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Pressureless sintered SiAION with low amounts

of sintering aid
ALAN ARIAS

National Aeronautics and Space Administration, Lewis Research Center, Cleveland,

Ohio 44135, USA

B’ -SiAIONs of compositions Si, ¢ Alg 303 Y0.007 Q0.4 N3.6 and Siz s Alg 381 Y0.014 00.4 N3 s
were pressureless sintered from mixtures of Y, 03 and separately milled 3-Siz N4, AIN,
and Si0,. On sintering, the carbon content of these SiAIONs was reduced to negligible
levels and their oxygen content was also proportionately reduced, presumably due to
reaction of carbon with SiO,. These SiAIONs had densities in excess of 98% of
theoretical, four-point bend strengths of 460 and 155 MN m~2 at r.t. and 1400° C,
respectively, and 1400° C oxidation rates lower than those reported in the literature for
hot-pressed Si; N, and for a similar but stronger SIAION with 2.5wt% Y, 0;. These
results indicate that increasing the Y, 05 content of SiAIONs increases their strength but

decreases their oxidation resistance.

1. Introduction

The demand for ever higher operating temperatures
in heat engines has created the need for materials
with high oxidation resistance and strength. Sili-
con carbide- and silicon nitride-base ceramics have
properties which make them likely candidates for
applications in advanced heat engines, and among
the new types of silicon nitride-base ceramics that
have received a great deal of attention since they
were first reported [1,2] are the SiAlONs; so-
- called because they are made up of silicon (Si),
aluminium (Al), oxygen (0), and nitrogen (N)
atoms. The attention given these SiAION ceramics
stems mainly from the reportedly low thermal
expansion, high oxidation resistance, and ease of
fabrication by conventional pressureless sintering
techniques. In addition, the single phase 3'-SiAlONs
[3,4] have an extensive homogeneity range in
terms of composition and, consequently, they
could well have a corresponding variation in physi-
cal properties. This variation in properties might
then allow tailoring the composition to the in-
tended application.

The main objective of the present investigation
was to produce 8'-SiA1ONs with high silicon nitride
(SizN,4) content and low amounts of sintering aid
by pressureless sintering methods and to determine
the strength and oxidation resistance of the result-
© 1979 Chapman and Hall Ltd. Printed in Great Britain.

ing ceramics. Additional objectives were to pro-
duce these SiAlONs from B-SizN, and to use a
novel milling approach for their preparation.

In order to carry out these objectives, f-SiaNg4,
aluminium nitride (AIN), and silica (Si0,) were
ball-milled separately; the resulting powders were
chemically analysed; and using these analyses as a
guide the powders together with small amounts of
yttria (Y,03) as a sintering aid were compounded
into the desired compositions. Cold-pressed bars
of these compositions were sintered in nitrogen.
The sintered bars were then used to determine the
oxidation resistance, and modulus of rupture as a
function of temperature.

2. Materials

The materials used in this investigation were pow-
dered B-SizN,, AIN, SiO,, and Y,0;. These
materials are listed and characterized in Table 1
together with other materials used in processing
them.

3. Equipment

Two different types of ball mills were used in this

investigation: nickellined ball mills of 1500 cm®

capacity with ~ 3700 g nickel shot (0.63 to 1.27

cm diameter) as milling media, and alumina ball

mills of 1400cm® capacity with ~1200g of
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1.27 cm diameter alumina balls as milling media.
The rest of the equipment used in this investi-
gation (presses, cold-pressing dies, furnaces,
tensile testers, analytical equipment, etc.) was
standard laboratory equipment.

4. Procedures

The procedures used for the preparation and test-
ing of SiAION test specimens are outlined in the
flow diagram in Fig. 1. These procedures will be
briefly described in the order shown in that figure.

COLD PRESS

INTO BARS
COLD PRESS
ISOSTATICALLY,

SURFACE
GRIND

TEST:

MODULUS OF RUPTURE
OXIDATION

MEYALLOGRAPHY
SEM

MICROPROBE
CHEMICAL ANALYSIS

Figure 1 Flow chart for the preparation and testing of
SiAION ceramics.

4.1, Milling

Batches of 200 g of -325 mesh $-Siz N, were milled
for 300h in the nickellined ball mills with 500 ml
distilled water as milling fluid.

The -325 mesh SiO, was also milled in nickel-
lined mills. The powder batches were 150 g and
500m! distilled water were used as milling fluid.
Milling time was 130 h.

The -325 mesh AIN was milled in 200 g batches
in alumina mills with 500m! n-heptane as mil-
ling fluid. Milling time was 100 h.

4.2. Removal of pick-up
During ball milling, materials resulting from the
wear of balls and mills (pick-up) contaminate the
milled powders. In most cases this pick-up may
be detrimental to the properties of the SiAIONs
and must be removed from the milled powder.
After separating the slurries of milled B-SizNg4
and SiO, from the nickel shot by sieving, most of
the nickel pick-up in the milled powders was re-

moved magnetically. The slurries were heated,
stirred, treated with 100g concentrated HNOj,
then centrifuged to remove most of the liquid. Dis-
tilled water was added to the moist powder cakes
and stirred while heating to wash the powders. The
water was then removed by centrifuging. The
washing—centrifuging procedure was repeated
twice more, for each batch. The resulting powder
cakes were vacuum dried at about 100°C and
pulverized in a Waring blender. The powders were
kept in air tight containers until ready for use.

No attempt was made to remove the alumina
pick-up (~1 wt%) from the AIN milled powders,
since SiAlONs can be compounded with alumina.
The slurries resulting from milling AIN were dried
in a stream of dry nitrogen and then processed the
same as the $-SizN4 and SiO, milled powders.

It should be noted that the Y,0; powder was
not ball-milled because the as-received powder was
already quite fine.

4.3. Chemical and BET analyses
The milled and the as-received powders were ana-
lysed for oxygen, carbon, and (spectrographically)
for trace elements. The chemical analyses of the
milled powders and Y, 05 were required to calcu-
late the amounts of each of these powders to
compound the desired SiAION. In these calcu-
lations, it was assumed that all the carbon in the
powders reacted with SiO, to form SiO and CO
gases [5].

The specific surface areas of the powders were
determined by the BET method.

4.4, Mixing

The calculated amounts of milled 8-SizN,, milled
AIN, milled SiO,, and as-received Y,0; were
weighed in an analytical balance and placed in a
polyethylene bottle together with about twice
their amount of stainless steel balls, 70 wt % etha-
nol and 5 wt % silicone oil (as a temporary binder).
The powders were mixed for 1 h at 100 rpm. The
resulting slurry was dried with constant stirring at
about 100° C. After removing the balls by sieving,
the resulting powder agglomerates were broken up
in a Waring blender.

4.5. Cold-pressing

The powder mixtures were shaped into bars
approximately 3.81cm x 0.92¢m x 0.47cm in a
double acting steel die at a pressure of 207 MNm™>
(30 x 103 psi). These bars were then encased in
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plastic bags, evacuated, sealed and isostatically
cold-pressed at 483 MNm™ (70 x 10° psi).

4.6. Removing the fugitive binder

The silicone oil binder was removed from the bars
by heating them in flowing nitrogen at 450° C for
~1h.

4.7. Sintering

The bars were placed in a tungsten boat and sinter-
ing was carried out in a furnace with graphite heat-
ing elements. The bars were sintered for 4h at
1760 +20° C in a stagnant nitrogen atmosphere at
34.5kNm™2 (5psi) gauge pressure. The tempera-
ture was controlled and monitered with W versus
W-26Re thermocouples.

The sintered specimens were surface ground
into test bars 0.635c¢m x 0.318 cm x ~2.54cm
and the edges bevelled 0.12 mm. The bars used for
oxidation tests were further polished to a mirror
finish on a 10 um diamond lap; these bars were
0.630cm x 0.315¢cm x 1.5cm.

4.8. Testing

The ground bars were used to determine the four-
point modulus of rupture (MOR) as a function of
temperature up to 1400° C in air. The silicon car-
bide (SiC) MOR fixture used had a bottom span
of 1.905cm (3in.) and a top span of 0.953 cm
Rin.). A SiC muffle furnace mounted on an
Instron tensile tester was used to heat up the bars
and fixture to the test temperature. The bars were
bend tested at a cross-head speed of 0.051 cm min™*
(0.020in. min™").

Oxidation tests were carried out in air at 1400° C.
During the tests, the bars were held in a platinum
crucible having two side holes and a loosely fitting
cover, so as to allow access of air to the SiAION
bars. At various time intervals, the bars were
cooled and weighed in an analytical balance with
microgram sensitivity. From the weighing data,
weight gains as a function of time were deter-
mined.

The densities of the sintered SiAlONs were
determined by water immersion. Chemical, X-ray,
scanning electron microscopy (SEM), microprobe,
and optical microscopy analyses of the sintered
and ground SiAlIONs were carried out.

4.9, Auxiliary experiment

To compare densities, the two SiAION compo-
sitions made by pressureless sintering were also
made by hot-pressing. These materials were hot-

pressed in a graphite die at 1750 £25° C and 27.6
MNm™ (4000psi) for 1h in flowing nitrogen.
These materials were assumed to be 100% dense.

5. Results and discussion

5.1. SIAIONs investigated

The two SiAlON compositions used in this investi-
gation were compounded from the finely milled
SizNy4, AN, and SiO, powders chemically charac-
terized in Table II, and small amounts of Y,0;
(Table I) as sintering aid. These two SiAIONs
(SiAlONs A and B, Table IfI) were compounded
with 0.56 and 1.11 wt%Y,03, respectively, and
their compositions were calculated to fall within
the B’ homogeneity range defined by the equation
Sig-.AlLO,Ng_, [3,4]. However, in this work the
equivalent equation Sij.,Al,O,N,4., will be used
for ease of comparison with other SiAION compo-
sitions published in the literature [6, 7]. In this
work x = 0.4. This value of x was chosen, in part,
because the resulting SiAIONs have relatively high
Si3N4 and this allows more meaningful compari-
sons with data for hot-pressed Si3N; and for
SiAlONs with high SizN, published in the litera-
ture. A somewhat lower value of x could have been
obtained with the SizN, and AIN powders de-
scribed in Table III. However, other milling runs
yielded SizN4 and AIN powders with higher oxy-
gen contents and a value of x smaller than about
0.4 would have prevented reproducibility of SiAl-
ON compositions in future work.

As will be shown later, Y,03 is detrimental
to the oxidation resistance of SiAlONs and for
this reason Y,0O; additions were made as small
as possible. The minimum Y,0; additions were
determined by sinterability. Thus, the same SiAl-
ONs with less than about 0.25 wt%Y, 03 could
not be pressureless sintered significantly and the
same SiAION without Y,0; additions could not
be consolidated to more than 2.63gcm™ even
after hot-pressing at 1750°C and 27.6 MNm™
(4000 psi) for 1h in a nitrogen atmosphere.
SiAlONs with 2.5 and higher wt% Y, O3 additions
have been reported in the literature [6] and this
will allow comparing the gross effects of Y,03 on
modulus of rupture and oxidation resistance.

5.2. Modulus of rupture (MOR)

The four point MOR plots of SiAIONs A and B as

a function of temperature are shown in Fig.2. The

number of bars tested and the range of MOR

values are also indicated in this figure. Both SiAl-

ONs A and B have about the same MOR at r.t.
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Figure 2 Four-point modulus of rupture of various
SiAlONs as a function of temperature.

(415 to S00MNm™?) and at 1400° C (140 to 165

MNm™2). At intermediate temperatures SiAION
A has generally lower MOR than SiAION B. Both
of these SiAlONs show an accelerated drop in
strength with temperature beyond the 1000 to
1200° C range. This drop in strength with tempera-
ture beyond 1000 to 1200° C is common to most
of the SiA1ONs reported in the literature.

For comparison purposes, the MORs versus
temperature reported in the literature for other
SiAIONs are also plotted in Fig. 2. At 1400° C the
two SiAlONs from [7] and [8] have about the
same MOR as SiAlONs A and B. The SiAION with
2.5 wt% Y, 05 from [6] has higher MOR at 1400°
C. At lower temperatures, SiAIONs A and B have
generally higher MOR than the two SiAlONs from
[7] and [8]. Other SiAlONs with higher MORs in
the r.t. to 1400° C range have been reported [9],
but these were three-point MORs and the compo-
sitions were not defined. For these reasons, further
comparisons would be meaningless. The MORs of
SiAlONs A and B could probably be improved.
The processing variables (sintering time and tem-
perature, particle size of powders, composition,
etc.) have not been optimized and there is consider-
able room for improvement in other properties as
well as in MOR.

5.3. Oxidation

The weight increases with time on oxidizing SiAl-
ONs A and B in air at 1400° C are plotted in Fig. 3.
For comparison purposes, the 1400° C oxidation
behaviour for hot-pressed SizN, [10] and for two
SialONs [6, 8] are also plotted in this figure. The
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Figure 3 Weight gain of various Si;N,-base ceramics
oxidized at 1400° C.

SiAIONs from the present investigation have better
oxidation resistance than hot-pressed SizN, [10]

< and much better oxidation resistance than the.

SiAION with 2.5wt% Y,0; [6]. It is assumed
that the improved oxidation resistance of SiAlONs
A and B, when compared with the 2.5%Y,0;
SiAlONs, may be due to their lower Y, 03 content.
In addition, SiAIONs with 2.5 and Swt%Y,0;4
[6] have generally higher strengths and much
lower oxidation resistance than the 0.56 and 1.11
wt %Y, 03 SiAlONs from the present investigation.
Thus, it appears that increasing Y,0; additions
increase the strength of SiAlONs at the expense of
their oxidation resistance.

The transient liquid phase (TLP) SiAION [8]
has a higher oxidation resistance than the SiAIONs
from this investigation. However, Al increases the
oxidation resistance of SiAlIONs [11] and the TLP
SiAlON has a much higher Al content than the
SiAlONs from this investigation. Therefore, SiAl-
ONs with higher Al content made by the methods
of the present investigation can be expected to
have improved oxidation resistance.

X-ray diffraction analyses of the oxidized layers
of SiAIONs A and B show a-cristobalite (strong),
B-SisNy4 (medium), and mullite (weak). The 8-Siz N,
may have been unoxidized SiAlON scraped off the
surface on taking the X-ray sample.

5.4. Microstructures
The optical photomicrographs of SiAIONs A and B
are similar and they show small amounts of a light
grey phase, smaller amounts of (dark looking)
holes or pull-outs, and very small amounts of a
bright, metallic-looking phase in a fairly uniform
matrix.

Scanning electron microscopy (SEM) photo-



micrographs of SiAlONs A and B are very similar
and they show equi-axed grains about 1.1 um aver-
age diameter. '

Electron microprobe analyses of SiAlONs A
and B showed that the light grey spots seen in the
optical photomicrographs have higher Al, Fe, Ca,
and Mg, and lower Si and Y than the matrix. In
addition, X-ray diffraction of these SiAIONs shows
only the 8’ phase. From this it is surmised that the
light grey spots are glass. Electron microprobe
analysis showed that the bright, metallic looking
spots are richer in Fe (and possibly richer in Ca)
than the matrix. This bright phase may be an Fe
(Ca)-Si alloy or intermetallic compound but the
amount of this phase is too small for identification
by X-ray diffraction. Electron microprobe scans of
the matrix of SiAIONs A or B showed that its
composition is essentially constant.

5.5. Chemical and surface area analyses

and implications
In Table I are shown the chemical analyses of the
as-received powders and in Table II that of some
of the same powders after milling. Table II also in-
cludes some milling and processing data.

Comparison of Tables I and II shows that after
milling and leaching the Ni content of SizN, in-
creased by about 500 ppm and that of the SiO, by
about 900 ppm. From the weight loss of balls and
mill it was calculated that the AIN picked up
1.0 wt % alumina.

From the chemical analyses of the milled pow-
ders and Y, 03, only the elements Si, Al, Y, O, N,
and C were taken into account for computing the
amounts of powders required for compounding
the SiAlONs. For computing purposes, spectro-
grahically determined impurities other than Si or
Al were regarded as part of the major metallic
element (Al, Si, or Y) in the powder.

Comparison of Tables I and II also shows that
the specific surface area of SizN, was increased
6.75 times by milling. Those of the AIN and SiO,
were increased by 4.5 and 29.5 times, respectively.
The large specific surface areas of the milled pow-
ders and Y,03 would account for the relatively
small amounts of sintering aid (Y,03) required to
effect pressureless sintering of SiAIONs A and B to
over 98% of their theoretical density. It is note-
worthy that the 0.56 wt % Y, 03 used in SiAION
A is equivalent (in number of covalent bonds) to
about 0.19 wt % MgO. This will give an idea of the
very small amounts of additives (or impurities) that

can bring about densification of SiAlONs made
from fine powders and of the importance of using
high purity raw materials.

As already stated in Section 4.3, excess SiO,
was used for compounding SiAlIONs A and B to
allow for its loss by reaction with C to form CO
and SiO gases during sintering. The analyses of sin-
tered SiAlONs (Table III) show very low residual
carbon and, within the cumulative inaccuracies of
the chemical analyses, the oxygen content is that
corresponding to that in the SiAION formulae.
Therefore, the assumed reaction of SiO, and C is
probably correct.

6. Conclusions

The main objective of the present investigation
was to produce B’-SiAlONs with high SizN4 by
pressureless sintering a mixture of separately
milled $-SizN,, AIN, and SiO, with very small
amounts of Y,0; as sintering aid. The results and
conclusions can be summarized as follows:

(1) B’'-SiAlONs of compositions Sis ¢Alg, 303
Y0.00700.4N3.6 (SIAION A) and Siy 6Alo 386
Yo0.01400.4N3 ¢ (SiAION B), and densities of 3.13
and 3.17 gcm™, respectively, were made by press-
ureless sintering at 1760° C, for 4 h in stagnant
N,. It is concluded from these results that very
small amounts of additives (or impurities) are
required to effect pressureless sintering of mixtures
of very fine Si3Ny, and AIN, and SiO, powders.

(2) The four-point modulus of rupture (MOR)
of SiAIONs A and B rangefrom about 460 MN m™
at room temperature to 155 MNm™ at 1400° C.
Although SiAlONs with higher strengths have been
reported in the literature, their compositions were
either undisclosed or, if disclosed, their oxidation
resistance was lower than that of the SiAlONs
produced in this investigation.

(3) The SiAlONs from this investigation gain
weight at a rate of about 0.004 mgem™ h™' after
being oxidized in air for 35 h at 1400° C. By com-
parison, under similar conditions, published results
show that hot-pressed Si;N, oxidizes at a rate of
0.013mgem 2 h™'; a SiAION with 2.5wt % Y,04
oxidizes at ~0.043mgcem™>h™'; and a SiAION
with a much higher Al content (known to in-
crease oxidation resistance) oxidizes at 0.0011 mg
em 2 h™. It is concluded that the oxidation resist-
ance of the SiAlONs produced by the methods of
this investigation may be increased by increasing
their aluminium content.

(4) After pressureless sintering SiAIONs A and
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B their carbon content was reduced to negligible
levels and their oxygen content was lowered to the
values to be expected had the carbon originally
present in the starting powders reacted with SiO,
to form CO and SiQ gases. From this it is con-
luded that excess SiO, must be used on com-
pounding B'-SiAIONs to compensate for losses due
‘to reaction with carbon.

(5) From the results of this investigation when
compared with data for other SiAlIONs published
in the literature it is concluded that increasing
amounts of Y,0; additions increase the strength
of SiAlONs at the expense of their oxidation
resistance.
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