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Abstract

An attempt was made to prepare various F-doped B-, O-, X-, and a-SiAIONs from a mixture of Si;Ny, SiO,, Al,O3, AIN, or Y,0;
using AlF; or topaz as the fluorine source by HIPing at 1500-1800°C and 150 MPa. The phases were identified and the z, x, and m/
n values determined for B-, O-, and a-SiAlONs by X-ray diffraction. When AlF; was used, a single phase ceramic (O-SiAION) was
produced from a mixture of a-SizN4 and SiO, at 1500°C, with a mixture of O- and B-SiAIONs formed at 1700°C. A mixture of a-
Si3Ny4, AIN, and Y,O5 with AlF; produced B-/Y-0-SiAION ceramics at 1730°C. The use of topaz produced the B-SiAION ceramic
with a trace of mullite from a mixture of a-Si3N, and AIN at 1770°C and mixed phase B-/O-SiAION ceramics from «-Si;N4 and
Si0, at 1700°C. Single phase X-SiAION could not be obtained under the present conditions. The microstructures of the single
phase O- and B-SiAION ceramics and the B-/Y-a-SiAION mixture showed the growth of O- and B-SiAION and Y-o-SiAION
crystals with hexagonal and/or long rod-like or platy shapes in a matrix of F-containing glassy phase. The compositions of the
SiAION crystals and the glass phase were semi-quantitatively determined by EDX; the total glass phase was estimated by a quanti-
tative Rietveld XRD powder method. The F-doped B-SiAION ceramics showed better corrosion resistance towards NaCl vapor and

lower Vickers hardnesses. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

SiAlONs are compounds containing silicon, alumi-
num, oxygen and nitrogen which have found applica-
tions as engineering ceramics, cutting tools, and abrasive
materials.! They occur with various compositions and
structures, of which the most thoroughly studied are o-,
B-, O- and X-SiAION and mixtures of these phases.!-> B-
SiAION is structurally related to B-SisN4 and has the
composition, Sig_.Al,O.Ng_., where z ranges from 0,
corresponding to pure SizNy, to ca. 4.3. O-SiAION may
be regarded as Al-substituted silicon oxynitride, with the
composition, Si>_ Al Oq;+ N»_,, where x ranges from 0
(pure SiLN,O) to ca. 0.4 at 1900°C. X-SiAION (Si;»A-
1,3039Ng) has a structure similar to mullite (AlgSi,013)
and exists over a narrow solid solution range between
SizN4 and mullite. a-SiAION can be written in terms of
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the general formula MemSilz_(pm+,7)Al(pm+n)0nN16_n
and contains metal ions MeP ™.

There is an interest in the densification of such SiA-
ION ceramics and the measurement of their mechanical
properties.>* For SiAIONs to achieve full density, small
amounts of various metal oxides such as MgO, CaO,
Y,0; are added to aid sintering under pressureless or
pressurized conditions.>”’ These added metal oxides
react with the SiO, present on the SizNy surfaces, result-
ing in the formation of amorphous and/or crystalline
secondary phases at grain boundaries and/or multi-grain
junctions. The mechanical properties and the oxidation
or corrosion behavior of SiAIONs at high temperatures
strongly depend on the volume fraction and composi-
tion of grain boundary crystalline or amorphous
phases.!2 It is thus important to control the grain
boundary composition and structure to improve the
mechanical and corrosion-resistance properties.

Hot pressing (HP) or hot isostatic pressing (HIP) is
well known as techniques which can be used to densify
SiAION ceramics. HIPing is recognized as a particularly
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useful method for attaining fully densified SiAION
ceramics. Ekstrom et al. have used this technique to
densify many silicon nitride-related ceramics both with
and without small amounts of additives.'® For example,
dense B-silicon nitride ceramics were prepared by HIP-
ing at 1750°C with small amounts of Al,O; and AIN.
The HIPing method has an advantage over HP in that
pressure is transmitted isostatically to the whole sample
using a glass-encapsulated ampoule, constituting a
completely enclosed system in which volatile materials
are retained.

Several studies have been reported on the use of fluorine
in silicon nitride system to control the composition, oxi-
dation, and optical properfies.!*'® Jun et al. have pro-
duced amorphous fluorinated Si;N, films using a mixture
of SiH4, N>, and NF; gases by an inductively coupled
plasma enhanced CVD method.'* Kleebe et al. reported
the formation and mechanical properties of fluorine-
doped SizN4—SiC ceramics, using polytetrafluoroethylene
(Teflon) as the source of fluorine and observed segrega-
tion of fluorine at grain and phase boundaries, leading to
a decrease in the cohesive interface strength.!>!'¢ If SiA-
10N can be fluorinated, there is a possibility of F ions to
be incorporated in the SiAION and grain boundary
structures, with possible changes in the structure and
composition, which could lead to changes in the mechan-
ical and oxidation/corrosion properties. In particular, the
latter property should be improved, because fluorine is
not readily replaced by gases such as oxygen or chlorine
due to its higher electro-negativity. However, the synthesis
of fluorinated SiAlONSs has not been reported. A primary
consideration in the preparation of F-doped SiAION is
the compound to be used as the F-source. AlF; and
topaz should be suitable sources of fluorine for this pur-
pose, because they also contain the Al and/or Si con-
stituents of the SIAION.

This work investigates the effect of both AlF5 or topaz
as sources of fluorine and their influence on the forma-
tion and densification of B-, O-, X-, and a-SiAlONs pre-
pared by HIPing. The sample for HIPing is encapsulated
in glass, preventing the loss of fluorine from the closed
reaction system. The microstructures of the F-doped
SiAIONs composites were examined to determine the
location of the fluorine in the SiAION ceramics. The
corrosion resistance of F-doped B-SiAION towards
NacCl vapor and their Vickers hardnesses were compared
with those of F-free B-SiAION ceramics.

2. Experimental

The starting powders used for synthesis of -, O- and
X-SiAION were a-SizNy, SiO,, v-Al,O3, and AIN. For
synthesis of Y-a-SiAlON, Y,0; powder was added to the
above mixtures. AlF; and topaz powders were used as
the source of fluorine. Topaz (Al,SiO4(F,OH),) contains

alumina and silica which are incorporated as a con-
stituent of SIAION. CaF, was also used as a source of
fluorine in an attempted synthesis of F-doped Ca-o-
Siaon. Table 1 summarizes the details and nominal com-
positions of the starting mixtures used in three experi-
ments. The reactants were thoroughly mixed in a mortar
and dried at 100°C. Pellets 12 mm diameter x 5 mm
height were made from the mixed powders by cold iso-
static pressing at 400 MPa, embedded in fine BN powder,
and encapsulated by sealing in a glass tube. The pellet was
sintered by HIPing under N, gas pressure of 150 MPa in
the temperature range 1500-1800°C for 2 h. After HIP-
ing, the pellet was powdered for the phase identification
by X-ray diffraction (XRD). The lattice parameters (a,
and ¢,) of the a-, B-, and O-SiAION compositions were
measured by XRD using Si powder as the internal
standard. The z value in Sig_.AlLO.Ng_. was calculated
using the linear relationship between the z-values and
the lattice parameters.'3

ao (A) =7.6036 4 0.02964z

o (A) =2.9078 + 0.025562

For O-SiAION (Si,_ Al,O;+N,_,), the following
equation was used,!” to determine the compositional
parameter (x) from the measured b, value:

by (A) = 8.878 +0.156x

The composition of Y-a-SiAION can be written in the
general formula Y ,Sij2( 4+ mAlgn +1)O0,Ni6—, for a metal
ion Y3+ 18

ao (A) =7.752 4 0.036m + 0.02n
¢o(A) = 5.620 4 0.031m + 0.04n

The hardness measurements (H) were performed
using a Vickers diamond pyramidal indenter with a load
of 300 g, taking the average of five indentations.

The surfaces of the densified SiAION ceramics were
polished with 3 um diamond paste and their back-scat-
tering electron images observed using an SEM (BEI-
SEM). The distribution of SiAION and F in the surface
was determined by wave-length-dispersive (WDX) X-ray
microanalysis (XMA). Thin foils of the HIPed samples
were prepared by mechanical dimple-thinning and repe-
ated ion milling. The microstructures of the samples
were examined using transmission electron microscope
operating at 300 kV. Chemical analyse for SiAION, F,
Ca or Y in the single phase B-, O- and Ca- or Y-o-SiA-
10Ns were performed on the thin foil samples by EDX.
The volume fraction of glassy phase in the single phase
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Table 1

Composition of the starting mixtures and identification of product obtained by HIPing

Run Composition (mol) Temp. Nominal phase composition Identification of products
No. ©C)
@-Si;N, SiO,  ALO; AIN AlF;
1 1.0 1.0 1.0 1500 B SlgA1303N4F3 B-SIAION>A1F3, unknown, Ale; > d—sl;N4
2 1.0 1.0 1.0 1700 B SizAl;O3N4F5 B-SiAION (z=1.8) > mullite, unknown, AlF;
3 2/3 1.0 1/2 1.0 1.0 1500 B Si3A1303_5N3_7F3 B-SIAION (Z: 10) > unknown, CX-Si3N4, A1203
4 23 10 12 10 1.0 1700 B SiAl;055N3,F; B-SIAION (z=1.0)> mullite, unknown,
AIF;, ALO;
5 1.0 1.0 1700 B SizA 1302, 1Ny 7F2 5 B-SiAION (z=1.8) > AlF3, 15R-SiAION,
mullite, Al3O3N
6 10.0? 1.0 1700 B Si2_95A13_0502'95N4_92F0_3 B-SIAION (‘ = 26) ~ X-SiAION
8 1/3 1/5 4/5 1700 O Si;3Alp>0; 6N 3Fg6 0-SiAION (x=0.06) > B-SiAION
9 1.0 3.0 4.0 1.0 1500 X Si12A113036N8F6 mullite > B-Si3N4, A1F3
10 1.0 30 40 12 12 1500 X SijppAliO3NoF; X-SiAION > B-SisN,
1 1.0 3.0 40 12 12 1700 X SippAlO0s6NoFs mullite ~ B-SisN, > AIF;, X-SiAION
O(-Si3N4 8102 A1203 AIN topaz
12 1.0 2.0 1.0 1700 B SizAl303N4sF s B-SiAION (z=2.3)> mullite
1310 2.0 1.0 1770 B Si;ALO;NysF 5 B-SIAION (z=0.4) > > mullite
14 50 2.0 10 1700 O Si;sAly200sN-Fo O-SiAION (x=0.12) ~ B-SiAION (z=0.6)
15 5.0 2.0 10 1800 O Si;gAly200sN2Foo B-SIAION (z=1.8)>> mullite ~ AlF,
16 1.0 2.0 4.0 7.0. 1700 X Si]2A113032N3F14 mullite ~ A1F3 > B-Si3N4
O(-Si3N4 Y203 A1203 AIN A1F3 Can
17 13.0 2.0 7.0 3.0 1700 o Cag72(Sig 36Al5.64) B-SisN4 > CaF,
(01.44N14.166F 1.44)
18 13.0 1.0 9.0 1760 o Y()_S(Si9_75A12_25) B-Si3N4 > A1F3, unknown
(00.75N13F6.75)
19 13.0 1.0 6.0 3.0 1780 o Y .5(Sig 75Al5 25) B-SizNy > Y-a-SiAION, unknown
(00.75NN14.5F2.25
20 13.0 1.0 80 1.0 1730 o Yo5(Sio75AL 4s) B-SiAION (z=0.3) Y-0-SiAION > unknown

(O0.75N15Fo.75)
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2 B-SiAION (z=3) was used.

F-containing B-SiAION ceramic was quantitatively
determined using a Rietvelt-based XRD procedure
(SIROQUANT).

The corrosion of single phase F-containing -SiAION
ceramic was studied at 1300°C for 3 h in flowing N, gas
(50 ml min—!) containing a constant concentration of
NaCl vapor (1.0 g h™!), generated by heating powdered
NacCl at about 860°C. For comparison, a pure B-SiA-
ION ceramic with a similar z value prepared by HIPing
was corroded under the same conditions. The corroded
ceramics were embedded in epoxy resin, sectioned and
polished. The corroded scale was observed in cross-sec-
tion by SEM and elemental maps of SiAION and F in
the scale were obtained by WDX-XMA.

3. Results and discussion
3.1. Phase identification
The phases present in the products obtained by HIP-

ing the various starting mixtures at 1500-1800°C are
summarized in Table 1. F-containing B-SiAION cera-

mics were obtained from a mixture of a-SizNy4, Al,O3
and AlF; (Runs 1 and 2). The products of Run 1 include
B-SiAION as the major phase with small amounts of
unreacted AlF; and Al,O; and a trace of a-SizN,4. At
1700°C, the amount of B-SiAION (z=1.8) increases at
the expense of a-SisN, and Al,O;, but an undesired
mullite phase is also formed with unreacted AlF; (Run
2). A mixture of SiO,, AIN, a-SizNy4 and Al,O3 in the
presence of AlF; was reacted at 1500 and 1700°C (Runs 3
and 4). At 1500°C, B-SiAlON (z=1.0) is the major pro-
duct, but a-SizNy4 and Al,Os5 are still present. Increasing
the temperature to 1700°C produces B-SiAION (z = 1.0)
as the major phase with small amounts of mullite and
unreacted AlF; and Al,O3 (Run 4). At the higher tem-
perature of 1700°C (Runs 2 and 4), mullite is formed
prior to the formation of B-SiAION. Direct reaction of
B-SiAION (z=3.0) with equimolar AlF3 at 1700°C gives
B-SiAION with a decreased z value (1.8), together with
minor phases of ISR-SiAION, mullite, AI3O;N and a
small amount of unreacted AIF; (Run 5). In another
mixture of B-SiAION with AlF; in a 10 fold molar ratio
of B-SiAION, mixed phases of B-SiAION (z=2.6) and X-
SiAION were formed and the AlF; was fully consumed
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(Run 6). In both cases, the z value was reduced from 3.0
to 1.8 or 2.6.

O-SiAION was synthesized by HIPing a-SizN4 with
SiO, in the presence of AlF; at 1500 and 1700°C (Runs
7 and 8). Single phase O-SiAION with x=0.1, close to
the expected x value (0.2) was formed at 1500°C. The
XRD pattern of the O-SiAION is shown in Fig. 1(a). A
small unidentified peak (marked x) is observed. At
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Fig. 1. X-ray diffraction patterns of various F-containing SiAION
ceramics. (a) O-SiAION, (b) mixed O-/B-SiAlONS, (c) B-SiAION, (d)
mixed B-/Y-o-SiAIONS.

1700°C. mixtures of O- and B-SiAIONs were produced
(Run 8), as shown by XRD [Fig. 1(b)].

For synthesis of X-SiAION (Runs 9-11), a mixture of
o-SizNy, SiO, and Al,O; with and without AIN was
reacted in the presence of AlF; at 1500 and 1700°C. X-
SiAION was not produced in the absence of AIN, but
mullite was formed with the concomitant transformation
of a- to B-SisNy (Run 9). The addition of 0.5 mol AIN
produces X-SiAION and B-SizNy4 at 1500°C (Run 10),
but the higher temperature of 1700°C favors the forma-
tion of mullite (Run 11). The results of Runs 9-11 indi-
cate that mullite is more readily formed in preference to
X-SiAION. The preferential formation of mullite con-
sumes SiO, and Al,Oj in the mixture, shifting it away
from the appropriate formation region of X-SiAION.

In Runs 1-11, AIF5; was used as the source of fluorine.
Except for Runs 7 and 8 where single phase O-SiAION
and a mixture of O- and B-SiAIONs were produced,
unreacted AlF; always remained in the sample, possibly
due to its low reactivity. A more reactive fluorine source
was, therefore, sought for the formation of F-containing
SiAlION ceramics of the desired composition. It is well
known that the thermal decomposition of oxy-salts,
clays, or minerals can produce reactive compounds.
Topaz (Al,SiO4(F,0H),) is potentially such a fluorinat-
ing agent, since it thermally decomposes to mullite,°
releasing a reactive fluorine compound and H»,O, which
could be incorporated into the encapsulating glass. An
additional advantage of using topaz is that the alumino-
silicate decomposition product can become part of the
desired SiAION. A mixture of a-Si;Ny4, AIN and topaz in
the mol ratio 1:2:1, corresponding to a nominal B-SiA-
ION composition of SizAl;O3Ny4sF; 5, was reacted at
1700°C (Run 12). The product was B-SiAION (z=2.3)
with a very small amount of mullite. A higher tempera-
ture experiment at 1770°C (Run 13) resulted in the for-
mation of B-SiAION (z=0.4) with a trace of mullite.
The XRD pattern of this phase B-SiAION is shown in
Fig. 1(c).

A mixture of a-Si3Ny and SiO, containing topaz with
the nominal composition of O-SiAION was reacted at
1700 and 1800°C (Runs 14 and 15). At 1700°C, a mix-
ture of O-SiAION with x=0.12 and B-SiAION with
z=0.6 was produced, with an XRD pattern similar to
Fig. 1(b). The product at 1800°C was B-SiAION (z=1.8)
with a very small amount of mullite and unreacted AlF;.
An attempt to produce X-SiAION from a mixture con-
taining topaz was unsuccessful, giving mullite, unreac-
ted AlF; and B-Si3Ny4 (Run 16).

The synthesis of F-doped «-SiAION was attempted
using AlF; or CaF, as the source of fluorine. Ca-a-
SiAION was sought using a mixture of CaF,, a-Si3Ny,
Al,Osz and AIN (Run 17). The product of this run was j-
SizN4 and CaF, with no change in the X-ray intensity,
suggesting that CaF, is stable for reaction in this mixture
at a temperature of 1700°C in a closed system at 150
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MPa. An attempt to produce single phase F-doped Y-a-
SiAION using higher molar ratios of AlF; (9.0 and 3.0)
was unsuccessful, producing mainly B-Si;Ny (Runs 18
and 19). At a lower AlF; ratio (1.0), mixtures of - and
Y-a-SiAlONs were formed (Runs 20). Fig. 1(d) shows
the XRD pattern of these mixed B-/Y-a-SiAIONs. Uni-
dentified peaks were observed at almost the same 26
positions in Runs 1-4 and 18-20.

3.2. Microstructure of F-doped SiAIONs

Microstructural observation and chemical analyses of
the single phase O- and B-SiAIONs ceramics and the
mixed O-/B- and Y-o-/B-SiAIONs ceramics were per-
formed wusing BEI-SEM/TEM and WDX-XMA,
respectively. Fig. 2 (A) shows a BEI-SEM image of sin-
tered surface of the single phase O-SiAION ceramic,
which contains randomly oriented needle- and rod-like

Fig. 2. BEI-SEM (A) and TEM (B) images of O-SiAION ceramic.

crystals 1-5 pum long and 0.5-1 pum wide. The TEM
image [Fig. 2(B)] reveals the growth of long rod-like
crystals 0.2-0.5 um wide with a high aspect ratio of about
30 together with 1.5 pm platy crystals in a glassy matrix.
Table 2 shows the semi-quantitative elemental analysis of
the single phases O- and B-SiAlONs, the mixed B-/Y-a-
SiAlIONs and the volume fraction of glassy phase esti-
mated by TEM-EDX analysis. The O-SiAION crystals
contain Si, Al, O, and N with average atomic percentages
of 32,2,27 and 40, respectively, but no F. The values of 2

Table 2
Semi-quantitative analysis of SIAION crystals and glassy phase
Run SiAION Element (at.%) Volume
fraction of
glassy phase
Si Al O N YF
7 O-SiAION  Crystals 32 2 27 40 - -
Glassy phase 20 3 61 0 - 16 >30%
13 B-SiAION  Crystals 2802 3 67 - -
Glassy phase 19 2 57 13 - 9 >20%
20  Y-0-SiAION Y-o-SiAION 32 6 3 58 2
crystals
B-SIAION 28 3 3 65 0 <10%*
crystals

2 Glassy phase contained 25 at.% F.

Fig. 3. BEI-SEM (A) and TEM (B) images of mixed O-/B-SiAION
ceramic.
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at.% Al and 27 at.% O determined for the O-SiAION
crystals correspond to x=0.1, in good agreement with
that calculated from XRD. The electron diffraction (ED)
of the matrix showed a diffuse ring, consistent with a
glassy phase, which contains Si, Al, O and F at con-
centration of 20, 3, 61 and 16 at.%, respectively, but no N
(Table 2). The volume fraction of the glassy phase exceeds
30 vol.%, assisting the growth of the elongated O-SiA-
ION crystals with high aspect ratio. The numerous white
spots observed in the glassy phase are probably pores.
Higher temperatures (1700°C) caused the crystals to
become long and relatively thick (Run 8), and increased
their number, as shown in Fig. 3(A). The TEM image
reveals the existence of a glassy phase, in which platy- or
needle-like crystals have grown [Fig. 3(B)]. It was not
possible to determine whether these crystals are O- or B-
SiAION.

Fig. 4(A) shows the BEI-SEM image of the B-SiAION
with a trace of mullite produced from a mixture of o-
Si3Ny, SiO,, AIN and topaz (Run 13). Rod-like or platy
crystals 1-3 um wide and 2-5 um long and hexagonal
crystals 1-2 um wide are seen. The existence of fluorine
in the product was long and hexagonal crystals 1-2 um
wide are seen. The existence of fluorine in the product
was confirmed by the elemental F map but it was not
possible to determine the location of F by SEM-EDX.
The TEM image of the single phase B-SiAION is shown
in Fig. 4(B). Hexagonal and rod-like crystals 0.5-1 um
wide with an aspect ratio less than 10 are seen to have
grown in the matrix. As determined by EDX analysis
(Table 2), the crystals are of an average composition, 28
at.% Si, 2 at.% Al, 3 at.% O and 67 at.% N, but do not
contain F. The crystal shape and composition indicate
that the hexagonal crystals are F-free B-SiAIONs. The
Al and O content of the crystals is about 2 and 3at.%,
corresponding to a z value of 0.4, in good agreement
with that calculated from the XRD lattice measurement
[Fig. 1(c)]. ED of the matrix showed a diffuse ring, indi-
cative of a glassy phase, with the composition of 19 at.%
Si, 2 at.% Al, 57 at.% O, 13 at.% N and 9 at.%F. An
estimate of the crystal and glassy phase volumes from the
TEM image indicates a glassy phase content greater than
20 vol.%. The fluorine content in the glassy phase is con-
centrated to about 9 at.% from the initial composition of
5 at.%. The chemical composition of the glassy phase
suggests that it is a silicon oxynitride glass containing F.

Mixed Y-o-/B-SiAlIONs were produced from a mix-
ture of a-SizNy, Y503, AIN and AlIF; in a molar ratio of
13:1:8:1 (Run 20). The BEI-SEM image of the polished
ceramic surface shows relatively dense microstructure
containing gray and smaller white contrasting grains of
B-SiAION and a-SiAION, respectively [Fig. 5(A)]. Ele-
mental F was found by EDX to be distributed uni-
formly over the polished surface. The TEM image of a
mixed SiAION ceramic [Fig. 5(B)] indicates the devel-
opment of either equiaxed or hexagonal grains contain-

Fig. 4. BEI-SEM (A) and TEM (B) images of B-SiAION ceramic.

ing no F in a glassy matrix. Since the equiaxed crystals
contain 2 at.% Y, they may be identified as Y-a-SiAION
of the composition of x=0.25, in agreement with that
calculated from the lattice measurement. The hexagonal
crystals which contain no Y are identified as f-SiAIONs
with z=0.3 consistent with the composition calculated
from the lattice measurement The volume fraction of the
glassy phase was less than 10 vol.% (Table 2), con-
siderably less than in the ceramics containing single
phases B- and O-SiAIONs. Some areas in the TEM image
contain almost no glass, a characteristic of the micro-
structure of B-/Y-a-SiAlION ceramics. The F content in
the glassy phase at the triple points between the grains
can be as high as 25 at.%. It is concluded that the F is not
incorporated into the SiAION structure, but into the
glassy phase, irrespective of the SiAION type. The
volume fraction of glass ranges from 10 to 30 vol.%. It is
assumed that the presence of the glassy phase encoura-
ges the development of elongated B- or O-SiAION
grains with a high aspect ratio.
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Fig. 5. BEI-SEM (A) and TEM (B) images of B-/Y-a-SiAION cera-
mic.

3.3. Constitution of the glassy phase in the sample of
nominal B-SiAION composition

The total glass phase in the sample of $-SiAION com-
position (Run 13) was estimated by a quantitative Riet-
veld XRD powder method?! to be 35 mass%. Using this
value as the basis for proportioning their EDX analytical
results for the combined crystalline and glassy phase of
Run 13 (Table 2) results in an estimate for the atomic
composition of the glass of Sig Al 700Ny ¢F3. An alter-
native estimate of the glass composition was made from
measurements of the amounts of the individual crystal-
line phases present (also obtained from the Rietveld ana-
lysis) together with a global analysis of the whole powder
sample made by EPMA on five areas of 20x20 um size.
The Rietveld analysis indicated a whole-body composi-
tion of 56.4 mass% B-SiAION of very low z-value, 4.7
mass% mullite, 35 mass% glass and 3.9 mass% Si
(added as an internal standard for the cell parameter
measurements). If the calculation is simplified by ignor-
ing the Al content of the B-SiAION, assuming the total
F content resides in the glass and utilizing the ratio of Si
in the crystalline phases to Si in the glass (Table 2), the
atomic composition of the combined crystalline phases

is calculated to be Sig¢AlO>,N»4,. The global atomic
composition of this sample (from EPMA) is SiygAlsO33
N3,F», whence, by subtraction, the atomic constitution of
the glass is Si; 4A14030 3N F,. The differences in the glass
compositions calculated by the two different methods are
not surprising in view of the uncertainties in the EPMA
analytical method, especially as applied to powders, and
the use of simplifying assumptions. These procedures,
however, suggest possible approaches to a difficult ana-
lytical problem and the results may be regarded as rea-
sonable approximations to the composition of the glass
phase in this particular sample.

3.4. Mechanical and chemical properties

Table 3 shows the Vickers Hardness values of the f3-,
O-, and Y-o/B-SiAION ceramics containing F. These lie
in the range 10-12 GPa, lower than literature values of
F-free SiIAION (15-17 GPa). The decreased hardness is
attributed to the large volume of F-containing glassy
phase.

The corrosion of F-containing and F-free single phase
B-SiAION ceramics was carried out at 1300°C in flowing
nitrogen containing a constant concentration of NaCl
vapor. X-ray diffraction detected only a small amount
of mullite on corroded surface of the F-containing SiA-
ION ceramics. In cross-section, the SEM shows the
corroded layer to be compact and less than 10 um thick
[Fig. 6(A)]. Elemental analysis indicated the presence of
Al, Si, O, and F but no Na. The absence of Na in the
corroded layer suggests that the F-containing SiAION
ceramic is quite resistant to corrosion by NaCl vapor.
The presence of Al, Si, and O in the scales indicated the
formation of mullite and probably amorphous silica,!®
which may result from oxidation of the SiAION by the
H,O impurity occurring at a concentration of several
ppm in the N, gas.

Fig. 6(B) shows the cross-section of the corroded F-
free B-SiAION scale which is seen to be 50 pm thick
with 20 um pores in the central region and several pm
sized pores near the interface. The interfacial region also
contains a large amount of Na. XRD analysis showed
the formation of mullite and a-Al,O5 with a large hump
at about 25° (26) indicative of the glassy phase. Needle
like crystals 10 pm long and 1-2 pm wide (see arrows)
also seen in the scale are Al,O3, as indicated by their Al
and O content Needle like Al,Oj5 is typically produced

Table 3

Vickers micro-hardness of single phase SiAION ceramics

Run SiAION GPa

7 O-SiAION 11.9+1.3
13 B-SiAION 10.8+3.0
20 B-/Y-a-SiAION 9.94+0.8
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F-containing B-SiAION ceramic [ 10 pm

Fig. 6. A cross-sectional SEM image of F-containing and F-free B-SiAION ceramics exposed to NaCl vapor. (A) F-containing B-SiAION ceramic,
(B) F-free B-SiAION ceramic. Corrosion conditions: 1300°C for 3 h; flow rate of NaCl vapor 1.0 g h—".

in sodium silicate melts. It is concluded that the F-con-
taining SiAION ceramics are strongly resistant to NaCl
vapor, in contrast to the F-free SiAION which was
severely corroded by NaCl vapor, with the formation of
mullite, sodium silicate and Al,O3 crystals.

4. Conclusion

Single phase O-SiAION ceramic, B-SiAION ceramic
with a trace of mullite and mixture of O-/B- and B-/Y-a-
SiAION ceramics, which all contain F, were synthesized
at 1500-1800°C and 150 MPa by HIPing a mixture of
SizNy, SiO,, Al,O3, AIN, or Y,0; using AlF;, or topaz
as the source of fluorine. When AlF; was used, the sin-
gle phase F-containing O-SiAION ceramic (x=0.1) was
obtained from a mixture of «-SisN4 and SiO, at 1500°C
and the mixed O-/B- SiAIONs ceramic at 1700°C. Mixed
phase B/Y-a-SiAIONs ceramics were formed from a
mixture of a-SizNy, Y,03, and AIN at 1730°C. The use
of topaz produced the B-SiAION ceramic (z=0.4) with
a trace of mullite from a mixture of a-SisN,4 and AIN at
1770°C and the mixed phases B-/O-SiAIONs (z=0.6
and x=0.12) from a mixture of a-Siz;N4 and SiO, at
1700°C. Single phase of X-SiAlION was not produced in
any of the experiments.

The microstructure of the F-containing single phase
O-SiAION ceramic showed it to contain rod-like crys-
tals with a high aspect ratio (30) and platy crystals in a
matrix of 30 vol.% glassy phase. In the B-SiAION cera-
mic, F-free hexagonal or rod-like crystals with aspect
ratios less than 10 were formed in a 20 vol.% glassy
phase containing F. The total glass phase was estimated
by a quantitative Rietveld XRD powder method. The
Y-0/B-SiAION ceramics contained equiaxed F-free Y-a-
SiAION and hexagonal B-SiAION crystals in a 10 vol.%
glassy matrix containing 25 at.% F

The Vickers hardness of the F-containing single phase
O- and B-SiAION and B-/Y-a-SiAION ceramics (10—12
GPa) were lower than literature values for the F-free
compounds. The F-containing B-SiAION ceramics suf-
fered little corrosion in NaCl vapor at 1300°C.
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