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Abstract 

The extension of the a-sialon phase area in Y, Yb, 
Dy and Nd doped sialon systems has been map- 
ped out on the basis of element analysis of individ- 
ual a-sialon grains. The a-sialon-forming area 
expands with decreasing size of the M ion in 
MxSilZ_lm+niAlm+nOnN,6_n. The maximum n value, 
n ma.X is -1.0 for A4 = Nd and -1.2 for the other 
dopants. The m value varies from -1.0 in all sys- 
tems studied to a value oj 2.75 in the Yb-a-sialon 
system, indicating that the substitution of Al-0 
units for SCN in or-sialon is more restricted than 
substitution of Al-N for S-N. It is shown that the 
lattice expansion of the a-sialon phase with increas- 
ing content of M ions is due to the substitution of 
Al-N units for SCN, whir’e the lattice parameters 
are not at a:,’ c)r only very slightly dependent on the 
ionic radius of the M ion. Based on the elemental 
analysis of individual cr-sialon grains and the lattice 
parameters obtained, the jollowing empirical rela- 
tion between the sizes of the a and c axes and the m 
and n values of the a-sialon phase was obtained: 

a(A) = 7.752 + 0436 m + 0.02 n 
c(A) = 5.620 + 0431 m + 0.04 n 

0 1997 Elsevier Science Lmtited. 

1 Introduction 

In a number of articles by the present authors and 
others the thermal stability of the a-sialon phase 
has been studied. The general conclusion of all 
these studies seems to be that the a-phase is stable 
at high temperatures (T 2 175O”Q but once 
formed it decomposes when exposed to post-heat- 
treatment in the temperature region 1350 I T I 
1750°C. The rate of decomposition is seemingly 
dependent on the ionic size of M, i.e. the Nd 
cY-sialon phase decomposes faster than its Y and 
Yb analogues. The decomposition pathways of the 

cr-sialon phase in the different sialon systems have 
been mapped out in some detail. In order to be 
able to understand why these reactions occur, and 
to be able to understand why the thermal stability 
of a-sialon phase is different in different sialon 
systems, we need detailed information of the 
extensions of the a-sialon-forming regions at ele- 
vated temperatures (T 2 1750°C). In addition, 
knowledge of the oxygen/aluminium-rich bound- 
ary of the cw-sialon phase area facing the p-sialon 
phase is of technical importance. It is well known 
that many physical properties of sialon-based 
ceramics depend on the amount and kind of grain 
boundary phase(s) present in the final compact. In 
order to be able to prepare culp-sialon ceramics 
with a minimum of grain boundary phase(s) we 
need a profound knowledge of the oxygen/ 
aluminium-rich boundary of the a-sialon phase 
area facing the p-sialon phase. 

The phase relationships between a-sialon and 
other phases in the M-Si-Al-O-N systems with 
M = Y, Yb, Dy, Sm and Nd, and the compositional 
limits of the (Y phase, M,Si,,,,+,,Al,+,O,N,,, 
along the join line Si,N,-M,O, * 9 AlN for the 
same M elements, have recently been reported 
in some detail.le9 Detailed knowledge of the 
extension of the two-dimensional phase region of 
a-sialon, i.e. maximum m and n values in the 
formula above, is available for Y- and Sm-sialon 
systems, but there is still some uncertainty con- 
cerning the maximum value of n in the Y-sialon 
system. Stutz et al. 7 have suggested a value of 
1.24, while Sun et al8 report nmax to be 1.7. An 
n max value of -1.2 was found in the Sm-sialon 
system.’ This article presents the extensions of the 
a-sialon phase areas at 1750°C in Nd-, Dy-, Yb- 
and Y- sialon systems. 

Hampshire et al. “J’ have derived empirical 
relationships between cell dimensions and the 
m, n values and the size of the M ion in 

M,Si,,,,+,,Al,+,O,N,,. Sun et a1.8 derived sim- 
ilar relationships, but came to the conclusion that 
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the cell parameters were not dependent on the M 
ion size but merely on the m and n values. As 
shown below, our data seem to support the find- 
ings of Sun et al., * but we obtain a slightly differ- 
ent relation between the lattice parameters and 
m and n. 

M. Nygren 

2 Experimental procediue 

Powders of S&N, (UBE, SN-lOE), AlN (HC 
Starck-Berlin, grade A), Y,Os (HC Starck-Berlin, 
grade finest) and R,03 (R = Nd, Dy, and Yb, 
Johnson Matthey Chemicals Ltd, 99.9%) were 

Table 1. Starting mixtures (wt%), k value and overall composition formulae 

Nd System 

Sample 

ANd02 
ANd035 
ANd04 
ANd06 
ANd07 
ANd08 
ANdOZ 13 
ANd035-17 
ANd035-13 
ANd048- 13 

Dy System 

Sample 

ADyO2 
ADy025 
ADy035 
ADyO4 
ADy06 
ADy07 
ADy08 
ADylO 
ADyOZ13 
ADyO35-17 
ADy035-13 
ADyO48-13 

Yb System 

Sample 

AYb02 
AYb025 
AYb035 
AY b04 
AY b06 
AYb07 
AYbO8 
AYblO 
AYbl2 
AYbOZ-13 
AYb035-17 
AYb035-13 
AYbO48-13 

Si,N, 

88.05 
79.88 
77.3 
67.42 
63.05 
58.39 
80.5 
71.14 
74.25 
69.18 

Si,N, 

87.14 
85.13 
79.03 
76.3 
66.28 
61.53 
57.16 
48.91 
80 
70.4 
73.48 
68.22 

Si,N, 

87.2 
84.26 
78.55 
75.8 
65.6 
60.87 
56.5 
48 
40.4 
79.72 
69.98 
73.05 
67.7 

A IN A12o3 NW3 Overall formula k 

6.56 0 5.39 Nd. Si Al. 0. N 020 11679 0995 0824 16218 0.744 
10.83 0 9.29 Ndo.~sSi,o.7~*All.66801.025N15.678 0.744 
12.2 0 10.5 Nd0.~Si10.s27Al~.~O~.~~N~5.~5 0.744 
17.34 0 15.24 Ndo-60Si9.488A12.7900~.~7,N,~.,27 0.744 
19.65 0 17.83 Ndo.70Si8.849A13-,& .502N14.650 0.743 
22.05 0 19.56 Ndo.soSi*.537Al3.6860,.651N,4-768 0.744 
10.8 3.05 5.69 NdO-20~i10-~~sA1~.55500.775N,4.725 0.753 
15.26 4.02 9.63 Ndo.& 243b27200.981N4.291 0.754 
14.43 1.73 9.63 Ndo.35Si9.617Al2.14600.991N14.697 0.752 
17.41 064 12.82 Ndo.4,Si8.993Al2.588ol.l*oN,4.7~ 0.729 

AlN A12o3 DY2°3 Overall formula k 

6.6 0 6.36 DYo.,Si,o.~6,Alo.9260o.787Nls.o~3 0.743 
7.71 0 7.76 DYo.2sSi,o.87,All.12600.867N15.29s 0.742 

10.72 0 10.25 DYo.3s%o.696A11~659°,.022N,5~589 0.744 
12.1 0 11.6 DYO.~S~~O.~~~A~,.E~I~I.~~~IS.~~X 0.744 
17.05 0 16.67 DYo.,Si9.456Al2.7s10,.37oN,s 076 0.744 
19.18 0 19.29 DYo.7Sis.s~~l3.1540~-5o2N~4.653 0.743 
21.57 0 21.27 DYo.,Sis.52,Al3.6770,.925N,4.738 0.744 
25.69 0 25.84 D~,.oSi7.so2Al4.50600.787N,4.225 0.743 
10.72 3.03 6.28 DYo.2Si,o.098A11.55i00.774N,4.699 0.753 
15.09 3.99 10.56 Dyo.,,Si9.248Al2.271Oo.9*lN,4.2~ 0.754 
14.3 1.7 10.56 DYo.&.6~3Al~.~50°0.992N14.710 0.752 
17.17 0.63 14.02 Dyo.4&.2s~A12.&~.180N,4.702 0.751 

A IN A12o3 WA Overall formula k 

6.2 0 6.6 Ybo.2SiI,.o63A10.89900.79SN15.320 0.742 
7.64 0 8.1 Ybo.25Si10.888All.~2900868N15.318 0.742 

10.66 0 10.79 Yb0.35Si10.~8Al~.65501.021N,5~5~ 0.744 
12 0 12.2 Ybo.4Si,o-405Al,.883O,.o*oN,s.431 0.744 
16.7 0 17.7 Ybo.6Si9.3o,Al2.7,00,.362N,4.816 0.743 
18.98 0 20.15 Ybo.7Si8.853A13.156%502N14.659 0.743 
21.3 0 22.2 Yb. Si. Al. 0. N 08 8524 3674 1650 14740 0.744 
25.2 0 26.8 Ybl.oSi7.499A14-5010,.925N,4.216 0.743 
28.9 0 30.7 Yb,.2Sis.6,2Al5.,,02.2osN,3.951 0.744 
10.68 3.03 6.61 Ybo.,Si,o.o99Al,.,,oOo.774N,4.7~ 0.753 
15.01 3.96 11.08 Yb. Si. Al. 0. N 035 9255 2275 0981 14310 0.754 
14.19 1.71 11.09 Ybo.&.65zA12.146°0.992N~4.705 0.752 
17.02 064 14.69 Yb. Si. Al. 0. N 048 9262 2663 1180 14705 0.751 

Y System 

Sample Si,N, AlN A1203 y2°3 Overall formula k 

AY033 82.89 10.94 0 6.17 Yo.33Si,o.638Al,.60500.9a*N15.4M) 0.744 
AY04 80.20 12.70 0 7.10 Yo.,Si,o.s4,Al,.9630,., 10N16.078 0.745 
AY048 76.13 15.10 0 8.77 Y. Si. Al. 0. N 048. 9998 2267 1201 15277 0.744 
AY063 69.71 19.06 0 11.23 Y Si, Al, 0, N 063 9383 2933 1415 I5 131 0.744 
AY08 62.68 23.53 0 14.33 Yo.8Si8.396Al3.60101.623N,4.503 0.743 
AYlO 54.46 28.63 0 17.42 Y,.oSi7.501A14.,,0,.926N,4.227 0.744 
AY02-13 82.04 10.99 3.12 3.90 Yo.2Si,o.os~l~.9ooo,.3oN,4.694 0.742 
AY035-17 73.46 15.76 4.16 6.67 Yo.3sSi9.249Al2.7520,.699N,4.302 0.750 
AYO35-13 76.68 14.90 1.78 6.67 Y. Si. Al. 0. N 035 9655 2352 1299 14709 0.750 
AYO48-17 69.06 19.01 3.0 8.98 Yo.4*Si*.*57Al,.,430,.697N,4.3ol 0.750 
AY048-13 72.22 18.16 0.69 8.98 Yo.4sSi9.263Al2.7440,.3o,N,4.7o7 0.750 



On the extension of the cwialon phase area 

used as starting materials. The oxygen contents of 
the two nitride powders were taken into account 
when calculating the overall compositions. The 
overall compositions are given in Table 1. Compo- 
sitions were chosen with reference to the extension 
of the Y-a-phase area as given by Sun et al.,’ see 
Fig. l(a). The a-sialon phase has an (Si,Al)/(O,N) 
ratio (k-value) of 0.75. Overall compositions which 
are more oxygen-rich than the cy phase will have k 
values less than 0.75, while for compositions more 
rich in nitrogen k is > 0.75. As we have used 
M,03 oxides as precursor materials, this implies 
that we could only obtain powder mixtures with 
k = 0.75 for compositions located on the oxygen- 
rich side of the join line S&N,-M,O, * 9 AlN. 
Samples with overall compositions along this line 
and those which are mor’e nitrogen-rich have k 
values which are < 0.75, Le. we are not able to 
fully compensate for the oxygen present on the 
surface of the nitrides, as seen in Table 1. 

The starting materials, in batches of 30-50 g, 
were ball milled in water-free propanol for 24 h, 
using sialon milling media. After drying, compacted 
powders discs were hot-pressed (HPed) at 18OO”C, 
at a pressure of 25-32 MPal, for 2 h in nitrogen in 

L “l 
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a graphite resistance furnace. The samples were 
allowed to cool inside the furnace by shutting off 
the power, yielding a cooling rate of -5OWmin. 
The hot-pressed samples were then placed in a 
carbon crucible embedded in a mixture of S&N,, 
AlN and BN packing powder and re-heated up 
to 1750°C in a standard graphite furnace in nitro- 
gen atmosphere and equilibrated for 30 min, and 
then directly quenched (with a cooling rate of 
-4OOWmin) to room temperature. It has pre- 
viously been noticed that the quenching procedure 
is essential in order to obtain true equilibrium 
conditions at the temperature of interest.“6 

The crystalline phases present in the prepared 
samples were determined from their X-ray powder 
diffraction patterns (XRD), obtained in a Guinier- 
Hgigg camera with monochromatic Cu Ka, radi- 
ation. Small amounts of Si were used as internal 
standard, and the X-ray patterns were evaluated 
by means of the SCANPI system.12 The unit cell 
parameters were refined with the PIRUM com- 
puter software. I3 The obtained unit cell param- 
eters of the p-sialon phase, Si,,Al,O,N8_,, were 
used to calculate its z value, using the equations 
given in Ref. 14. Polished surfaces of the prepared 

Si N 
3 4 n=l f3’ n=2 4/3(AIN:AI,O,) 

b L 
NdN:3AIN 

Si3Nb n=l p’ n=2 4/3(AIN:AI,O,) 

d >N:3AIN 

Fig. 1. The a-sialon region of the Jlckalon system according to Sun et aL8 (a), the overall compositions of the prepared samples 
in this study are given by the symbol Cl. The extension of the cY-sialon phase field in the M-cY-sialon systems with M = (b) Nd, 

(d) Y, (e) Dy and ($I Yb. For comparison, the Sm system data given in Ref. 9 are reproduced in (c). 

YbN:3AIN 
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samples were examined in scanning electron 
microscopes (SEM, Jeol JSM 820) equipped with 
an energy dispersive spectrometer (EDS, Link AN 
10 000). Calibration curves were used for quanti- 
tative EDS analysis of the compositions of indi- 
vidual a-sialon grains, /3-sialon grains etc. The 
data given below are average values obtained 
from analyses of five or more grains for each 
phase in each composition. The errors in the 
determined m and yt values are both estimated to 
be of the order * 0.05. 

3 Results and discussion 

The unit cell parameters of the (Y- and p-sialon 
phases, the m, n and z values of the (Y and p 
phases and the Al/(Al + Si) ratio in the sialon 
polytype coexisting with the (Y and p phases in the 
samples prepared are given in Table 2. Using these 
m and n values, and assuming that all M ions in 
M,Si I*+I+n~Alm+nOnN&n are trivalent, the bound- 
aries of the a-sialon areas at 1750°C for M = Y, 
Yb, Dy, and Nd can be deduced and are depicted in 
Fig. 1. For comparison, corresponding data for 
the Sm system (given in Ref. 9) are included. 
Based on these data the following conclusions can 
be made: 

(1) 

(2) 

(3) 

(4) 

(5) 

The (Y phase area becomes larger with 
decreasing size of the M ion, i.e. in the order 
Nd (0.99 A) < Sm (0.96 A) < Dy (O-91 A) 
< Y(0.89 A) c Yb (0.87 A). 
The mmin values of the a-sialon phases 
formed in all systems studied are basically 
the same, i.e. m,,,i,, = 1 .O; the mmax values, 
however, show a tendency to increase with 
decreasing size of the M ion. 

The nmax value is 1.0 in the Nd system and 
around 1.2 in all other systems studied. 
The Yb system has the largest o-sialon area. 
However, recent studies have shown that 
the cY-sialon phase in this system contains 
Yb3+ as well as Yb2+ ions.” The amount of 
Yb2+ present in the samples could not be 
determined but is anyhow expected to vary 
with the temperature and preparation con- 
ditions used. The n value of the Yb-a-sialon 
phase will increase with increasing Yb2+ 
content, and m will decrease, implying. that 
the most oxygen-rich a-sialon phase, the 
highest IZ, value, is found in the Yb-a-sialon 
system. 
The p-sialon z values obtained from SEM- 
EDS analysis of individual P-grains and 
those calculated from XRD data are in fair 
agreement. 

(6) The Al/(Al+Si) ratio of the sialon polytype 
coexisting with the (Y- and/or P_sialon phase(s) 
is very similar in the Y, Dy and Nd systems, 
viz. ii: 0.8, while in the Yb-system the ratio 
is -0.70. 

These observations are in agreement with find- 
ings by Huang et a1.,3 who noticed that mmax 
ranged from 1.8 to 3.0 whereas all the m,,,i,, values 
were around 1 .O in samples with overall compo- 
sitions along the join line Si3N,M203 * 9 AlN 
and M = Y, Yb, Sm, and Nd. Our studies seem to 
confirm that the n_ value in the Y-cu-sialon 
system is around 1.2. The observation that the 
Al/(Al+Si) ratio in the sialon polytype formed in 
conjunction with the (Y- and/or /I-sialon phase(s) is 
lower (= O-70) in the Yb-sialon system than in the 
other systems studied (= 0.80) suggests that the Al 
content in the intergranular phase is higher in the 
Yb-sialon system than in the other systems. 

The lattice parameters of the hexagonal unit 
cell of a-sialon phase increase with increasing m 
and n values, while c/a ratio remains constant 
(0.728-0.729 ) as seen in Table 2. 

Hampshire et al. “J have derived empirical rela- 
tionships between the cell dimensions of a-sialon 
and the overall composition of the sample, reading: 

a(A) = 7.706 + 0.0117 m + 0.824 rM + O-055 x (1) 

c(A) = 5.578 + 0.0259 m + 0.774 rM + @Ol71 n (2) 

where rM is the radius of the M ion. Using the m, 
n and x values given in Table 2 as well as appro- 
priate rM values we have calculated the unit cell 
parameters and plotted these versus the observed 
ones in Figs 2 a(A) and b(A). 

Sun et al.8 have suggested a different relation- 
ship, which neglects the contribution from the M 
ions and reads: 

a(A) = 7.752 + 0.045 m + O-009 n (3) 

c(A) = 5.620 + 0.048 m + 0.009 n (4) 

The cell parameters thus predicted are plotted 
versus the observed ones in Figs 2 a(B) and b(B). 

Figure 2 reveals that the relationship given by 
Sun et al. fits our data better than the one 
suggested by Hampshire et al. The data points of 
Fig. 2a(B) are scattered around the straight line 
representing a 1:l relation between the predicted 
and measured a-axis. Furthermore, there seems to 
be no systematic variation in the data given in 
Fig. 2a(B) with respect to the size of the M ion, 
suggesting that the size of the lattice parameter 
does not depend on the size of the M ion or at 
least that such a dependence must be very small. 
The relationships computed by Hampshire and 
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Sun were mostly obtained from the m and n values a(A) = 7.752 + 0.036 m + 0.02 n (5) 
of the starting compositions. Using m and n 
values based on our own analyses of individual 
a-sialon grains, we arrive at the following rela- 
tionships (see Figs 2 a(C) (and b(C)): 

c(A) = 5.620 + 0.031 m + 0.04 n (6) 

which deviate somewhat from the ones derived by 
Sun et al. 

Table 2. Composition (m, n and z values) and lattice parameters of the a- and /3-sialon phases, Al/(Al+Si) ratio in the polytype 
sialon phase cf: text 

Sample Cell dimensions (A) EDS results 

a P a P 2lR 

a b c/a a c 2 m n 2 Al/(Al+Si) 

Nd System 

ANd02 7.793 5.667 0.727 
ANd035 7.805 5.679 0.728 
ANd04 7.807 5.683 0.728 
ANd06 7.827 5.701 0.728 
ANd07 7.818 5.694 0.728 
ANd08 7.816 5.693 0.728 
ANd02-13 7.807 5.686 0.728 
ANd35-17 7.811 5,689 0.728 
ANd35-13 7.811 5,689 0.728 
ANd48- 13 7.823 5,699 0.728 

Dy System 

ADy02 
ADy025 
ADy035 
ADy04 
ADy06 
ADy07 
ADyO8 
ADylO 
ADyOZ 13 
ADy35-17 
ADy35-13 
ADy48- 13 

7.789 5,665 0.727 
7.793 5,669 0.727 
7.798 5,676 0.278 
7.807 5,687 0.728 
7,832 5.713 0.729 
7,843 5.721 0.729 
7,850 5.726 0.729 
7.860 5.732 0.729 
7,803 5,685 0.729 
7.817 5.699 0.729 
7.814 5,695 0.729 
7.826 5,707 0.729 

7.616 2.916 040 
7.616 2.917 0.41 

7.620 2.919 0.52 
7.620 2.920 0.52 

1.0 0.66 
0.97 0.71 
1.34 0.81 
I.08 0.96 
1.08 0.96 
0.9 0.7 
0.95 1.0 
1.09 0.72 
1.26 0.88 

0.45 0.82 
0.87 
0.80 
0.80 
0.79 

0.81 
0.79 
0.87 

7.615 2.915 0.36 
7.616 2.917 0.41 

0.86 0.84 

7.626 2.924 0.71 

1.55 1.15 
1.79 1.13 
1.94 1.18 
2.24 0.72 
0.88 1.03 
1.10 1.23 
1.09 0.95 
1.42 1.04 

0.77 
0.80 
0.83 
0.84 

Yb System 

AYb02 7.788 5.~662 0.727 7.616 2.916 0.40 0.91 064 0.43 
AYb025 7.791 5.1665 0.727 7.616 2.917 0.41 
AYb035 7.799 5.1575 0.728 0.86 0.69 
AYb04 7.806 5.1582 0.728 0.96 0.66 
AYb06 7.832 5.‘708 0.729 1.68 1.14 
AYb07 7.842 5.‘716 0,729 
AYb08 7.848 5.‘721 0.729 2.14 1.06 0.72 
AYblO 7.862 5.‘730 0.729 2.46 1.09 0.69 
AYb12 7.872 5.736 0.729 2.76 1.0 0.71 
AYb02-13 7.802 5683 0.728 7.626 2.924 0.71 1.21 0.83 
AYb35-17 7.817 5697 0.729 1.24 1.25 0.65 
AYb35-13 7.810 5689 0.728 1.09 1.10 0.67 
AYb48-13 7.824 5.703 0.729 I.52 1.03 0.61 

Y System 

AY033 7.801 5679 0.728 
AY04 7.801 568 1 0.728 
AY048 7.818 5696 0.729 
AY063 7.829 5.708 0.729 
AY08 7.847 5.718 0.729 
AYIO 7.846 5.720 0.729 
AY02- 13 7.801 5680 0.728 
AY035-17 7.813 5694 0.729 
AY035-13 7.813 5.698 0.729 
AYO48- 17 7.823 5.703 0.729 
AY048-13 7.825 5.702 0.729 

7.622 2.922 0.60 

1.0 0.49 
1.26 044 
1.51 0.58 
1.86 0.61 0.80 
2.09 0.74 0.87 
2.33 0.63 0.87 

0.99 1.17 0.79 
1.15 1.07 0.77 
1.62 0.75 0.80 
1.31 1.09 0.78 
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The conclusion that the increase in unit cell 
dimensions of a-sialon is mainly due to an increase 
of the m value, i.e. to the replacement of (Si-N) 
by (Al-N), can be understood in terms of the fact 
that the average Al-N bond (1.87 A) is much longer 
than an Si-N bond (1.74 A). One must keep in 
mind that the Al-O and Si-N bond lengths are 
about equal (= 1.75 A). Furthermore, the absence 
of any additional X-ray diffraction peaks indicates 
a random replacement of @i-N) units by (Al-N) 
and (Al-O) units in the cY-sialon structure. 

For stoichiometric reasons, the amount of M 
ions present in the (Y phase is always related to 

0.785 

0.780 

0.790 

E- 
G 
m f 
% 0.785 
5 
5 
!?! 
a 

0.780 

0.785 

0.780 - 

1 
0.775""“"""""""' 

0.775 0.780 0.785 0.790 0.795 

Actual a (nm) Actual c (nm) 

(4 (b) 

the m value by the relation x = m/3. The data 
given above suggested, however, that size of the 
M ions has no or only a minor effect on the lattice 
expansion. The latter observation has been at- 
tributed to the size of M ions (tM = 0.87-O-99 A) 
being much less than the mean size of the inter- 
stitial hole (r = 2-59 A) where they reside.‘6T’7 
However, this argument is somewhat dubious, 
because it is well known that rare earth elements 
with ionic radii exceeding -1 A cannot be accom- 
modated within the a-sialon structure. This point 
will be discussed in some detail in a forthcoming 
article. 
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