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Abstract

A complete solid solution between Yb4Si2O7N2

(ytterbium nitrogen woehlerite) and Yb4A12O9 with
general formula Yb4Si2ÿxAlxO7+xN2ÿx has been
established by pressureless sintering at 1670±
1700�C. X-ray powder di�raction patterns of inter-
mediate members reveal a pronounced tetragonal
pseudosymmetry. Unit cell parameters increase in a
non-linear way with increasing alumina content.
Weight loss of the solid solutions increases with
increasing Al/Si ratio on heating in the temperature
range 1950±2000�C under 1 bar nitrogen pressure
which implies partial decomposition of the formed
aluminates, although the temperature at which the
thermal decomposition begins, rises at the same
time. Coarsening of the microstructure was observed
with the increase of the amount of alumina dissolved.
Oxidation resistance of the solid solutions improves
considerably with higher alumina content. Thus,
alumina-containing nitrogen woehlerite solid solu-
tions may be considered as favourable secondary
grain boundary phases in Si3N4-based ceramics.
# 1998 Published by Elsevier Science Limited. All
rights reserved

1 Introduction

Silicon nitride-based ceramics have been inten-
sively studied for many years and are used for
high-temperature structural applications owing to
the favourable combination of chemical and
mechanical properties in a wide temperature
range. However, dense Si3N4 components cannot

be produced by means of a classical solid-state
sintering process. Complete densi®cation of silicon
nitride is possible only by the addition of oxide
sintering aids. As a result, dense silicon nitride
materials consist of highly refractory �-Si3N4 grains,
or a mixture of �- and �-Si3N4 ones, separated by
less refractory vitreous phases. The high-tempera-
ture behaviour of Si3N4 materials primarily
depends on the amount, distribution and chemical
composition of the amorphous intergranular phases
which are basically RE silicates and/or aluminates.
De®nite improvement of the high-temperature
properties can be achieved by intergranular phase
crystallisation.1±4 However, this possibility is
known to be of limited e�ectiveness.
An alternative approach to secondary phase tai-

loring in silicon nitride ceramics, namely sialons,
was proposed very recently.5±10 There it was stated
that nitrogen melilite-based solid solutions
containing Al2O3, designated MSS (RE2Si3ÿx
AlxO3+xN4ÿx, with RE � La to Lu, and Y, and
x�1), can serve as an excellent alternative to the
traditional oxysilicates in the role of secondary
intergranular phases. However, the secondary
phases that were produced by these authors were
not phase pure nitrogen melilite solid solutions
(MSS), but rather a mixture of phases, one of them
being nitrogen woehlerite, RE4Si2O7N2, and its
Al2O3 doped solid solution. Furthermore, the
Al2O3 solubility limits in nitrogen melilite solid
solutions were reported to decrease with decreasing
RE3+ ionic radii. No solid solubility was observed
for RE � Yb.7,10

The most recent publication on RE±melilite solid
solutions10 covers not only formation conditions
and stability of both pure RE±melilites and their
Al2O3-containing solid solutions for a number of
RE elements with varying ionic radii but also
outlines systematic trends in the solid solubility,
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unit cell dimensions, and the competition with
neighbouring phases. The latter are rationalised in
terms of ionic size e�ects and acid-base reactions and
summarised in a series of tentative phase diagrams.
It was also clearly shown, which is of primary inter-
est in regard of the present work, that the stability
of alumina-containingREwoehlerite solid solutions
increases with the decrease of RE ionic radius.
Nitrogen woehlerites (N±woehlerites), also

known as J-phases, are compounds with the gen-
eral formula RE4Si2O7N2, where RE � La to Lu,
and Y. These phases were discovered relatively
early in the course of silicon nitride development11

but together with N±melilites, general formula
RE2Si3O3N4, they were not considered as promis-
ing secondary phases due to their poor oxidation
resistance at temperatures exceeding 1000�C.12

Under such conditions cristobalite and rare earth
silicates are formed which causes a volume expan-
sion of up to �30% resulting in catastrophic fail-
ure of the material. However, the alumina-
containing N±melilite solid solutions show very
good oxidation resistance.5±9 Additionally, they
crystallise readily on cooling from the liquid phase
thus providing both higher rate and extent of crys-
tallisation than in the case of devitri®cation of
glasses by means of post-sintering heat treatments
or controlled cooling.6 Moreover, and which is of
high value from the standpoint of potential appli-
cation, these phases do not form low-temperature
eutectics with the Si3N4 matrix and have much
better refractoriness in general (melting points lie
in the temperature range 1780±1850�C6).
Only Y-containing N±woehlerite, Y4Si2O7N2,

was thoroughly investigated and described in
regard of structure and some properties. Complete
solid solution with Y4Al2O9 was reported.11 Full
and consistent structural characterisation of
Y4Si2O7N2 was accomplished only recently and it
was proven that it is isostructural with the mono-
clinic mineral cuspidine Ca4Si2OFF2.

13 All the
other N±woehlerites were subjected to only mar-
ginal scrutiny and are normally referred to as iso-
structural compounds.
The present paper focuses on structural char-

acterisation and thermal properties of Yb±nitrogen
woehlerite, Yb4Si2O7N2, and its Al2O3-containing
solid solutions. Properties of the solid solutions were
investigated in order to evaluate their suitability as
alternative grain boundary phases in Si3N4-based
ceramics for high-temperature applications.

2 Experimental

Pure Yb±N±woehlerite Yb4Si2O7N2 and three
Al2O3-containing solid solutions with general

formula Yb4Si2ÿxAlxO7+xN2ÿx, where x � 0�33, 1,
and 1.33 (i.e. with Si/Al ratios of 2/1, 1/1, and 1/2),
as well as Yb4Al2O9 (YbAM) were synthesised
from Si3N4 (>98% �-Si3N4; GP 14/13, Starck
Germany), Yb2O3 (99.5% purity; Ventron, Ger-
many), Al2O3 (99.99% purity; AKP-30, Sumitomo
Chemical Corp., Japan), and SiO2 (>99.8%
purity; Aerosil 2000, Degussa, Germany) powders.
Corrections as to oxygen content in the silicon
nitride powder were made in the compositional
calculations. Mixtures were prepared by attrition
milling in dehydrated ethanol with Si3N4 milling
media for 4 h with subsequent drying in a rotation
evaporator and sieving. Cylindrical samples
(14.5mm diameter and 12mm height) were pre-
pared by cold isostatic pressing under 630MPa.
Sintering, with the exception of YbAM, was per-

formed in a gas-pressure furnace with graphite
heating element (Astro Industries, Santa Barbara,
USA) under slight (0.2±0.3MPa) overpressure of
99.99% pure nitrogen. Samples were placed in
individual BN crucibles with a powder bed identical
to the composition of the samples. Sintering tem-
peratures varied between 1650 and 1700�C. Holding
time varied from 2 up to 72 h. Sintering periods of at
least 4 h were necessary to obtain equilibrium.
Yb4Al2O9 (YbAM) was synthesised by ®ring a

pellet of a proper composition in air at 1700�C on
a Yb2O3 powder bed two times for a period of 50 h
with intermediate grinding.
The sintered materials were subsequently char-

acterised by X-ray di�raction (XRD) and scanning
electron microscopy (SEM). XRD was carried out
on a Siemens D5000 powder di�ractometer (posi-
tion-sensitive detector, Ni-®ltered Cu K�, radia-
tion, measuring range 6 to 80� 2�, step width 0.02
2�, counting time 20 s). Phases were identi®ed
using data available in JCPDS Powder Di�raction
®le (PDF).14 For XRD of powdered specimens,
99.999% pure silicon was used as an internal stan-
dard. Indexing and unit cell re®nements were done
with the least-square re®nement program of
Benoit15 which is a PC version of the well-known
Appleman and Evans software.16 The SEM exami-
nations were performed with a Cambridge S200
(Cambridge Instruments, UK) with an attached
WDX analyser Microspec 2A. The samples were
prepared by standard ceramographic procedure
which included multistage polishing by diamond
tools with or without subsequent plasma etching
(Plasma Barrel Etcher PT 7150, Bio-Rad, UK).
Thermal stability of the synthesised compounds

was determined by means of simultaneous (DTA/
TG) thermal analysis (STA 501, BaÈ hr, Germany).
Temperature was measured with an optical
pyrometer. Samples were placed into BN crucibles.
Calibration with the melting point of 99.99% pure

544 V. A. Ijevskii et al.



Al2O3 was done directly prior to our measure-
ments. A heating rate of 10Kminÿ1 from RT up to
1200�C and of 1Kminÿ1 from 1200 to 2100�C,
with an inverse cooling schedule, were applied.
Di�erential scanning calorimetry (DSC; model

`Multi-Detector High-Temperature Calorimeter'
equipped with a DSC detector with upper tem-
perature limit 1400�C; Setaram, France) was used
to characterise a synthesised Yb4Al2O9 sample. A
Pt crucible and 99.999% pure Ar atmosphere were
used for the DSC investigations. Heating and
cooling rates were 1 and 5Kminÿ1. The calibration
of the instrument was done immediately prior to
the DSC runs by measuring the melting point of
99.99+% pure Au.
High-temperature oxidation investigations were

carried out by means of continuous thermo-
gravimetry (STA 501, BaÈ hr, Germany) between
700 and 1400�C in air, both in non-isothermal
(heating rate 2±10Kminÿ1) and isothermal condi-
tions. The former was used to determine the start-
ing temperature of active oxidation and the general
oxidation behaviour of all materials. The iso-
thermal oxidation experiments were conducted at
720�5�C for 10 h, thus ensuring complete oxida-
tion of the samples which was con®rmed by sub-
sequent XRD investigations.

3 Results and Discussion

3.1 Solid solution along the series Yb4Si2O7N2±
Yb4Al2O9

All sintered samples (sintering temperature 1680±
1700�C) with compositions conforming to pure

Yb4Si2O7N2 and to Yb4Si2ÿxAlxO7+xN2ÿx solid
solutions with x � 0�33, 1, and 1.33 (i.e. with Si/Al
ratios of 2/1, 1/1, and 1/2) were phase-pure com-
pounds according to their XRD patterns (Fig. 1).
The YbAM sample showed some impurities of the
Barnet phase. Weight losses during sintering were
negligible. This is considered evidence for the exis-
tence of a complete solid solution between
Yb4Si2O7N2 and Yb4Al2O9 which is comparable to
the one observed for the Y analogues.17 Re®ned
unit cell parameters of the compounds are pre-
sented and compared to available literature values
in Table 1 and as a diagram shown in Fig. 2.
X-ray powder di�raction data for Yb4Si2O7N2

were recently given by Nishimura and Mitomo as
part of an investigation of the system Si3N4±SiO2±
Yb2O3.

18 However, these X-ray data display a
rather large systematic error (which can be easily
seen when comparing observed with calculated d-
spacings). Additionally, the space group is given as
P21/m (instead of P21/c, see discussion below) and
the a and c cell parameters were inverted. The
erroneous space group assignment may explain the
somewhat large di�erence between the c cell param-
eters of the Yb4Si2O7N2 sample of Nishimura and
Mitomo and of our sample (Table 1).
The XRD patterns of the intermediate solid

solutions (Fig. 1) display the same pseudo-
tetragonal symmetry that has been observed for the
solid solution series Y4Si2O7N2±Y4Al2O9.

17 Severe
X-ray re¯ection overlap is caused by the mentioned
pseudo-symmetry. Progressing from Y4Si2O7N2,
an increasing Al2O3 content resulted in an increas-
ing overlap. The most striking overlap is observed
for the sample with an Si/Al ratio of 1/2

Fig. 1. Comparison of XRD patterns along the solid solutions series Yb4Si2O7N2±Yb4Al2O9. `G' designates the impurity garnet
phase Yb3Al5O12 in the pattern of Yb4Al2O9.
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(Yb4Si0.66Al1.33O8.33N0.66); its XRD data are listed
in Table 2. For instance, the `sharp' re¯ection at
d � 2�865 AÊ in the XRD pattern of Yb4Si0.66A-
l1.33O8.33N0.66 (see pattern d in Fig. 1) is actually
consisting of at least four re¯ections (Table 2). By
contrast, the XRD pattern of the silicon- and
nitrogen-free solid solution end member,
Yb4Al2O9, exhibits a larger number of better
resolved peaks (see pattern e in Fig. 1).
According to Thompson,17 the pronounced tet-

ragonal pseudo-symmetry of intermediate mem-
bers in the solid solution series Y4Si2O7N2±
Y4Al2O9 mentioned above arises from the fact that
Y4SiAlO8N (Si/Al ratio 1/1) can be described as
pseudotetragonal with a � 10�5 and c � 3�AÊ .
Similarly, Y4Al2O9 may be characterised by

a � 10�363 and c � 3�738 AÊ . The following rela-
tionships are valid: atetr � cmon � cmon sin� �10.5
A, and ctetr � 1=2amon � cmon cos��3.8. By ana-
logy, the ytterbium solid solution member Yb4Al-
SiO8N may be described as pseudotetragonal with
a � 10 � 28 and c � 3�67AÊ .
Not much is known about the low-temperature

stability of RE4Si2O7N2 phases. Therefore, low
temperature stability tests by means of annealing in
N2 (normal pressure) for up to 100 h at 1250 and
1350�C were performed. It was observed that both
pure Yb woehlerite and its alumina-containing
solid solutions are stable in the above temperature
range.

3.2 Possible O/N and A/Si ordering schemes
Figure 2 illustrates that the variation of unit cell
parameters with composition is not linear, as has
also been reported for the solid solution series
Y4Si2O7N2±Y4Al2O9.

17 Obviously, there is a mini-
mum of the unit cell volume V at Si/Al �1/1.
Volume contraction in solid solutions usually indi-
cates a deviation from perfect solid solution beha-
viour. In our case, this volume minimum may
indicate some Al/Si and/or O/N ordering which
would result in a denser packing and thus in a
reduced cell volume. On the other hand, no super-
structure re¯ections (which would indicate com-
plete ordering) were observed for all solid solution
samples. In this respect, however, one should bear
in mind that the X-ray di�raction pattern charac-
teristics of the solid solutions are dominated by the
strong scattering power of the heavy Yb3+ cation
in the structure. Superstructure re¯ections may
have an intensity too low to be observed by usual
laboratory XRD.
Recent Rietveld re®nement of the structure of

pure yttrium nitrogen woehlerite, Y4Si2O7N2, yielded
no clear details on O/N ordering in this phase.13 It
was proposed that the structure contains either

Fig. 2. Graphic representation of the unit cell parameter
change along the solid solution series Yb4Si2O7N2±Yb4Al2O9.

Table 1. Re®ned unit cell parameters of pure Yb4Si2O7N2, solid solutions Yb4Si2ÿxAlxO7+xN2ÿx and pure Yb4Al2O9, compared
with existing literature data

Compound a a[AÊ] b[AÊ] c[AÊ] b[AÊ ] V [AÊ3] Reference no.

Yb4Si2O7N2
b 7.47 10.32 10.77 111.3 774 [11]

Yb4Si2O7N2
b,c 7.456 10.299 10.712 110.56 770.2 [18]

Yb4Si2O7N2 7.459(1) 10.300(2) 10.739(3) 110.85(2) 771.0(2) This work
Yb4Si2ÿxAlx

O7+xN2ÿx x=0.66 (Si/Al=2/1) 7.416(2) 10.295(2) 10.841(4) 110.50(3) 775.3(3) This work
Yb4Si2ÿxAlxO7+xN2ÿx, x=1 (Si/Al=1/1) 7.348(2) 10.280(2) 10.911(6) 109.65(3) 776.2(4) This work
Yb4Si2ÿxAlxO7+xN2ÿx, x=1.33 (Si/Al=1/2) 7.310(5) 10.333(9) 10.935(17) 108.98(12) 781(1) This work
Yb4Al2O9 7.257(2) 10.313(3 11.033(4) 108.46(3) 783.3(3) This work
Yb4Al2O9

b 7.278 10.310 11.040 108.30 786.5 [32, 42]
Yb4Al2O9 7.2636(3) 10.3375(4) 11.0256(5) 108.293(3) 786.0 [41]

aListed in order of decreasing Si/Al ratio.
bNo standard deviations given in original papers.
cIndexing of the original powder data is wrongly based on space group P21/m.18 Therefore, a and c have been interchanged here to
conform to space group P21/c.
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Si2O5N2 or Si2O6N ditetrahedral units with N
atoms occupying the bridging position.13 This
con®rms the general observation that N prefers
bonds with Si whereas O is preferentially bonded
to some larger metal cation.19

The Rietveld data for Y4Si2O7N2
13 may be com-

pared to structural information for Nd4Si2O7N2

deduced by infrared absorption data which were
measured by Baraton et al.20 Absorption bands of
the Nd4Si2O7N2 sample were not as sharp as those
of Nd2Si3O3N4, an N±melilite, for which neutron
di�raction studies showed the oxygen and nitrogen
atoms to be perfectly ordered20 and therefore it
was inferred that Nd4Si2O7N2 may have a dis-
ordered structure.
Several possible ordering schemes may be envi-

saged in the Yb4Si2ÿxAlxO7+xN2ÿx solid solutions.
There may, ®rst, be O/N ordering, or, second, Al/
Si ordering, or, third, a combination of both. In
the Y4Si2O7N2 (and probably also Yb4Si2O7N2)
structure, there are three distinct O/N sites.13 The
substitution Si4++N3ÿ=Al3++O2ÿ may in¯u-
ence the distribution of O and N on these sites. The
substitutional Al3+ ions may prefer one of the two
Si sites in the Y4Si2O7N2 structure, although both
sites have very similar environments.13

Electron di�raction using a transmission electron
microscope could prove useful in verifying if there
are observable superstructure re¯ections in these
solid solutions. Neutron di�raction studies might
be able to accurately determine possible Al/Si and/
or O/N ordering.
From a thermodynamic point of view, complete

O/N and/or Al/Si disordering would probably
produce an entropy gain of the structure which
would result in an increased stability. (Dis)ordering
may therefore also depend on temperature.

3.3 General discussion of the relation between
RE4Si2O7N2 and RE4Al2O9

Our observation of a complete solid solution
between Yb4Si2O7N2 and Yb4Al2O9 requires a
general discussion of RE4Si2O7N2 compounds,
their crystal chemistry, and their relation to
RE4Al2O9 compounds. It has been reported that
RE4Si2O7N2 compounds are stable for the com-
plete range of rare earth elements from RE � La to
Lu, and Y.11,12,17,18,21±26 They were ®rst prepared
by Marchand et al. for RE � La, Nd, Sm, Gd, Dy,
Ho, Er, Yb, and Y.11 Guha22 and Montorsi and
Appendino26 showed that Ce-, Pr-, Tm-, and
Lu4Si2O7N2 ®t well into this series.
Most authors agree that RE4Si2O7N2 com-

pounds crystallise in the monoclinic space group
P21/c and are isostructural with the mineral cuspi-
dine, Ca4Si2O7F2, and structurally similar to
woehlerite, NaCa2(Zr,Nb)Si2O8(O,OH,F), and

Table 2. Indexed X-ray data for the pseudotetragonal solid
solution Yb4Si2ÿxAlxO7+xN2ÿx, x=1.33 (Si/Al ratio 1/2),

illustrating the extreme X-ray re¯ection overlap

Yb4Si2ÿxAlxO7+xN2ÿx, x=1.33a

dobs(AÊ ) dcalc(AÊ ) I hkl

7.312 7.310 23 011
5.179 5.172 4 002
4.625 4.625 41 012

4.622 021
3.651 3.655 3 022
3.447 3.446 4 ÿ211
3.276 3.279 27 ÿ210
(b) 3.271 013
3.261 3.268 7 031
(b) 3.260 ÿ212
2.979 2.984 98 ÿ221
2.865 2.873 100 ÿ220
(b) 2.868 023

2.867 032
2.860 ÿ222
2.855 ÿ213

2.597 2.594 2 221
2.570 2.575 16 ÿ223
2.510 2.507 29 ÿ231
(b) 2.506 041
ÿ2.499 2.494 6 132
(s)
2.435 2.437 13 033
(b) 2.432 ÿ232

2.427 123
2.252 2.262 13 231
(b) 2.250 310

2.249 ÿ233
2.103 2.105 2 320
(b) 2.102 142
2.060 2.065 3 ÿ242
(b)
2.033 2.034 15 232
2.028 2.027 19 051
1.9494 1.953 4 321
(b) 1.949 ÿ243
ÿ1.924 1.919 1 052
1.913 1.916 1 330
(b) 1.912 151
1.829 1.827 15 ÿ402
1.796 1.800 28 ÿ251
(b) 1.799 331

1.794 152
1.776 1.776 9 ÿ411
(b) 1.775 322

1.774 250
1.702 1.705 4 410

(s,b) 1.702 ÿ421
1.702 251

1.695 1.697 8 ÿ423
1.696 ÿ253

1.629 1.630 2 161
(b) 1.628 ÿ162
1.612 1.614 1 ÿ432
1.596 1.597 11 ÿ431
(b) 1.593 ÿ433
1.573 1.572 2 351
1.553 1.555 7 162
(b) 1.552 ÿ163
1.549(s) 1.548 7 421
1.542 1.542 21 260
1.538(s) 1.539 16 ÿ350
1.533(s) 1.534 7 ÿ353

aSpace group P2a/c, re®ned unit cell parameters: a=7.310(5),
b=10.333(9), c=10.935(17)AÊ , �=108.98(12)�, V=781(1)AÊ 3

(compare Table 1); (b)=broad, (s)=shoulder of adjacent
re¯ection.
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other related mineral phases.27 The space group of
Y4Si2O7N2 and its isotypism with cuspidine were
recently con®rmed by MacKenzie et al.13 The lan-
thanum member, La4Si2O7N2, may, however,
exhibit a slightly di�erent symmetry, as was
assumed earlier.28 Single crystal structure analysis
of La4Si2O7N2, using Precession and Weissenberg
techniques, indicated space group P21/m.29,30 On
the other hand, complete solid solution was repor-
ted along the join La4Si2O7N2±Y4Si2O7N2.

31

In parts of grown La4Si2O7N2 single crystals, Ii
et al.29 observed twin lamellae which were attrib-
uted to thermal stress. However, this observation
may indicate that RE4Si2O7N2 compounds show a
similar modular structural behaviour as cuspidine,
woehlerite and related mineral phases.27 The
structure of these mineral phases may be visualised
as an arrangement of di�erent modules which gives
rise to slightly di�erent space groups and disorder
phenomena like domain structure, micro-scale
twinning, and stacking faults (see Ref. 27 for more
details).
The possibility of solid solution formation

between RE4Si2O7N2 and RE4Al2O9 via a coupled
substitution mechanism Si4� �N3ÿ � Al3� �O2ÿ

has already been suggested in 1976 by Marchand et
al.11 The solid solution can be considered quite
probable since both end members are isostructural,
crystallising in the same space group (P21/c).
To our knowledge, there have been no investi-

gations of other joins RE4Si2O7N2±RE4Al2O9

except for RE � Y17 and Yb (this work). Further
work in this area is necessary, since RE4Al2O9

compounds are only stable for RE � Nd to
Lu,32±34 but RE4Si2O7N2 compounds for RE � La
to Lu. Thus, it may be assumed that in
RE4Si2O7N2 phases with RE � La to Pr, no or
only limited amounts of Al2O3 can be dissolved.
During an investigation of the system Sm±Si±Al±
O±N, Sun et al.35 tried to obtain a Sm4Si2O7N2-
based solid solution containing 2.55 mass% Al2O3.
Since these authors did not observe visible di�er-
ences in d-values compared to pure Sm4Si2O7N2,
they deduced that no solid solution is formed in
this case.
Starting from the RE4Al2O9 composition, it may

seem probable that in the (unstable) RE4Al2O9

compounds for RE � La to Pr, a replacement of

(Al+O) with (Si+N) has a stabilising e�ect which
would possibly result in stable RE4Al2O9-based
solid solutions. Nd4Al2O9, which is only stable in a
small temperature range at high temperatures,34

may show a temperature-dependent solid solution
range.
Concerning the solid solution between

RE4Si2O7N2 and RE4Al2O9, it is interesting to note
that, according to recent investigations in our
laboratory, Gd4Al2O9, Y4Al2O9, Yb4Al2O9, and
possibly all other known RE4Al2O9 phases exhibit
a large SiO2 solubility in the range of about 15±
20mol% SiO2.

36,37

3.4 Some properties of the Yb4Si2ÿxAlxO7+xN2ÿx
solid solutions
Attempts to determine the melting points of the
Yb±woehlerite and its Al2O3-containing solid
solutions by means of high temperature STA in
nitrogen atmosphere did not produce the desired
results. The heating of the samples in the above
conditions caused intensive thermal decomposition
of all investigated samples. As a result, the initial
composition shifts to either ytterbium oxide or a
mixture of the latter with ytterbium aluminates as
presented in Table 3. Therefore, one can not
ascribe the measured melting point (melting occur-
red for all Al2O3-containing materials at about
1970�20�C) to the initial material. The observed
behaviour is consistent with the known one for
other oxynitrides at high temperatures under nor-
mal nitrogen pressure.17

The registered weight loss values together with
®nal phase composition determined by X-ray and
chemical analysis indicate that not only nitrogen is
removed from the material but also silicon, most
probably in the form of silicon monoxide (SiO),
similar to the mechanism of silicon nitride-based
materials thermal decomposition under the same
thermal and environmental conditions. In our case,
the formation of highly volatile SiO can be addi-
tionally promoted by the graphite environment of
the furnace as it was observed for silicon nitride
based materials.38

Moreover, the measured weight loss exceeds the
calculated values in case if the thermal decomposi-
tion of the compounds in question occurred
according to the following generalised scheme:

Table 3. High temperature decomposition along the solid solution series Yb4Si2O7N2±Yb4Al2O9
a

Initial compound Temperature of the beginning of thermal decomposition (�C) Decomposition productsb

Yb4Si2O7N2 1580 � 5 Yb2O3, Yb4Si2O7N2 (traces)
Yb4Si2ÿxAlxO7+xN2ÿx, x=0.33 1615 � 5 Yb2O3, Yb4Al2O9

Yb4Si2ÿxAlxO7+xN2ÿx, x=1 1625 � 5 Yb2O3, Yb4Al2O9

Yb4Si2ÿxAlxO7+xN2ÿx, x=1.33 1680 � 10 Yb2O3, Yb4Al2O9

aMeasured by STA at 1K minÿ1 under ¯owing N2.
bDetermined by XRD; con®rmed by chemical analysis.
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Yb4Si2O7N2 ! Yb2O3 � SiO " �N2 " �1�

Yb4Si2ÿxAlxO7�xN2ÿx !
Yb2O3 �Yb4Al2O9 � SiO " �N2 "

�2�

In all cases weight loss exceeded 30% while the
maximum possible weight loss for pure woehlerite
which contains the highest amount of both Si and
N was calculated to be 29.9%. The value of meas-
ured weight loss for pure woehlerite is reasonably
close (32%) to the calculated one. The slightly
higher value may be explained by some measure-
ment error. In the case of solid solutions with alu-
mina the weight loss lies in the range of 40±46%
and can not be accounted for in the same way.
Obviously, the presence of alumina increases the
weight loss at high temperatures, although at the
same time the temperatures at which the thermal
decomposition starts are somewhat elevated
(Table 3).

The most plausible explanation of this e�ect can
be provided if a parallel is drawn with the known
e�ect of weight loss in yttrium garnet and other
yttrium aluminates via sublimation from the solid
state or evaporation of the melt of Al-containing
gaseous species occurring at temperatures in excess
of 1850�C.39 The ytterbium aluminates being simi-
lar with yttrium ones in regard of the properties
could exhibit the same behaviour, although at
slightly higher temperatures which is again to be
expected on account of the higher refractoriness of
Yb aluminates. In view of our results the available
data on the melting points of Al2O3-containing
nitrogen melilites RE2Si3ÿxAlxO3+xN4ÿx which
were reported to lie in the range of 1780±
1850�C5±9,18 seem to be of arguable nature, since
the conditions of the experiments, nitrogen pres-
sure in particular, were not speci®ed. Both N±
melilites and N±woehlerites should behave similar
in this temperature range and one would reason-
ably expect the thermal decomposition of melilites
prior to melting.
From the standpoint of the determined homo-

geneity range Yb- and Y4Si2ÿxAlxO7+xNÿx solid
solutions have the advantage that there exists a
complete solid solution range (x �0±2) and there-
fore a widely adjustable O/N ratio, whereas for the
N-melilite solid solutions RE2Si3ÿxAlxO3+xN4ÿx
the maximum value of x is merely 1.
Recently, reversible and possibly martensitic

phase transformations of RE4Al2O9 compounds
(with volume shrinkage of 0.5±0.7% on heating
and with thermal hysteresis) have been described.40

In the case of Yb4Al2O9, the transformation was
reported at &1300�C using a heating rate of 10K
minÿ1. A high-temperature DSC run of our

Yb4Al2O9 sample (1.13 g powder) con®rmed this
transformation, although at a slightly lower tem-
perature. During heating at 1K minÿ1 a small
endothermic peak at around 1280�15�C was
observed. A corresponding small exothermic peak
appeared in the cooling curve at 1274�5�C. Using
heating and cooling rates of 5K minÿ1 enhanced
the peaks (Fig. 3) which were then observed at ca
1263�15�C on heating and at 1276�10�C on
cooling (temperature values are corrected for
in¯uence of heating rate). It was noted that in all
measurements the peak on heating was broader
and less de®ned than the peak on cooling. The
minor di�erence between our average transforma-
tion temperatures (&1277�C) and the value pre-
viously given (&1300�C40) might be attributed to
both di�erent heating rates and purity of starting
powders.
Microstructures of Yb4Si2ÿxAlxO7+xN2ÿx(except

Yb4Al2O9) ®red at 1680�C for 4 h were investigated
by SEM. All samples exhibit a relatively coarse
microstructure with equiaxial, rounded grains
[Fig. 4(a)±(d)]. With rising Al/Si ratio, the average
grain size increases from about 1�m for pure
Y4Si2O7N2 to about 5�m for the solid solution
member with x � 1�33. At the same time, the por-
osity remained roughly on the same level of 14±
15% while the average pore size increased with the
Al/Si ratio. Further densi®cation presented some
problems. With improved density achieved by sin-
tering at higher temperatures (1720±1740�C),
excessive liquid phase formation occurred which
resulted both in local inhomogeneities and a com-
positional gradient in the samples due to loss of
nitrogen in the outer layer of the ®red bodies.
Porosity reduction will pose no problem when
nitrogen woehlerite solid solutions are present as
secondary phases in Si3N4-based ceramics.

Fig. 3. High-temperature DSC curve of Yb4Al2O9 using heat-
ing and cooling rates of 5K minÿ1. The peaks near �1277�C

are caused by a reversible phase transformation.
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Prolonged ®rings of the samples at 1680�C
resulted in enhanced grain growth. Equiaxed
rounded grains up to several mm long were
obtained after ®ring periods of 100 h.
The distribution of Yb, Si, Al, O, and N was

con®rmed to be uniform by WDS mapping per-
formed on polished surfaces of sintered samples.
Only in the samples subjected to extended (100 h)
annealings, minor amounts (<1±2 vol%) of a grain
boundary phase assemblage segregated in triple
points and along grain boundaries were observed.
This assemblage appears to have a very ®ne-
grained eutectic structure and is somewhat
enriched with Al, but slightly depleted in Si and 0.
Thermal oxidation resistance tests of

Yb4Si2O7N2 under non-isothermal (heating rate
2K minÿ1) conditions indicated that active oxida-
tion in air starts at slightly below 700�C. Therefore,
a temperature of 720�C was chosen for isothermal
oxidation tests of all materials.
In the case of pure ytterbium woehlerite,

Yb4Si2O7N2, oxidation was accompanied by severe
cracking of the samples and their partial or complete

disintegration by the time the oxidation was com-
plete. With increasing Al/Si ratio, the samples
exhibited both better oxidation resistance and
diminished cracking. The latter was almost negli-
gible if not non-existent for the samples with an Si/
Al ratio of 1/1, and was not observed for the ones
with a 1/2 ratio. The results of the XRD examina-
tion of the oxidation products are listed in Table 4.

Fig. 4. Microstructure of Yb4Si2ÿxAlxO7+xN2ÿx solids solutions sintered at 1680�C for 4 h a) Yb4Si2O7N2;
(b) Yb4Si2ÿxAlxO7+xN2ÿx, x=0.33; c) Yb4Si2ÿxAlxO7+xN2ÿx, x=1; d) Yb4Si2ÿxAlxO7+xN2ÿx, x=1.33.

Table 4. Oxidation products of members of the solid solution
series Yb4Si2O7N2±Yb4Al2O9 (isothermal oxidation at 720�C

for 10 h)a

Compound Oxidation product

Yb4Si2O7N2 Yb4Si2O7N2(?),
bYb2O3

Yb4Si2ÿxAlxO7+xN2ÿx, x=0.33 Yb2SiO5, Yb4Al2O9

Yb4Si2ÿxAl3O7+xN2ÿx, x=1 Yb4Al2O9, Yb2O3

Yb4Si2ÿxAlxO7=xN2ÿx, x=1.33 Yb4Al2O9, Yb2O3

aAs determined by XRD; in descending order in accordance
with the amount of phase present. Amorphous SiO2 was
detected in all oxidised samples by means of X-ray ¯uorescent
spectrometry (see text).
bEither partly decomposed or residual unoxidised woehlerite.
The di�ractogramm shows very broad re¯ections with low
intensities.
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Crystalline silica was not detected by XRD in any
of the samples. Therefore, it is believed that silica is
present in the oxidation products in an amorphous
form as is often observed for Si3N4 ceramics and
some rare earth oxynitrides under conditions of
low-temperature oxidation.41,42 In fact, the presence
of SiO2 was con®rmed by means of semi-
quantitative X-ray ¯uorescence spectroscopy in
quantities consistent with the expected SiO2 for-
mation after complete oxidation of the corre-
sponding materials.
It should be noted that the obviously poor oxi-

dation resistance of the synthesised pure Yb±
woehlerite and to a lesser extent of Yb4Si2ÿx
AlxO7+xN2ÿx solid solutions can be partly ascribed
to the high porosity (up to 15%) of the samples.
The oxidation stability of the dense Si3N4-based
materials with RE4Si2ÿxAlxO7+xN2ÿx compounds
as secondary intergranular phases (normally not
more than several vol%) may prove to be superior
and comparable to that of N±melilite solid solu-
tions with alumina (RE2Si3ÿxAlxO3+xN4ÿx,x�1).

4 Conclusions

1. A complete solid solution between
Yb4Si2O7N2 and Yb4Al2O9 with general for-
mula Yb4Si2ÿxAlxO7+xN2ÿx has been estab-
lished. Intermediate members exhibit a
pseudotetragonal symmetry and obviously
indicate non-ideal solid solution behaviour
near an Si/Al ratio of around 1/1.

2. Further work should clarify possible O/N
and/or Al/Si ordering schemes in the solid
solution. Additional investigations are also
needed on the possible solid solution range
between RE4Si2O7N2 and RE4Al2O9 for
RE � La, Ce, Pr, and Nd, while keeping in
mind that La-, Ce-, and Pr4Al2O9 are not
stable at any temperature and Nd4Al2O9 is
only stable in a small temperature range at
high temperatures.

3. The space group of La4Si2O7N2, previously
given as P21/m, should be re-investigated and
it should be clari®ed if the correct space group
is not in fact P21/c as for the other
RE4Si2O7N2 compounds.

4. The increase of the amount of Al2O3 dissolved
in woehlerite noticeably improves oxidation
resistance and elevates the temperature of
thermal decomposition in nitrogen atmo-
sphere. Yb4Si2ÿxAlxO7+xN2ÿx solid solutions
as grain boundary phases may considerably
improve the refractoriness and the high-tem-
perature mechanical properties of silicon
nitride-based ceramics, and thus may be as

promising as the recently investigated N±
melilite solid solutions RE2Si3ÿxAlxO3+x

N4ÿx(x�1).
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