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Abstract

Rietveld crystal structure refinements have been car-
ried out on the X-ray powder patterns of synthetic
N-melilite, Y,Si;N,0;, and J-phase, Y, Si,O,N,. The
melilite structure of Y,Si;N,O; is confirmed, in which
sheets containing Si,0, double tetrahedra are linked
by Y polyhedra in which two of the eight Y-O contacts
are significantly longer (2-784). The present data
were unable to furnish unambiguous details of O/N
ordering in either N-melilite or J-phase. The struc-
ture of J-phase contains either Si,OsN, or Si;OsN
ditetrahedral units containing N in the bridging
position and arranged lengthwise along the a-axis.
These units are linked by Y polyhedra. Of the four
distinguishable Y sites, three have seven contacts
with O and N atoms within 2-84. One of these sites
also has one longer O/N contact at 2-92A. The
fourth Y site is in 6-fold coordination.

1 Introduction

Yttrium oxide is commonly used to promote sin-
tering in silicon nitride and the sialons. In these
systems, it reacts to form intergranular yttrium sil-
icon oxynitrides, of which the X-ray powder pat-
terns and compositions of several have been
reported.! Of these, the two phases which we have
most commonly encountered in our solid-state
nuclear magnetic resonance studies of silicon nitride
sintering’ have been Y,Si,N,O; and Y,Si,O;N,.
The former was detected by Rae et al® in hot
pressed Si;N, with yttria additions, and identified
as having structural similarities with the melilite
minerals, of which the end members are akerman-
ite (Ca,MgSi,O,) and gehlenite (Ca,AlSi0;). The
suggested structure of the new Y-containing
melilite was derived from akermanite by exchang-
ing Y for Ca, Si for Mg and four of the seven
oxygens for nitrogen.? A satisfactory refinement of
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the powder data was achieved on this basis, but it
was not determined whether ordering was occur-
ring in the O/N sites, which for the purpose of the
model were assumed to be occupied randomly.

No structural refinement has been published for
J-phase, although Wills ez al.* have suggested it to
be isostructural with cuspidine (Ca,Si,0,F,), and
indexed the powder pattern of a hot-pressed speci-
men on the basis of a cuspidine-like monoclinic cell.

The present structural study was made possible
by the availability of essentially monophase poly-
crystalline samples which have been synthesised in
the course of an ¥Y MAS NMR study.

2 Experimental

The phases were synthesised from Si;N, (H.C.
Starck GmbH & Co., Grade LC 10), Y,0; (Sigma
Chemical Co.) and, in the case of J-phase, fine
Si0, (Mintech NZ Ltd, Snowsil 350). Appropri-
ately batched mixtures were ball milled for 16 h in
ethanol using Si;N, milling media. The solvent was
removed using a rotary evaporator and the powder
was pressed into pellets and fired for 2 h in a flow-
ing atmosphere of purified oxygen-free nitrogen
in a graphite furnace (Thermal Technology Inc.).
N-melilite was found to be extremely sensitive to
the reducing potential of the furnace atmosphere,
and had to be fired at 1740°C in a powder bed of
BN containing a small amount of Si;N, and SiO,,
contained in a loosely covered alumina pot. J-phase
was readily formed at 1650°C in a BN powder bed
contained in a closed graphite pot.

The O:N ratios in both materials were deter-
mined by particle-induced y-ray emission (PIGME),
in which the sample is exposed to a deuteron
beam generated in an accelerator, and the +y-rays
from the resulting nuclear reactions are detected
and analyzed.’ The calibration materials were Y,0s,
which was used as the O standard, and Si;N,,
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which was used as the N standard after correction
for its residual O content. The results indicated
O:N ratios of 07 = 0-1 and 32 * 01 for
N-melilite and J-phase respectively, in reasonable
agreement with the ratios expected from the ideal
formulae (0-75 and 3-5 respectively).

Powder diffraction data for each phase were
collected using a Philips PW1700 series computer-
controlled diffractometer with Philips APD1700
software, a fixed I° divergence slit, primary beam
Soller slits, 0-2 mm receiving slit and graphite sec-
ondary monochromator. The pattern was col-
lected from 10-154° 26 at 0-04° intervals using Co
Ka radiation (40 kV, 35 mA), counting for 5 s per
step. The initial cell parameters for J-phase were
obtained from an indexed and refined pattern
from a Huber 620 114-6 mm Guinier camera used
in conjunction with a KEJ Instruments LS20
microphotometer.

The data were then converted into a form suitable
for Rietveld refinement by the GSAS programme
suite,® using A Co Ka,, a, = 178896, 1-79284 A
and ratio (e /a,) of 2-0. The relevant refinement
variables are listed in Table 1. Beam polarisation
was corrected using the value for 26, of 31-0°.

3 Results and Discussion

3.1 N-melilite refinement

The starting point for this refinement was the pre-
liminary structure of Rae ef al.®> The structure was
refined in space group P-42m using fixed O/N
occupancies at the N(4)O(3) sites (see discussion
below). The final cell parameters are shown in Table
1 and the refined atomic co-ordinates in Table 2,
corresponding to R,, 0-116 and R, 0-087, where

pr = (EW(IO - IC)Z/EWIOz)V2
R, = 3L, - L/3 1,

Iy, I, are the observed and calculated total profile
intensities and w are the weights (taken as I,™') for
each point.

The final Rietveld fitted diffraction pattern for
N-melilite, all the possible Bragg reflection positions
for this phase (vertical bars) and the difference
between the calculated and observed intensity is
shown in Fig. 1.

The calculated bond lengths and angles for this
structure are shown in Tables 3 and 4 respectively.

The structure consists of Si,0, ditetrahedra
(containing Si(2)) linked together by the Si(l)

Table 1. Final Rietveld refinement variables for N-melilite (Y,S1,0;N,) and J-phase (Y,Si,0,N;) with Y,O; minor phase

N-melilite J-phase (+) Y,0;
Symmetry Tetragonal Monoclinic — Cubic
Space Group P-42m P2,/c — Ia-3
a, (A) 7-6083(1) 7-5601(2) — 10-6020
b, (A) 7-6083(1) 10-4411(3) — 10-6020
¢, (A) 4-9113(1) 10-7626(3) — 10-6020
a, (°) 90 90 — 90
B, (®) 90 110-042(2) — 90
7. (®) 90 90 — 90
P cales g/CC 4.277 4-592 — 5-034
26 zero (°) 0-018(2) 0-009 —
Max.shift/error 0-03 0-11 — 0-01
No. contributing reflections 294 2216 — 286
No. contributing observations 3599 — 3599 —
No. profile coefficients 5 — 6 —
No. background coefficients 4 — 7 —
No. soft restraints 0 — 2t —
‘No. of variables 26 — 63 —

Si(2)-N(1), Si(1)-O/N(6) restrained to 1-61 A 1007A.

Table 2. Final atomic co-ordinates and isotropic temperature factors in N-melilite, Y,Si;O;N,. Standard deviations in parentheses

Atom Site multiplicity x y z 100*U(iso) Nt
Y 4 0-1637(1) 0-6637(1) 0-5046(3) 13203) 4
Si(1) 2 0 0 0 1-17(7) 2
Si(2) 4 0-3591(3) 0-8591(3) 0-9465(7) 117(7) 4
o(1) 2 0 05 0-203(3) 0-4(1) 0-858
N(I) 2 0 05 0203(3) 0-4(1) 1-142
0(2) 4 0-3553(8) 0-8553(8) 0-282(2) 0-4(1) 1.716
NQ) 4 0-3553(8) 0-8553(8) 0-282(2) 0-4(1) 2.284
0(Q3) 8 0-0923(7) 0-1596(7) 0-206(1) 0-4(1) 3432
NG) 8 0-0923(7) 0-1596(7) 0-206(1) 0-4(1) 4.568

"Total cell occupancy factor (e.g. 4 Y’s per cell).
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Fig. 1. Final diffractogram for N-melilite, Y,Si;03N,.

Table 3. Interatomic distances in N-melilite, Y,Si;O3N,

Table 4. Bond angles in N-melilite, Y,Si;O;N,

Y-O/N(1) 2:303(8) A
—~O/N(2) 2-334(8)
~O/N@2') (2x) 2-574(6)
—O/N(@3Y (2x) 2:337(6)
Mean 2411 A
Y-O/N (3" (2x) 2.783(6) A
Si(1)-O/N(3) (4x) 1-730(6) A
Si(2)-O/N(1)* 1-683(6)
—O/NQ)* 1-648(8)
—O/N@3Y (2x) 1-733(6)
Mean 1-699 A

Equivalent sites are generated by symmetry operations: “O/N(2")
y—1, 1-x, 1-z; 1=y, x, 1-z; !O/N(3) y, 1-x, 1-z; 0-5-x, 0-5+y,
1-z; “O/NQG) X, ¥, 23 ¥, =X, —2; =X, ¥, Z; ¥, X, 23 “O/N(1) »,
1-x, 1-z; “O/NQ2) x, y, 1+z;7O/N(3") —x, 1-y, z; 0-5-y, 0-5-x, z.

tetrahedra to form sheets which lie parallel to the
001 plane of the tetragonal cell (Fig. 2). The tetra-
hedral sheets are linked by yttrium atoms in 8-fold
co-ordination with O and N. Two of the Y-O
contacts are long (>2-6 A); these are indicated
with broken lines in Fig. 2. The Y site geometry
of the 6 contacts <2-6 A approximates trigonal
prismatic (Ds;) rather than octahedral, their mean
bond lengths around the Y being 2-41 A. The
question of ordering on the O/N sites was exam-
ined in further detail by refining the data on the
basis of three different models.

The first model, which has been adopted by Wang
and Werner (personal communication) in a Rietveld
refinement of Y and N melities, places all the nitro-
gens in one site, corresponding to the present
O/N(3). Since there appears to be no steric or stoi-
chiometric reason for adopting this simple atom

O/N(3)-Si(1)-O/N(3") (4x) 110-1(3)°
-O/N@3") 2x) 108-3(3)
Mean 109-5°
O/N(1)-8i(2)-O/N(2) 117-2(5)°
—0O/N(3) 2x) 103-3(3)
O/N(2)-Si(2)-O/N(3) (2x) 114-9(3)
O/N(3)-Si(2)-0O/N(3") 100-7(3)
Mean 109-1°
O/N(1)-Y-O/N(2) 111-9(3)°
-0O/N(2") (2x) 74-9(3)
-O/N(3) (2x) 144-5(2)
O/N(2)-Y-O/N(2") (2x) 142-7(2)
~O/N(3) (2x) 78-3(3)
O/N(2)-Y-O/N(2") 74-4(3)
-O/N(3) (2x) 77-6(2)
-O/N(3") (2x) 118-4(3)
O/N(3')-Y-O/N(3) 69-7(2)

*See Table 3 for definitions of symmetry operators for gener-
ating primed atoms.

distribution, a second model was tried, in which no
restrictions were placed on the occupancies of the
three O/N sites. On refinement, the resulting occu-
pancies of each site produced an inconclusive stoi-
chiometry not consistent with the analyzed O:N
ratio; furthermore, no significant improvement in
the refinement was obtained. In a third model, the
known O/N stoichiometry was taken into account,
with 3/7 of the oxygens and 4/7 of the nitrogens
being allocated to each site. Again, no significant
difference was observed in the refinement, indicat-
ing that the present data are not sufficiently good
to differentiate between these three possibilities.
Since this work was carried out, a "N NMR study
of N-melilite (R. K. Harris, personal communica-
tion) has provided evidence of three distinct N
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Fig. 2. View down b-axis of N-melilite cell, ORTEP II plot.!® Dashed lines indicate Y contacts longer than 2-6 A.

environments, suggesting an O/N ordering scheme
in which O/N(1) contains only N, O/N(2) contains
only O and O/N(3) contains an ordered arrange-
ment of O and N. Since such a configuration
would destroy the tetragonal symmetry, it was
suggested that disorder must occur in O/N(3). The
present Rietveld refinements can not discriminate
between these levels of ordering; model 3 (above),
in which the N and O are allowed to mix over all
the O/N sites consistent with the compound stoi-
chiometry, was adopted as the basis for the struc-
tural data of Tables 3 and 4.

3.2 J-phase refinement

The atom positions used as a starting point in the
refinement were taken from the crystal structure
of cuspidine determined by Saburi et al.” which
were first transformed to conventional P2,/c
co-ordinates. The original work of Wills et al*
assumed the Ca and F positions in cuspidine to be
filled by Y and N respectively, but subsequent *Si
and "N NMR results® have suggested other possi-
ble N/O ordering schemes. Hauck er al® have
observed two "N NMR signals in J-phase, which
they assign to N in sites located in the bridging
and terminal (non-bridging) positions of the Si
ditetrahedral unit. This arrangement would lead
to the presence of two Si environments (SiO;N
and SiO,N,); the observation of only one (albeit
broad) ¥Si resonance was explained in terms of
the overlap of these two unresolved resonances.®
There are, however, at least two other N/O order-
ing possibilities which do not involve the ditetra-
hedral Si unit (hereafter called ‘ionic’ sites). These
were not discussed by Hauck et al.® but could give
rise to two different >N resonances and one Si
resonance. Other possibilities include the location
of N in one of the sites in the ditetrahedral unit

and one of the ‘ionic’ sites, or in the two crystallo-
graphically distinguishable ‘ionic’ sites. Of these
possibilities, the former may be the more reason-
able, since the position of one of the observed ’N
resonances is comparable with the position found
for NSi, species in other oxynitride compounds;
this may correspond to the bridging site, as as-
signed by Hauck et al® The present Rietveld data
were therefore refined on the basis of four models:
(i) that of Hauck ez a/ in which one N occupies the
bridging site and one N is randomly distributed
over the terminal sites of the ditetrahedral units;
(1) one N occupies the bridging site of the ditetra-
hedral unit with the other N located randomly in
the ‘ionic’ sites; (ii1) as for model (ii), but with only
one of the two distinguishable ‘ionic’ sites occupied
by N; and (iv) the N’s occupy both the ‘ionic’ sites.
All four models gave very similar values for R,
but with a 0-2% better value obtained for models
(i) and (i1) containing a bridging N. The tabulated
structural data are based on model (i), although this
choice is arbitrary, since the present refinements
give no reason for preferring this over model (ii).
The final refined cell parameters determined for
the present J-phase are listed in Table 1. During
the refinement, a small amount (ca. 5%) of unre-
acted Y,0; was allowed for by refining it as a sec-
ond phase, using the coordinates of Hanic et al.’;
the same profile function was assumed for the
impurity as for the major phase because the very
low concentration of the former made it impossible
to determine an independent profile function. As
part of the refinement process, the scale factor
between the two phases was also refined. The
isotropic thermal parameters for the Y, Si atoms
were refined as two common values and those for
the remaining atoms were fixed. The Rietveld
refined diffraction pattern for this sample is shown
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Fig. 3. Final diffractogram for J-phase, Y,Si,0;N,, with Y,0; minor phase.

Table 5. Final atomic co-ordinates and isotropic temperature
factors in J-phase, Y,Si,0,N,, and Y,0s. Standard deviations
in parentheses. The multiplicities are all four in J-phase -

Atom x y z 100*( Ul iso)
(a) J-phase

Y(1) 0-8328(8) 0-1214(6) 0:4290(5)  1-14(3)
Y(2) 0-3358(9) 0-1227(6) 0-4173(5)  1:14(3)
Y(3) 0-5281(9) 0-4135(4) 0-3107(4)  1-14(3)
Y(4) 0-0232(8) 0-4024(5) 0-2885(4)  1-14(3)
Si(1) 0-735(2) 0-188(2) 0-132(1) 0-8(2)
Si(2) 0-155(2) 0-185(1) 0-116(1) 0-8(2)
N(1) 0-939(4) 0-240(2) 0-109(2) 08
O/N(2) 0-717(5) 0-035(4) 0-170(3) 0-8
O/N(3) 0-210(5) 0-031(4) 0-168(3) 0-8
O/N®4) 0-715(4) 0-275(3) 0-251(3) 0-8
O/N(5) 0-282(4) 0-265(3) 0-244(2) 0-8
O/N(6) 0-577(4) 0-233(3) -0-013(2) 0-8
O/N(7) 0-164(4) 0-220(3) -0-026(2) 0-8
o(1) 0-431(8) 0-494(3) 0-107(4) 0-8
0O(8) 0-918(5) 0-519(2) 0-097(3) 0-8

(b) Y50,

Y(1) 0-25 025 0-25 1-0
Y(2) —0-0316(8) 0 0-25 1-0
o(1) 0-376(5) 0-162(3) 0-380(7) 1.0

in Fig. 3, together with all the positions of all the
calculated Bragg reflections for both phases, and
the difference between the calculated and observed
intensities.

The final atomic co-ordinates are shown in
Table 5, corresponding to R,, 0-101, R, (both phases)
0-075. The final weight fraction of J-phase and
Y,0; was 0-953 and 0-047 respectively. The refine-
ment of Y,0; minor phase gave a Y(1)-O(1) bond
length of 2-13(6) A and the three Y(2)-O bond
lengths of 2:27(5) A, 2-:30(6) A and 2-41(5) A.

The calculated bond lengths and angles for
J-phase, based on model (i) are listed in Tables 6
and 7 respectively.

Table 6. Interatomic distances in J-phase, Y ,Si,0,N,

Si(1)-N(1) 1723 A
~O/N(Q2) 1-69(4)
—O/N(4) 1-61(3)
—-O/N(6) 1-66(2)

Mean 167 A

Si(2)-N(1") 1-67(2) A
~O/N(3) 1-67(3)
~O/N(5) 1-67(3)
~O/N(T) 1-57(2)

Mean 1-65 A

Y(1)-N(1) 2:38(3) A
~O/N(2) 278(3)
~O/N(4) 2:38(3)
~O/N(6") 273(3)
-0(1") 2:33(4)
~O(8" 2:27(4)
—0O(8) 2.25(3)

Mean 244 A

Y(2)-O/N(3) 272(3) A
—O/N(5) 2:36(3)
—O/N(6") 2:28(3)
—O/N(7" 2:34(3)
-0(1" 2:32(4)
-O(1) 2:27(3)
-0O(8) 2-16(4)

Mean 235A

Y(3)-O/N(2") 2:30(4) A
~O/N(@3") 2-29(4)
—~O/N(4) 231(3)
~O/N(5) 2:28(3)
—O/N(6) 2-38(3)
-O(1) 2:20(3)

Mean 229 A

Y(4)-N(1") 2:49(3) A
—O/N(2Y 2:30(4)
—O/N(3") 2-40(3)
~O/N(4") 2-63(3)
~O/N(5) 2-58(3)
—O/N(7" 2:30(3)
—-O(8™) 2-31(3)

Mean 243 A

*Symmetry operations for primed atoms: N(1'), O(1'), O/N(6"),
O/N(T), O(8): x, 0-5-y, 0-5+z; O(1"), O/N(2"), O/N(3"),
O(8"). 1-x, y, 0-:5+x. 0-5-z; N(1"), O/N(4"), O@8®"™): x-1, y, z;
O/N(@3"): —x, 0-5+y, 0-5—=z.
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Table 7. Bond angles in J-phase, Y,Si,O;N,’

N(1)-Si(1)-O/N(2) 118(2)°

~O/N(4) 106(2)

~O/N(6) 102(2)

O/N(2)-Si(1)-O/N(4) 106(2)

-O/N(6) 114(2)

O/N(4)-Si(1)-O/N(6) 111(2)

Mean 109-5°
N(1")-Si(2)-0O/N(3) 116(2)°

~O/N(5) 98(2)

-O/N(7) 106(2)

O/N(3)-Si(2)-O/N(5) 104(2)

~O/N(7) 115(2)

O/N(5)-Si(2)-O/N(7) 1172)

Mean 109-3°
N(I)-Y(1)-O/N(2) 160(1)°

-O/N4) 101(1)

—O/N(6) 62(1)

-O(1" 123(1)

-0O(8") 109(1)

-0(8) 80(1)
O/N(2)-Y(1)-O/N(4) 61(1)°

—O/N(6") 115(1)

-O(1" 71(1)

-O(8" 73(1)

-0(8") 120(1)
O/N(4)-Y(1)-O/N(6") 74(1)°

~O(1" 100(1)

-0O(8™M 108(1)

-0(8) 175(2)
O/N(6)-Y(1)-O(1") 74(1)°

—O(8™M 171(1)

-0O(8") 102(1)
O(1N-Y(1)-O(8") 114(1)°

-0(8") 76(1)
O8"-Y(1)-O(8) 77(2)°

O/N(3)-Y(2)-O/N(5) 62(1)°

-O/N(6") 123(1)

—O/N(7") 119(1)

—-O(1™M) 73(1)

—O(1" 128(1)

—O(8" 76(1)
O/N(5)-Y(2)-O/N(6") 74(1)°

—O/N(T) 78(1)

-0(1" 103(1)

-O(1") 168(1)

-0O8" 112(1)

O/N(6')-Y(2)-O/N(T) 83(1)°

01" 84(1)

—O(1) 94(1)

-O(8") 159(1)
O/N(7)-Y(2)}-0(1") 166(1)°

~O(1") 99(1)

—0(8") 79(1)
O(1")-Y(2)-0(1") 78(2)°

-O(8") 113(1)
O(1)-Y(2)-0(8") 78(1)°
O/N(2"}-Y(3)-O/N(3") 114(1y

—O/N(4) 166(1)

~O/N(5) 78(1)

~O/N(6") 100(1)

~0(1) 83(1)
O/N(3")-Y(3)-0O/N(4) 78(1)°

—O/N(5) 165(1)

—~O/N(6") 112(1)

-0O(1) 84(1)
O/N(4)-Y(3)-O/N(5) 89(1)°

—O/N(6" 82(1)

-0O(1) 90(1)
O/N(5)-Y(3)-O/N(6") 74(1)°

-0(1) 88(1)
O/N(6")-Y(3)-0(1) 160(1)°
N(1")-Y(4)-O/N(2") 122(1y°

—O/N(3™) 123(1)

—O/N(4") 63(1)

—O/N(5) 60(1)

—O/N(T) 102(1)

-0(8™) 76(1)
O/NQ")-Y(4)-0O/N(3") 105(1)°

~O/N(4") 175(1)

—O/N(5) 72(1)

—O/N(7) 93(1)

—0(8"™ 82(1)
O/N(3")-Y (4)-O/N(4") 70(1)°

—O/N(5) 177(1)

—O/N(T) 106(1)

-0(8™) 80(1)
O/N@")-Y (4)-O/N(5) 113(1)°
—O/N(7") 88(1)

—-0(8") 97(1)
O/N(5)-Y (4)-O/N(T) 74(1)°
—O(8™) 99(1)
O/N(7)-Y(4)-O/N(8") 173(1)°

*See Table 6 for definitions of symmetry operators for generating primed atoms.

The structure of J-phase according to the model
whose parameters are listed in Tables 6 and 7 con-
sists of ditetrahedral units distributed lengthwise
along the a-axis as in Figs 4 and 5, in which the
bridging atom is shown as a nitrogen N(I), with

the other nitrogens distributed randomly over the
terminal sites O/N(2)-O/N(7) of these Si,Os;N,
units. This represents one possible O/N ordering
arrangement which is consistent with the two N
sites distinguishable in the published "N NMR
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Fig. 5. Cell contents of J-phase, viewed down the c-axis,

ORTEP II plot.”® Thicker lines show the ditetrahedral unit,

thinner lines show other bonding contacts. Atom symbols as
for Fig. 4.

data?®; the substitution of one N into the crystallo-
graphically distinguishable ‘ionic’ sites O(l) and
O(8) cannot be ruled out by the present data. The
ditetrahedral units are linked through O/N atoms
with edge-shared Y polyhedra (Fig. 6) to form a
corrugated wall in which four different Y environ-
ments can be identified (Tables 6 and 7). The Y

O ON
b
l & Si0, Tetrahedra
a
Y polyhedra

Fig. 6. Polyhedral coordination in J-phase, STRUPLO-90
plot.!! Unit cell indicated by broken lines.

polyhedra are linked together to form columns
parallel to the g-axis, the columns forming three-
dimensional networks by edge sharing. The Y-O,
Y-O/N interatomic distances vary considerably;
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the basis of these contacts <2-8 A, the Y(1),

Y(2) and Y(4) sites are all 7-co-ordinated. An
additional contact with O/N(7) occurs at a distance
of 2:92(3) A from Y(1). Site Y(3) is 6-co-ordinated,
with distorted octahedral geometry.
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