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Abstract

The formation, densi®cation behaviour and mechanical properties of 21R AlN-polytypoid(SiAl6O2N6) were studied. The results
show that 12H(SiAl5O2N5) is a transitional phase during the formation of 21R. The additives Sm2O3 and Nd2O3, especially com-
bined with Al2O3 can e�ectively promote the densi®cation of 21R. The hardness(Hv10) of 21R hot-pressed with 2.5 wt% SmAlO3 at

1750�C/1 h is 1443 with a fracture toughness of 4.6 MPa.m1/2. The X-ray di�raction pattern of 21R was also determined in the
present work. The revised unit cell dimensions of 21R are a=3.0461(1)AÊ , c=56.643(3)AÊ . # 1999 Elsevier Science Ltd. All rights
reserved.
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1. Introduction

It is well known that sialon ceramics are a family of
materials which possess high performance properties.
Among the sialon family, b-sialon(b') and a-sialon(a')
are the most important phases and have been well
developed into engineering ceramics because of their
excellent mechanical properties. In the Si±Al±O±N sys-
tem, at the compositions between b-sialon and AlN,
there are ®ve polytypoid phases (15R, 12H, 21R, 27R
and 2Hd) with wurtzite-type structures having composi-
tions represented asMmXm+1 [1±2]. The crystal structures
of AlN-polytypoids have been studied in details [3,4], but
studies concerning their fabrication and mechanical
properties are scarce [5,6]. Komeya [6] indicated that
27R has an approximately constant strength value at
room temperature to 1700�C (380±470 MPa prepared
under the special conditions). This high refractoriness of
the 27R polytypoid suggests that other polytypoids
would be also highly refractory. AlN-polytypoid phases
possess needle or elongated platelet morphology. This
morphology characteristics is expected to have a
strengthening and toughening e�ect on the matrix pha-
ses. The single-phase 12H with small amount of YAG
has good high temperature ¯exural strength (above 500
MPa at 1000±1300�C) although its room temperature

strength is only 367 MPa [7]. The phase relationships in
the Y±Si±Al±O±N system [8] indicated that AlN-poly-
typoids (from 12H to 2H�) are compatible with Al2O3 -
rich a-sialon (Y1/3mSi12-(m+n)Alm+nOnN16ÿn, m=1.0,
n=1.7). Based on this consideration, an a-sialon-12H
composite ceramics [9] has been studied and the results
showed that the incorporation of a certain amount of
12H (10wt%) has a great strengthening and toughening
e�ect on the a-sialon ceramics, but does not appreciably
impair hardness. These results stimulated us to study
the other AlN-polytypoids. On the other hand, recent
studies [10] on the morphology of a-sialon indicated
that by using b-Si3N4 as a starting powder, the Ln-a'
formed can develop into aciculate morphology and give
a higher fracture toughness. Under general conditions,
a-sialon always exhibits equiaxed morphology. Shen et al.
observed liquid-rich compositions promoting the for-
mation of elongated a-sialon [11]. We found that a-sialon
is more easy to develop into elongated morphology if
the compositions locate on or beyond the top limit of the
a' region where AlN-polytypoids occur as a second phase.
Therefore, the knowledge of AlN-polytypoids seems to be
bene®cial for developing composite sialon materials with
elongated a'. Based on these considerations, we ®rstly
carried out some basic work on 21R, including to inspect
the X-ray re¯ection data. The further studies on ¯exural
strength at high temperature and the fracture mechanism
are being carried on and the results will be reported later.
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2. Experimental

As indicated in the Si±Al±O±N phase diagram, each
AlN-polytypoid phase (MmXm+1) occurs along a certain
line with M:X equal to m:(m+1). The normal composi-
tion of 21R can be taken as SiAl6O2N6. Ln2O3

(Ln=Sm,Nd) alone and Ln2O3 with Al2O3 were used as
sintering additives. In the Nd(Sm)±Si±Al±O±N system
[12], the AIN-polytypoids which are compatible with a-
sialon are restricted to the range starting from 21R to
2Hd and LnAlO3 is compatible with all AIN-poly-
typoids. Therefore, in the present work 21R was studied
and the sintering additives Ln2O3 (Ln=Nd,Sm) and
combined additives Ln2O3: Al2O3=1:1 were selected.
The starting materials used were Si3N4(UBE), AlN(1.2
wt% oxygen), Al2O3(99.99%) and Ln2O3(L=Sm, Nd,
99.9%). The oxygen content of the nitride powder was
taken into account in the calculation of the composi-
tions. The powders were mixed with absolute alcohol
and milled in an agate mortar for 1.5 h, dried and then
hot-pressed in a graphite-resistance furnace under 20
MPa in ¯owing N2 atmosphere. The bulk density of the
specimens was measured by Archimedes' principle. The
phase variation in 21R composition with 2.5 wt%
SmAlO3 was studied at temperatures ranging from 1500
to 1800�C. For determination of mechanical properties
and microstructure observations, the hot pressing tem-
perature was selected to be 1750�C. Phases were identi-
®ed by X-ray di�raction and patterns of 21R with and
without additives were determined using a Guinier-
HaÈ gg camera with Cu Ka1 radiation and Si as an inter-
nal standard. The measurement of X-ray ®lms and
re®nement of lattice parameters were completed by
a computer-linked line scanner (LS-18) system and
SCANPI, PIRUM programs [13,14]. Hardness and
indentation fracture toughness were measured by using
a Vickers diamond indenter under a load of 100N. A
polished surface of the samples was observed under
SEM(KYKY2000, China).

3. Results and discussion

3.1. Densi®cation and phase formation

It has been well known that all the Si±Al±O±N phases
such as b-sialon, O-sialon and AlN-polytypoids can not
be densi®ed without additives. Rare earth oxides such as
Sm2O3 or Nd2O3 (generally with Al2O3) have been known
to be e�ective sintering additives for a0-b0 or a0. In the
present work, Sm2O3, Nd2O3 either separately combined
with Al2O3 were used as sintering additives (see Table 1).
As indicated, the e�ect of the additives on densi®cation
is obvious. Based on composition and lattice parameter,
the theoretical density of 21R is 3.349 g/cm3(3.385,
3.386g/cm3 and 3.257 g/cm3 for 15R, 12H and AlN

respectively). For the composition 21R-0 (pure 21R
composition without additive), the bulk density of 2.605
g/cm3 can be easily estimated to be about 80% dense.
The addition of small amount of Sm2O3 (Nd2O3) and
Al2O3 to the 21R composition would make the theore-
tical density di�cult to be accurately estimated. Based
on the bulk density, the type and amount of sintering
additives, it seems SmAlO3 is more e�ective than the
other additives for the densi®cation of 21R. Two densi-
®cation curves of 21R-0 and 21R-3 were determined (see
Fig. 1). As indicated in Fig. 1, the composition 21R-0
has very poor densi®cation behavior, but the addition of
2.5 wt% SmAlO3 can e�ectively promote densi®cation.
The density increases to the top value at 1600�C and
then nearly keeps constant with increasing temperature.
This behavior is very like to 12H, which also needs
small amount of additive (2.5 wt%YAG) for full
densi®cation [7].
The densi®cation behavior is always reated to the

variation in phase compositions. Fig. 2 shows phase
variation of the composition 21R-3 during 1500±1800�C.

Table 1

Density and phase compositions after hot-pressed at 1750�C/1 h

Additives

Sample Formula wt% Density

(g/cm3)

Phases

presenta

21R-0 None 2.605 21R s; 12H ms;

AlN m

21R-1 Sm2O3 5.0 3.400 21R s; 27R m;

12H vw; U vw

21R-2 Sm2O3 2.5 3.370 21R s; 12H m;

U w

21R-3 SmAlO3 2.5 3.396 21R s; U tr

21R-4 Nd2O3 2.5 3.391 21R s; U vw

21R-5 NdAlO3 2.5 3.390 21R s

a U: U-phase (Ln3Si3Al3O12N2).

Fig. 1. E�ect of additives (2.5 wt%SmAlO3) on densi®cation behaviour

of 21R.
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At the temperatures below 1550�C, the formation of
12H in the composition 21R-3 indicates that 12H has
priority over 21R. As a transitional phase, 12H decrea-
ses with increasing temperature and ®nally disappears at
1750�C, at which AlN as a starting powder also com-
pletely dissolves. The disappearance of AlN implies the
completion of the reaction. The phase analysis for the
other compositions hot pressed at 1750 �C/1 h are listed
in Table 1. As indicated, to obtain pure single phase
21R, the composition should be strictly controlled.
Without additive, the reaction cannot be completed at
1750�C (21R-0). When the composition contains more
additives, such as the composition 21R-1 (containing 5
wt% Sm2O3), 27R occurs. In Si±Al±O±N system, 27R
(SiAl8O2N8) is located beside 21R (SiAl6O2N6) with
more AlN than 21R. At high temperature, the forma-
tion of liquid phase which is more SiO2-rich than the
matrix phase would make the total solid phase compo-
sition shift towards AlN-rich side. Therefore, the
occurrence of 27R in 21R composition can balance the
total composition. With less additives, 12H is more dif-
®cult to remove (as in 21R-2). However, it is also seen
from Table 1 that 12H phase does not present in 21R-3,
21R-4 and 21R-5 samples, which use the same amount
of additives (2.5 wt%) as 21R-2, and these samples have
higher bulk densities than 21R-2. It implies that these
compositions are more promotive than 21R-2 for the
formation of liquid phase at the same temperature dur-
ing sintering and the complete dissolution of 12H seems
to depend on the amount of liquid phase at sintering
temperatures. U-phase (Ln3Si3Al3O12N2) [15] is a crys-
talline phase formed from glasses in Sm(Nd)±Si±Al±O±
N systems. Normally, it occurs during heat treatment. In
this work, U phase was found in 21R-1 to 21R-4 sam-
ples, which may be resulted from the low cooling rate of
the furnace. As the amount of U phase in these samples is
very limited, the existence of U phase will not play a sig-
ni®cant role in in¯uencing mechanical properties.

3.2. The X-ray di�raction data of 21R

As mentioned above, all the AlN-polytypoid pha-
ses(15R, 12H, 21R, 27R and 2H�) possess wurtzite-type
structures and their compositions can be represented as
MmXm+1 [1,2]. These are built up by MX double layers
of metal(M) and non-metal(X) atoms stacked with var-
iants of AB and ABC sequences, as in silicon carbide
and with MX2 layers at periodic intervals to account for
the di�erent stoichiometries and structures. Thompson
et al. have studied the crystal structures of AlN-poly-
typoids and gave the complete X-ray di�raction data of
AlN-polytypoids (from 8H to 12Hd) [3]. These data
have been widely used by the researchers working on
sialon ceramics. However, for identi®cation of 21R
phase, we got some confusion. A peak at d=2.697AÊ

always occurs in 21R compositions which was close to
the strongest di�raction peak (100) of AlN, and the
strong peak (0021) of 21R, which was reported to be at
d=2.719AÊ [3], did not occur. Therefore, in the present
study, the work for revision of the X-ray di�raction
data of 21R was then carried out. As indicated (see
Table 2), the results are good enough because the ®gures
of merit are M(20)=48 and F(20)=41(0.005423, 91).
The peak occurring at d=2.697AÊ is actually the peak of
(0021) of 21R. The revised lattice parameters of 21R are
a=3.0461(1)AÊ and c=56.643(3)AÊ (a=3.048AÊ ; c=57.19AÊ

reported by Thompson [3]). The decrease in c axis of
the cell dimension of 21R is consistent with the decrease
in d-values for lines of the type (001). According to the
Si±Al±O±N behaviour diagram at 1700 �C [16], 21R has
a range of composition, from SiAl6O2N6 to around
Si0.33Al6.67O2.67N5.33, with Si±N by Al±O replacement.
Like b sialon, this replacment would also result in the
increase of lattice parameters. In order to check if the
decrease in c axis of the cell dimension of 21R obtained
in this work would be caused by the range of composi-
tion, the lattice parameters of two samples with di�erent
replacements (Si0.67Al6.33O2.33N5.67 and Si0.33Al6.67
O2.67N5.33) hot-pressed at 1750�C were determined. The
lattice parameters of Si0.67Al6.33O2.33N5.67 and Si0.33
Al6.67O2.67N5.33 are a=3.0486(3)AÊ , c=56.9(1)AÊ and
a=3.0513(4)AÊ , c=57.0(1)AÊ respectively. The results
indicate that the composition (SiAl6O2N6), which is
located on the line between SiO2 and AlN in phase dia-
gram of the Si±Al±O±N system, has the smallest cell
dimension among the three compositions of 21R and
both a and c axes of the cell increase with increase in
replacment of Si±N by Al±O for 21R composition.

3.3. Microstructure and mechanical properties

As indicated in Fig. 3(a), pure 21R composition (21R-
0) shows much pores and the grains have not well
developed. This microstructure coincides with its low
density. Fig. 3(b) and (c) represent micrographs of 21R

Fig. 2. Variation of phase composition in 21R samples densi®ed with

2.5 wt%SmAlO3 in the temperature range 1500±1800�C.
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with the addition of 2.5 wt% SmAlO3 and 2.5 wt%
NdAlO3 respectively. As expected, in these compositions,
21R grains well developed and exhibited the ®ber-like
morphology. No obvious di�erence between Fig. 3(b)
and (c) was observed. However, it is noted that some
grains of 21R-3 and 21R-5 samples are very large.
According to our previous results [7] of 12H, the
amount of additive had an e�ect on the grain size of
12H and the grain size becomes smaller with increasing
the additive. The grain size change might be the result of
having more nucleation sites being developed because of
more liquid phase present during hot pressing. In this
work, the amount of additive used in the compositions
(21R-2 to 21R-5) are correspondong to the smallest one
used in 12H study [7]. Therefore, this may explain the
existence of some larger grains in 21R. However, a fur-
ther study on the factors to a�ect the grain morphology
and how to control the grain growth of 21R are also
helpful. The mechanical properties of the compositions
(hot pressed at 1750�C/1 h) are listed in Table 3. The
hardness(Hv10) and fracture toughness vary with com-
positions. They are in the range of 1265±1443 for hard-
ness and 4±4.6 MPa.m1/2 for fracture toughness. These

data are very similar to 12H with 2.5 wt%YAG (1400
and 3.6 MPa.m1/2 for hardness and K1c) [7]. Among these
®ve compositions, 21R-3(2.5 wt% SmAlO3) has relatively
higher hardness and fracture toughness.
Although the intrinsic nature of 21R is inferior to that

of Si3N4-based matireals because of its weaker Al±N
bond comparing with Si±N bond, the elongated platelet
morphology of 21R is expected to have a strengthening
and toughening e�ect on the matrix phases. In fact as
mentioned in the introduction section, the incorpora-
tion of a certain amount of 12H do has shown a
strengthening e�ect on the a-sialon ceramic [9]. This
study is mainly around the basic work of 21R. At this
stage, it is di�cult to give comment on wether the
overall results suggest that 21R material has potential in
comparison with sialons. The ¯exural strength of 21R at
high temperature is being carried out and the results will

Table 2

X-ray di�raction data of 21R (SiAl6O2N6)
a

H K L dcalc dobs 2�obs I=I0

0 0 21 2.6973 2.6973 33.187 55.2

1 0 1 2.6351 2.6352 33.993 100.0

1 0 2 2.6265 2.6260 34.115 6.3

1 0 4 2.5934 2.5938 34.552 2.0

1 0 5 2.5692 2.5689 34.897 7.4

1 0 8 2.4719 2.4720 36.313 13.1

1 0 10 2.3913 2.3911 37.587 41.6

0 0 24 2.3601 2.3597 38.105 10.2

1 0 11 2.3478 2.3473 38.315 7.8

1 0 13 2.2566 2.2571 39.910 5.9

1 0 14 2.2097 2.2097 40.803 6.0

0 0 27 2.0979 2.0982 43.077 1.8

1 0 20 1.9303 1.9297 47.053 8.4

1 0 22 1.8425 1.8424 49.429 22.2

1 0 23 1.8002 1.8002 50.668 6.5

1 0 25 1.7188 1.7187 53.253 1.0

1 1 0 1.5230 1.5229 60.771 99.4

1 1 1 1.5225

1 0 31 1.5020 1.5020 61.708 10.4

1 0 32 1.4699 1.4701 63.201 13.0

1 0 34 1.4086 1.4084 66.315 1.8

1 0 35 1.3794 1.3795 67.890 16.2

1 1 21 1.3262 1.3261 71.023 60.0

2 0 1 1.3186 1.3185 71.497 10.2

2 0 10 1.2846 1.2844 73.701 10.2

2 0 11 1.2777 1.2778 74.147 7.9

1 1 27 1.2325 1.2327 77.350 2.2

2 0 20 1.1957 1.1958 80.204 2.3

2 0 22 1.1739 1.1740 82.014 5.8

2 0 23 1.1627 1.1628 82.974 1.5

a Hexagonal a=3.0461 (1)AÊ ; c=56.643(3) AÊ ; M (20)=48; F(20)=

41 (.005423, 91).

Fig. 3. SEMmicrographs of 21R hot-poressed at 1750�C/1 h: (a)21R-0;

(b)21R-3 (back scattered) and (c) 21R-5 (back-scattered).
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be reported later. However, the knowledge of 21R
would be bene®cial to develop composite materials
containing a-sialon and AlN-polytypoids. Considering
21R is compatible with a-sialon in the Nd(Sm)-Si±Al±
O±N system, a study on Nd(Sm)-a-sialon-21R multi-
phase ceramic is also worthy to be continued.

4. Conclusion

A dense near single-phase 21R ceramic has been suc-
cessfully fabricated by hot pressing at 1750 �C for 1 h. In
the formation of 21R, 12H occurs as a transitional phase
and completely disappears at 1750�C. 21R composition
can not be densi®ed without sintering additive. Among the
additives used, SmAlO3 is the most e�ective. The unit cell
dimensions of 21R were determined to be a=3.0461 (1)AÊ ,
c=56.643(3) AÊ . The mechanical properties of 21R vary
with the compositions. They are in the range of 1265±
1443 for hardness(Hv10) and 4±4.6 MPa.m1/2 for frac-
ture toughness. Both the highest hardness and fracture
toughness occur in the composition with 2.5 wt%
SmAlO3 as sintering additive.
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21R-1 1265 4.0
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