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Abstract

Detailed studies on J-phase compositions of the type
Dy, Si>_ (Al.O; . N>_, have demonstrated the exis-
tence of five different types of structure, all based on
the monoclinic cuspidine arrangement characteristic
of the end-members Dy, Si>O;N, and Dy4Al,0,.
Series 1 and 3 extend into the system from the end-
members, in the ranges 0<x<0-4 and 1-6<x<2-0,
respectively. Series 2 is characterised by a lower
value of the b lattice parameter and occurs in the
range 0-5<x<1-5, while Series 4 is observed in the
range 0-8<x<1-1 alongside Series 2. Series 5 occurs
in the range 1-4<x<1-5, at which point X-ray pat-
terns are much simpler, indexing on an orthorhombic
unit cell with a halved c-axis repeat. These observations
are consistent with structural differences observed in
naturally-occurring cuspidine minerals, and also with
recent observations on phase transformations in mixed
rare earth LnyAl,O9 compounds. © 1998 Elsevier
Science Limited. All rights reserved

1 Introduction

YAM, Y4AL,Oq, is the most yttrium rich of the
three yttrium aluminates, and is also the most
crystallographically complex. It has a structure
based on cuspidine, Ca4Si,07F,, and this' and the
isostructural europium aluminate, EusALOg?,
(Fig. 1) provided the original crystal structure
determinations for structures of this type. When
silicon nitride is densified with yttrium oxide, one of
the grain boundary phases observed is Y 4Si,0,N,3
which Morgan* showed was isostructural with

*To whom correspondence should be addressed.
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Y 4A1,Oq. This phase is commonly referred to as J-
phase® or N-YAM, even though a more logical
designation might be N-cuspidine,® consistent with
the mineral nomenclature used for other Y-Si-O-N
phases.> A recent powder crystal structure refine-
ment by McKenzie et al.’ has confirmed that
Y4Si,O7N, does have the cuspidine structure.
Original reports of complete solid solution between
Y,ALOy and Y,Si,O/N,® were subsequently
doubted,” even though intermediate compositions
were clearly cuspidine-like. During the last ten
years, various patents have been taken out on sili-
con nitride materials containing Y,4Si,O;N, as the
grain-boundary phase because of the increase in
strength observed when this phase is crystallised
from the grain-boundary glass and because of the
good oxidation resistance of the product.!%!?

Investigations have also been extended into rare
earth systems. Thus rare earth aluminates of the
type LnyAl,Oq are isostructural with YAM %1419
They are least stable for low-Z analogues (neither
La nor Ce form a stable LnsAl,O phase) and the
stability increases with increasing rare earth atomic
number.!> Related oxynitrides of formula
Ln4Si,O7N, have been reported for all lanthanide
elements®2%22 and there is a uniform variation in
unit cell dimensions as a function of rare earth
atomic number for both the LnyAl,Os and
Ln4Si,0,N; series (Figs 2 and 3). Even though the
pseudo solid solution between Y,4Si,0;N, and
Y,ALOg has been explored in some detail,® simi-
lar studies have not been carried out in equiva-
lent rare earth systems. The present paper
describes a detailed study of cuspidine-type pha-
ses occurring along the Dy,;Si,0;N-DysAl,Oq
line of compositions.

A characteristic feature of early crystallographic
work on oxynitride J-phases was the confusion
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over the choice of unit cell. Brandle and Steir}ﬁnk2
used the cuspidine cell with ax7 A and ¢>11 A and
space group P2,/c to describe EusAl,Oo. Sub-
sequent researchers have tended to exchange the a
and ¢ parameters, in which case the space group is
P2,/a. The main source of confusion is that for all
these structures (described using the ax1l1A,
cx~TA unit cell), acos(180-8) is very nearly equal
to ¢/2, as a result of which there is a pseudo-
orthorhombic cell with a, =~ 2a,sing and
unchanged b and ¢ dimensions (Fig. 4) and an
alternative monoclinic cell with almost identical
unit cell dimensions to the conventional cell, but
indexing in space group P2;/n. Moreover, X-ray
reflections with odd | (referred to ¢ as the short
axis) are very weak, indicating a pseudo-halving of
the structure in the ¢ direction. As a result, the X-
ray patterns for Y4Al,Og and Y,;Si;O;N, can each

/0

!

Fig. 1. [010] projection of EusAl,Oy after Ref. 2 (e, Eu; 0, O;
A\, AlO, tetrahedra).
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Fig. 2. Range of unit cell dimensions for rare earth LnyAl,Oq
phases ([J, after Ref. 14; o, after Ref. 2; o, after Refs 15-19).
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be indexed using two possible sets of monoclinic
unit cell parameters as follows:
Y4AL00 (1)  a=11-1224, b=10-4663,
c=7-3743 A; B =108-563°
2) a=11-2190, b=10-4663,
¢=7-3743A; B =109-980°
a=10-7334, b=10-4621,
¢=7-5627 A; 8 =110-081°
(2)  a=10-8010, 5=10-4621,
¢=7-5627 A; B ==111-039°

YsS1,0/N; (1)

The strong diffraction lines index in space group
P2;/a or P2;/n for both unit cells, and this does not
allow unique differentiation between the two
possibilities. Only by examining the weak, odd 1
lines on the photographs closely can the correct

space group be established. Table 1 shows the
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Fig. 3. Range of unit cell dimensions for rare earth
Ln4Si;O;N; phases (e, after Ref. 6; o, after Ref. 21).
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orthorhombic cell
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key reflections for this purpose, and it is clear
that Y4ALQq, cell (1), with the smaller g and 8
angle, must be used with space group P2,/a and
cell (2) with P2,/n; likewise for Y,Si,O,N,, the
same conclusion holds. Since P2,/n is not a con-
ventional monoclinic space group, it is recom-
mended that the P2,/a space group cell should be
used with the associated type (1) dimensions. This
conclusion is consistent with previous data for
Y4AlLOg and for the EuyAl, O, structure determina-
tion.? but other data reported in the literature for
(Ln,Y)481,0,N, phases have been indexed in either
orientation. It is recommended that future indexings
of J-phases should be reported in space group P2,/a.
Tables 2 and 3 show the complete X-ray patterns for
Y4ALLOy and Y,Si,07N,, respectively, indexed in
this way. This convention has been applied to all the
Dy J-phases reported in the present paper.

2 Experimental

Compositions were prepared in the compositional
range Dy,Si> AlLO7. N, , using starting pow-
ders Dy,0; (Aldrich Chemicals 99-9%), Si;N,
(Starck LC10), Al;O3 (Alcoa A16) and SiO, (BDH
precipitated); compensation was made for 4w/o
surface SiO; in the Si;Ng4. Powders were mixed by
hand in iso-propanol and pressed uniaxially and
isostatically into 5 g pellets; each was embedded in
a graphite crucible packed with a mixture of
50:50 BN:Si3;N, by weight. All samples were fired
in a graphite element furnace for one hour at
1700°C or 1750°C; some of the latter were believed
to have reached a temperature of >1950°C for
~1-2min caused by a temporary fault in the
heating controller. X-ray diffraction analysis was
carried out, with KClI as internal standard, using a
Héagg~Guinier focusing camera and FeK, radia-
tion (4 = 1-93597 A), to eliminate the fluorescent
scattering caused by Dy-containing materials with
the usual Cu radiation. Films were measured with
an automatic LS20 LineScanner using the
programme SCANPI and accompanying software.
Unit cell definition was attempted using the index-
ing programme TREOR, but in spite of good
quality data, these results were found, in general,
to be inconsistent because of the pseudo-symmetry
discussed above which resulted in numerous close
overlaps. Unit cell refinement was therefore carried
out based on the known europium aluminate
(EugAlLOg) structure, using the programmes
PIRUM and PURUM, the Ilatter enabling
weightings to be assigned for overlapping refiec-
tions. Since the end members of the Dy,;SioO;N,—
Dy4Al,Oy series index well in the monoclinic space
group P2;/a, the associated absence rules were

Table 1a. X-ray reflections of odd 1 used for the confirmation
of space group and unit cell for Y,Al,0

dops degic  hkl (1)  hkl (2) Conclusion
6-9918  6-9906 001 101 (H=P2,/a (2)=P2/n
6-9304 101 001 Poor agreement
50488 5.0529 201 101 ()=P2,/a (2)=P2;/n
5-1234 101 201 Poor agreement
3-6863  3.6868 102 102 Not permitted either
3-6831 201 301 (H=P2,/a (2)=P2;/n
3-6610 121 221 Poor agreement
24388 2-4479 141 041 Permitted both
2-4452 103 203 (=P2/a (2)=P2/n
2:4374 203 103 (H)=P2;/a (2)=P2;/n
19199  1.19261 333 033 Poor agreement
1.9125 341 441 (H=P2,/a (2)=P2;/n

1.9125 341 41

1.6841 1.6855 313 613
1-6843 603 303
1.6804 233 533

Poor agreement

Permitted both
()=P2,/a (2)=P2/n
Poor agreement

Table 1b. X-ray reflections of odd 1 used for the confirmation
of space group and unit cell for Y,Si,07N,

dops  Geate kil (1)  hkl (2) Conclusion

7-1139 7-1029 001 101 ()=P2y/a (2)=P21/n
7-0586 101 001  Poor agreement

5.0460 5-0475 101 201 200 overlap
5-0404 200 200  hkO reflection dominant

50037 4-9999 201 101 (1)=P2/a (2)=P2;/n

2-4998 2-5043 103 203  Poor agreement
2-5000 402 202  1=2n dominant
2.4984 203 103 h02 overlap

1.9055 1-9059 203 503  (1)=P2,/a 2)=P2;/n

1-6659 1-6666 603 303 (D=P2y/a ()=P2/n
1.6625 441 541  Poor agreement
1-6621 234 234 Poor agreement -

rigidly adhered to for the indexing of intermediate
compositions.

Yttrium-containing samples used for preliminary
indexing of the X-ray patterns were obtained either
by hot-pressing at 1700°C, in the case of
Y 4Si1,0,N,, or by firing at ~2000°C by means of
an oxyacetylene blow torch. X-ray data were
gathered using CukK,, radiation; the rest of the
procedure was as described above.

In the course of this work, many other samples
were prepared in addition to the ones used for data
points included in results tables and graphs. One
interesting observation was the range of colours
obtained in shades of grey, varying from homo-
geneous light grey or dark grey to merely a
contrast between the outer and inner material in
the pellet, which could be either light/dark or
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Table 2. X-ray diffraction data for yttrium YAM phase, Y4A1Oy
hkl dobs Iobs hkl dobs Iobs hkl dabs Iobs hkl dnbs Iobs
110 7-4330 23 232 2-4576 204 1-8431 29 514 1-6038 2
001 6-9918 1 412 2-4568 7 242 1-8303 23 512 1.5767 12
200 203 2:4388 <1 442 1-8169 29 630 1-5693 1
020] 32713 2 313 23744 <1 35 1] 18137 [ 124 1.5667 15
201 50488 <1 420 2.3546 1 412 03 4] 15624 53
210 4.7073 29 222 2-2999 <1 530 1-8045 <1 360
120 4.6870 3 132 2.2923 8 350 1-7982 3 06 2] 1.5599 2
211 4.5502 3 33 2] 2.2749 ;052 17961 <1 712
021 4.1919 1 422 61 2] 1.7918 7 262 1.5583 2
220 3.7140 2 313 2.2563 1 252 434 1.5515 10
201 3-6863 <1 223 22090 314 1-7853 <1 35 3]
002 34971 <1 331 2-1864 <1 323 1-7784 <1 524 1.5504 15
112 3.4756 <1 5 11 2-1761 1 600 1.7574 | 522 1-5256 1
21 1] ' 1 42] 2.1339 1 060 1-7439 <1 722 1-5109 <1
202 3.4664 <1 214 610 1-7324 5 641 1-5099 <1
310 3.3310 27 312 15 2] 17240 13 244 1-5069 8
012 3.3163 1 323 2.1127 <1 014 144] 1.4940 1
212 32915 1 113 2.0942 1 352 1-7167 12 642
122 30155 100 24 2] 2.0877 | 324 17122 <1 344 1.4893 <1
320 29176 70 512 414 1-7092 1 61 4] 1.4854 5
230 510 441 1-7021 <1 550
02 2] 29073 MR 2] 20657 2 961 16928 1170 1-4805 2
22 2] 2.8874 9 150 2.0528 3 603 1-6841 1 534 1-4714 <]
312 432 2.0457 8 342 1-6653 <1 640 1-4584 <1
400 2-6355 <1 142 1.9833 2 5 3 3] 1.6628 <1 460 1-4545 1
040 2-6165 8 52 2] 1.9719 2 613 532 1-4502 <1
202 2-5614 10 342 260 1-6558 1 720 1-4468 <1
140 2-5392 5 520 1.9561 <1 54 2] 1.6518 <1 270 1-4383 7
402 2-5255 11 250 1.9464 1 161 171 1-4348 <1
331 2-5182 <1 151 1.9383 <1 450 1-6376 1 415 1-4255 <1
212 2-4879 2 203 1-9199 <1 432 1-6285 5 325 1-4148 <1
330 24751 3 441 1-9033 1 114 1.6221 3 602 14006 <1
32 1] 2.4695 4 431 18860 <1 832 16129 6
032 531 1-8760 <1 334 1-6075 2

S.G. P2)/a

a=11.1224(6), b=10-4663(5), c= 7-3743(4)A; B=108-563(4)°

dark/light, respectively. In general, where a con-
trast was obtained, the darker material was the
inner region, but in a few cases the reverse was
true. This was the case for samples for which the
intended temperature was greatly exceeded for a
short time, causing the outside only to reach the
higher temperature before equilibrating. For the
remaining samples, the proportion of light to dark
material varied according to composition and
temperature in relation to the eutectic (believed to
be near the low x end of the range); X-ray photo-
graphs were taken of both regions and close
examination of the diffraction patterns revealed
that there was no particular relationship between
colour and J-phase type; however it was sur-
mised that the darker regions probably con-
tained more liquid phase enabling better
densification to occur. Colour change was also
found to be very sensitive to even the small changes
in temperature caused by aging of the furnace ele-
ment during the course of the work. These obser-
vations provide strong evidence that in the
temperature range 1700-1750°C structural changes
were taking place in these materials.

3 Results

The indexing of the diffraction patterns of Dy,
Si,0,N; and Dy4Al,Og was carried out by compar-
ison with the related compounds Y,Si;O;N, and
Y4ALOy. The data indexed well (Tables 4 and 7),
showing that the structures are similar. This is to
be expected because the atomic sizes of Dy** and
Y3 are almost identical. X-ray data for Dy4Al,Qq
and Y4Al,O9 have already been published (ICDD
Refs 46-367 and 34-368, respectively) and differ
only slightly in the designation of weak lines com-
pared with the yttrium analogue in the present
work.

In the present study, compositions in the Dy,
Si, , AlLO7.,N; . series were prepared with x
increasing from O to 2 in steps of 0-1. Because of
the similarity in structure between the two end-
members of the yttrium J-phase series, it was ori-
ginally supposed that a single solid solution existed
between x =0 and x =2, but the noticeable
departure of mid-series & measurements from the
straight line joining Y4Si,O7N, and Y;ALL,Oy° cast
doubt on this conclusion and has subsequently
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Table 3. X-ray diffraction data for yttrium J-phase, Y4Si,0,N,
h k / dobs Iobs hkl dobs Iobs h k ) dnbs Iobs h k ) dobs Iobs
110 7.2759 2 412] 242 1.8160 30 034 15822 18
001 R | g;g] 223‘; 6 342 18068 28 632 1595 <l
: < 419 1 052 124 1.

020 5236 <1 321 23994 3 3sq] 180 9 334 1ems 1
200 5.0460 4 F21 237 1 3520 1798 <1 062
201 5-0037 <1 341 2.3175 <1 53927 36 1] 1-5651 27
120 4.6473 2 313 22937 <1 223] P L 353
L11] 4459 93 132 22913 10 402 1781 <1 62 o] s <
210 332 22788 8 3507 9 360  1.5475 3
211 4-5169 2 222 22730 1 523 1776 6 244 15320 10
021 42164 1 42 2] 5254 L6027 173 <1 512 15244 6
121 16322 ¢ 223 412 17604 7 601 1524 <1
220] 142 21508 7 014  1.7500 s T44 15164 <l
221 36149 <1 323 21456 <1 61 2] L7 7127
1172] sss:9 <p 331 2151 <1 s3o) M7 0 630 1513 14
ggz_ : 241 21103 <1 060 17439 <1 344

2 5324 <1 113 14 1739 2 6117
211 33821 > 24 2] 21027 2 is2 1m0 23 o4 ¥ :
012 3.3641 I F13 20846 <1 352 17179 20 633
312 33464 <1 312 20636 <1 061 16928 1 214)] 1038 <l
130 3.2980 1 15 0] bosgs <1 600 16803 2 T11 15013 <1
310 32011 % 312 233) e <y 614 14901 <l
122 30679 100 232 20445 2 324 534 14850 <1
022 2.9386 15 432 20315 13 603 16649 1 1701 4784 )
322 2.9273 29 421 19910 <1 610 16586 522
112 29177 <1 510 19800 31617 4 . 442 14152 ]
612 2.8938 13 342 1.9744 6  260] 542 14676 2
230 2.8694 2 322 19537 I 2617 a0 <) 415 14575 2
320 2.8309 67 333 19506 <1  613] 721 14565 <1
122 26267 <1 15 1] L0322 | 342 16409 I 550 14519 10
040 2.6161 10 250 334 16370 <1 460
140 2.5311 12 203 19055 1 114  1.6338 517 1] 14332 13
202 2.5241 17 304 18898 49 342 16317 <1 270
0 2] .4008 o 520 18806 1 514 16206 4 F62 14305 1
303 341 18726 2 450 146098 2 640 14138
032 2.4883 4 431 183 > F52 16041 <1 732 14012 i
232 2.4808 331 4] | 8260 | s40 1598 <1
212 2.4535 6 531 432 1.5895 12

w2
Q
]
N
o

a=10-7334(10), b=10-4621(10), ¢ =7-5627(9) A; B=110-081(9y°

never been satisfactorily explained. Examination of
the X-ray patterns of the Dy J-phases showed quite
clearly that more than one type of cuspidine struc-
ture was present; in fact, no fewer than five distinct
structural modifications have been identified. Unit
cell parameters for all structures are listed in
Table S and the ranges of composition for each
series are shown in Fig. 5. For the purpose of dis-
cussion the structures are labelled 1-5 and an
example of each pattern is shown in Fig. 6(a)-(e),
respectively, for comparison.

Series 1 runs from x = 0 to x = 0-4 and indexes
well in space group P2,/a, with almost every cal-
culated line visible on the X-ray pattern; Table 4
lists all permitted reflections up to 50° 26 (2.27 A)
and it can be seen that, in general, lines with 1 even
are strong, while those with 1 odd are weak. Also,
there is a significant separation in 6 between hk0
and the corresponding khO reflections as seen in the
regions 21-22° and 24-25° 26 [Fig. 6(a)], where
020, 200 and 120, 210 are clearly defined doublets.

Series 2 extends from x = 0-5 up to x = 1-5 and
in Fig. 5 it can be seen that there is a significant
drop in the value of b between x =0-4 and
x = 0-6, consistent with the findings of previous
researchers; the poor fit for the result at x = 0-5is
due to the structural change taking place at this
composition. An obvious feature concerning Series
2 [Table 6, Fig. 6(b)] is the presence of extra lines at
~5-86 A and 5-06 A (19° and 22° 26). These lines
index as 011 and 201, respectively, and are abnor-
mally large in intensity compared with odd 1 lines
in the other series. This is the only series in which
hkl reflections with 1 odd are of significant inten-
sity, other examples being 031, 131 (36°) and 311
(42-6°). The intensities of these weak reflections in
Series 2 systematically decrease with increasing x-
value.

Series 3 extends from x=1.6 to Dy,Al,Og at
x = 2-0 following a further break in continuity at
about x = 1-5. At this end the X-ray pattern mat-
ches well with that established for Y4Al,0q. Again,



1484 K. Liddell et al.

Table 4. X-ray diffraction data for Dy J-phase Series 1 showing all permitted reflections in space group P2;/a

x=0 x=04¢

hkl dcalc dobs zeabs 1 obs dcalc dabs 2 eabs 1 obs
110 7-2875 7-2670 15-31 40 7:3170 7-3429 15.15 50
001 7-1400 7-1326 1560 1 7-1330 7-1673 15-52 1
011 5.9038 — 5-9003] 5.8801 18-88 <1
T11 5.8801 — 58762
020 5-2487 5.2392 21-29 6 5-2501 5-2600 2121
200 5.0625 5-0548 22:08 7 5-1009 5-1082 21-85
201 5-0260 5-0201 22.23 1 5.0415 5.0465 22:12 1
120 4-6598 4.6533 2401 11 4.6682 4.6741 23:90 13
111 4.5658 4.57851

4.5547 2454 42 4.5935 2433 44
210 4.5599 53 4.5882 ]
211 4-5332 4.5265 24.70 2 4.5448 4.5486 24.57 5
021 42290 : 4 2 422831 42313 2645 2
121 4-2203 42251 2649 42193 ]
121 3-64687 ] ) 3-65367 ) 3067 9
290 36438, 3.6420 30-83 10 36585 3.6600
721 3-6301 3.6288 30-94 1 3-6364 3-6375 30-87 1
201 3-5879 — 3-6077 3-6093 31-13 2
112 3.5749] 3.5680 ) .
002 33700 3.5673 31.49 2 33665 3-5665 31.50 3
202 3.5491 3.5483 3166 3 3.5452 3.5439 3170 5
211 3.3951 3-3933 33.15 2 3.4119 3-4130 32.95 1
012 3.37997 . ‘ 3-3770 3.3762 33.32 6
311 33727 33782 3330 4 3.3887 —
712 3.3622 3-3613 33.47 4 3.3589 3-3579 33.51 6
130 33072 3-3061 3405 8 3-3106 3.3124 33.98 8
310 32130 32121 35.08 37 3.2352 3.2358 34.81 34
031 3.1421 — 3.1422 —
131 3.1385 — 3.1385 —
122 3.0792 3-0786 36-65 100 3-0749 3-0740 36-71 100
221 2.9620 — 2-9734 —
022 2.95197] 2.9502 2.9492 38.32 16
321 2:9471 29313 3829 17 2.9579 —
222 2-9401 2-9388 38-46 9 2:9381
112 29318 2:9320 38-56 34 2-9356] 29350 3851 37
312 2:9088 2:9085 38-88 29 2:9120 2:9102 38-85 29
131 2.87997 2.8836
230 28785 28784 39-30 53 2.8360] 28862 919 0
231 2.8717 2-8751 2.8730 39-38 1
320 2-8388 2-8390 3987 70 2.8542 2-8543 39-65 68
301 2-6959 — 27126 2.7116 4183 1
122 2-6392 2:6394 43.03 1 2.6421
311 2.6257 2.6415 26414 4300 !
040 2-6243 2-6249 43-28 26 2-6250
322 2:6224 2-6249] 2.6251 43.28 27
11 2:6111 — 2.6264
132 2-5747 — 2.5725 —
140 2-5404 2-5403 44.80 8 2-5422] 2.5423 4476 4
202 2-5353 2.5360 4488 37 2-5438
400 2:5312 2:5504 —
402 2:5130 ) ) 2:5208 2.5189 45.20 32
203 2-5124] 25136 43-30 31 2:5071 —
231 2-5051 — 2:5121 —
032 2-4989 2-4981 2-4972 45.61 9
331 24960 2:4993 4557 ! 2.5028 —
232 2-4917 2-4927 45.70 7 2-4907 2-4893 4577 7
212 2-4644 2-4723 2-4715 46-12 9
041 2-4632 2-4635
141 24615 2-4648 46-25 1 54617 2-4629 4629 1
410 2:4607 2-4784 2-4770 4601 2
113 2.4485 2-4438 —
412 2.4439] 2.4444 46-66 10 2.4511 2-4493 46.56 14
213 2-4434 2.4386
330 2.4292 2.4300 4695 2 2:4390 24387 4677
321 2-4093 2-4099 47.36 4 24216 2:4209 47-14 4
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Table 4.—contd.
x=0 x=0-4
hkl dcalc dobs zeobs I obs dcalc dobs Zeobs I obs
421 2-3980 2-3987 4760 2 2.4099 2-4086 47-39
003 2-3800 — 23777 — 2
141 2-3307 2.3328 —
240 2-3299] 2:3270 49-16 1 23341 —
241 2-3263 2.3283 2.3278 -14
013 2-3211 — 2.3190 — ¥ ?
313 2-3082 2:3086 49.58 3 2-3058
132 23006 23016 49.74 1 2.3027] 23018 49.74 15
332 2.2894 2-2904 50-00 1 .
553 52829 3 22912 22895 5002 14
] 22837 50-16 2 22892
420 2.2800 2.2941 —
123 2-2702 ] 2.2665
323 2-2662] 2-2672 50-55 2 2-2624] 2.2605 50-71 1
422 2.2666 2:2724 2.2704 50-47 1
11k —
) -~ (@)
11-0 : a ,
10-9 } '
10-8 / (A 15 20 25 30 35 40 45 50
] ; 3 26
—_— 4 o o
b 1 P (b)
| 2
{103
76 b o——
- 15 20 25 30 35 40 45 50
75 £ = g \\_ :
74 (©
©)
e — .,___o__;m’ 10
‘\\v\:‘ ﬂ
15 20 25 30 35 40 45 50
T S T VT S S G G S UL G O S W 26
0 05 10 5 X 20
Fig. 5. Variation in unit cell dimensions with x, for x = 0-2 (d)
along the Dy,Si,_,Al,07, N5, line.
it can be seen from Table 7 that reflections with 1 B~ ey
odd are either absent or very weak. In contrast to 26
the pattern at x = 0 where hk0 and corresponding
khO reflections are of comparable intensity, at ©)
x = 2, although the separation of these pairs is
quite measurable, only one is strong, while the
other is insignificant. However, a notable incon-
sistency to this fact appears at 2-89 A (39°), where a
15 20 25 30 35 40 45 50

strong line is indexed by the refinement as 131.
This is in agreement with the indexing of the ICDD
pattern for Dy,Al,Oy, but since there are several
almost overlapping lines with 1 even (230, 312, 320)

20

Fig. 6. Selected X-ray diffraction patterns for Dy J-phase
compounds: (a) series 1, x = 0; (b) series 2, x = 0-6; (c) series
3, x = 2.0; (d) series 4, x = 0-8; (¢) series 5, x = 1.4,
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Table 5. Unit cell parameters for Dy J-phase Series 1-5
eries |
S x=0 x=02 x=0-4
ah 10-7841(22) 10-8202(22) 10-8522(35)
bA 10-4973(21) 10-5007(24) 10-5002(35)
cA 7.6048(16) 7-5958(15) 7-5878(28)
© 110-135(14) 110-042(15) 109-937(29)
VA3 808-28 810-77 812-81
Series 2 x=05 x=06 x=0-8 x=09
aA 10-9244(74) 10-9598(25) 10-9873(41) 10-9966(24)
vA 10-3994(73) 10-3886(22) 10-3948(37) 10-4060(25)
cA 7-5489(53) 7-5359(19) 7-5225(26) 7-5177(17)
Jod 109-768(53) 109-589(18) 109-525(27) 109-466(18)
VA3 807-06 808-35 809-74 811.08
x=1.0 x=1-1 x=13 x=15
ah 11.0111(24) 11-0184(43) 11-0514(19) 11-0733(62)
bA 10-405(20) 10-4092(37) 10-4263(17) 10-4487(53)
cA 7-5074(15) 7-4967(30) 7-4803(12) 7-4676(43)
© 109-388(15) 109-269(30) 109-150(12) 109-040(45)
VA3 811-65 811-36 814-22 816-74
Series 3
] x=16 x=1.8 x=2.0
aA 11-0682(79) 11-1097(47) 11-1316(18)
bA 10-5069(65) 10-5110(46) 10-5278(19)
cA 7-4846(54) 7-4640(28) 7-4422(13)
£, 109-068(48) 108-958(30) 108-780(12)
VA3 822.64 824.32 825.73
Series 4
] x=0-8 x=09 x=1-0 x=1-1
aA 10-9740(68) 10-9940(60) 11-0171(82) 11-0406(107)
bA 10-4473(58) 10-4546(67) 10-4486(174) 10-4496(100)
cA 7-5305(41) 7-5239(56) 7-5198(21) 7-5231(103)
B 110-164(52) 109-900(52) 109-796(151) 109-857(104)
VA3 810-45 813.14 814.47 816-33
Series 5
. x=1.4 (m/c) x=1-4 (o/r) x=1.5 (m/c) x=1-5 (o/r)
aA 11-0984 10-4053(139) 11-1019 10-4424(55)
bA 10-4774 10-4872(169) 10-4800 10-4972(55)
cA 7-4951 7-4988(142) 7-4891 7-4988(45)
e 109-759 109-660
VA3 820-23 818-29 820.55 821.99

at this point, it would seem more likely that the
2-89 A line should be indexed as one of these.
Series 4 is observed in the range x =0-8 to
x=1-1. X-ray patterns appear to consist of a
major product and a small amount of an addi-
tional J-phase; neither of these corresponded to the
previously identified series, even allowing for the
fact that x = 0-8 represents the starting composi-
tion and the fired products may not be of exactly
the same composition. Table 8 shows X-ray dif-
fraction data for the end points of the series,
x=10-8 and x = 1-1. Refinement was carried out
as before, using PIRUM and PURUM, adhering
also to the conditions of space group P2,/a. In this
case agreement between observed and calculated
positions for designated hkl lines was very poor,
and although almost overlapping, pairs of

reflections corresponding to the alternative unit
cells e.g. 002/202, 112/312 were, in the main, reversed
in position by the refinement programmes. This
phenomenon suggests that there is a significant
change in a/b ratio between the J-phases of Series 2
and 4. This point can best be illustrated by plotting
calculated unit cell volumes as a function of com-
position (Fig. 7) which shows that the ends of the
compositional range (Series 1 and 3) appear to be
structurally related, whilst the region between
x = 0-5 and x = 1-5 shows discontinuities at either
end, indicative of a structural change.

Series 5, although referred to as such, is of very
limited extent, and describes a region in the com-
positional range x = 1-4 — 1-5 in which the X-ray
diffraction patterns become significantly simplified
so as to index apparently with orthorhombic
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Table 6. X-ray diffraction data for Dy J-phase Series 2
x=06 x=]-6 x=1.5
hkli dcalc dobx 290[’)5 Iobs dcalc dobs zeobs ]nbs dmlc dobs zeobs I, obs
110 73234 73374 1516 45 73510 73425 1515 39 73950 73048 1504 42
011 5817 58694 1398 5 58544 58505 1905 358493 53437 1907 2
020 51943 51973 2147 6 520257 52437 .
200 51627 51659 2160 7 sa933) SO 21498 soag) P07 38
201 50596 50630 204 9 SO60 50610 205 6 50692 50681 2202 3
120 46402 46415 2407 14 265161 4.6745
210 46233 46252 2416 44 deae7] Y6456 2405 46 ag795] 46701 2388 48
P11 4580 — 45806 4.5889 2436 2 46036 —
211 45488 45526 2455 | 45548 45697 2446 1 45608 45669 2447 2
220 36617 36620 3065 12 36755 36746 3055 9 36975 36998 3033 8
121 3641 1] 3.6471] 36597 36602 3067 1
36367 308 : :
201 36358 72 3p40p) ¥O456 3080 1 36703 36750 3054 <1
002 3-5499] 15513 3163 5 408 35403 3174 3 35295 3.5200 3184 4
T12 35420 35308 s aroa 3 35159 35157 3196 <|
302 35292 35304 3183 4 35194 35037 35074 3204 3
012 33592 33600 3349 7 33521 33527 3356 5 33430 33433 3. 6
312 33417 33425 3367 7 33339 33331 3376 4 33219 —
130 32832 32828 3430 12 3.2898) 3.3095
310 32672 32665 3448 42 32851 BT 42T M 3-3048] 33102 3401 47
031 31124 3.1148] , ‘ 3.1234
hl . s . 2 . .
P31 a1o] o 36z 4 U] snm o ose 2 3,“@] 31242 3601 2
122 30499 3.0508 3700 100 30440 30438 37.09 100 30376 30355 3719 68
221 29786 29806 3790 <1 29879  — 30032 —
112 29324 293217 29333 29326 3855 36
. . X . 4
022  29308) 90 BB M G, 2938 38636 29247 29192 3873 3
322 29192 29188 3874 15 29151 29154 3878 4 29099 ‘
T12 29092 29090 3887 32 29079 29075 3889 3 2.9038
230 28750 28747 3935 49 288437 aeer 3003 og 28995 | 29021 3897 100
320 280911 o1 1045 ez 28823 2.9016
131 2.8658, 28705  — 28812 28847 3921 4
311 26635 26630 4263 4 26757 26748 4243 3 26933 26042 4211 2
411 26482 — 26595  — 26732 26676 4255 71
122 26344 26334 4313 <1 26350 26355 4310 | 26380
400 25814 25811 4405 2 25967] o , 26168 26172 4341 3
040 25972 25961 4378 26 26013 28009 #7026 26122 26115 4351 23
202 2527] neen  aesg a5 2550 25580 4447 32 25641 25638 4436 34
132 25496 B oosme - 25468 25459 4469 5
302 25298 25290 4501 32 25330 25326 4494 27 2.5346
140 25187 25176 4522 20 223] Lo sz 18 2534 | 23361 a8 4t
410 25027 o030 4sag 3 2519 2.5385
231 25075 251427 — 25264 25243 4510 |
331 24984  — 25046 — 25145 25155 4526 2
032 24788) yurer 4sop  ap 24777 24780 4599 7 24791 24787 4597 9
212 24700) R 24831 24826 4590 10 24902 24898 4576 11
332 24718 24717 4611 6 24704 24704 4614 5 2.4701
312 24580 24573 4640 14 24611 24607 4633 10 24632 | 24658 4623 21
330 244117 24503 24508 4653 S 2.4650
041 24391 | 2438 4675 5 24418 — 244987 .
T4l 24374 24400 — 24476] (TAT0 46601
313 24221 24221 4711 3 24139 24139 4728 2 24022 23999 47.57 1

(apparently tetragonal®) symmetry. At x =1-4 in
particular, there is negligible broadening of lines,
indicating precise overlapping of reflections, invit-
ing attempts to refine the unit cell using higher
symmetry. Table 5 shows corresponding mono-
clinic and orthorhombic indexings for the sample
at x = 1-4 but there remains a distinct separation
for pairs of orthorhombic-type reflections such as
020/200, 012/102 and 032/302, eliminating any
possibility of the existence of a tetragonal cell.
The calculated pattern for the monoclinic cell is
obtained from 040, 200, 310, 02/002 and 12/012

reflections, but because of several precise over-
laps, this was unrefinable. However, the equiva-
fent orthorhombic unit cell did refine, albeit with
greater standard deviations than in the other
seriecs due to the close proximity of hk0/khO
pairs, as seen in Table 9. Another noticeable fea-
ture of the Series 5 patterns is that weak reflec-
tions for odd 1 disappear completely, indicating
that the ¢ axis can be halved. If there is an addi-
tional lattice point along the ¢ axis, then Fig. 4
shows that it is quite feasible to have an orthor-
hombic cell with dimensions a,, sinB.., bms €m/2,
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Table 7. X-ray diffraction data for Dy J-phase Series 3

x=16 x=2.0 46-367
hkl dcalc dobs zeobs [obs hkl dcalc dobs 20ob: Iobs hkl
110 7.4132 7.4173 1500 48 110 7.4482 74423 1495 40 110
001 70739 — 001 70460 7.0422 15-80 1
020 52535 . 200 52695 . 1 60 02 0%
200 5‘2304] 52333 21-32 9 020 55639 52673 21-18
120 4.6947 . 210 4-7122] ) 23.72 1 210
310 . 6823] 4.6825 286 S0 |, 47052 47097 3 5 2
211 4.5674 4.5720 24.45 1 211 4.5721 4.5698 24.46 5 211
021 42176 4.2203 26-52 1 021 42170 42156 26-55 2
220 3.7066 3.7068 30-27 5 220 3.7241 3.7233 3014 6 220
002 3.5369 3.5347 3179 5 002 3.5230 3.5226 31-90 3 002
112 3.5251 3.5294 3184 <1 112 3.5081 —~
202 3.5099 3.5132 31.99 1 202 3.4943 3.4942 32.17 3 202
211 3.4657 34640 3245 <1 211 3.4811 —
012 3.3521 3.3519 33.57 9 012 33409
212 3.3291 3.3448 33.64 1 310 3.3324 33319 3378 42 310
130 3.3211 — 130 3-3295
310 3.3095 3.3082 3403 35 212 33164 3-3153 33.95 3 _
122 3.0479 3.0489 3702 100 122 3.0384 3.0384 37.15 100 122
221 3.0092 — 221 30208 3.0209 37.38 5
112 2.9387 112 29369 2:9360 3850 20
022 2:9340 29361 38:30 ¥ 022 2:9278
222 29185 29220 3869 36 320 29220 29214 3870 96 320
230 29101 230 29208
312 2:9079 2:9050 3893 81 222 29112 —
320 2:9052 312 29038
131 28031 28934 3009 57 131  28986) 2000 B9 213N
231 28819 — 231 2-8865 2.8873 39.18 2
301 27642 — 301 27787 27787 40.77 1
311 26941 26947 4210 1 311 27096 —
122 26447 — 122 26444 2:6454 42.93 1
040 26267 26275 4323 15 400 26347 2.6320 4316 24 040
322 26222 26162 4343 ;7 040 26319
400 26152 322 26201 26236 43.30 5
202 2-5666 25642 4436 16 202 2.5712 2:5714 4423 27 202
132 25570 — 410 255597 _
140 25476 25470 4467 36 140 25535 2-5535 44.55 11 132
410 253787 132 25529
302 25358 25368 4486 27 231 25425 Z
231 2.5341 302  2s379) %NS 4826 402
331 25216 2:5212 45.16 1 331 25289 25283 45.02 2
212 2-4933 5.490) 4575 g 212 24978 2:4979 45.60 8 212
032 24887 032 24863 54851 45.85 9 330
232 24792 24801 45.95 11 330 24827}
203 24736 232 24761
330 5 4.“1] 24737 4607 11 3121 A7 48} 2-4760 4603 9
412 24650 412 24672
321 5 4622] 24653 4624 8 34l 54631 2-4669 4621 10 041*
141 24601 24590 46-36 1 203 245987
321 2.4462 - g21  24s713) 8L 463
241 23325 23312 49.07 3 241 23365 —

*hkl differs from present work.

consistent with the refined x = 1-4 orthorhombic
values of a=10-405(14), b=10-487(17), c¢=
3.749(7) A. In this case the two orientations of the
monoclinic cell shown in Fig. 4 have identical cells
with dimensions a=11-097(5), b= 10-477(5),
c=7-495(4) A; B=109-73(5)°. The condition for
an orthorhombic cell can be summarised as:
a,,c0s(180-8)=c,,/2.

If the ratio 2a,,cos(180—p8)/c,, is plotted as a
function of x (Fig. 8), it can be seen that the
value of this ratio is always below 0-99 for Series

1, 2 and 3 and by extrapolation would never
reach unity, whereas for Series 5, and indeed
Series 4, this condition is more nearly satisfied.
Figure 5 confirms that whereas the values of b
and ¢ for the orthorhombic phase are similar to
Series 3 values, there is a discontinuity in @ and
B, which is further evidence for the Series 5
orthorhombic composition having the different
symmetry. The similarity of a,,cos(180—8)/c,, for
Series 4 and 5 suggests, in addition, that Series 4
is structurally related to Series 5; the fact that the
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Table 8. X-ray diffraction data for Dy J-phase Series 4
x=0-8 x=1]-1
h k l dcalc dobs Zeobs I obs dcalc dobs Zeabs I obs
110 7-3352 7-3336 15-17 36 7-3657 7-3693 15-10 37
020 5.2237 5-2243 2136 3 5.2248 52347 21-31 3
200 5-1507 5-1532 21-65 5 5-1921 5-1836 21.52 5
201 50786 50796 21.97 <1 50914 —
120 4.6589 4.6576 23.99 9 4.6673 4.6674 23.94 7
210 4.6198 46192 2419 46 4.6498 4.6448 24.06 45
g 20 3.6676 3-6663 30-62 7 3-6829 3.6813 30-49 8
221 3.6413 3.6526 30.74 <1 3-6464 —
121 3-6381 3-6329 30-91 <1 3.6484 -
112 3.5422 3.5392
202 3.5383 3.5405 31.73 5 3-5354 3-5364 31.77 6
002 3.5345 3~5379J
311 3.41837 3.4171 3291 1 3.4328 —
211 3.4139 ] 3-4357 —
212 3.35147 33.55 8 3.34897
012 3.3480. 3.3539 3.3510] 3.3497 33.59 9
130 3.2990 3.2994 34.12 6 3.3024 3.3055 34.06 6
310 3-2621 3.2625 34.52 27 3.2858 3.2799 34.33 35
122 3.0544 3.0577 3691 100 3.0527 3.0544 36-95 93
222 2.92957 38.57 22 2-92817
022 2.9273) 2.9307 2.9295 | 2.9287 38.60 12
312 2:9208 2-9208 38-71 37 2:92307
112 2.9164 29115 38.84 2 2.9258 | 29223 3869 43
230 2.8849 2-8847 39.21 45 2.8926 2-8915 39.12 35
131 2.87057 2.8688 2-8758 —
320 2.8694 | 39.44 79 2-8856 2-8830 39.24 100
322 2.6288 2.63057
122 2-6256] 2-6287 4321 2 2.6326 | 2:6309 43.18 2
0 40 2:6118 2:6120 43.50 10 2-6124 2:6156 43.44 24
1 32 2.5566 2-5511 44.60 2 2-5557
402 2-5393 2-5383 44.83 39 2.54857
202 253507 25327 44.94 9 25457 ] 23432 a7 o
140 2-5317 2-5335 2-5353 44-89 8
410 2-5005 2.4984 45.59 2 2.5195 2-5172 45.23 2
232 2.4820] . _ 24813 . .
032 2-4806 | 2:4830 4589 10 2.4821 | 2:4829 4589 10
412 246757 24734
212 2.4635. 2-4666 46-21 17 2_4./,59] 2-4719 46-11 18
330 2.4451 2-4448 46-65 3 2-4552 2-4547 4645 3
213 24242 24215 —
113 2.4233 2-4170 47-22 ! 24221 _

B angle for structures in Series 4 is now greater
than the pseudoorthorhombic value of 109.73°
does nevertheless suggest a distinct structural
change.

4 Discussion

The present work shows that compositions in the
series between dysprosium J-phase, Dy4Si,O;N,
and the structurally similar aluminate, Dy,4Al,Os,
do not form a simple homogeneous solid solution.
The end members index satisfactorily in space
group P2;/a and have similar cuspidine-like struc-
tures, which extend as solid solutions in the ranges
0<x<0-4 and 1-6<x<2-0. For most of the interval
in between (i.e. 0-5<x<1-5), a slightly different but
nevertheless related structure is observed, char-

acterised by its significantly reduced b axis repeat,
and also by the increased intensities of odd 1
reflections barely visible in the other series. At the
high-x end of this range (1-4<x<1-5), compounds
show much simpler X-ray patterns which can be
indexed on the basis of an orthorhombic cell.
Finally, in the range 0-8<x<1-1 , one (or more)
additional monoclinic J-phases occur with cell
dimensions different from the Series 2 cell observed
in this region.

Structural variants of cuspidine-based minerals
are well known (e.g. Refs 23-25), and Merlino ef
al.?6 have summarised four different types of unit
cell, based on different stackings of adjacent Si,O-
double tetrahedral units (Table 10). It is interesting
that one sample of baghdadite?® indexes on a
pseudo-orthorhombic unit cell (a=90-04°, =90°,
y=90°) very similar to the Series 5 structures
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Fig. 8. Variation of 2a,cos(180-p)/c with x, for x=0-2
along the Dy,Si; ,Al,O74 N>, line.

observed here. Further work is in progress to cor-
relate the present structures with the structural
variants discussed by Merlino et al?® More
recently, there has been considerable interest in
phase transformations in (Ln,Y);Al,O9 phases.
Yamane et al.?’ observed a phase transformation
in Y4AL Qg at 1377°C. Takizawa et al.?® extended

Table 9. X-ray diffraction data for Dy J-phase Series 5 showing monoclinic and orthorhombic indexing at x = 1-4

Monoclinic Orthorhombic x=14
hkl dcalc hkl dcalc dobs zeabs Iabs
110 73971 110 7.3864 7.4078 1502 43
020 5.2387 020 5.2436 52412 21.29 2
200 5.2225 200 5.2026 52236 21-36 8
120 4.6827 120 46826 —
210 4.6740 210 4-6606 4.6754 23.90 48
220 3.6986 220 3.6932 3.6980 30.35 10
112 3.5286 012 3.5293 15270 1186 )
302 3.5279 : :
002 3.5269] 102 3.5262
212 3-3434
012 33426 112 3-3423 3.3424 33.67 13
130 33122 130 3.3137 —
310 3.3040 310 3.2930 3.3018 34.10 46
122 3.0480 022 3.0491 37.04 100
B 202 3.0410 30479
322 292627
312 2.9243 7
112 29232 212 29207 2.9234 38.67 62
230 2.9031 230 29016
320 28997 320 28928 28989 0 9
322 263281
122 26320 | 222 2:6306 2-6309 43.17 2
040 26194 040 26218 2.6191 43.38 31
400 26112 400 26013 —
132 2.5550 032 2.5564 25604 44.43 3
302 25513
202 2.5502] 302 2:5456 25485 44.64 59
140 25407 140 25423 2.5404 44.79 16
410 2.5337 410 2.5248 25311 44.97 4
232 24820
032 2-4816] 132 24825 24799 45.95 29
312 24788
212 2.4778 312 24738 2.4747 4605 7
330 2.4657 330 24621 2.4644 4625 6
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Table 10. Different possible unit cells for mineral cuspidine-
type compounds (after Ref. 26)

Type I i I v
a(A) 10-93 10-30 10-30 10.93
b(A) 10-30 10-93 10-30 10-93
c(A) 7:30 7-30 7-30 7-30
a(®) 90-0 109-5 90-0 109-5
B () 109.5 90-0 90-0 109-5
v (®) 90-0 90-0 90-0 836

this work to mixed rare earth aluminates of the
type (Ho,La);Al;09 and (Y,La);Al,Oy, which
transformed to an orthorhombic form at high
temperatures. The cell parameters for this orthor-
hombic compound were a = 21-093, b =10-554,
c=T7-499 A, but the indexed diffraction patterns
showed only lines with h even and 1 even, indica-
tive of a smaller sub-cell of dimensions
10-546x10-554x3-750 A, similar to that observed
for Series 5 compounds in the present work. Simi-
lar observations were made by Takizawa et al.?®
and by Shimada®® for compositions in the
(Ln,La);Al,Oqy series, where Ln=Gd, Ho. More
recently, Shimada et al3! have shown that for
Gd4AL Oy, the room temperature monoclinic form
can transform at ~1100°C to a higher temperature
monoclinic form, which in turn transforms to an
orthorhombic modification at ~1400°C.

Since transformations occur in the pure oxide
systems, it seems likely that they also occur in
oxynitride systems. In the present work, varying
the Si:Al and O:N ratios as the composition moves
from Dy,4Si,07N, to Dy,Al,Oy slightly changes the
geometry and the distribution of electrical charges
in the structure, and this may well favour the sta-
bilisation of the different structural modifications
identified by Merlino et al. for mineral structures.
Further work is in progress to characterise more
fully the structures observed in these J-phase oxy-
nitride systems.

5 Conclusions

Five slightly different types of cuspidine structure
have been identified in the range of composition
between the isostructural compounds Dy4Si,0/N,
and Dy,Al,Oy. Whereas the end members form
solid solutions extending 20% of the way from
either end, a structural change occurs at 25%
Dy,4Al,00, denoted by a marked decrease in the b-
axis repeat, whilst at the 75% Dy,Al,O9 25%
Dy,Si,0,N, composition, the X-ray pattern mark-
edly simplifies, with an apparently orthorhombic
structure resulting. These phenomena are almost
certainly related to the structural variants of the
cuspidine structure observed in mineral systems,

and also to the recently observed high temperature
phase transformations observed in mixed rare
earth LnsAl,Og aluminates.
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