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Sinterability of 3-SiAION powder prepared
by carbothermal reduction and simultaneous
nitridation of ultrafine powder in the
Al,03-Si0, system
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Three types of 3-SiAION (Sig_, Al,O,Ng_,) powder were prepared by the carbothermal
reduction and simultaneous nitridation of ultrafine powders in the Al,05-SiO, system. The
ultrafine starting oxide powders, prepared using the vapour-phase reaction technique,
were mixed with carbon powder and heated at 1400 °C for 1 h under flowing nitrogen to
form 3-SiAION and followed by heating at 570°C for 1 h in air to remove residual carbon.
The resulting powders contained only 3-SiAION with z values of 1.63, 2.05, and 2.99. The
relative density (bulk density/true density) of 3-SiAION compacts pressureless sintered at
1800 °C for 1 h under flowing nitrogen increased with z and reached 89.9% at z=2.99.
When the 3-SiAION compact with z=2.99 was hot pressed at 1800 °C for 1 h under flowing
nitrogen, a maximum relative density of 93.6% was achieved. Although this hot pressed
compact contained a small amount of 15R-SiAION in addition to 3-SiAION, it possessed a
small average grain size (typically 0.5 um diameter) and high Vickers hardness (19.2 GPa).
© 2001 Kluwer Academic Publishers

1. Introduction Among the preparation methods f8rSIAION pow-
The mechanical and physical properties of silicon ni-der, therefore, the carbothermal reduction and simulta-
tride (SgN4) and its related SiAION family (chemi- neous nitridation (CRSN) technique is useful as it re-
cal formula: S§_,Al,O,Ng_,) of ceramics [1-15] are sults in formation of submicrometre-sizgdSiAION
known to depend greatly upon such factors as the chapowder. Starting powders investigated in the®@4-
acteristics of the starting powder [4, 5, 11, 13], sinteringSiO, system for the CRSN technique have included: (i)
conditions [6], additives [12], phase composition [2], mixtures of SiQ, Al,Os, and C powders [16, 17], (ii)
and microstructure [14]. Several different technigueskaolinite (2SiQ-Al,03-2H,0) [18], (iii) mixtures of
exist for the preparation of @i, powder, i.e., (i) direct  SiO,, Al,03-2H,0 and C powders [19], and (iv) alkox-
nitridation of silicon [7, 10], (ii) carbothermal reduc- ides obtained by the hydrolysis of silicon tetraethox-
tion of silica (SiQ) in a nitrogen atmosphere [3], (i) ide and aluminium isopropoxide [20, 21]. Several of
vapour-phase reaction between ammonia{\tdsil-  the present authors have prepared such a candidate
icon tetrachloride (SiG) or silane (SiH) [8], and (iv)  material (high purity mullite (3AIO03-2Si0,) pow-
pyrolysis of an organometallic polymer in the presenceder with average diameter 6£0.05 um) using the

of NH3 [9]. Although similar techniques also exist for chemical vapour deposition (CVD) technique and alu-
the preparation of8-SiAION powder, most work has minium chloride (AICE), SiCly, and oxygen [22, 23].
focused on solid state reactions using metal oxides anflhe ALOs/SiO, ratio of this ultrafine powder could
nitrides, i.e., SiN4, SiO,, AIN and Al,O3. From the  be controlled through varying the experimental condi-
viewpoint of mechanical properties at elevated tem+ions (e.g., sublimation rates of the starting metal chlo-
perature it is preferable to reduce the use of sinteringides, flow rate of the carrier gas, reaction temperature,
aids (e.g., rare earth oxides) to a minimum. Thereforeetc.). The preparation of ultrafirgSiAION powders
B-SIAION powder with submicrometre-sized particles with variousz values is therefore made possible by the
has an advantage over most powders, whose size is ty@RSN of such ultrafine powders in the $iBl,03 sys-
ically >1 um, as densification may be achieved with- tem that might be expected to react readily with fine C
out the addition of sintering aids such as yttrium oxidepowder. The presentwork s thus concerned with: (i) de-
(Y203) and/or at a lower sintering temperature [15]. termination of conditions necessary for the preparation
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of B-SIAION powders using the CRSN technique, (i) compact was heated in a graphite die from room tem-
characterisation of the resulting powders, and (iii) fab-perature up to 1100C at arate of 30C-min—and from
rication of dense ceramics using these powders. 1100°C to 1800°C at 10°C-min~! under a pressure of
31 MPa and held fol h in a flaving nitrogen atmo-
. sphere. The relative density of sintered compacts was
2. Experimental procedure o calculated by dividing the bulk density by true density.
The-SIAION powders investigated in this work were The pulk density was measured on the basis of mass
prepared using powders in the,8l;-SiO; system and  and dimensions whilst the true density was measured
active carbon powder (Wako Pure Chemical Ind. Ltd.,ysing the Archimedes method at 300 (immersion
Osaka Japan). Preparation details of the powders in thgyuid; ethanol) after the sintered compact was pulver-
Al 203-Si0, system have been given e_zlsewhere [22] butizeqg using an alumina mortar and pestle.
are briefly repeated here. The starting Al@owder Crystalline phases of the resulting powder and sin-
(Aldrich Chemical Company Inc.; 99.9% purity) and tered compacts were determined using an X-ray diffrac-
SiCly solutlon (Soekawa Chemicals; 99.999%. purity) tometer (XRD) with Cu K radiation (40 kV, 25 mA;
were vapourised at 20€ and 30—-40C, respectively, \odel RAD-IIA, Rigaku, Tokyo, Japan) and referenced
and introduced into the upper side of a heating zongsing Joint Committee on Powder Diffraction Stan-
(mullite tube; length 1000 mm, inner diameter 60 mM)qards (JCPDS) cards. The specific surface area (SSA) of
using Ar gas as a carrier whilst oxygen was simultathe powder was determined using a Brunauer-Emmett-
neously introduced. The temperature of the upper parfe|ier (BET) technique with nitrogen as an adsorption
of the heating zone was varied between 760and a5, Particle shapes and morphologies were observed
900°C whilst that of the lower part was kept constant ysing a transmission electron microscope (TEM) (ac-
at 400°C. The oxygen and argon flow rates were 1.0celerating voltage, 300 kV; Model H-9000, Hitachi,
and 0.3 dm-min~*, respectively, with the AIGland  Tokyo, Japan) whilst microstructures of the sintered
SiCl, vapour reacting with oxygen to form a powder in compacts were investigated using a scanning electron
the Al,O3-SIiO; system. The powder was collected in microscope (SEM) (accelerating voltage, 5 kV; Model
a test tube-type filter whilst chloride vapour resulting 54500, Hitachi, Tokyo, Japan) after the specimen sur-
from the reaction was neutralised using concentrategce was first etched using concentrated HF and then
sodium hydroxide (NaOH) solution. The powders werecoated with Pt/Pd in order to reduce charging effects.
calcined at 200C for 30 min in order to remove resid- The amounts of aluminium and silicon in the powder
ual chlorides. _ were determined using a SEM fitted with energy dis-
The powders in the AD;-SiO, system were then persive X-ray microanalysis (EDX) (Model EMAX-
mixed together with ac_tivated carb_on powder in the5770. Horiba, Kyoto, Japan) whilst the amounts of oxy-
presence of acetone using an alumina mortar and pegen and nitrogen were determined using a determinator
tle. The amount of carbon was three times as |ar9‘€ModeI TC-136, LECO, St. Joseph, MI, USA). Vickers
as that calculated for full conversion of the pOWderhardnessHV, was evaluated for the sintered compacts
to B-SIAION. Carbothermal reduction and simultane- using an indentation load and time of 1 kg and 15 s,
ously nitridation was achieved using a flowing nitro- respectively (Akashi, Model MVK-E, Tokyo, Japan).
gen atmosphere (2.0 dmmin—1) for 90 min at 1300—
1450°C and followed by a heat treatment in air at ) )
570°C for 1 h inorder to remove any residual carbon. 3- Results and discussion .
Properties of a commercially availatdeSiAION pow-  3:1. Properties of powder in the Al;03-SiO>
der (UBE-SN-SZ3, Ube Industries Ltd., Ube, Japan) . System prepared by the CVD technique
were also examined for use as a reference material. THg"or to performing the CRSN procedure, properties of
Si/Al ratio andz value of the commercigs-SIAION  the powders in the AD;-SiO, system were examined
powder were found to be 0.98 and 3.03, respectively‘,"”th analytical results of the compositions being shown
whilst the specific surface area (SSA) was 33gn’. m_TabIe LIt can be seen that the powder SSA decreased
Sintered compacts were fabricated from the powder¥/ith decreasing Al/Si ratio. For example, the SSlA of
using either pressureless sintering or hot pressing tecfit® Powder with an Al/Si rat|020f 11-25 was 4561,
niques. For the pressureless sintering technique, agompared to a SSA of 121.8%g™" for the Al/Si ratio
proximately 0.3 g of powder was isostatically presseo°f2-75- The chlorine content for all powders was found
at 100 MPa to form a disk with diameter of 10 mm t0 be on the order of 1 mol%.
and thickness of-2 mm. The disk was then embedded Crystalline phases of the resulting powders were ex-
in an equimolar mixture of $N4 and SiQ powder, amined using XRD with results being presented in
in order to prevent any thermal decomposition of the
expecteds-SIAION [21], and heated Trom room teém- tagLE | Chemical composition of the starting oxide powders
perature to 1100 at a rate of 30C-min~! and from  prepared using the CVD technique
1100C to 1800C at 10C-min~*. The firing time at

each temperature was fixed te i h whilst resulting  g;mpie S A cl S SSA
sintered compacts were furnace cooled. For the hotno. mol% mol% mol% Al gt
pressing technique, approximately 1.0 g of powder was

first uniaxially pressed at 30 MPa in a steel die and thert ;i-g; 13-33 g-gg’ ;i: gg'i

isostatically pressed at 100 MPa in order to form a dis

oo i 25.29 9.21 0.97 2.75 121.8
with diameter of 20 mm and thickness©2 mm. The
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(a)

(b)

(c) Figure 2 Typical TEM micrograph of a starting oxide powder
(Sample 1) prepared using the CVD technique.

_,_____.//M\__ each particle consisted of a highly porous network
surrounded by a thin and denser shell. Such a highly

: ' porous network would explain the high SSA value

10 20 30 4(Q (45.6 nf-g™!) obtained for this powder.

The particle formation route using the vapour phase

° reaction may be divided into two stages, i.e., homoge-
2 9/ CuKa! neous nucleation and growth [24]. Since the reactiv-

Figure 1 X-ray diffraction patterns of the starting oxide powders pre ity of AlCIs with oxygen may be appreCiably greater
pared using the CVD technique: (a) Sample 1, (b) Sample 2, anathan that of SIQ‘ with oxygen [24]’ the nUCIeaFlon of
(c) Sample 3. Al,03 would be thought to occur more readily than

that of SiQ. Such a hypothesis is also supported by
the fact that the powder SSA decreased with Al con-
Gent. Although the particles consist of a highly porous

etwork surrounded by a thin and denser shell, the

hemical composition of the outer shell is believed to
be almost the same as that of the inner core as a re
sult of the homogeneous nucleation and growth of the

Fig. 1. The lack of any distinct reflections showed thes
powders to be essentially amorphous.

The reaction processes of the metal chlorides to met
oxides may be expressed as follows:

AICI 3+ (3/4)0, — (1/2)Al,03 + (3/2)Ch (1)

particles.
SiCly + O, — SiO, + 2Cl, (2)
Each mole of A}Os then reacts instantaneously with 3:2. Properties of 8-SIAION powders
some amount of Sito form amorphous material in prepared by the CRSN technique
the ALO5-SiO, system such that: The optimum conditions for the preparation gf
SIiAION using the CRSN technigue were investigated
Al,O3 + 2aSi0, — Al,03-2aSi0, for the oxide powders prepared by the CVD technique

in the previous section. First of all, the effect of tem-
(a:1.25245and275) (3) perature on phase changes during CRSN was examined
using XRD with typical XRD patterns for Sample 1
The starting powders in the present case possessed higking shown in Fig. 3. For a reaction temperature of
SSA (i.e., ultrafine particles) together with low chlorine 1300°C, 8-SIAION (z = 3; SkAl303N5) [25], a-SizN4
content. The decrease of SSA with Al content in the[26], X-phase, [27] and mullite [28] were found to be
powder may be attributed to the difference in reactivitypresent in the powder. The formation routes of X-phase
of oxygen between AlGland SiC}, with details being by CRSN have been previously examined by Zheng and
discussed later, together with the data on particle morForslund [17], who suggested that X-phase may form
phology. On the other hand, the generally low chlorineas an intermediate phase from a mixture of S&dd
contentin these powders demonstrates that oxidation &fl,O3 powder but not from kaolin. It would therefore
these metal chlorides occurs effectively with the almostappear to be the case that X-phase is an intermediate
total elimination of chlorine from the system. phase during the formation @-SIiAION from mul-
Particle morphologies of the resulting powders werdlite. For a reaction temperature of 135D, 8-SiAION
observed using TEM with a typical micrograph of together with a small amount ofSisN4 were found
Sample 1 being presented in Fig. 2. The particles exto be present in the powder whilst reaction tempera-
hibited spherical shell structures with diameters of typ-tures of 1400C and 1450C showed only8-SiAION
ically less than~0.1 um whilst the inner core of to be present. From this data it may be concluded that
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260/° CuKa

Figure 3 Typical XRD patterns following carbothermal and simultane-
ous nitridation processing of Sample 1. Heating time:@:h3-SiAION,
@: X-phase A: «-SizNa, l: Mullite.
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Figure 4 Relationship between the Si/Al ratio for the starting powder
andp-SIiAION powder.

1400°C is the minimum temperature required for com-
plete conversion of the starting oxide powders into;
B-SIAION. It is noteworthy that CRSN of the present ™=

powders may be carried out at a temperature as |
as 1400C whereas kaolinite-derived powder [18] an
alkoxide-derived powder [21] are nitrided at 15@

ther heat-treated in air at 57Q for 1 h inorder to re-
move any residual carbon. Si/Al ratios of theSiAION
powders were somewhat lower compared to those of the
starting powders in the AD3-SiO, system with Si/Al
ratios being in the range 1.01-2.68. Calculatedl-

ues for thes@-SiAION powders were found to be 1.63,
2.05, and 2.99.

As stated above, the Si/Al ratios gfSIAION pow-
ders were lower than those of their respective start-
ing Al,03-SiO, powders and this may be explained
in terms of the vapourization of Si to form SiO dur-
ing the CRSN procedure [17-19, 21]. As the Si/Al ra-
tio of Sample 1 was reduced from 1.25 to 1.01 by the
CRSN process, the stoichiometric reaction route may
be expressed as follows:

1.495(AkL03-2.50SiG) + 8.2425C+ 2.505N, —
Si3‘01A| 29902 99N5 01 + 0.7275Si0+ 8.2425C0O (4)

In order to confirm whether or not the stoichiometric
amounts of oxygen and nitrogen were present in the
B-SIAION shown in Equation 4, these amounts were
determined quantitatively. On the basis of this data,
the chemical composition of Sample 1 was determined
to be Si03Al30003.93N4.04. Comparing this composi-
tion with the theoretical composition shown in Equa-
tion 4, the presens-SIAION has a larger amount of
oxygen and smaller amount of nitrogen, which sug-
gests that CRSN requires a long time to complete the
procedure, regardless of the relatively high SSA value
(45.6 nt-g~1) of the starting powder in the ADs-SiO,
system. The reason for this anomaly may be that the
outer spherical shell structure retards the CNRS reac-
tion of the inner porous structure.

Atypical TEM micrograph showing the morphology
of the 8-SIAION powder (Sample 1) has been given in
Fig. 5. It can be seen that thegeSiAION particles pos-
sessed equiaxed structures with diameters@05um
and a fully dense interior, in contrast to the correspond-
ing particles in the AIO3-SiO, system which exhib-
ited a highly porous interior (Fig. 3). The SSA value
for this B-SIAION powder was 24.8 fg~! and still
relatively high despite being reduced during the CRSN

process.

and 1430C, respectively. Based upon the above infor-|

mation, the heating temperature and time for the prepa

ration of 8-SiAION powder were fixed to be 140C
and 1 h, respectively.
Analytical data for the resulting-SiAION powders

were plotted against those of the starting powders in th
Al,03-SiO, system and presented in Fig. 4. It should be

noted that the resulting-SIAION powders were fur-
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Figure 5 Typical TEM micrograph of8-SiAION powder withz=2.99.
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Figure 6 Relationship betweemrz value and relative density fog-
SIAION compacts fired at 1800C for 1 h under a flowing nitrogen
atmosphere.

Figure 7 Relationship between relative density and firing temperature
for B-SIAION compacts. Firing time: 1 kD: B-SIAION compact with
z=2.99 fabricated using the present powder, 3-SIAION compact
with z= 3.03 fabricated using the commercially available powder.

3.3. Sinterability of the B-SiAION powders
The effect ofz (in the formula S§_;Al,O,Ng_;) onrel-  size distributions and median grain sizes. Although
ative density for8-SIAION ceramics fabricated using both pressureless sintered compacts were composed of
the pressureless sintering technique has been shown @guiaxed grains, a significant difference in grain di-
Fig. 6. Although the relative density 8fSIAION com-  ameter was apparent between them. Pa8IiAION
pacts pressureless sintered at T&€r 1 h wasonly  compact pressureless sintered using the present powder
~45% for the case af = 1.63, this increased te680%  possessed equiaxed grains with diameters@8 um
for z=2.05, and 89.9% for the case p& 2.99. and a median grain diameter estimated to 9 @m
For the present pressureless sintering conditiongFig. 8aand a’). However, thgSIAION compact pres-
(1800°, 1 h, flowing nitrogen), maximum relative den- sureless sintered using commercially available powder
sity (89.9%) of theB-SIAION ceramic withz=2.99  possessed equiaxed grains with diameters:8fum
was noted to be approximately 15% greater comparednd a median diameter estimated to 844.m (Fig. 8b
tothat of a8-SiAION ceramic fabricated using the com- and b’).
mercially available powder (75.4%). Sinterability ofthe  The median grain size of thg-SIAION compact
presentg-SIAION powder withz=2.99 may be en- pressureless sintered using the present powder was thus
hanced not only by the high SSA and/or small particlea factor of 15 smaller compared to that of pressure-
size but also as a result of the higher Al content (i.e.)Jess sintered compacts using the commercially avail-
higherzvalue). The effect of value on the sinterability able powder. Since the SSAs of the present and com-
of B-SIAION has been examined by Mitorebal. [29],  mercially available powders were 24.8%qr® and
who demonstrated that sinterability is enhanced for th&.8 n?-g~1, respectively, powders prepared in this
case ofz> 2. Such a conclusion is also in accordancework show the potential to fabricate dengeSiAION
with the present data. ceramics with nanosized grain structuresl00 nm
Since thes-SIAION powder withz=2.99 showed diameter).
excellent sinterability, the densification processes of As the maximum relative density of the pressureless
the present and commercially available powder comsintereds-SIAION compact withz =2.99 was 89.9%,
pacts were examined with results being presented iand thus could not exceed 90%, hot pressing was con-
Fig. 7. For a firing temperature of 1500, there was ducted in order to promote further densification. The
little difference in relative density between the presenthot pressing temperature and time were chosen to be
and commercially available powders. However, rela-1800°C and 1 h, respectively, and thus the same as those
tive density of the preseng-SIAION compacts be- for pressureless sintering. Relative density of the hot
came larger compared to those of the commerciallypressed compact fabricated using the present powder
available powder with increasing firing temperature.compacts was determined to be 93.6%.
At a firing temperature of 180T, relative density of In addition, XRD patterns for the hot pressed and
the B8-SIAION ceramic withz=3.03 fabricated using pressureless sintered compacts with2.99 have been
commercially available powder was limited to approx- given in Fig. 9. The pressureless sintered compact was
imately 75% whilst that of the preseftSIiAION ce-  found to contain only8-SiAION (Fig. 9a) whereas the
ramic withz=2.99 attained 89.9%. hot pressed compact containg®iAlION together with
SEM micrographs of-SiAION compacts pressure- a smaller amount of 15R-SiAION [30] (Fig. 9b).
less sintered using the present powder (Sample 1) and The 15R-SiAION formed in the hot pressed compact
commercially available powder have been shown inwas attributed to partial decomposition {SIAION
Fig. 8a and b, respectively, together with their graindue to the elimination of some components during hot
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Figure 8 Typical SEM micrographs and grain-size distributionsfe®iAION compacts pressureless sintered at 18Dfbr 1 h. Note that the surfaces
of these compacts were etched using concentrated HF solution. (a) ang-8AION compact withz =2.99 fabricated using the present powder
(median grain size: 0.0am); (b) and (b’): 8-SIAION compact withz=3.03 fabricated using commercially available powder (median grain size:

1.34pm).

(a)

30
260/° CuKa

20

Figure 9 Typical XRD patterns for the present compacts with 2.99:
(a) pressureless sintered, and (b) hot-pressed at 180@r 1 h.O:

B-SIAION, @: 15R-SIAION.
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pressing [29]. Note that no 15R-SiAION was detected
inthe pressureless sintering case agH&AION com-
pact was fired whilst embedded in an equimolar mix-
ture of SgN4 and SiQ powder in order to prevent such
thermal decomposition [29].

A SEM micrograph showing the etched surface of a
hot pressed compact using the present powder (Sam-
ple 1) has been presented in Fig. 10. This compact was

Figure 10 Typical SEM micrograph of the compact with=2.99 hot-
pressed at 180 for 1 h. Note that the surface of this compact was
etched using concentrated HF solution.



seen to contain grains with a mean diameter of typicallyl800°C for 1 h under a flowing nitrogen atmosphere

0.5um.

increased withz in the formula Si_,Al,O,Ng_, to

In general, 8-SIAION ceramics have been fabri- reach 89.9% az=2.99. This sintered compact was
cated by the reaction sintering of powder mixturescomposed of equiaxed grains with a mean diameter of
in the SgNg4, SiO,, AIN, and AlLbO3 systems. In this  0.09 um.

case, “transient” liquids that form during sintering pro-

(3) When thes-SiAION compact withz = 2.99 was

mote densification, chiefly due to the rearrangement ohot pressed at 180 for 1 h under a flowing nitro-
grains. In the present paper, however, the amount ajen atmosphere, relative density attained 93.6% whilst
“transient” liquid phase would appear to be negligi- the main phases were determined tg8h8iAION and
ble in comparison with the case of reaction sintering.15R-SiAION. This sintered compact possessed a small
This assumption may be supported by the fact that thgrain size (typically & wm diameter) and high Vickers
present grain size (typically.®um) was smaller than hardness (19.2 GPa).

that formed by reaction sintering [31]. The present sin-
tering therefore appears to proceed by mass transfe
due to the high SSA and excess amount of oxygen ov
stoichiometry.

Vickers hardness was also measured for the h
pressed compact and found to be 19.2 GPa and th
higher or equal to that of other SiAION ceramics man-
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