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Abstract

The in situ formation of four sialon composites
alpha-beta, alpha-15R, beta-15R and beta-12H in
part of the system Y-Si-Al-O-N was investigated.
The densification behavior of the alpha-beta materials
differs from that of those containing polytypes. The
alpha-based materials exhibit a unique composite
microstructure where elongated grains of beta or
plates of polytypes are embedded in an equiaxed
matrix of alpha-sialon. This is important for the
development of the strength and toughness of hard
alpha-sialon ceramics. The properties of the com-
posite phases are compared to those of the cor-
responding monolithic materials. © 1997 Elsevier
Science Limited.

1 Introduction

Sialon ceramics are promising candidates for
engineering applications because of their excellent
mechanical, chemical and thermal properties.
B-Sialon (B') is an extended solid solution in the
Si-Al-O-N system!* which is based on the
B-Si;N, structure. Another solid solution, a-sialon
(a'), 18 isostructural to «-Si;N, and exists in the
M-Si-Al-O-N system (M commonly yttrium).*'2
Other polytype sialon phases based on the AIN
type wurtzite structure occur in the AIN-rich zone
of the Si-Al-O-N system.'*!* All these phases are
compatible along the a'-B'-containing plane
Si;N,~AIN.ALO;-MN.3AIN. These individual
sialon phases have different intrinsic properties
and different grain morphologies.

In this study, an investigation was made of
the in-situ formation of different combinations of
the sialon phases in different proportions from
compositions in the system Y-Si-Al-O-N. The sin-
tering characteristics and microstructures of the
above materials are studied in detail. Some of the
mechanical properties of the composite phases are
compared with those of the single phases.

929

2 Experimental

B-Sialon with a low level of substitution (z up to
0-5) is difficult to sinter without additive.'> A
series of compositions (nos 1 to 7) was taken in
this study along a line parallel to Si;N-
Y,0;.9AIN which originates from a 8' composition
corresponding to a z-value of 0-3 in the general
formula Sig.ALLO.N; . (Table 1). Two more com-
positions were taken by shifting the compositions
nos 3 and 5 towards higher AIN.ALO; content
where Y,0O; content is kept constant (nos 8 and 9,
respectively). These two latter compositions corre-
spond to the region containing B8' and polytypes in
the basic plane Si-Al-O-N. The starting powders
were attrition milled with Si;N, balls in an iso-
propanol medium, dried, sieved and pressed under
an isostatic pressure of 630 MPa into green
shapes. The green billets were fired under 1 MPa
nitrogen gas pressure in an electrical resistance
furnace. The phases were analyzed by XRD using
Cu Ka radiation. The samples were finished up to
] um and 6 um for SEM and bending strength
measurements respectively. The modulus of rup-
ture was measured by using a four-point bending
fixture with a span of 23 to 7 mm and with a
cross-head speed of 0.01 mm/minute. Hardness
was obtained by a Vickers diamond indentor
using 10 kg load and the fracture toughness (K,)
was estimated from the crack diagonals under
indentation.'¢

3 Results and Discussion

The compositions are fired in a temperature range
of 1500 to 1900°C. Above 1600-1650°C, no start-
ing materials could be traced after 2 h firing. The
ultimate phases are given in Table 1. All the com-
positions excepting nos 1 and S produce compos-
ite sialon phases. A two-phase mixture of o'-8'
was obtained from compositions nos 2-4 in which
the amount of «' is estimated from XRD to be
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Table 1. The starting compositions and the final phases of the
investigated samples

Comp. Mole%; Ultimate

no. phases
Si;N, AIN.A1,0, YN.3AIN

1 95-74 319 1-06 B

2 93.92 3-87 221 o'-f

3 89-82 5-39 4-79 o-p

4 84-97 7-19 7-84 o-p

S 79-14 935 11-51 o

6 72:00 12-00 16:00 o-21R

7 63.06 1532 12-62 o-21R

8 49-18 44-26 6-56 B-15R

9 52-63 33-33 14-04 B-12H

about 10, 40 and 90%, respectively, i.e. increasing
with increasing Y,O; and AIN in the starting com-
position. The compositions nos 6 and 7 are three-
phase mixtures of «', 21R sialon polytype (21R,
SiAlO,N¢) and nitrogen melilite (Y,Si;0;N,) in
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Fig. 1. The shrinkage behaviour and the derived densification
rate of some of the compositions during heating up of the
furnace: (a) o’-8'" (b) o/-polytype: (c) B-polytype.

the lower temperature region. The amount of both
21R and melilite is larger in composition (no. 7)
with higher Y,0; and AIN content. The melilite
disappears at above 1730°C and 1860°C for com-
positions 6 and 7, respectively, and the product
becomes a composite material based on o with
21R. As estimated from XRD, the amount of 21R
is nearly double in composition no. 7. The last two
compositions (nos 8 and 9) produce two B-sialon
based composites with two other different poly-
types, 15R (SiAl,O,N,) and 12H (SiAL;O,N;). The
amount of polytype in these products is compara-
ble to that of composition no. 7. The B'-poly-
type phases are stable at a temperature of 1600°C
onwards.

The dilatometric study was performed for all
samples with a linear heating rate of 15°C/min
under nitrogen gas at normal atmospheric pres-
sure (Figs 1(a)—(c)). The typical shrinkage curves
indicate the nature of sintering. The derived
shrinkage rate when analyzed in association with
the intermediate phases present reveals the reac-
tion sequences during formation of the final prod-
uct. The shrinkage starts for all the a'-based
compositions at a temperature range of 1255 to
1295°C while that for B'-based compositions starts
at a much lower temperature of below 1150°C. In
all the compositions YAM (Y,ALO,) appears as
the first transient phase, the amount of which is
much larger in the case of B'-based compositions.
In the first composition of «'-8' (high 8' content)
the measurable shrinkage starts above 1350°C.
This may be due to the formation of an oxide
melt in the system Y,0,-Al,0;Si0,, the SiO-
being the oxide impurity of the starting Si;N,
powder (L1, Table 2). The liquid composition
becomes an oxynitride (L2) above 1500°C when
AIN and a-Si;N, start dissolving into it. The dis-
solution of AIN is rapid and complete by 1570°C.
The o and B' start precipitating above 1600°C.
The nature of the liquid phases in this case is simi-
lar to the pure o'-sialon compositions.!” The next
compositions of o'-8' materials involve a two-step
sintering. The volume of oxide liquid is reduced
because of the precipitation of the yttrium-con-
taining crystalline phase YAG (Y;Al;0,,) which
redissolves above around 1500°C into the oxyni-
tride melt. The o'-polytype compositions involve a
third intermediate step when the volume of the
liquid 1is once again reduced following the precipi-
tation of another yttrium-containing crystalline
phase, nitrogen melilite (Y,Si;0;N,), in the tem-
perature region of 1650 to 1700°C. The B'-based
compositions exhibit a two-step sintering charac-
teristic like o8 composites. Although 15R
appears transiently around 1600°C, it does not
affect the shrinkage curve. In all cases, the major
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Table 2. Details of dilatometric study of the investigated compositions

Comp.

Start

Intermediate steps Transient
no. of phases
shrinkage No. of Temperature Maximal sintering
(°c) steps range rate
°C) °C) (“omin)
2 1256 1 1355-1900 1654 23 LI,L2,Y!
3 1284 1300-1406 1376 03 L1,L2,Y1
14681850 1628-1674 39 Y2
4 1238 2 12601414 1376 0-25 L1,L2,YI]
1521-1850 1660 4-4 Y2
6 1287 3 1303-1462 1395 0-5 L1,L2,Y1
1509-1670 1640 27 Y2.M
1670-1800 1731 52
7 1254 3 1277-1414 1353-1377 0-4 L1,L2,Y1
14901660 1614 34 Y2.M
16901800 1759 56
8 1139 2 1322-1398 1368 0-2 LI,L2,Y1
1498-1690 1621 79 Y2
9 1126 2 1311-1388 1355 0-5 L1,L2,Y1
1547-1670 1631 13-0 Y2,15R

L1—oxide liquid, L.2—oxynitride liquid, Y1—YAM, Y2—YAG, M—nitrogen melilite, 15R-sialon polytype.

amount of sintering takes place in the presence of
the oxynitride liquid involving the second step of
sintering. The most effective temperature region
for densification of a'-based compositions is from
1600 to 1800°C while that for B'-based materials
is strictly limited to below 1650°C. These latter
compositions, however, sinter much faster than
the a’-based compositions in the lower temperature
region as indicated by the rate of sintering (Table
2), probably because of a larger volume of liquid.
The influence of sintering time on density under
isothermal heating at 1750°C for the o'-based
compositions is presented in Fig. 2. The densifica-
tion in the case of a'-B' composites is faster than
that of o'-polytype materials. The presence of
melilite in the latter compositions brings the diff-
erence. The higher the melilite formation, the
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Fig. 2. The variation in densification with sintering time
under an isothermal heating at 1750°C. The time in minutes
is shown inside the graph.

slower is the rate. In the polytype-containing com-
positions, melilite dissolves slowly into the liquid
with time and the sintering proceeds. The overall
densification, for all the materials in general,
increases with soaking time up to 2 h. The final
density values for all the compositions after 2 h
sintering are given in Table 3. In the a'-polytype
composites, the material containing less polytype
densifies better. Amongst all, the o’~8' composite
in about equal ratio shows the best densification.
The B'-polytype composition undertaken in this
study provides the advantage of low-temperature
formation where the highest density value is
achieved below 1650°C. A comparable density
value for the similar material in the system
La-Si-Al-O-N was achieved at 1900°C."

Typical SEM micrographs using back-scattered
electrons reconfirm the nature of phases present.
The grain morphology and the distribution of the
phases for o'-B' are shown in Figs 3(a)-(c). The
white portion corresponds to a phase containing a
heavy element and therefore, depending on the
amount of yttrium present, different phases show

Table 3. Weight loss and final density of the products fired

for 2 h under 1 MPa nitrogen gas pressure; o’-21R(2) denotes

composition with higher amount of polytype; density values
in parentheses are at 1850°C

Phases Density (2TD) Weight
loss
1650°C 1700°C  1820°C  1900°C (%)
o—B'(2:3) 9863 98-80 99-02 9940 0-89-1-31
a-p'(9:1) 9791 9801 9816 9826 0-76-1-38
a'-21R 96-48 97-59 97-99(98-01) 97-59 1-08-1-38
a-21R(2) 9459 9411 94-89(97-10) 97-12 1-22-1-89
p-15R 92.81 8552 8532 8697 149-3-20
B-12H 9533  94.59 93.37 92:67 1.26-2-46
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Fig. 3. SEM micrographs using back-scattered electrons of
polished surface of «'-8' with a mutual ratio of: (a) 1:9; (b)
2:3;(c)9:1; bar = 5 pum.

different levels of contrast. Dark crystals are 8 or
B as they contain only light elements and the
white spots in all the compositions are the
yttrium-rich glass. o' appears as a grey phase with
an intermediate color between the two former
phases. In general, it was seen that the elongated
grains of B are dispersed in an equiaxed matrix of
o'. The size of the B' grains ranges between 3 and
7 wm with a maximum value up to 20 um while
the aspect ratio ranges between 3 and 5. The size
of the o' is smaller around 3 um. In the BSE
micrograph of the «'-polytype material, the poly-
type appears as the dark crystals similar to the g8'
as they contain the same elements (Fig. 4(a)). The
plasma-etched surfaces of this material reveal the
long plate-like polytype grains (typically 7 to 10
um) in an equiaxed o' matrix (Fig. 4(b)).

Fig. 4. SEM micrographs of o'-polytype (a) BSE image of
polished surface, bar = 10 um; (b) plasma-etched surface using
a gas mixture of CF, and oxygen, bar = 5 um.

The amount of the residual intergranular glass,
appearing as white spots in the BSE micrographs,
was measured by point counting and is presented
as a function of starting composition (Fig. 5).
Each point is a mean of four to six measurements
where the deviations for the smaller values are * 1%
and for the larger ones +3%. The remarkable feature
is the drop in the remnant glass in a'-based mate-
rials. This may be attributed to the lesser avail-
ability of yttrium in these compositions to form
the glass because of consumption of the cation to
stabilize the o' structure. This point is important
in minimizing the grain boundary glass for better
high temperature properties without sacrificing the
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Fig. 5. The residual amorphous phase as a function of starting
composition; solid line represents the a'-based compositions;
filled circles are B-polytype composition.
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Table 4. Some of the mechanical properties of the fired products;
o'-21R(2) denotes the composition containing higher amount

of polytype

Phases Density MOR K Hardness

(%TD) (MPa) (MPam') (kg mm?)
a-f(2:3) 9940 763 5-59 1760
o-f3(9:1) 9856 692 4.82 1990
a-21R 98-01 441 4.37 1975
o-21R(2) 9710 389 4.25 1720
B-15R 9281 449 3-98 1476
B-12H 95-33 486 4-40 1583
a' 98-13 464 4-66 2020
B 98-82 745 4.72 1640

sinterability. The o'-f' shows minimum residual
grain boundary. In comparison, a'-polytype is
stabilized in a compositional zone where the
Y,0;.9AIN content is much higher in the starting
compositions.

Some of the mechanical properties of the com-
posite materials are presented in Table 4. The
introduction of B in o« matrix increases the
strength of the material sharply. The hardness of
the composite ranges between that of monolithic
o' and B' and increases with the ¢' content in the
product. The fracture toughness is the best for
- (about equal proportions) amongst all the
materials in this study. However, no significant
difference in any of the mechanical properties
could be achieved when the polytypes are intro-
duced in the o' matrix in place of 8. On the other
hand, if the level of density achieved is kept in
mind, it may be concluded that stronger material
could be obtained from a p'-based composite
material when the densification of the material is
improved. Additionally, it may be economic due
to the lower sintering temperature.

The retention of room-temperature strength of
a'-B' is compared to that of monolithic o' and f'
material (Table 5). The temperature dependence
of this property is more or less similar for all the
three materials. The post-sintering heat treated
(at 1400°C for 24 h under 0-1 MPa nitrogen) o'-f3'
retains about three-quarters of its room-tempera-
ture strength at a temperature as high as 1350°C

4 Conclusions

Different composite sialon phases could be pre-
pared from selected compositions in the plane
Si;N,~ALO,;. AIN-YN.3AIN in the system Y-Si-
Al-O-N. The densification behavior of these
materials is influenced by the presence of both
different transient crystalline phases as well as by
the change in liquid compositions. The o’~3'-based
materials require a higher temperature of formation

Table 5. Retention of room-temperature strength at higher
temperatures; the values in parens are the standard deviations

Material Room- Retention of RT strength (%)
temperature
strength (MPa) 1200°C  1300°C 1350°C

B 745(80) 59-6 366
a-B(2:3) 763(26) 62-1 576 382
heat treated 72-7 73-8 76

o 464(54) 70-7 40-7
heat treated 927 77-8

in comparison to the B8' materials. The o’~f' sialon
shows the best densification and the least amount
of residual amorphous phase content at grain
boundary. The elongated grains of B' contribute
towards the improvement in strength and tough-
ness while the amount of o' determines the hard-
ness of the composite. The material exhibits
excellent high-temperature strength retention. The
B'-based material shows possibility of economic
production for these kinds of composite ceramics.
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