0.5 0.001
Og 4g(1) 0.169 0.669 0.0 0.001

(1) This position has 1.33 atoms statistically distributed over the four available sites for the formula
Ta16W18004.
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Figure 2. A (001) PROJECTION OF ONE UNIT CELL OF TaigW1g0g4 (TYPE B).

POWDER X-RAY DIFFRACTION DATA
/

The calculated data for Tap2W40g7, TapgWOg, and Types A and B Ta1aW18094 are
reported in Tables 4 through 7. The reflections listed in the tables are those with a relative
integrated intensity greater than or equal to 0.1 for CrKgy 2 radiation from 5 through 165
degrees 26. The lines listed as having an intensity value << 1 have a calculated relative value
between 0.1 and 0.4; those with a listed value of <1 have a calculated value between 0.5
and 0.9. All'other relative-intensity values have been rounded to the nearest whole value.

Brackets are used to indicate that the reflections fall within 0.1 degree 28 of one another
and thus would probably be unresolvable.

COMPARISON WITH OBSERVED X-RAY DIFFRACTION DATA

The calculated XRD data for TagoW40g7 (Table 4) compare well with PDF Card 25-925,
with some intensity variations (particularly with lower d-spacing values) resulting because of
radiation differences (CuKq vs CrKgq), causing differences in the Lorentz polarization factor.
" The reflection listed as 2.9742 A on the file card may be accounted for by the 0 16 0 and/or
0 10 1 planes.

The simulated XRD data for TapWOg (Table 5) indicate several inaccuracies on PFD Card
19-1375; namely:



M

As Listed " Should Be
d-Spacing d-Spacing '
(R) hk! (R) hkl Comments’
3.78 101,410 3.78 410 (101) has a zero-calculated intensity.
2.117 040 2.217 040 Probably a typographical error.
2.195 140 2.195 521,611 _ (140) has a << 1 calculated intensity.
2.088 810,701 2.032 810 {701) has a zero'calculated intensity.
1.889 202,820 1.889 820 (202) has a << 1 calculated intensity.
1.846 540 1.846 540,721 -
1.761 150,402 1.761 150 {(402) has a zero calculated intensity.
1.668 . 541 1.668 541,1000 -

In addition to radiation-related intensity differences, several additional weak reflections
occur on the calculated XRD patterns.

The calculated XRD data (Table 6) for Ta1eW18094 (Type A) are not directly comparable
to the data reported on PDF Card 16-828, since the file card is for the Type B tetragonal
phase. However, the increased number of lines for Type A material is noticeable as splittings
of the reported d-values, and the combined intensities from the calculated pattern of the
added lines are similar to those listed on the file card. For example, the combined intensities
of the (360) and (290) planes for the orthorhombic phase {(Type A} are about equal to that
of the (320} plane of the tetragonal phase (Type B).

The XRD data calculated for Ta16W18094 (Type B) are reported in Table 7; and, when
compared to PDF Card 16-828, the following inaccuracies are noted:

As Listed Should Be
d-Spacing d-Spacing
(A) hk! (AR) hkl Comments
2.406 510,401 2.406 . 401 {610) has a zero calculated intensity.
1.937 002 1.937 002, 620 -
1.913 102 1.913 ) 540 (102) has a zero calculated intensity.
_ 710,550,
1.729 710 1.729 621.312 -
1.65 621 1.65 631 _
: 242,711,
1.681 242,711 1.581 g 551 % - -

Again, several additional weak reflections occur on the calculated pattern that are not listed
on the file card. In order to confirm the structural assignments postulated in this report, a
sample (99.94% pure by spark-source mass spectrometric analysis) of Type B Ta1gW18094
(measured 38.0 wt % Ta, 42.9 wt % W, and 19.1 wt % O) was prepared from reagent-grade
tungstic acid (HPWO4) and tantalum pentoxide (Ta20g) by calcining the stoichiometrically
mixed, pressed powders at 1000° C for four days in air, followed by grinding, repressing,
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Table 4

CALCULATED POWDER X-RAY DIFFRACTION DATA FOR TagoW4057

CrKa1’2 CrKM'2
Relative Relative
Intengity Intensity
(flat (flat
d-Spacings absorption; d-Spacings absomtion;

(A) integrated) hkI (R) integrated) hkI
6.085 << 1 on 2.017 << 1 1200
5.720 < 1 031 1.999 3 053
5.161 7 051 {1.998 1 ogz}
4,740 2 0100 1.958 << 1 073
4.547 << 1 071 {1.956 << 1 11_42}
3.996 << 1 091 1.954 2 0231
R RAQ 100 100 1.020 10 200
3.526 4 o1mm 1.907 << 1 093
3.188 << 1 131 1.863 < 1 1162
3.135 a8 0131 1.855 2 1&1
3.079 2 151 1.848 4 0113
3.068 i nnz 1.823 11 02G0
3.043 7 022 1.820 << 1 231
2.984 1 1100 1.811 << 1 0251
2.962 < 1 0160 1.804 << 1 113
2.934 << 1 171 1.799 < 1 251
2.860 << 1 062 1.794 1 133
2.809 1 0151 1.784 12 0133
2.769 << 1 191 1.780 << 1 2100
2.724 2 082 11.773 3 153
2.597 2 1m 1.773 2 11_§2}
2.576 2 0102 1.763 << 1 0222
2.428 61 1&1 1.744 << 173
2.423 << 1 0122 1.741 2 1231
2.397 24 102 1.717 2 0153
2.385 a4 122 1.708 << 1 193
2.370 << 1 0200 1.686 < 1 2111
2.346 < 1 1160 1.665 4 mas
2.294 << 1 162 1.661 2 02142
2.273 NS 1 0142 1.845 i2 146U
2.267 < 1 1151 1.638 << 1 1251
2.222 2 182 1.637 3n 2131
2172 << 1 1180 1.628 12 202
2.139 2 1102 1.624 2 ) 222
2131 < 1 0162 1.618 15 1133
2.118 2 0211 1.611 << 1 21£0

{2.118 << 1 11_71} 1.602 << 1 1222
2.049 << 1 1122 1.594 << 1 262
2.043 << 1 013 1.585 < 1 2151
2.028 1 033 1.582 << 1 0193



Table 4 (Continued)
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Cer‘l'2 CrK‘,q'2
Relative Relative
Intensity Intensity
(flat (flat
d-Spacings absorption; d-Spacings absorption;

(R) integrated) hkl (R) integrated) bkl
1.579 < 1 0291 1.369 2 2231
1.569 1 282 1.364 a 1104
1.567 3 1153 1.362 < 1 0164

{1.567 0 02_62} 1.358 4 1233
© 1.539 1 2102 1.353 << 1 293
1.534 2 004 1.340 < 1 1124
1.531 2 024 1.331 5 2113
1.524 2 1242 1.326 1 0184
1.521 << 1 044 1.322 16 2260
1.516 1 0213 1.319 << 1 1302
1.506 < 1 064 1.318 << 1 2251
{1.505 << 1 2132} {1.317 1 ogo}
1.485 1 084 1.314 << 1 13_31}
1.484 << 1 0311 {1.313 << 1 1144
1.482 < 1 0282 1.310 << 1 1340
{1 481 << 1 0320 } 1.307 << 1 1253
1.462 << 1 1193 {1 .307 19 233}
1.461 << 1 1300 1.299 << 1 2222
{1.461 2 1291 } 1.288 << 1 0204
© 1.459 2 0104 1.284 1 1164
{1.452 2 0233 1.280 9 300
1.451 4 12_6_2} {1.280 4 21_53}
1.430 << 1 0124 1.277 << 1 0293
1.426 << 1 2162 1.269 < 1 0342
1.425 4 104 1.259 << 1 1273
1.423 1 2211 1.256 4 2242
{1 422 3 124} 1.254 < 1 0371
1.414 << 1 ~144 1.253 2 1184
1.410 2 1213 1.250 << 1 0224
1.405 << 1 0302 1.245 2 1360
1.402 < 1 164 1.242 < 1 351
1.399 << 1 213 1.236 << 1 3100
1.397 << 1 0144 1.227 < 1 015
1.394 1 233 1.225 2 0313

1.390 << 1 0253 1.224 2 035 N
1.385 2 184 1.221 << 1 1204
1.385 3 253, {1.221 < 1 2193}
1.385 2 2182 1220 << 1 2300
1.384 << 1 1311 {1.220 3 2@1}
1.383 < 1 1282 1.217 1 055
{1.'382 << 1 1:20} 1214 31 2262
1.371 << 1 273 1212 << 1 1293
' 1.211 0244
1.210 3 052
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Table 4 {(Continued)

CerL2 : CrKa1,2
Relative Relative
Intensity Intensity
(flat (flat
d-Spacings absorption; d-Spacings absorption; :
(A) integrated) hkl (A) integrated) hkl
1.208 1 075 ’
1.205 2 1342
1.203 1 3111
1.198 8 204
1.197 7 224
1.195 < 1 095
1.192 << 1 244
1192 18 0391 )
1.192 1 1371
1.190 5 2213
1.188 < 1 1224
1.1886 << 1 1380
1.185 46 3131
{1.185 3 264}
1.181 20 302 )
1.180 6 0115
{1.180 3 322}
1175 < 1 3160
{1.175 -7 284}
(1.174 1 2311) |
{1.174 8 0_2_24}
1.173 3 2282,
1.173 << 1 23_20
1.169 2 115
1.168 << 1 362
1.167. 6 1313 ,
1.166 8 135
1.165 1 3151
1,163 8 0135
1.162 14 2104
1.160 5 . 155
1.159 4 382
1.158 18 22_33 ‘
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. C'Ka1,2 CrKsz
Relative Reiative
Intensity Intensity
{flat {flat
d-Spacings absorption; d-Spacings absorption;
(A) integrated) - hk! (A) .integrated) hki
8.864 2 001 2.216 2 004
8.350 10 200 2.213 < 1 503
7.829 5 101 2.198 2 512
6.078 << 1 201 {2.197 << 104}
4714 1 301 2.192 2 611
4.432 3 002 2.166 << 1 313
4.284 3 102 2.101 2 702
4175 << 1 400 2.088 2 800
3.915 8 202 2.059 1 304
3.882 100- 010 2.049 < 413
3.777 26 401 2.032 3 801
3.556 << 1 011 - 2.015 < 1 612
3.520 2 210 1.981 < 1 711
3.478 < 1 11 1.957 3 404
3.467 58 302 1.841 16 020
3.272 << 1 211 1.926 2 014
3.125 32 501 . {1.923 < 1 513}
3.039 < 1 402 1.912 << 1 114
2.997 << 1 311 1.896 << 1 021
2.955 << 1 003 1.891 << 1 220
2.920 1 012 {1.888 _ 3 802}
2.909 18 103 1.884 << 1 121
2.877 1 112 1.856 2 703
2.843 << 1 410 1.848 2 712}
2.785 13 203 {1.847 5 504}
{2.783 6 soo} 1.839 2 810
2.756 4 212 1.819 2 314
2.707 13 411 1.816 < 1 901
2.667 3 502 1.800 3 811
2.656 3 601 1.795 << 1 321
2.610 << 1 303 1.778 << 1 022
2.586 33 312 1,773 2 ons
2.434 20 511 1.768 << 1 122
2.412 < 1 an3 1.7A3 2? 105
2.393 << 1 412 1.748 3 414
2.357 < 1 602 1.739 1 222
2.351" << 1 013 1.734 2 205
2.328 12 113 {1 .733 << 1 604}
2.304 < 1 701 1.726 5 a7
2.263 9 213 1.705 8 803
{2.262 4 610} 1.698 3 812
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Table 5 (Continued)

CrKa1,2 ch°‘1,2
Relative Relative
Intensity Intensity
(flat (flat
d-Spacings absorptibn; d-Spacings absorption;
(A) integrated) hki (A) integrated) hkl

1.694 12 322 1.457 4 913
1.689 << 1 305 1.455 << 1 206
1.675 2 713 : 1.452 3 515
1.670 5 1000 1.450 << 1 1012
1.668 6 514 1.436 << 1 1102
1.649 9 521 1.428 1 306
1.645 < 1 911 1.426 1 722
1.641 : << 1 1001 {1.423 << 1 705
1.636 << 1 422 1.423 < 1 904}
1.632 4 405 1.421 2 820
1624 1 704 1.415 1 814
{1.622 << 1 023} 1.412 1 324
1.615 6 123 1.404 3 821
1613 3 015 1.396 3 11
1.605 2 115 1.395 << 1 615
f1.592 5 223} 1.393 1 406
11592 2 " 620 1.381 << 1 016
1.583 © 3 216 1.378 3 424
{1'583 << 1 514} 1.376 2 116
1.571 3 903 1.375 1 1201
1.569 1 522 1.362 < 1 216
1.567 1 621 1.354 3 822
{1 566 2 505} 1.351 << 1 805
1.563 << 1 1002 1.351 << 1 506
1.561 1 813 1.350 < 1 1103
1.557 << 323 1.347 << 1 1112
1.549 << 1 315 . 1.342 3 723 -
1.634 6 1010 1.340 2 316
1.519 < 1 804 1.338 6 524
1.512 << 423 {1.336 < 1 715
{1.512 << 1911} 1.336 < 1 914}
1.504 5 415 1.334 << 1 1004
§1.498 << 1 622} 1.326 < 1 921
\1.498 1 714 1.311 2 416
{1 496 2 1 01} 1.309 3 025
1.495 << 1 605 ' 1.305 2 1 25}
.1.484 << 1 721 {1 .305 < 1 606
1.472 2 106 1.296 2 121
1.460 1. 024 1.294 7 030
{1.459 << 1 523} 1.293 4 225
1.293 << 1 624
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Table 5 (Continued)

CrKa1,2 CrKa,"z
Relative . Relative
Intensity Intensity
(flat . (flat
d-Spacings absorption; d-Spacings absorption;

(A) integrated) bkl (&) integrated) hkl
1.282 << g . 905 1.196 10 531
1.281 14 823 {1.195 6 716}
1.279 << 1 230 1.192 3 1114
1.277 << g 131 1.191 4 << 1 432
1.276 < g 815 1.185 << 1 033}
1.276 < 516 {1.185 8 121
1.275 < 9 1113 1.185 << 1 625
1.274 < 1 325 1.184 << 1 507

{1.266 << 007 1.182 8 133
1.266 8 1_020} {1 .182 < 1 1401 }
1.263 2 107 1.179 2 1204
1.261 << 1 1014 {1.178 1 1303}

1.259 << 1 1203 1177 8 37
1.256 3 706 . 1.176 22 1312
1.253 << 1021 1.176 << _626,
1.252 1 1104 1.174 8 233
1.249 8 “a25 {1-173 3 530}
1.248 << 1 331 1.173 7 126
1.245 2 724 1.164 3 532
1.242 << 032 {1-164 2 226}
1.239 << 132 1.163 2 631
1.237 1 616 1.160 3 1015
1.235 3 307 1.159 << 9 333
1.234 8 1302 1.157 < 1 417
1.229 1 232
1.224 4 431
1.221 7 923
1.219 5 525
1.217 < 1 1022

{1 217 < 915}
1.216 < 1 1005
1.212 1" 332
1.212 << 1 407
1.208 << 1 121
1.206 4 806
1.204 << 1 017
1.201 4 117
1.198 < 1 1213
1.196 T2 824
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CALCULATED POWDER X-RAY DIFFRACTION DATA FOR Ta1gW1g80g4 (TYPE A)

Table 6

Criay o Criay 5

Relative Relative

Intensity Intensity

(flat {flat

d-Spacings absorption; d-Spacings absorption;
(A) integrated) bkl (A) integrated) hkl
18.137 1 020 3.185 < 1 1110
11.620 5 110 3.168 2 231
10.161 8 120 3.159 2 161
9.068 7 040 3.087 < 1 241
8.611 2 130 3.066 2 400
7.292 << 1 140 3.056 1 410
6.244 1 150 3.023 1 0120
6.133 << 1 200 2.991 << 1 251
6.047 2 210} 2.972 25 430
{e.oae << 1 060 2.951 << 1 081
5.810 << 1 220 '2.935 25 1120
5.470 6 230 2.905 << 1 440
5.423 5 160 {2.904 2 2uo}
5.080 1 240 2.885 3 261
4.684 << 1 250 2.870 9 390
4,534 < 1 080 {2.869 << 1 181}
4.305 6 260 2.825 << 1 450
4,253 < 1 180 2.808 2 3N
4.063 3 310 2.783 << 1 321
3.989 << 320 2.773 2 271
3.958 3 270 2.743 12 331
3.886 100 001 2.735 . 8 460
3.873 23 330 2.727 12 191
3.829 23 190 2.721 < 1 1130
3.727 1 340 2.711 8 2120
3.685 < 1 11 2.690 < 1 341
3.646 2 280 2,659 1 281
3.630 < 1 121 2.652 2 0101
{3.627 4 m_oo} 2.639 < 1 470
3.572 1 041 2626 2 351
3.562 3 350 2.592 < 1 1101 }
3.542 << 1 131 {2.591 << 1 0140
3.478 < 1 1100 2.567 << 1 3110
3.429 << 1 141 2.553 12 361
3.387 20 360 2.545 11 291
3.368 18 290 2.540 << 1 480
3.299 << 1 151 2.475 << 1 37
3.269 < 1 21 2.463 < 1 111
3.210 << 1 370 2448 < 1 510
2.440 << 1 490
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CrK"‘1,2 CfKa1'2
Relative Relative
Intensity Intensity
(flat ‘ (flat
d-Spacings absorption; d-Spacings absorption;
(A) integrated) hkl (A) integrated) hkli
{ 2.431 1 520 1.968 << 1 5110
2.431 << 1 31_20} 1.962 << 1 561
2.407 1 401 1.958 << 1 0161
2.402 < 1 a1 1.947 << 1 2151
2.386 < 1 0121 1.944 << 1 4111
2.361 16 431 {1 943 18 002}
2,342 17 1 1_21} 1.937 5 660
{2.342 << 1 4100, 1.934 << 1 1161
2.327 << 1 441 } 1.926 << 1 571
{2.326 1 2111, {1.916 << 1 112
2.309 6 391 1915 4 21_§o}
2.285 << 1 451 1.908 << 1 122
2.273 << 1 560 1.907 << 1 3141
2,267 << 1 0160 {1 905 1 5120
2.250 << 1 2150 1.902 << 1 670
2.246 << 1 4110 1.900 << 1 042
2.236 6 461 1.899 < 1 4150
2.229 << 1 1160 1.895 << 1 132
{2.229 << 1 1131 } 1.886 << 1 1190
2.224 6 2121 1.883 << 1 4121
2.217 << 1 570 1.864 << 1 680
2.189 << 1 3140 1.855 << 1 152
2.183 << 1 a7 1.850 << 1 212
2.156 << 1 0141 {1.849 << 1 11_71}
2.153 << 1 4120 1.844 1 591
2.142 << 1 31 1.835 1 3151
2.126 << 1 481 1.831 < 232
2102 << 1 1170 {1 829 < 162}
2.096 1 590 1.823 5 690
2.081 1 3150 1.823 << 1 4160
2.071 << 1 511 1.823 << 1 2190
2.067 << 1 491 1.823 < 1 4131
2.064 < 1 4130 1.815 << 1 242}
2.061 < 1 521 {1 814 << 1 0200
{2.061 << 1 3g1} 1.808 4 31_80}
2.041 << 1 610 1.807 << 1 611
2.016 << 1 630 1.794 < 1 1200
{2.015 << 1 2170 } 1.789 << 1 631}
1.994 << 1 640 {1 .789 S<< 1 2171
"1.989 << 1 1180 1.786 << 1 082
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Table 6 (Continued)

Crkay 5 Crkay 5
Relative Relative
Intensity Intensity
(flat (flat
d-Spacings absorption; d-Spacings absorption;
(R) integrated) hkt (R) integrated) hk!
1.781 << 1 6100 1.641 < 1 402
1.774 << 1 641 1.640 << 1 412
1771 1 262 {1.639 5 31_81}
{1 .770 << 1 1181 } 1.634 << 1 780
1.767 << 1 182 {1.634 << 1 01_22}
1.756 << 1 5111 1.634 < 1 1220
1.753 < 1 312 1.629 < 1 1201
1.744 < 1 272 1.626 9 432
1739 << 1 2200 1.621 << 1 4190
1.738 << 1 6110 {1.620 9 11_22}
1.737 4 332 1619 << 1 6101
1.734 7 730 1615 << 1 442}
1.733 5 661 {1.615 < 1 2112
1.733 a4 192 1.610 << 1 5170
1.730 1 3190 {1.609 3 392}
1.723 << 1 342} 1.607 < 1 790
{1.722 9 5150 1.605 : < 1 6140
1.720 << 1 740 1.601 << 1 452
1.717 5 2181 1.592 < 1 2220
1.715 < 1 282 {1.591 << 1 3&0}
1.713 < 1 0102 1.587 << 1 2201
1.710 6 1210 {1.586 1 61_11}
{1.710 1 531} 1.584 a 452
1.708 << 1 671 {1.584 9 731}
1.706 < 1 4151 1.581 << 1 1132
{1.705 < 1 352} 1.580 1 3191
1.697 << 1 1191 {1.579 4 2132}
{1 .696 << 1 1 1_02} 1.578 < 1 7100
‘1.685 6 362 1.574 1 51;5_1}
1.684 < 41_30} {1 573 << 1 744
l 1.683 5 292 1.566 7 1211
1.600 << 1 881 1.585 < | 472}
1.865 << 1 5160 11.564 << 1 1230
1.662 << 1 372 1.561 < 1 6150
1.659 << 1 1112 1.557 1 5180
1.651 6 691 1.554 << 1 0142
1.650 << 1 4161 1.545 << 1 4181
1.650 << 1 2191 1.543 << 1 482
1.649 << 1 6130 1.533 1 800
1.644 << 1 0201 1.530 < 1 5161
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chO‘1,2 C.—K‘”I2
Relative Relative
Intensity Intensity
(flat (flat
d-Spacings absorption; d-Spacings absorption;
(R) integrated) hkl (A) integrated) hkl
1.527 << 1 2230 1.433 3 890
1.621 << 1 830 1.427 << 1 1172
{1.520 << 1 492} {1.426 2 801}
1.518 << 1 6160 1.425 < 1 592
1.518 << 1 6131 1.422 << 1 2231
1.518 < " 522 1.420 1 3152
1.518 << 1 3122 1.419 1 7150
1.5616 << 1 7120 1.418 2 3240
1.612 << 1 840 {1.416 < 1 831}
{1.511 : 1 02_40} {1 415 < 1 4132
1.507 < 1 781 1.414 << 1 6_1_§1}
{1.506 < 1 12_21} 1.412 1 5210
1.505 << 1 4210 1.412 << 1 7121
1.500 << 1 1240 1.412 << 1 8100
1.496 << 1 4191 1.412 << 1 2250
1.487 << 1 5171 1.409 << 1 841
1.486 1 860 {1 409 2 0241 }
{1 .485 << 1 791} 1.407 << 1 612
1.484 < 1 7130 1.403 << 1 4211
{1 .483 < 1 6141 } 1.399 < 1 1241
1.476 << 1 ego} {1 399 << 1 632}
{1 .475 << 1 0162 1.399 << 1 2172)
1.473 < 1 2221 } 1.392 << 1 642
{1 473 << 1 3211 1.390 << 1 8110
. 1.471 < 1 3§0 {1 .390 << 1 1 1_8?}
{1 .470° << 1 870} 1.388 2 861
. 1.469 << 1 4112 1.386 < 1 71_3_1
1.468 1 2240 1383 << 1 5112
1.466 << 1 1162 1.380 << 1 6171
1.462 < 1 7101 1.376 1 3231
1.458 << 1 5290 {1 375 << 1 871}
1.453 << 1 3142 1373 2 2241
1.452 << 1 880 1.372 5 662
1.452 << 1 4220 1.368 << 1 5220
1.451 << 1 1231 1.367 << 1 3250
1.449 1 6151 {1 .367 << 1 81_20}
1.445 1 5181 1.365 << 1 5201
1.442 << 1 4122 1.364 5 2182
1.441 << 1 1250 1.362 << 1 910
1.435 < 1 6180
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Table 6 (Continued)

Crkaq Crkayq 2
Relative Relative
Intensity Intensity
(flat (flat
d-Spacings absorption; d-Spacings absorption; .
(A) integrated) hki (A) integrated) hkl
1.361 << 1 - 881 1.201 << 1 5221
1.360 << 1 4221 1.290 << 1 3251
1.360 1 5122 {1.290 << 1 821}
1.359 << 1 672 1.289 16 5152
1.358 < 1 4152 1.288 << 1 12_8_0}
1.356 << 1 4240 1.288 < 1 742
1.354 << 1 930 1.287 < 1 6240
{1.353 << 1 1Q2} 1.285 << 1 911
1,351 << 1 1251 {1.285 << 1 123}
1.348 << 1 940 1.284 1 1212
1.346 1 6181 1.283 << 1 921
1.345 << 1 682 {1.282 << 1 043}
{1.345 4 891} 1.281 << 1 752
1.339 << 1 950 1.280 << 1 4241
1.335 << 1 1270 1.279 << 1 931
1.333 2 7151 1.276 << 1 9100
1.332 4 3241 1.273 << 1 941
1.330 7 692 {1.273 << 1 41_8_2}
1.330 << 1 960 1.270 << 1 8130}
1.329 << 1 4162 {1 270 << 1 4260
1.329 < 1 2192 1.268 << 1 2280
1.327 2 5211 1.267 << 1 213
1.327 << 1 8101 {1.266 << 1 951 }
1.327 << 1 2251 1.264 < 1 5162
1.326 << 1 0202 1.263 << 1. 1271
1.323 6 3182 1.262 << 1 772
1.318 < 1 1202 1.261 << 1 3202
1.313 << 1 6191 1.260 << 233
1.313 << 1 6102 {1.260 << 1 7@0}
1.312 << 1 2270 1.260 << 1 163
1.312 << 1 4250 1.268 << 1 961
1.309 < 1 8111 {1.257 << 1 6]§2}
1.305 << 1 980 1.255 << 1 5@1}
. 1.298 << 1 722 . ,{1.255 << 1 243
1.296 << 1 2202 1.251 < 1 782
1.295 8 003 {1.251 1 122}
1.295 << 1 6112 1.249 << 1 6211
1.295 < 1 8150 : {1.249 < 1 52_50}
1.204 12 732 1.246 << 1 083
1.292 2 3192

N



Table 6 {Continued)

CrKo,L2 C"Koqlz
Relative Relative
Intensity Intensity
(flat (flat
d-Spacings absorption; d-Spacings absorption;
(A) integrated) hkt (&) integrated)

1.245 << 1 4192 1.216 < 1 1040
{1.244 << 1 1§o} 1.215 2 62_40}
1.243 << 1 2271 1.215 3 5182
1.243 << 1 4251 1.214 << 1 1103

{1 .242 6 91_20} 1.213 << 1 5260
1.240 < 1 263 {1 213 << 1 3271 }
1.240 < 1 5172 1.212 << 1 9101

{1 .239 << 1 183} 1.210 5 363
1.238 < 1 792 1.209 << 1 1050

{1.237 1 6142 1.209 2 0300
1.237 << 1 981} 1.209 5 293
1.235 << 1 3280 {1.207 << 1 8161
1.234 << 1 313 1.207 < 1 4261 }
1.232 1 2222 1.206 << 1 9140
1.231 < 1 273 1.205 < 1 2281
1.231 < 1 3212 1.204 4 802
1.231 7 4270 {1.203 2 13_00}
1.230 4 7210 1.202 2 1060
1.229 << 1 0281 1.201 << 1 373

f1.228 1 8151 1.201 << 1 822

\1.228 4 333} 1.201 << 1 2232
1,227 4 193 1.201 < 1 7220

{1.227 2 1_oqo} 1.200 << 1 1113
1.226 < 1 1010 1.199 << 1 7201
1,226 << 1 2290 1.198 2 832
1.225 << 1 991 1.196 < 1 6162
1.226 1 7102 {1.196 << 1 3290
1.225 << 1 8130 1,195 < 1 8190
1.224 << 1 343 {1.195 < 1 722}
1.223 << 1 1281 1.193 < 1 403
1.222 1 5241 1.193 1 842
1.221 << 1 283 1.193 5 0242
1.220 2 1030 1.193 < 1 413
1.220 1 8180 1191 < 1 0123
1.220 < 1 0103 » 1.190 1 4212
1.218 << 1 1232 1.189 1 5251
1.217 < 1 353 {1.189 << 1 6§1}
1.217 3 6152 1.187 12 433
1.217 << 1 4202 1.187 2 1242

1.187 4 9150



Table 6 (Continued)

Cray 2 Crkaq 2
Relative Relative
Intensity, Intensity
(flat (flat
d-Spacings absorption; d-Spacings absorption;
(A) integrated) hkl (&) integrated) hkl
1.186 o2 2300 1.158 1 5261
1.185 < 1 1291 {1.157 < 1 1252
{1.185 12 11_23} -
1.183 16 9121
1.183 << 1 443
1.183 < 1 2113
1.181 5 "393
{1.180 6 862}
1.179 2 7132
1178 3 5270
1.177 << 1 453
{1.177 < 1 3@1}
1.175 < 1 6172
1.173 18 42713
{1.173 4 32_32;
1.173 10 7211
1172 1 872 ~
{1.172 << 1 7540}
1.171 5 2242
{1.171 7 4 3}
{1.170 5 1001
1.170 << 1 1]_33}
1.169 2 1011
{1.169 << 1 22_91}
1.169 ? 2123
1.168 << 1 9160
{1.168 << 1 9131}
1.166 1 5202
1.165 4 1310
{1.164 6 1_031}
1.164 3 8181
1.163 < 1 882
1.163 2 42_22}
1.163 < 1 473
(1.160 2 19417}
\1.160 5 6241
1.159 << 1 3300
1.159 << 1 0143
{1.158 < 1 42_90}

!
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Table 7

CALCULATED POWDER X-RAY DIFFRACTION DATA FOR Ta1gW1809g4 (TYPE B)

C!'Kcl1 2 Cer1 2
Relative . Relative
Intensity . ) Intensity
{flat (flat
d-Spacings absorption; d-Spacings absorption;

(A) integrated) hki (A) integrated) hkl
8.683 2 110 1.737 14 710
6.140 << 1 200 1.737 1 550
5.492 14 210 1.736 12 621
4.342 6 220 1.736 9 312
3.883 49 310 1.719 2 541

{3.881 100 001 } 1.687 << 1 720
3.543 << 1 m {1 686 10 322}
3.406 40 320 1.686 1 631
3.281 Co<< 1 201 1.640 < 1 402
3169 4 _ 211 1.626 17 412
3.070 2 400 ) 1612 << 1 730
2978 49 410 {1.612 4 332}
2.894 10 33‘0} 1.585 18 711

{2;893 3 2 1.585 14 551

{ 2,746 18 420} 1.585 8 422
2.745 25 31 1.572 1 650
2.560 23 321 1.547 << 1 721
2.456 < 1 430 1.535 2 800
2.408 ‘2 401 1.523 < 1 810
2.363 32 41 1.623 < 1 740
2.320 7 331 1.523 << 1 432
2280 << 1 520 1.489 3 820}
2.242 12 421 {1 489 . << 1 731
2171 << 1 440 1.478 << 1 522
2.106 2 530 1.457 2 651
2.075 < 1 431 1.447 < 1 660
2.019 << 1 610 {1.447 << 1 442}
1.966 << 1 521 1.437 7 830
1.942 1 620 1.428 3 750

{1 940 17 002} 1.427 3 801
1.918 2 540 1.427 2 532
1.895 << 1 441} 1.418 < 1 741

{1.894 << 1 112 " 1418 1 811
1.851 2 531 1.399 << 1 612
1.831 9 630} 1.390 5 821

{1 830 . 1 212 1.373 < 1 840
17901 << 1 611 {1,373 12 622}
1.772 < 1 222 1.364 2 542
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Table 7 {Continued)

CrKc,,.l,2 CrKoq’2
Retative Relative
Intensity Intensity
{flat {flat
d-Spacings absorption; d-Spacings absorption;

(A) integrated) hki (R) integrated) hk!
1.356 1 661 1.228 5 1000
1.348 1 831 1.228 4 860?
1.340 5 751 1.228 < 1 931
1.332 << 1 920 1.228 8 313

{1.332 << 1 760 {1.222 3 1_010}
1.332 12 632 1.222 4 652
1.302 2 850 1.209 10 323
1.204 << 1 930 {1.204 5 1320}
1.204 1 841 1.204 7 802
1.294 25 712 {1.198 2 742}
1.294 19 552 1.198 3 812
1.294 8 003. 1.193 9 950
1.273 << 1 722 1.192 1 403
1.260 < 1 921 1.187 30 941

{1 ,260 < 1 7619 1.187 24 413
1.259 < 1 213 1.182 6 771
1.247 13 940 1.181 14 822
1.240 b 770 1.181 . 5 333

{1 .240 < 1 732 1176 < 1 1030
1.240 < 1 223 1171 10 861
1.234 3 851 117 14 1001

1AM 15 423
1.166 10 1011
1.160 6 662

and sintering at 13500 C for four hours in air on a platinum plate. A comparison of the
observed and calculated XRD data {peak height ratios) is noted in Table 8, An R factor was
calculated that was based on:

n
=V - Vg |
R=—s :
z Vi,

where:
lo represents the observed peak-height intensity,

lc the calculated peak-height intensity, and

n
¥ the summation over the total of n observed reflections.
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For the first 25 reflections, an R factor of 0.09 was calculated; and, using the 42 reflections
of Table 8, an R factor of 0.12 was calculated. The larger R factor (including higher angle
lines) may result from the differences in the line-broadening effects calculated by the
computer code when compared to observed-line broadening. However, these R factors
(based on powder XRD data) are quite acceptable, and the structure of TypeB
Ta16W18094 based on the pararﬁeters of Table 3 appears to be substantially correct.

Table 8
POWDER X-RAY DIFFRACTION DATA FOR TaygW1g80g4 (TYPE B)

Crkeq 5 Crkaq o
Observed Relative Intensities . Observed Relative Intensities
d-Spacings (peak heights) d-Spacings (peak heights)

(R) Observed Calculated hkl (A) Observed Calculated hkl
8.75 2 2 110 1.653 6 5 631
5.49 8 11 210 1.625 6 8 412
4.33 ) 4 220 1.597 2 2 332
3.89 100 100 310,001 1.683 14 16 711,551,422
3.40 29 28 320 1.568 1 < 1 650
3.18 3 3 21 1.531 <1 < 1 800
3.07 4 2 400 1.522 1 <1 810,740,432
2975 29 33 410 1.486 1 1 820,731
2.887 8 8 330,221 1.445 <1 << 1 660,442
2.744 25 26 420,311 1.434 2 2 830
2.558 1 14 321 1.425 3 3 750,801,532
2.360 15 20 411 1.388 1 2 821
2.317 3 4 331 1.371 2 4 622,840
2.240 4 7 4 1.361 < 1 < 1 542
2.102 1 1 530 1.345 2 4 831
1.941 10 12 620,002 1.337 1 2 751
1.912 <1 1 540 1.331 3 4 632,760,920
1.849 2 1 531 1.276 9 16 712,552,003
1.828 7 5 630,212 1.260 1 << 1 921,761,213
1.734 19 21 710,550,621,312 1.244 4 4 940
1.686 3 4 322,720 1.238 2 < 1 770,732,223

NEED FOR CALCULATED PATTERNS

The Tap05-WO3 system contains many closely related crystalline phases.(2,9) The three
compounds used in this study (TapoWa40g7, TapWOg, and Ta1gW18004) all have
reported(3.5,11) possibilities of variable occupancy of lattice sites and tunnels (columnar
voids). Degrees of order or disorder within domains cause shear, planar, or stacking faults.
The defect structures possible can result in an inherent stoichiometry variation
complemented by the tendency(5,7,13) of tungsten to lose oxygen at high temperatures.
The effects of site or tunnel occupancy, faulting, and stoichiometry compounded with
common lattice strains, preferred powder orientation, and particle-size effects could lead to
significant changes in the intensities of various reflections. The theoretical XRD patterns are
helpful in identifying the intensity variation and for positive-phase identification (such as
enabling phases from impurities and incomplete reaction to be recognized). Also, for
homogeneous, strain-free material, major contributing reflections in overlapping peaks may
be established.
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(1)

(2)
(3)
(4)
(5)

(6)

(7)

(8)

(9)

(10)
(11)
(12)
(13)

(14)
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