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Abstract

The oxidation behavior of B-SisAl,O;Ng,s (z = 1, 2, and 3) prepared by a
combination of combustion synthesis (CS) and spark plasma sintering (SPS) was
investigated. The oxidation experiments were conducted at temperatures of 1000 °C,
1200 °C, and 1400 °C in air for 100 h (360 ks). Their oxidation kinetics follows a
parabolic rate law, and the deviation from that increases with a decrease in the z value.
The results of XRD and EPMA showed that the oxide formed on 3-SIAIONs (z =1 and
2) consists of silica and mullite, and on B-SiAION (z = 3) of only mullite.
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1. Introduction

B-SiAIONs are the solid solution of B-SisN,4 in which Si—-N has been substituted
with an equivalent amount of AI-O. They are commonly described by the general
formula B-Sig_,Al,O,Ng_;, where z takes values from 0 to ~4.2 [1,2]. B-SIAIONs have
been attracting considerable attention on account of their excellent mechanical and
thermal properties, superior chemical stability, and conspicuous thermal-shock
resistance. Consequently, they are suitable for high-temperature applications, and they
are being extensively used as high-temperature engineering ceramics in cutting tools
and abrasive materials [3].

Combustion synthesis (CS), known as self-propagating high-temperature synthesis,
has been attracting growing interest on account of its capacity for energy saving, short
reaction time, and its ability of forming high purity products [4]. In our previous papers
[5-7], B-SIAION powders were successfully synthesized under only 1 MPa of nitrogen
pressure assisted with mechanical activation. Sintering methods such as pressureless
sintering [8], hot isostatic pressing [2], and spark plasma sintering (SPS) [9] have been
previously used to produce dense B-SiAIONs. Among these aforementioned methods,
SPS technique is similar to conventional hot press (HP), but it allows a pulsed direct
current instead of external heating source to heat the sample through the die, so the die
also acts as a heating source. Therefore, it is regarded as a rapid and effective

densification technique for ceramics as well as other hard materials.



As is known, under high temperature conditions, the oxidation resistance becomes
important for the practical uses of B-SIAIONs. The oxidation behavior of hot
isostatically pressed B-SiAIONs (z = 0.5, 3.8) with and without yttria additive has been
studied in flowing oxygen atmosphere [10], and their oxidation kinetics has been shown
to be influenced by sintering aid yttria, which was added to enhance the densification
process. The oxidation kinetics of reaction sintered B-SIAION (z = 3) powder was
studied under both isothermal and non-isothermal condition [11], and a new Kkinetics
model was applied to calculate the oxidation behavior of SIAION. Early-stage oxidation
of carbothermally synthesized B-SIAION (z = 2.45) powder was studied [12,13], which
indicated that amorphous silica was formed at early stage, and followed by the
formation of an amorphous aluminosilicate. The synthesis method is the carbothermal
reduction and nitridation of the clay mineral kaolinite in which the clay was mixed with
carbon and heated at high temperature in flowing purified nitrogen”. Hot-pressed
B-SIAION (z = 3) without additive was investigated in different atmospheres by Kiyono
and Shimada [14]. However, to our best knowledge, there are very few reports on the
oxidation behavior of CS-SPSed B-SiAIONs. Therefore, the purpose of this paper was to
investigate the oxidation behavior of dense B-SiAIONs at different temperatures in air,
which were synthesized by a combination of CS and SPS without any sintering aids.
The effect of the z value on the oxidation kinetics and products was systemically

examined. The results obtained would give valuable information for the design of

" 3Al1,Si,05(0H), + 15C + 5N, — 2SisAl;03Ns + 6H,01 + 15CO1



B-SiAIONs for the engineering application at high temperature.



2. Experimental procedure

2.1. Sample preparation

The synthesis method has been described in detail elsewhere [15], so here we only
repeated the preparation method simply.

Commercially available powders of Si (98% purity, 1-2 um in size), Al (99.9%
purity, 3 um in size), and SiO, (99.9% purity, 0.8 um in size) were used as starting
materials. B-SiIAION powders (CSed product, unknown purity, 0.5 um in size) were
added as the diluent. The chemical reaction for the synthesis of B-SIAION from the

abovementioned starting materials can be shown as follows:

(6 —1.52)Si + zAl + 0.5zSi0, + (4 - 0.52)N, — S8 - Si,_,AlLO,N,_, (1)

where, z takes values of 1, 2, and 3. The mass percent of each starting composition was
calculated according to equation (1), and is shown in Table 1. The mass percent of the
diluent was determined according to our preliminary experiment.

The CSed powder was first subjected to planetary ball milling for 60 min, then was
compacted into a carbon die of 10 mm in inner diameter and sintered using a SPS
system under vacuum of lower than 4 Pa at a compressive stress of 50 MPa. The

resulting compacts were heated from room temperature to 600 °C in 5 min, and then



were heated to 1600 °C at a rate of 30 °C/min. The compacts were maintained at this

temperature for 10 min before the power was turned off.

2.2. Isothermal oxidation test

The flat surfaces and sides of the sintered discs were first ground to remove the
carbon foil stuck to them during high temperature sintering, and subsequently, the
surfaces were ground and polished to parallel to each other and mirror. After polishing,
the diameter and thickness of each disc were carefully measured to calculate its surface
area. Prior to oxidation, the polished specimens were ultrasonically cleaned in ethanol,
then placed in an alumina boat and then placed into the hot zone of a high temperature
tube furnace. Isothermal oxidation was performed at 1000 °C, 1200 °C, and 1400 °C for
up to 100 h in air, and at each temperature the specimens were taken out of the furnace
at intervals of 1, 24, 50, and 100 h to check the mass gain using an analytical balance

with an accuracy of #0.001 mg.

2.3. Characterization

The bulk density of CS-SPSed specimens was measured according to the

Archimedean principle, using distilled water as the medium. The phases were analyzed

using X-ray diffraction (XRD) (Cu Ka-radiation) before and after oxidation. The



microstructure of the oxidized surfaces was examined using a scanning electron

microscope (SEM) equipped with an energy dispersive X-ray spectrometer (EDS).



3. Results and discussion

3.1. Characterization of CS-SPSed S-SiAIONs

The densities of single-phase B-SIAIONs (z = 1, 2, and 3) produced by SPS of CSed
powders without any sintering aids are shown in Table 2, in which the theoretical
densities were taken from reference [16]. The average value of three specimens was
taken as the representative bulk density for each group. The bulk density decreases with
an increase in the z value. The relative density reached 98.8% of the corresponding

theoretical density when z = 1, and is larger than 99% when z = 2 and 3.

3.2. Oxidation kinetics

The mass gains per unit surface area are shown in Fig. 1 as a function of oxidation
time at different temperatures. The final mass gain increases clearly with an increase in
temperature and also with the z value. The mass gains are small for the oxidation at
1000 °C and 1200 °C. However, they are very large at 1400 °C for all of the samples. At
the initial stage of oxidation at 1400 °C, the mass gain is slower for Z3 than for Z1 and
Z2. The final mass gains were 4.21, 4.77, and 6.05 g m? for Z1, Z2, and Z3,
respectively at 1400 °C for 100 h. The mass gain is similar to that of HIPed B-SiAION

[10], but in view of energy and time saving, our CS-SPS method shows valuable and



economical for the practical use.

The oxidation kinetics of SisN4 and SIAION have been previously reported to obey
a parabolic rate law [12,17]. However, some of our oxidation curves deviated from the
parabolic rate law, and they varied with the z value. The mass gain can be expressed by

the following rate raw:
m

—=kt"+c 2
A @)

where, Am (g) is oxidation mass gain, A (m?) is original specimen surface area, k (g m™
s™) is oxidation rate constant, t (s) is time, n (-) is exponent, and ¢ (-) is a numerical
constant.

The exponent n in equation (2) can be obtained from the slopes of the lines shown
in Fig. 2, which shows the log—log plots of the mass gain per unit surface area to
oxidation time. The slopes vary between 1/3 and 1/2 for all the specimens at different
oxidation temperatures, and increase with an increase in the z value. The slopes of Z3
are close to 1/2 at all the temperatures, and this indicates that the oxidation of Z3
follows a parabolic rate law and is diffusion-controlled. However, for samples Z1 and
Z2, the slopes at all the temperatures are lower than 1/2. This indicated that the
oxidation of B-SIAIONs with lower z values deviated a little from a parabolic rate law
and was slower than those with higher z values with increasing oxidation time. The

deviation from a parabolic raw can be attributed to the change of conformation or



component in the scale with oxidation time commonly. The reason for the deviation of
our samples will be explained later.

Fig. 3 shows the mass gain as a function of oxidation time of CS-SPSed -SiAIONs
comparing with SizN4 [18] at 1200 °C. Reference [18] presented the oxidation (and also
corrosion) of hot pressed SizN4 with different sintering aids, such as Al,O3, Y,03, and
MgO,, and of commercial SizN4 with Lu,O3 as sintering aid. Its conclusions showed
that the oxidation (and also corrosion) resistance was clearly affected by sintering aids,
and SN-A (SizN4 with Al,O3 as sintering aid) and SN282 (SisN4 with Lu,O3 as sintering
aid) had the best oxidation resistance. It is clear in Fig. 3 that the mass gain of SN-A is
much larger than that of our CS-SPSed B-SiAION, which could be attributed to the low
relative density (94%) of SN-A. On the other hand, the mass gain of SN282 is similar to
those of the CS-SPSed B-SiAIONs with the lower z values. In view of the cost and
properties of Lu,O3 sintering aid used in SN282, the CS-SPSed B-SIAIONs without
sintering aids showed good oxidation resistance and are economical for the practical

use.

3.3. Oxidation products and microstructure of oxide scale

Fig. 4 shows photos of the specimens after 100 h oxidation in air. For all of the

specimens the colour changes gradually from grey toward white with increasing

temperature, but only after 1400 °C oxidation the colour of Z3 is clearly white. The
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other specimens show a little colour change. This could be attributed to the fact that
most of the oxides were amorphous (this will be shown later), except for Z3 oxidized at
1400 °C, whose surface oxides crystallized entirely.

XRD patterns before and after the oxidation for 100 h are shown in Fig. 5, and all
of the peaks have been compared with JCPDS cards. There were no impurity peaks
detected except for B-SIAION peaks after SPS, which indicated that pure p-SiAIONs
were produced. For Z1, see Fig. 5a, there are no visible changes for oxidation at
1000 °C compared with the as-sintered product. However, after 1200 °C oxidation, a
silica (cristobalite) peak was detected and a very few mullite peaks were also detected.
When the temperature reached to 1400 °C, the intensity of mullite peaks became
stronger and more peaks were visible, and the peak of cristobalite was still visible. For
Z2, see Fig. 5b, it showed similar change with Z1, but according to the intensity of the
XRD peaks, the quantity of cristobalite was fewer for Z2 than Z1 at 1200 °C. On the
other hand, for Z3 shown in Fig. 5c, no cristobalite peak was detected at any
temperature and only mullite peaks were visible for 1200 °C and 1400 °C oxidation.

It is a general agreement that the reaction product is amorphous at initial-stage of
oxidation and at a low temperature, but the product tends to crystallize after a longer
time and at higher temperatures. In our experiments, no visible oxide peaks were
detected by XRD when the temperature was 1000 °C. This is attributable to the
formation of amorphous oxides. This can also explain why the aforementioned colour of

the specimens after oxidation changed from grey toward white with increasing
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temperature. From the XRD results, we can conclude that amorphous silica was formed
at initial stage of oxidation for B-SIAIONs with lower z values, but with an increase in
the z value or the temperature, also with the oxidation time, amorphous silica tended to
crystallize, and crystalline mullite increased as the oxidation product. In our
aforementioned results shown in Fig. 1, at initial stage of oxidation, the mass gain
shows higher at lower z values than that at higher z values. This can be explained by the
reason that oxygen diffuses more easily in an amorphous phase than in a crystalline.
Using the above analyses, we can also explain why the aforementioned oxidation
kinetics results showed a little deviation from a parabolic rate law of B-SiAIONs with
lower z values, which can be attributed to the phase change from amorphous to
crystalline and also the component change from silicato mullite in the scale with the
oxidation progressing.

SEM micrographs of the surfaces after oxidation at 1000 °C, 1200 °C, and 1400 °C
are shown in Figs. 6 to 8, respectively. The microstructures of the oxide scale surfaces
varied considerably with oxidation temperature. After 1000 °C oxidation, no visible
oxide crystals could be seen except for some bubbles on the surface of Z1, see Fig. 6a.
For Z2 (Fig. 6b), there also no obvious oxide crystals could be seen but its surface
looked more porous than the surface of Z1. However, for Z3, see Fig. 6c, the
microstructure looked very different from that of Z1 and Z2, and there were visible
agglomerates of oxide particles on the surface, and these should be mullite according to

the results of XRD.
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After 1200 °C oxidation (see Fig. 7), there were large numbers of white needle-like
oxides of less than 1 um in length on the surface of Z1, see Fig. 7a. The typical EDS
analyses of some points in Figs. 7 and 8 are shown in Table 3. Combining the EDS
analysis and XRD result, we are convinced that the needle-like oxides should be mullite
crystals which grew in amorphous SiO,. No oxide crystals were seen on the surface of
Z2, Fig. 7b, except for large numbers of white spots which should be the same mullite
as the needle-like crystals in Z1. However, their size was smaller than that in Z1. Fig. 7c
shows the microstructure of Z3. We can see that the surface of the specimen was
oxidized considerably. Combining the element analysis with the result of XRD, we can
conclude that the oxide is mullite.

When the oxidation temperature was increased to 1400 °C (Fig. 8), the needle-like
mullite crystals in Z1, see Fig. 8a, grew up to more than about 10 um in length. In Z2,
see Fig. 8b, the mullite showed two kinds of shapes, needle-like crystals and
agglomerates. The needle-like crystals were the same as those in Z1, and the
agglomerates were as same as those in Z3 shown in Fig. 7c. The whole surface of Z3

(Fig. 8c) is covered with the scale consisting of agglomerates of mullite.

3.4. Reaction mechanisms

The aforementioned results indicate that the main solid oxidation products are

cristobalite and mullite for B-SIAIONs. Therefore, the oxidation reaction could be
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expressed by the following equation [10]:

24 -3z 18-4z

0, - 8-z
4 3

Sio, +%3AI203 £2510, += 5N, (3)

ﬂ_ Sie—zAlezNS—z +

here, in our experiments, z = 1, 2, and 3. According to this equation, with an increase in
the z value, the quantity of mullite will increase, and contrarily, that of silica and
nitrogen gas will decrease.

In the B-SiAIONS, with increasing z value, more Si-N bonds are replaced with Al-O
bonds, and this means that the ratio of Si to Al decreases. Therefore, in the B-SiIAIONs
with lower z values, at initial-stage of oxidation Si reacted with O to form SiO,. As the
oxidation proceeds, more Si is consumed and when the ratio of Si to Al decreases to a
certain level, Al reacted with O to form Al,O3; which reacts with SiO, to form mullite
crystals. On the contrary, in the B-SiAIONs with higher z values, the ratio of Si to Al is
low, so mullite is formed in the entire oxidation process and no separate SiO, could be
formed in the oxide scale. This could explain why there was SiO, detected in Z1 and Z2
after oxidation, while only mullite was detected in Z3, cf. the XRD results.

Fig. 9 shows SEM images of the discs after 100 h oxidation at 1200 and 1400 °C.
There are many bubbles on the surfaces of the discs oxidized at 1400 °C. Fig. 9a shows
that the bubbles on the surface of Z1 are very big, and many of them cracked. The
diameter of cracked holes seems bigger than 50 pum; however, the surface of Z1

oxidized at 1200 °C was flat with no visible bubbles, see Fig. 9d. The bubbles on
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surfaces of Z2 and Z3 after 1400 °C oxidation are getting smaller with increasing z
value, see Fig. 9b and c.

Fig. 10 shows SEM images of the cross-sections of the discs Z1, Z2, and Z3
oxidized at 1400 °C for 100 h. The thickness of the oxide scale seems close to each
other for all of the specimens and looks to be about 15 um. The oxide scale on Z1 seems
dense, but the scales on Z2 and Z3 have some pores with the latter having more pores
than the former. There are a few large pores near the scale surface, and pores near the
interface to the substrate are more numerous but smaller.

Combining with the images shown in Fig. 9 and Fig. 10, we can deduce that the
bubbles on the surface and the pores in the oxide scale should be attributed to nitrogen
gas generated at the interface between the scale and substrate during the oxidation
which can be expressed by equation (3). With the progress of oxidation, more nitrogen
gas is generated and tends to pass through the oxide scale from the reaction interface to
outside of the disc, and then is concentrated in a form of bubbles to some places near the
outer surface. Therefore, the pores near the outer surface are big and those near the
interface are small. If the oxide scale consisted almost of SiO,, because most of the SiO;
existed as amorphous phase, it would be so soft that all of the nitrogen gas can pass
through it to reach the outer surface easily. However, if the oxide scale consisted almost
of mullite, because it crystallized entirely, it would be so hard that it does not allow the
nitrogen gas to pass through it. Thus, most of the gas remained in the scale. The above

consideration can explain why there were no pores in the oxide scale on Z1, but some
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pores were formed for Z2 and Z3, and also with increasing z value, the pores increased.
The bubbles on the surfaces can be attributed to the nitrogen gas trapped in the scale
before cooling down.

This reaction processes can be explained by the schematic illustration of the
oxidation mechanism shown in Fig. 11. From the above analyses, the mechanism of
oxidation reaction for the B-SIAIONs was a diffusion-controlled process and could be
described as the following steps which show similar to the oxidation of AIN [19]:

(a) Transfer of oxygen molecules to the surface of -SiAION.

(b) Physisorption of oxygen molecules.

(c) Dissociation of oxygen molecules and chemisorption.

(d) Diffusion of oxygen through the oxide scale to the scale/substrate interface.
(e) Chemical reaction producing oxide and nitrogen gas.

(f) Gas diffusion through the oxide scale to its outer surface.

In conclusion, according to the results, dense protective oxide scale can be formed
at high temperature for the -SiAION with lower z values. Therefore, they are suitable
for the application as high-temperature engineering ceramics. However, for the
B-SIAION with higher z values, the strength of oxide scale could be affected by the
pores formed in the scale at high temperature. We need more experimental results to

verify the durability of these compacts for high temperature application.
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4. Conclusions

The oxidation of dense B-Sis.,Al,O,Ns.,s with different z values (z = 1, 2, and 3)
prepared by a combination of combustion synthesis and spark plasma sintering was
investigated at temperatures of 1000 °C, 1200 °C, and 1400 °C in air for 100 h (360 ks).
The following results were obtained:

(i) The oxidation kinetics of the B-SiAIONs obeys a parabolic rate law well when z
= 3, but for z = 1 and 2 it deviates a little from that, and the deviation increases with a
decrease in the z value.

(if) The oxide scale consists of silica and mullite for z = 1 and 2, and with
increasing z value the ratio of mullite increases, but for z = 3 there is only mullite. Most
of the silica is amorphous phase while the mullite is entirely crystalline.

(iii) The oxide scale has more pores with increasing z value. The pore formation is
attributed to the nitrogen gas trapped in the scale consisting of crystallized mullite,

which is so hard that the nitrogen gas can not pass through.
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Figure captions

Fig. 1. Mass gains as a function of oxidation time for all the specimens (Z1, Z2, and Z3)

at 1000 °C, 1200 °C, and 1400 °C.

Fig. 2. Log mass gain vs. log time for the oxidation at different temperatures (%1000
°C; O:1200°C; A: 1400 °C).

Fig. 3. Mass gains as a function of oxidation time of CS-SPSed B-SiAIONs, comparing

with hot-pressed SisN,4 at 1200 °C. [SN-A: Si3N4 with Al,O3 as sintering aid; SN282:

SigN4 with Lu,0O3 as sintering aid]

Fig. 4. Photos showing the specimens after 100 h oxidation, the colour of which

changes with temperature.

Fig. 5. XRD patterns of the surfaces of B-SiAION discs before and after oxidation for

100 h; (a) Z1, (b) Z2, and (c) Z3. [Mullite: JCPDS 15-0776; SiO,: JCPDS 29-0085;

B-SisAION7: JCPDS 48-1615; B-SisAl,O,Ng: JCPDS 48-1616; B-SizAlsO3Ns: JCPDS

36-1333.].

Fig. 6. SEM images of the surfaces of specimens oxidized at 1000 °C for 100 h; (a) Z1,

(b) Z2, and (c) Z3.

Fig. 7. SEM images of the surfaces of specimens oxidized at 1200 °C for 100 h; (a) Z1,

(b) Z2, and (c) Z3.

Fig. 8. SEM images of the surfaces of specimens oxidized at 1400 °C for 100 h; (a) Z1,

(b) Z2, and (c) Z3.
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Fig. 9. SEM images of the discs after oxidation for 100 h; (a) Z1 at 1400 °C, (b) Z2 at
1400 °C, (c) Z3 at 1400 °C, and (d) Z1 at 1200 °C. [(a)-2: magnification of the rectangle
area in (a)-1; (b)-2: magnification of the rectangle area in (b)-1].

Fig. 10. SEM images of the cross-sections of the discs oxidized at 1400 °C for 100 h, (a)
Z1, (b) Z2, and (c) Z3.

Fig. 11. Schematic illustration of the oxidation mechanism of 3-SiAIONs.

Table captions

Table 1 Starting compositions for combustion synthesis of different samples.

Table 2 Densities of the CS-SPSed B-SiAIONs.

Table 3 EDS analysis results of the marked points shown in Figs. 7 and 8.
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Table1

Sample name Si Al SiO; B-SIAION (z=1)
(mass%) (mass%) (mass%) (mass%)
Z1(z=1) 37.9 8.1 9.0 45.0
72 (z=2) 25.4 16.4 18.2 40.0
73 (z=23) 12.8 24.7 275 35.0




Table 2

Sample name Average bulk Theoretical density Relative density
density (g/cm®) (glcm®) * (%)
Z1(z=1) 3.129 3.168 98.8
72 (z=2) 3.107 3.122 99.5
Z3 (z=3) 3.067 3.082 99.5

* Data from reference [16]



Table3

Elements N 0] Al Si
Point @ 0.00 52.16 9.40 38.44
Mass% Point @ 0.00 49.28 36.26 14.45
Point ® 0.00 50.07 27.44 22.49
Point @ 0.00 48.96 36.78 14.26
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