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Abstract

Tests for the corrosion of B-Sig_.AlLO.Ng_. (z =0, 1, 2, 3) (B-SizNy4 and B-SiAION) ceramics were carried out at 1300 °C for 3-24
h in NaCl vapor of various concentrations (1.67 x 1072, 3.33 x 1072, 5.0 x 10~2 g I-!), which was carried by flowing Ar gas. The
densified SisN4 and SiAION ceramics were fabricated by HIPing under N, of 150 MPa at 1700 °C. The corroded surface was
observed by optical and scanning electron microscopy (OM and SEM). The phases produced during corrosion were identified by X-
ray diffraction. The thickness of the corroded scale was determined by cross sectional SEM observation. The Siz;Ny4 ceramics were
hardly corroded by NaCl vapor, while the z=1 and 2 SiAIONs were slightly corroded with the formation of bubbles on the surface;
the z=3 ceramics were severely corroded with the formation of Al,O; needle crystals and fine mullite crystals, depending on the
NaCl vapor concentration. Quantitative X-ray microanalysis showed that 2 at.% Na is contained in all the scales of the SIAIONs.

The severe corrosion of the z=3 SiAION was explained on the basis of the kinetic results for the thickness of the scale.

© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

SiAlIONs occur with various compositions and struc-
tures, such as a-, B-, O- and X-SiAION and mixtures of
these phases,'-> which have found applications as high
temperature engineering ceramics, cutting tools, and
abrasive materials.! Of these, B-SiAION is structurally
related to PB-SizN, and has the composition,
Sig_.Al,O.Ng_. where z ranges from 0, corresponding
to pure SizNy, to ca. 4.3. There have been many reports
regarding the corrosion of SiC and Si;N, by molten
Na,COs- or Na,SO4-deposit or in an atmosphere con-
taining Na/K vapor or chlorine gas at high tempera-
tures > 900 °C.3>~ Jacobson has reviewed the corrosion
of SiC induced by Na,SO, deposit from both the kinetic
and thermodynamic viewpoints.?

Similarly to Si;N4, SiAIONs are expected to be useful
as materials resistant against oxidation/corrosion at
high temperatures. Much attention has been paid to
oxidation of o- and B-SiAION by dry and wet O,,
including our previous studies, %13 but few studies have
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been reported on the corrosion of SiAIONs by alkaline
molten salt or vapor, or chlorine gas except for an
environment containing H,S or Cl, gas.'* It is of value
to investigate the corrosion of SiAION ceramics by
alkaline vapor at high temperatures > 800 °C and to
compared this with the performance of SisNy.

In our previous paper, F-containing SiAIONs have
been prepared, for the first time, using AlF; or topaz as
sources of fluorine by HIPing at 1500-1770 °C; these
exhibited a high resistance against severe corrosion by
NaCl vapor, due to the presence of F with its high elec-
tro-negativity.!> It is of interest to examine how other
SiAION ceramics are corroded by Na- or K-salt vapor,
depending on the z value. The corrosion of SiAIONs by
Na- or K-salt vapor becomes complex, when oxidation
is simultaneously involved. The present paper describes
the corrosion of B-SiAION ceramics with z=0, 1, 2, 3
(z=0 corresponds to SisNy4) in NaCl vapor carried by
Ar gas at 1300 °C. Since the z=3 B-SiAION was
severely corroded by NaCl vapors at this temperature,
the mechanism of corrosion was discussed for this
composition from kinetic considerations and from the
microstructural observation of the scales. It is well
known that high temperature corrosion is strongly
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affected by the volume fractions and compositions of
the grain boundary phases formed with sintering addi-
tives. For simplification, dense SizN4 and SiAION cera-
mics fabricated by HIPing without any additives were
used for these corrosion studies.

2. Experimental procedure

The a-SisN, and B-sialon powders (z=1, 2, 3) were
purchased from Ube Industries, Ltd. According to the
manufacturer, the impurities present in the a-SizNy are
O (<2.0wt.%), C (<0.2 wt.%), Cl (<100 ppm) and Fe
(<100 ppm). The impurities present in the B-sialon
powders were not reported by the supplier. The nominal
z value of 1, 2 and 3 were confirmed to be 1.0, 2.1 and
3.0, respectively, by powder XRD measurements of the
unit cell parameters.!'> Pellets of 12 mm diameter x 5
mm height were made from the starting powder by cold
isostatic pressing at 100 MPa; these were then embed-
ded in fine BN powders and encapsulated by sealing in a
glass tube. The pellet was sintered by HIPing under a
N, gas pressure of 150 MPa at 1700 °C for 2 h. After
HIPing, the pellet was powdered for the phase identifi-
cation by X-ray diffraction (XRD). The density of the
ceramics was measured by the Archimedes method
using water.

The corrosion of the HIPed Si;N4 and SiAION cera-
mics was conducted in the experimental apparatus
shown in Fig. 1. The corrosion setup consists of two
furnaces, one for the corrosion sample and the other for
the generation of NaCl vapor. Each specimen of HIPed
ceramic (approximately S mm x 5 mm x 1 mm) and a
loosely packed NaCl compact were placed on an alu-
mina boat in the main and auxiliary furnace, respec-
tively. Before corrosion, the system was evacuated and
then replaced with Ar gas. The NaCl compact was
heated at 860 °C, at which the generated vapor was
carried to the corrosion zone by flowing Ar gas; the
oxygen and water vapors contained in the Ar were
reported to approximately be a few and 3 Pa, respec-
tively, by the supplier. Corrosion was carried out iso-
thermally at 1300 °C for 3-24 h at a NaCl concentration

SIAION/Si;N,

of 1.67 x 1072, 3.33 x 102 and 5.0 x 10~2 g 1=! (within
errors of less than 10%), which was changed by the rate
of flowing Ar gas (0.05 1 min—'). Ar gas containing the
NaCl vapor was exhausted through liquid paraffin to
air.

The phases formed on the surface of the as-corroded
specimen were identified by XRD, using the reflection
method. The surface of the as-corroded specimen was
observed by optical and scanning electron microscopy
(OM and SEM). The corroded specimen was cut and
polished for cross-sectional SEM observation to exam-
ine the corroded scale and to determine its thickness.
Wavelength-dispersive  spectroscopy, coupled with
X-ray microanalysis (WDS-XMA) was conducted to
determine quantitatively the atomic concentration of
Na, Si, Al, O, N, and Cl in the corroded scale.

3. Results and discussion

After HIPing, the z value of the B-SiAION was deter-
mined to be almost the same as that of the starting
powder, but a-SisN, was changed to B-SisN, with a
trace of Si,N,O. The density of the Siz;N,4 and B-SiAION
(z=1, 2, 3) ceramics was determined to be 95, 94, 97,
99%, respectively. Quantitative XMA analysis was per-
formed to determine the concentrations of Si, N, Al, O,
and the impurities (K, Na, Fe, Mg, or Ca) in the
polished surface of the hipped ceramics. It was found
that no segregation of any specific element occurs at the
grain boundaries. Fig. 2 shows the etched surface of the
HIPed SiAlONs ceramics prepared by using a 40% HF
solution. The surface of the z=1 SiAION exhibits many
etch pits, probably formed by the removal of glass pha-
ses, and at z=2, the number and size of pits are
decreased. The z=3 ceramics show the least pits, in
accord with the high density (99%) of the material.

When corroded in flowing NaCl vapor with a con-
centration of 3.33 x 1072 g I=! at 1300 °C for 6 h, the
SizNy4 and SiAlIONs ceramics showed different corrosion
behaviors, as seen by OM observation (Fig. 3). There is
no apparent change on the surface of the Si;N, cera-
mics; the surface showed little change even after being
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Fig. 1. Schematic apparatus for corrosion of Siz;N4 and SiAIONs by NaCl vapor.



S. Shimada et al. | Journal of the European Ceramic Society 23 (2003) 1735-1741 1737

10 pm

10 pm

Fig. 2. Optical microscopy of etched surface of HIPed SiAIONs.

100 pm

Fig. 3. Corroded surface of Si3N, and SiAIONs by NaCl vapor. Corrosion; 1300 °C, 6 h, NaCl concentration 3.33 x 1072 g 171,

exposed for extended times (to 24 h). The z=1 and 2
SiAIONs show the presence of some transparent bub-
bles of several tens of microns in size with small etch
pits (see arrows) on the corroded surface, their number
and size increasing at z=2 and also increasing with
time. For example, the bubbles eventually grow or swell
up to large ones of several hundred microns in size. At
z=3, many pits and bubbles of about 10 and 100 pm in
size, respectively, are formed on the surface at relatively
early times (<6 h), the bubbles being merged into each
other and changing to big fragile mounds of several
hundred pm in size. It was found that the SIAIONs are
corroded with the formation of bubbles on the surface,
severely at z=3, which is associated with the interaction
between the evolving N, gas and the viscous melts.

Fig. 4 shows the XRD patterns of the surface of the
SisNy4 and the z=1, 2, and 3 SiAlONs corroded under
the same condition as in Fig. 3. On the corroded SizNy,
no peaks appear except for Si3Ny; a very small amount
of SiO, (crystobalite) was detected at times > 12 h. At
z=1 and 2, a small peak of SiO, appears; the SIAION
peaks slightly decrease at z=2. At z=3, the peaks of
mullite with a small SiO, peak are observed, with the

100 pm

Table 1

Quantitative analysis of scales produced form SiAIONs

z value Si Al O Na N Cl

z=1 25 5 68 2 0 0

z=2 Od 20 10 68 2 0 0
z=3 Oa 15 15 68 2 0 0

SiAION peaks greatly decreased. Table 1 shows the
quantitative XMA analysis in the corroded scales of the
SiAIONs, showing that all the scales contain the ele-
ments of Na, Si, Al, and O, but neither N nor Cl. The
composition ratio of Al to Si in the scales is 1:1, 2:1, and
5:1, in a good agreement with that of the z=1, 2, and 3
SiAlONS, respectively. In reference to the ternary phase
diagram of SiO,~Al,03-Na,O,'° the scales containing 2
at.% Na are predicted to form sodium aluminum sili-
cate, SiO,, and mullite; sodium aluminum silicate exists
as a glassy phase at the corrosion temperature of
1300 °C. This prediction fairly agrees with the corrosion
results that SiO, forms in the corroded scales at z=1
and 2, and SiO, and mullite at z=3. The absence of
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Fig. 4. XRD of corroded surface of Si3N4 and SiAIONs by NaCl vapor. Corrosion was the same as in Fig. 3. @ mullite, ll SiO, (cristobalite).

Fig. 5. Cross-sectional observation of corroded SiAIONs by SEM. Corrosion was the same as in Fig. 3.

mullite peaks at z=1 and 2 on XRD is due to the
insufficient amount of Al component in the SiAIONs to
form detectable quantities of mullite.

Cross sections of the corroded SiAIONs were
observed by SEM (Fig. 5), which shows that the scale
formed at z=1 and 2 (inserted as an arrow) is about 10
pm thick with large cracks oblique or parallel to the
surface. The z=3 SiAION is largely corroded, with a
scale of about 60 pm thickness containing many large
pores and continuous cracks along the boundary (see
side arrow) and the cracked surface. Needle like crystals
are seen to lie in the middle of the scale. In the case of
the SisNy, a distinct corroded scale was not observed.

Since the z=3 SiAION was severely corroded by
NaCl vapor, the corrosion is discussed in more detail
for the material. Fig. 6 shows the XRD patterns of the
corroded surface of the SiAION produced at various
concentrations of NaCl vapor (1.67 x 1072 3.33 x
1072, 5.0 x 1072 g 171) for 6 h. The mullite peaks with a
trace of SiO, appear at 1.67 x 1072 and 3.33 x 1072 g
17!, The SiAION peaks decrease greatly with increasing
NaCl concentration and eventually disappear at 5.0 x
102 g 1='. A broad signal is seen at the diffraction
angles of 20°-30°, probably due to the presence of
glassy phase. The corrosion of the z=3 SiAION with
time also was examined at a fixed NaCl concentration
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Fig. 6. XRD of corroded surface of z=3 SiAION by NaCl vapor with a concentration of 1.67 x 1072, 3.33 x 1072, and 5.0 x 10=2 g1~!. Corrosion;
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Fig. 7. Cross-sectional observation of corroded z=3 SiAION by SEM.

(3.33 x 1072 g 1I7!). A considerable amount of mullite
was already formed after 3 h and the signals were
then unchanged with time. The SiAION signals gra-
dually decreased with time and finally disappeared at
24 h.

Middle zone|Quter zone

Inner zone

Corrosion; 1300 °C, 12h, NaCl concentration 3.33 x 1072 g I~

Cross sectional SEM observation of the corroded
z=13 SiAION scale produced at a concentration of 3.33
x 1072 g L°! for 12 h is shown in Fig. 7. The scale
reaches 80 um thick and is divided into three zones. The
inner zone contains randomly oriented fine needle-like
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particles 2—5 um long with large pores ranging from 5 to
20 pum near the boundary. The middle zone of 25 um
thickness contains long needle crystals of 10-50 pm
lying almost parallel to the surface, with a small amount
of the fine crystals. The outer zone contains fine needle-
like crystals in lower concentration than in the inner
zone. Quantitative XMA analysis showed that the long
needle and fine crystals in the middle and inner/outer
zones are Al,Oz and mullite, respectively. The Al,O;
needles tend to grow with higher aspect ratio at exten-
ded times (to 24 h). It seems that glassy phases pre-
dominate except for the Al,O; and mullite crystals.

The scale thickness of the corroded z=3 SiAION was
determined at the NaCl concentrations of 1.67 x 1072,
3.33 x 1072, 5.0 x 1072 g 17! by cross-sectional SEM
observation and plotted as a function of /2 (Fig. 8).
The straight lines at the three concentrations meet at the
time of 1 h on the abscissa, suggesting that the corrosion
occurs by a diffusion limited process after the induction
time (1 h). The time 1 h is that needed for the initiation
of the corrosion of z=3 SiAION. The corrosion rate is
increased with increasing NaCl concentration and the
corroded layer reaches 260 um thickness after 24 h at
50 x 1072 g 171

As described above, the scales contained the elements
Si, Al, O, and Na distributed uniformly in the scale, but
neither N nor Cl. The four elements Si, Al, O, and Na
contribute to form SiO,, Al,O3;, mullite, and sodium
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Fig. 8. Plots of scale thickness vs. t!/? for corrosion of z=3 SiAION at
1300°C. @ 1.67 x 102 gl™!, ¢ 333 x 102 g1, @50 x 1072g1.

aluminum silicate as a glassy phase, as seen in Figs. 4, 6,
and 7. Thermodynamic considerations suggest that the
reaction of SiAION with NaCl does not occur. Accord-
ingly, the formation of SiO,, mullite, and sodium alu-
minum silicate glass is strongly associated with the
oxidation of SIAION. A 10 mm sized graphite block was
placed in the main furnace in flowing Ar gas at 1300 °C
for 12 h, giving 5 wt.% weight loss. A piece of the SiA-
ION was also placed under the same condition, giving
no apparent weight change, but a trace of mullite and
cristobalite on XRD. These results suggest that a trace
of O, and/or H,O contained in the Ar gas acts as oxi-
dant for SiAIONs. A small amount of white powder was
collected at a low temperature region of the system
down stream after the corrosion. The presence of Si in
the powder was confirmed by EDX, implying that the Si
component of SiAION is transported as SiCl; gas by
flowing Ar gas to the lower temperature region. It is
assumed that the oxidation of SiAION with a trace of
O, and/or H,O in Ar gas occurs to give SiO, and mul-
lite.!>13 A large amount of SiO, is reacted with NaCl to
give Na»O + gaseous SiCly.

Jacobson et al. have reported that Na,O reacts with
mullite to form albite (Na,O-Al,05-SiO,) and Al,O3 in
a triangle region of the mullite-albite-alumina system.'”
It seems that for corrosion of the z=3 SiAION, the
oxidation of SiAION with a trace of O2/H20 initiates
to give SiO, and mullite, followed by the reaction of
Na,O with mullite which produces the sodium alumi-
num silicate melt and alumina at 1300 °C. Al,O5 needles
were formed in the middle zone, around which fine
mullite crystals are rarely seen (Fig. 7), supporting this
idea that the reaction of mullite with Na,O gives Al,O3
and sodium aluminum silicate. At present, it is not
explained why this reaction occurs in the middle zone. It
is likely that the Al,O; is encouraged to grow as needle
crystals in the sodium aluminum silicate melt. It is con-
cluded that the z=3 SiAlONs are severely corroded by
NaCl vapor after the induction time (1 h), which is
needed for the oxidation of SiAlONs by a trace of O,/
H>O contained in the Ar to make SiO, and mullite.
Since large bubbles are formed at the boundary, it seems
that the out-diffusion of N, gas produced by oxidation
of SiAION occurs during the corrosion.

4. Conclusion

Densified SizNy and z=1, 2, 3 SiAION ceramics were
corroded at 1300 °C for 3-24 h in NaCl vapor with a
concentration of 1.67 x 1072,3.33 x 1072, 5.0 x 1072 g
17! carried by flowing Ar gas. The SizNy, ceramics were
hardly corroded, with no apparent change in the surface
condition. Some 2 at.% Na was found to be contained
in all the scales of the SiAIONs. The z=1 and 2 SiAIONs
were slightly corroded with the formation of bubbles and
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SiO, (critstobalite) on the surface; the scale was about
10 pm thick. The z=3 ceramics were severely corroded
with the formation of many large bubbles and etch pits
on the surface. The corroded scale contained needle-
formed Al,O; crystals and fine mullite crystals with
sodium aluminum silicate glass and reached 260 um
thick at a concentration of 5.0 x 1072 g 17! for 24 h.
Parabolic growth of the scale at z=3 was found to
occur, the rate increasing with increasing NaCl concen-
tration. It was suggested that the corrosion of the z=3
SiAIONs was initiated by oxidation with a trace of O,
and/or H,O contained in the Ar gas. An induction time
of 1 h was needed for the initiation, after which time the
corrosion proceeds with the bubble formation from the
out-diffusion of N, gas produced.
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