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Abstract

a-SiAION samples of the overall composition
Sm,Si;; minjAlninOulN sy With m and n in the
ranges 0-6<m < I'44 and 1'3<n <17 (m = 3x),
were prepared by a hot-pressing technique at 1800
and 1700°C. Based on X-ray powder diffraction stud-
ies and elemental analysis of individual o-SiAION
grains in the obtained ceramic compacts, the exten-
sion of the Sm-doped o-SiAION solid solution range
was mapped out. The m-value was found to vary
between 0-89 and 1-52 while n was always less than
1-23. Elongated a-SiAION grains were found pref-
erentially in compacts having overall compositions
located slightly outside the oxygen-rich border-line
of the homogeneity region of the Sm-doped a-SiAION
phase, i.e. form= [-2 andn = 1-3. We also noticed
that elongated o-SiAION grains were formed pref-
erentially perpendicular to the pressure applied in
the sintering procedure. All samples exhibited
HV10-values in the range 21-22 GPa and K, -values
in the range 4-0-4:7 MPa m'?. © 1997. Published
by Elsevier Science Limited. All rights reserved.

1 Introduction

The general formula of the a-SiAION phase can
be expressed as R,Sij; (yinAly,O.Ni6,, Where
m(Si-N) are replaced by m(Al-N) and n(Si-N) by
n(Al-O) units.! The introduced valence discrep-
ancy is compensated by x = m/3 rare-earth R3*
elements. Thus, the a-SiAION solid solution range
has a two-dimensional extension in the plane
Si;N,~ALO;-AIN-RN-3AIN located in the com-
monly used Jdnecke prism that illustrates the
phase relations of the particular R-Si-Al-O-N
system. A detailed picture of the extension of the
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a-SiAION phase area is only known for R = Y.2
Studies of the subsolidus phase relationships in
Si;N,~AlN-rare-earth oxide systems have sug-
gested that all rare-earth stabilized a-SiAIONs
have quite similar composition areas.>* Recent
studies concerning the thermal stability of
Sm-doped a-SiAION ceramics have, however,
indicated that in the Sm-doped SiAION system
the a-SiAION compositional area is smaller than
in the Y-SiAION system.’ These findings initiated
further studies of the Sm—a-SiAION system and in
this article the a-SiAION compositional area is
mapped out as it is revealed by phase analysis based
on X-ray diffraction data and elemental analysis
of individual a-SiAION grains in samples with
overall compositions close to the known Y-doped
a-SIAION compositional area and prepared at
1800 and 1700°C by the hot-pressing technique.

It is well known that a—B8 SiAlION ceramics
normally contain equiaxed «-SiAION grains,
B-S1AION grains with an elongated shape and
amorphous or crystalline intergranular phase(s).
In o—B SiAION ceramics the a-SiAION grains
contribute to the hardness while the presence of
elongated B-SiAION grains is believed to improve
the fracture toughness.® There are very few reports
on the formation of elongated a-SiAION grains,
but recent studies of the thermal stability of differ-
ent rare-earth doped «-SiAION phases have
revealed that elongated a-SiAION grains can be
formed under certain preparative conditions.>’!°
Hwang et al. have also observed anisotropic grain
growth of the a-SiAION phase when different sin-
tering aids (CaO, SrO and Y,0,) are used simulta-
neously.!" In this contribution we describe the
preparation conditions used to produce elongated
Sm-doped a-SiAION grains and evaluate their
impact on the mechanical properties, i.e. find out
whether the presence of elongated a-SiAION grains
will improve the fracture toughness of the material.
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Table 1. Designed overall compositions, sintering conditions applied and densities of the hot-pressed samples
Sample Designed composition Overall weight percent Actual formula Sintering Density
no. condition (gem?)
m n X Si;N, AIN  ALO; Sm,0; { temp/time )

1 06 13 02 80'3 108 30 59 Smo,zsim,goAl].900]A29N]4,69 1800°C/2 h 334
2 1-05 1.7 035 70-9 15-2 4.0 9:9 Smy 358ig.19A17601.70N14.36 1800°C/2 h 3-37
3 1-05 1-33 035 74-0 14-4 1.7 9-9 Smy 35S1g.79A123601.30N 1478 1800°C/2 h 337
4 1-44 13 048 67-1 19-3 0-7 12-9 Smy 4gSig55Al3130,.3:N 5.7 1800°C/2 h 340
3a 1-05 1-33 035 74-0 14-4 17 9-9 Smy 35Sig.70Al3604.30N 1478 1700°C/1 h 335
3b 1-05 1.3 035 74-0 14-4 1.7 9:9 Smy 35Sig.70Al 3601 .30N 1478 1700°C/2 h 337
3C 105 1‘3 035 740 144 1'7 99 Sm0,355i9,70A12,3601.30N|4.78 1700°C/4 h 340

2 Experimental

The overall compositions of the samples prepared
in the present study are given in Table 1. Their
positions in the Si;N,-rich corner of the plane
Si;N,~SmN-3AIN—(4/3)(AIN-AL,O;) are given in
Fig. 1(a). The samples with the overall composi-
tions Sm Si;; 4.5,Al15.01.5Nig1.5 With x = 0-25,
0-35, 0-40, 0-60, 0-70, 0-80 and 1-0, prepared as des-
cribed in Ref. 5, are also represented in the same
figure. The extension of the Y-doped a-SiAION

4/3(AIN:ALO,)

R,0,:9AIN

RN:3AIN

4/3(AIN:ALO,)

Sm203:9AIN

SmN:3AIN

(b)

Fig. 1. (a) The Si;N,-rich corner of the subsolidus phase rela-
tionship in the R-Si-Al-O-N system, showing the overall
compositions of the prepared samples ((J) and the overall com-
positions of the samples Sm,Si;, 45,Al;5,0,.5,N¢ 1.5, prepared
as described in Ref. 5 (.z); the a-SiAION forming region for
Y as given by Sun et al” is also marked as dashed line. (b)
The EDS measured composition of individual a-SiAION
grains in the samples given in Fig. 1(a).

phase area, as determined by Sun er al.,? is given
by the dotted line in Fig. 1(a). The starting mate-
rials were Si;N, (UBE SNIOE), ALO; (Alcoa
SG30), AIN (HC Starck-Berlin, grade A) and
Sm,0; (HC Starck-Berlin, grade finest). When cal-
culating the compositions of the samples, correc-
tions were made for the small amounts of oxygen
present in the Si;N, and AIN raw materials.

The starting materials, in batches of 30 g, were
ball-milled in water-free propanol for 24 h using
sialon milling media. Compacted pellets of dried
powders were hot-pressed (HP) in nitrogen at 1800°C
for 2 h and at 1700°C for 1-4 h, at a pressure of
30 MPa in a graphite resistance furnace. After
the sintering procedure the samples were allowed
to cool inside the furnace at a rate of ~ 50°C
min.™!

The density was measured in water according to
Archimedes’ principle. Hardness (HV10) and
indentation fracture toughness (K|) at room tem-
perature were obtained on carefully polished spec-
imens with a Vickers diamond indenter applying a
98 N load. The fracture toughness was evaluated
with the formula given by Anstis et al,'? with a
value of 300 GPa for Young’s modulus.

Crystalline phases were characterized by their
X-ray powder diffraction (XRD) patterns obtained
in a Guinier-Higg camera with Si as internal
standard, using monochromatic Cu K, radiation.
X-ray films were evaluated by means of the
SCANPI system,"* and the unit cell parameters
were determined with the PIRUM computer
software.!* The obtained unit cell parameters of
the B-SiAION phase, Si; .ALO.N; ., were used to
calculate its z-value using the equations given in
Ref. 15. In the estimation of the amounts of crys-
talline phases, the integrated intensities of the fol-
lowing peaks were used: (102) and (210) of the
a-SIAION, (101) and (210) of the B-SiAION, and
(101) and (012) of 21R. The relative weight frac-
tion of each phase was then calculated from the
expression: .,

W, = (I,/K}) Zl (I/K) 1<k<n

(D
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where W, is the weight fraction of phase k, n is
the number of crystalline phases present, /; is the
intensity of the selected reflection (hk/) of phase i
and K, are constants determined from experimental
calibration curves. The X-ray diffraction patterns
of sintered compacts were obtained with a STOE
diffractometer (Stadi-P). Diffraction patterns were
recorded for sample 3 oriented perpendicular and
parallel to the hot-pressing direction.

Polished surfaces of the prepared samples were
examined in scanning electron microscopes (Jeol
JSM 820 and 880) equipped with energy-dispersive
spectrometers (Link AN 10000). The compositions
of the various phases given below have been deter-
mined with use of calibration curves, and they
represent mean values from at least five point
measurements.

3 Results and Discussion

The samples hot-pressed (HPed) at 1800 and
1700°C were all found to be fully densified, as
revealed by optical and scanning electron micro-
scopy studies. The variation in density with sintering
time, temperature and composition (see Table 1)
can easily be understood in terms of the vari-
able content of - and B-SiAION and crystalline
and/or amorphous intergranular phase(s) in the
samples.

3.1 Phase analysis and solid solubility limits of
Sm-doped a-SiAION

The phases present, the cell parameters of the
a- and B-SiAION phases and the z-value of the
latter in the various samples are given in Table 2.
According to Fig. 1(a), sample 1 is expected to
contain a- and B-SiAlON in approximately equal
proportions, in accordance with the findings. Sam-
ple 2 should mainly contain the a-SiAION phase
but does contain small amounts of the B-SiAION
and 21R phases as well. Finally, in samples 3 and 4,
the only expected crystalline phase is a-SiAION,
but sample 4 does contain appreciable amounts of
the 21R phase.

The compositions of individual «-SiAION
grains measured by energy-dispersive spectroscopy
(EDS) in samples 14 are given in Table 2 and
Fig. 1(b). Corresponding data for the samples
with overall composition Sm.Si;5 4.5, Al5: 0.5 N6 1.5
with x = 0:25, 0-35, 0-40, 0-60, 0-70, 0-80 and
1-0 (obtained from Ref. 5) are reproduced in
Fig. 1(b). It is quite evident from Fig. 1(b) and
the phase analysis described above that the com-
positional area of the a-SiAION phase is smaller in
the Sm-SiAION system than that in the correspond-
ing Y-system. The m-values in the general formula
of the a-SIAION phase, R,Sij, nnAlysnOxNig p
are very similar in the two systems and thus also
are the x-values, while the Sm-doped a-SiAION
phase seems not to be able to accommodate as
much oxygen in its network as its yttrium ana-
logue, i.e. ng,<ny. In our previous study of the
Sm-doped a-SiAION system it was concluded that
melilite was easily formed as an intergranular
crystalline phase during the cooling part of the
sintering cycle especially in samples where x in
Sm, Si5 4.5, Al;5,0,.5. N6 1.5, 18 €qual to or exceeds
0-6. In order to avoid the formation of melilite,
rather fast cooling rates had to be applied.’ The
samples prepared in this study have all x-values
less than 0-6 and comparatively low cooling rates
have been used. The fact that no melilite phase is
formed in samples 1-4 seems to indicate that the
formation of melilite is retarded in the composi-
tional region x <0-6.

3.2 Microstructure and morphology of a-sialon
grains

Scanning electron micrographs of samples 1-4
prepared at 1800°C, recorded in back-scattered
electron mode, are shown in Figs 2(a)-(e). The
B-SiAION and the 21R (S;Al(O;N)-polytype
appear with dark black contrast (which in turn
can be differentiated by Al/Si elemental analysis),

the a-SiAION phase appears with medium grey

and the Sm-enriched intergranular phase with
bright phase contrasts. Comparing the microstruc-
tures of the different samples the following can be
noticed:

Table 2. Phase content, unit cell dimensions and EDS measured composition of the a-sialon phase in the prepared samples

Sample Crystalline phases a-sialon unit cell B-sialon unit cell EDS a-sialon composition
no.

P B 2IR a(4d) c(d) a(4d) c(4) z m n X
1 55 45 7-8059(4) 5-6859(4) 7-6245(4)  2:9236(3) 0.7 0-89 0-89 0-30
2 90 5 5 7-8135(4) 5-6942(4) 0-95 1.23 032
3 100 7-8125(3)  5-6920(4) 0-99 1.07 033
4 92 8 7-8292(3) 5:7074(4) 1-52 0-88 0-51
3a 100 7-8133(4) 5-6927(4)
3b 100 7-8130(3)  5-6934(4)
3c 100 7-8105(4)  5-6925(4)
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(1) The micrograph of sample 1 [see Fig. 2(a)]

shows that, in addition to a small amount of
a residual intergranular phase, it contained
approximately the same amount of a- and
B-S1AION in accordance with the X-ray ana-
lysis. The a-S1AION grains are equiaxed while the
B-SIAION grains mostly exhibit elongated shape.

(2) The micrograph of sample 2 [see Fig. 2(b),

recorded in conjunction with elemental analysis]

reveals the presence of three different phases:
(i) elongated B-SiAION grains; (ii) stacked
bundles of the 21R-polytype; (iii) a-sialon
grains with three different morphologies, namely
small equiaxed grains, large anisotropic ones
and elongated grains with a larger aspect
ratio. The micrograph also reveals that this
sample contains a large amount of amorphous
intergranular phase.

(b)

(e)

Fig. 2. Back-scattered SEM micrographs showing the microstructure of sample 1 (a), sample 2 (b), sample 3 (c) and sample 4 (d)
on the surface oriented parallel to the sintering pressure direction, as well as sample 3 (e) on the surface oriented perpendicular to
the sintering pressure direction.
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(3) The micrograph of sample 3 [Fig. 2(c)], having
an overall composition of x = 0-35and n = 1-3,
shows that this sample 1s almost a single-phase
a-SIAION ceramic but small amounts of a
black phase are alsc found and confirmed to
be the 21R-polytype by elemental analysis.
The a-SiAION grains in this sample have an
elongated shape, but fine equiaxed a-SiAION
grains are also present. This micrograph is
recorded for a sample having its polished sur-
face parallel to the pressure applied in the sin-
tering procedure. The micrograph given in
Fig. 2(e) also emanates from sample 3, but in
this case the surface exposed was perpendicu-
lar to the applied sintering pressure. The phases
present are the same as those in Fig. 2(c), but
slightly more elongated a-SiAION grains are
found.

(4) Sample 4 [see Fig. 2(d)], having an overall
x-value of 0-48 and an n-value of 1-3, contains
two phases: a-SiAION and larger amount of
the 21R-polytype than in the other studied
samples. The a-SIAION grains exhibit elon-
gated as well as equiaxed shapes.

The microstructure of sample 3 prepared at 1700°C
was very similar to the one obtained at 1800°C,
i.e. elongated o-SiAION grains were found in
amounts increasing with increasing sintering time
but in lesser amounts than in the sample prepared
at 1800°C.

The XRD pattern of the crushed powder of
sample 3, obtained in a Guinier-H&4gg camera, is
given in Fig. 3. Corresponding records from the
compact of the same composition, obtained in the
STOE diffractometer (working in reflection mode)
with the exposed surface oriented perpendicular

a(102)

o(201) a(210)

J\ﬂ’f’w;

H]\/’\/\NMDM
a
0 32 34
20

Fig. 3. X-ray powder pattern of sample 3 (a) and diffraction

pattern obtained in reflection mode for the same solid ceramic

compact on the surface oriented perpendicular (b) and parallel
(¢) to the applied pressure during the sintering process.

Intensity (Abs)

3

and parallel to the applied sintering pressure, are
also given in Fig. 3. The intensities of the (102)
and (210) reflections in the powder pattern are
similar, as expected. The intensity of (210) is
higher than that of (102) in the diffraction pattern
obtained with the surface oriented perpendicular
to the pressure direction, while the reverse is true
for the surface oriented parallel to the pressure
direction.

These observations suggest that the growth
direction is along the c-axis of the unit cell of the
a-SiAION phase and that pressure promotes the
growth of elongated a-SiAION grains in a direction
perpendicular to the applied pressure. The SEM—
EDS studies showed that elongated a-SiAION grains
were preferentially formed in the samples with an
overall composition of n = 1-:3 and | < m < 1-44.
It can also be noted that all individual a-SiAION
grains had approximately the same n-value,
i.e. n = 1. Anisotropic grain growth was also
found in samples having an overall composition
of Sm,Si |, 4.5,Al;5.0;.5.Ny1.5c With x = 0-6.° These
findings suggest that anistropic grain growth of
the a-SiAION phase is promoted by the presence
of a liquid which is rich in oxygen and aluminium.
This is in agreement with the findings by Cao
et al that nucleation of the «-SiAION phase
occurs more easily in an aluminium-rich liquid
than in a aluminium-poor one.'"® It is not clear
from this study whether the anisotropic grain
growth is diffusion- or reaction-controlled, but
there are reports stating that the grain growth of
B-Si;N, and B-SiAION is diffusion-controlled.'”%

3.3 Mechanical properties

The hardness and fracture toughness of samples
1-4 are given in Table 3. Firstly it can be con-
cluded that all samples exhibited HV10-values
in the range 21-22 GPa and fracture toughness
values in the range 404-7 MPa m,"? implying
that no systematic variation with overall composi-
tion, sintering time and temperature can be
discerned. Similar HV10- and K -values have been
found for the samples of the overall composition

Table 3. Hardness and fracture toughness

Sample no. HVI0 (GPa) K,(MPam™)
L 21 ‘ 4.4
14 ‘ 21 4.7
2 21 4.0
24 21 43
3 22 4.0
31 22 41
4| 21 42
41 21 42

1 and || refer to data obtained with the surface oriented per-
pendicular and parallel to the pressure direction, respectively.
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Fig. 4. A crack propagating in sample 3, which is deflected

when it approaches the o-SIAION grains at a low angle while

it penetrates the grain when it propagates perpendicular to an
elongated a-SiAION grain.

SmxSi]2_4.5'¥Al4.5x01.5xN16_1.5x with 025<x< 105 It
can also be noticed that when propagating cracks
approach the a-SiAION grains at a low angle they
are deflected, but when they propagate perpendic-
ular to an elongated a-SiAION grain they are not
deflected but penetrate the grain, as seen in Fig. 4.
This behaviour suggests that the bonding at the
interface between the «-SiAION grains and the
intergranular glassy phase is too strong to allow
crack deflection in the latter case.

4 Conclusions

The solid solubility area of the Sm-doped
a-SiAION phase is somewhat smaller than its
yttrium analogue. Anisotropic a-SiAION grains
are formed preferentially in samples with an
overall composition close to the solubility area of
the a-SiAION phase in the oxygen-, aluminium-
and yttrium-rich parts, respectively, ie. for
n=1and 1| £ m £ 144 and x 2 06 in
Sm,Si;5 4.5:Aly5,0;.5¢Ni6 1.5.- NO systematic varia-
tion of mechanical properties with the overall
composition, size and shape of the «-SiAION
grains, sintering time and temperature could be
discerned.
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