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Thermal shock resistance of a/B-sialon ceramic composites
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Abstract

The thermal shock properties of a/B-sialon composites have been evaluated with an indentation-quench method based on pro-
pagation of Vickers cracks. Nominally the z value of the B-phase (Sig_.Al,O.Ng_.) was held constant at 0.6, and the composition of
the a-sialon phase Y ,Siio—(ntn)AlntnOnNis., Was x=0.33, m=1.0, n=1.2. Different a/(oc + p) ratios were tested, and the amount of
sintering aid (a yttrium-containing glass phase) was varied between 0 and 20 vol.%. The thermal shock resistance increases with
increasing fraction of B-phase, and the presence of a glass phase also has a positive influence on the thermal shock resistance.

© 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

o- And B-sialons are two solid-solution phases with
crystal structures isomorphous to o- and [B-SizNy,
respectively. B-sialon is represented by the general for-
mula Sig_.ALLO.Ng_., with 0<z<4.2, and a-sialon by
M, Sito—n+ mAlpy+ nOxNi6_n, where M is a metal ion
(most often Y or a rare-earth element) and x, m, and n
are parameters that restrict the formation of a-sialon to
a small compositional area.! One obvious advantage of
ceramics that consist of o- and B-sialon over mono-
phasic silicon nitride is the possibility to tailor the
microstructures in a more flexible way. This is because
aluminium and other metal cations are involved in the
system, which makes it possible to introduce a transient
liquid to assist the densification and grain growth pro-
cesses at the sintering temperature. The liquid phase
disappears during the sintering process, as its con-
stituents subsequently are incorporated into the sialon
crystal structure. Thus, it is possible to prepare duplex
a/B-sialon composites with a minimum amount of sec-
ondary intergranular glass phase by adjusting the over-
all o-B-sialon composition.

Previously this kind of composites has been prepared
in yttria- and rare earth-doped systems.>> By develop-
ing an in-situ reinforced microstructure consisting of
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needle-shaped well-distributed B-crystals in an «-sialon
matrix, the obtained materials acquire a better combi-
nation of hardness and toughness than monophasic a-
or B-sialon ceramics. The hardness is comparable to a-
sialon, and the fracture toughness and high-temperature
creep resistance are improved. These materials have
attracted attention for high-temperature structural
applications such as heat engine components and cut-
ting tool inserts. Despite the improvement in hardness
and fracture toughness, however, the cutting test unex-
pectedly showed that these materials had no obviously
improved cutting performance. The subsequent stan-
dard failure analysis showed that the main failures were
caused by cracks formed during thermal cycling, indi-
cating the necessity for a better understanding of the
thermal-shock properties of these materials.

At the moment, there are few experimental data avail-
able in the literature concerning the effect of thermal
cycling on mechanical properties of sialon-based materi-
als. A systematic study therefore seems necessary, explor-
ing e.g. the relation between the microstructure,
mechanical properties and the thermal shock behaviour of
these materials. In this article we report the thermal-shock
properties of a-B-sialon composites. Microstructural fea-
tures such as the o/(o + ) ratio and the amount of residual
intergranular glass phase present are considered, and
their effect on thermal shock behaviour is discussed.

Various methods have been developed over the years
in order to measure the thermal shock resistance of a
material. Most of those methods are based on test bars
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of specified dimensions and geometries, which are
heated to thermal equilibrium in a furnace and then
quenched into a water bath and subsequently subjected
to mechanical testing, for example by determining their
three- or four-point bending strength.*7 The manu-
facture of test bars with well-defined shape and surface
finish is complicated and expensive. In addition, sepa-
rate bars are required for each temperature to be tested,
and several bars are used at each temperature to
improve statistics. Those methods are thus both time-
consuming and costly.

In an indentation—quench method developed by
Andersson and Rowcliffe® small Vickers cracks are
made on a cylinder with a thickness of 3-5 mm. The
cylinder is then heated in a vertical tube furnace and
subsequently quenched into a water bath; thereafter the
crack growth is measured and correlated with the tem-
perature difference. The method allows the same sample
to be used through a series of temperatures,’ and by
measuring the growth for several Vickers cracks on the
same sample the statistics is improved. This method was
applied in the present work because it provides such an
efficient way to determine and compare the thermal
shock resistance of different materials.

2. Experimental
2.1. Sample preparation

Two series of samples named I and II were prepared,
see Table 1. Samples of series I, with overall composi-

tions located exactly on the o—p phase plane, were
designed to give a—f-sialon composites with minimum

Table 1

Overall compositions of the starting materials (in wt.%)

Series I

Sample af(a+PB) Y03 SizN; AIN Al,O4

B06 0 - 90.41 529 433

ABY20 0.2 1.3 88.00 7.10  3.60

ABY30 0.3 1.9 86.80  8.00  3.30

ABY50 0.5 3.2 84.40 9.80  2.60
ABY100 1.0 6.3 78.30 1440  1.00

Series II

Sample a/(a+B)* GPvol.%" Y,03 SizNg AIN  AlLO;
G10B06 0 10 548 8394 2.19 8.38
Gl10ABY20 0.2 10 6.62 81.84  3.66 7.96
GO5ABY30 0.3 5 4.53 8378  6.23 5.50
GI10ABY30 0.3 10 7.13 80.80  4.48 7.68
G20ABY30 0.3 20 1226 7490 1.01 11.97
G10ABYS50 0.5 10 8.28 78.66  6.09 7.05
GI10ABY100 1.0 10 10.98  73.29 10.24 5.56

4 Designed fraction of a.
® The designed amount of a secondary intergranular amorphous glass
phase (GP) in volume percent.

amounts of secondary intergranular glass phase,
assuming complete reaction to take place during densi-
fication. The o- and B-sialons were Y 33Si95Alr»
01.2N14.8 (X:0.33, m= 10, n= 12) and Si5_4A10_6
Op.sN74 (z=0.6), chosen on the basis of previous
experience. '©

A number of composites with nominal o/(ot + ) ratios
fixed at 0, 0.2, 0.3, 0.5 and 1.0 were prepared. The
balanced overall compositions thus fall along the A-B
line shown in Fig. 1. In series 11 5, 10 and 20 vol.% of a
secondary glass-forming phase was added to the series-I
compositions. The nominal composition of the glass-
forming phase (added as a powder mixture) was
YlA7SSi2A625A11AOO7A5NlA25 (28Y, 56Sl, 16A1, 800, 20N in
equivalent%?" of the cations and anions respectively).

Specimens were prepared from commercial SizNy
(UBE, SN-E10), AIN (H.C. Starck-Berlin, grade B),
Y,035 (99.9%, Johnson Matthey Chemicals Ltd) and
AlLOj3 (Alcoa, A16SQG), and corrections were made for
the small amounts of oxygen present in the Si3N4 and
AIN raw materials. The starting-material mixtures were
milled in water-free propanol for 24 h in a plastic jar,
using sialon-milling media. The dried powder mixtures
were sintered in a hot pressing apparatus (Thermal
Technology Inc.) at a temperature of 1750°C and a
pressure of 30 MPa for 90 min. Three samples (B06,
ABY20 and ABY30, see below), however, had to be
sintered by means of the Spark Plasma Sintering (SPS)
technique (Sumitomo coal mining company Ltd)!' at
1700°C and at a pressure of 50 MPa for 5 min, in order
to ensure densification.

2.2. Characterisation techniques
Densities were measured by use of Archimedes’ prin-

ciple. Before physical characterisation, the specimens
were carefully polished by standard diamond polishing

4/3(AIN:ALO,)

>
>
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Fig. 1. The o—f plane of the phase diagram for Y-Si-Al-O-N sialon
system with the balanced overall compositions marked on the line A-B.
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techniques. The hardness (HVy) and indentation frac-
ture toughness (Kj.) at room temperature were deter-
mined using a Vickers diamond indenter with a 98 N
load, and the fracture toughness was evaluated accord-
ing to the method of Anstis et al.,'> assuming a value of
300 GPa for Young’s modulus for all compositions.
Five indentations were made for each sample, and the
average values for HV, and K. are given with error
bars.

The microstructures were examined in a scanning
electron microscope (SEM, JEOL 880) equipped with
an energy-dispersive spectrometer (EDS, LINK ISIS)
that allows detection of boron and heavier elements.
Micrographs of fractured surfaces were obtained in
secondary electron mode (SE) and micrographs of
polished samples were obtained in backscattered elec-
tron mode (BSE) at an acceleration voltage of 20 kV in
order to obtain the best contrast. The amounts of glass
phase in series II were evaluated with an image-analysing
package supplied with the LINK /SIS system. For those
analyses, images were collected at 10 and 15 kV accel-
eration voltages. The contrast difference between the
o- and B-sialon phases and the yttrium-containing glass
phase was used to estimate content of these phases in
vol.%. The estimates of the minimum and maximum
amount of glass phase gave an error of £2%.

All samples were crushed and characterised by their
X-ray powder diffraction (XRD) patterns obtained with
a Guinier-Hégg focusing camera. Cuk, radiation
(A =1.5405981 A) was used, and powdered silicon
(a=5.430879 A at 25°C) was added as an internal
standard. The recorded films were evaluated with the
computer programs SCANPI'3 and PIRUM.!# The lat-
ter was used to determine the unit cell parameters for
the different phases. The z value of the B-sialon phase
was obtained from the unit cell dimensions of the sam-
ples, using the equations given by Ekstrém et al.,!’ see
Table 2. The amounts of a- and B-sialon were estimated
by comparison of the intensities of the two strongest
XRD lines for the two phases (1 0 2 and 2 1 0 for a-
sialon and 1 0 1 and 2 1 0 for B-sialon).

2.3. Thermal shock measurements

Cylindrical samples with a diameter of 12 mm and a
thickness of 3.9+0.3 mm (see Table 3) were ground to
make the two surfaces parallel, and one side was care-
fully polished. Well-defined cracks were initiated with a
Vickers indenter. Four indents were made on each
sample, and each indent generated four cracks (see
Fig. 2), so that a total of 16 cracks were initiated on
each sample. In order to compare different samples
more easily, the original crack length was held constant,
around 100 um. As a consequence, different samples
had to be indented with different loads (see Table 3).
The crack length was measured in an optical microscope

(Olympus PMG3). A vertical tubular furnace was
heated to the preset starting temperature 190°C, which
was then normally increased stepwise by 100°C. The
sample was hoisted into the furnace and was thermally
equilibrated for 20 min; then it was quenched into a
90°C thermostated water bath. The crack growth was
measured at each temperature, and the total percentage
growth was calculated which was then plotted versus the
temperature difference (AT). It has earlier been shown
that the same sample can be re-used for a whole
quenching series.’

The test pieces were heated in air, but no severe oxi-
dation was observed in the experiments presented
below, as the test samples were not heated above
1000°C.'¢ It was decided to use a 90°C water bath
because of practical difficulties in keeping the water
bath at the boiling point, due to vigorous steam pro-
duction. The heat transfer is better at the boiling point,
but even at 90°C the surface heat transfer is high com-
pared to water at room temperature.!”

3. Results and discussion
3.1. Phase compositions and microstructure

All samples were fully densified, and the measured
densities are listed in Table 2. Conventional hot pressing
could not densify three of the samples, B06, ABY?20,
and ABY30, most probably due to insufficient liquid
phase being formed at the sintering temperatures used
in this study. For those samples it was instead necessary
to use SPS sintering in order achieve full density. This
was confirmed by SEM investigation of fractured sur-
faces.

The phase composition, the o/(a+ ) ratio and the
unit cell dimensions, based on XRD analysis, for both
a- and B-sialon phases formed in all compacted samples
are listed in Table 2. The phases formed in series I where
basically a- and B-sialon with a very small amount of an
unreacted residual o-Si3N4 phase in sample ABYS50.
Besides o~ and B-sialon, the “B-phase” (Y,SiAlOsN)
was identified in samples of series II which according to
previous work most probably is crystallised from the
residual intergranular amorphous phase during cool-
ing.'® In the present case the formation of a substantial
amount of B-phase in samples of series Il seems to
indicate that the yttrium content designed for glass
composition is somewhat too low. The a-phase content
is lower than expected in these samples, implying that
the formed glass phase has consumed more yttrium than
nominally assigned to it.

The unit cell dimensions determined for the a-sialon
are similar, indicating that compositions in all samples
are close. The composition is, as expected, on the oxy-
gen-rich boundary of the a-sialon-forming area facing
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Table 2
The measured unit cell parameters, o/B-ratios, and amount of glass phase
Series 1
Sample Phase a-Sialon cell dimensions (A) B-Sialon cell dimensions (A) Measured Measured density
composition® o/(a+B) ratio  (g/cm?)
a c a c z value
B06 - - 7.6178(3) 2.9187(2) 0.5 0 3.16
ABY20 B(s), ou(w) 7.7548(140) 5.6618(200) 7.6212(3) 2.9198(2) 0.6 0.06 3.19
ABY30 B(s), o(m) 7.8002(130) 5.6940(230) 7.6206(4) 2.9200(2) 0.6 0.2 3.21
ABY50 B(s), (w), (W) 7.7968(4) 5.6750(4) 7.6177(4) 2.9194(3) 0.5 0.5 3.21
ABY100  a(s), B(w) 7.8035(3) 5.6823(4) 1.0 3.26
Series 11
Sample Phase a-Sialon . B-Sialon . Measured Measured Measured
composition cell dimensions (A) cell dimensions (A) vol.% glass oo+ B ratio density
a c a c z value (Wt. %) (g/cm?)
G10B06 B(s) - - 7.6207(2) 2.9201(1) 0.6 10 0 3.21
G10ABY20 B(s), b(w) - - 7.6245(3) 2.9216(2) 0.6 13 0 3.24
GO05ABY30 B(s), o(m), b(w) 7.7952(9) 5.6790(7) 7.6238(6) 2.9214(4) 0.6 5 0.3 3.22
G10ABY30 B(s), aU(w), b(w) 7.799(1) 5.677(0) 7.6247(4) 2.9225(2) 0.7 11 0.06 3.23
G20ABY30 B(s), b(m) - — 7.6241(4) 2.9208(2) 0.6 15 0 3.28
G10ABY50 B(s), a(m), b(m) 7.8010(4) 5.6829(4) 7.6256(3) 2.9223(2) 0.7 12 0.3 3.26
GI10ABY100 a(s), B(w), b(w) 7.8066(3) 5.8668(3) 7.625(1) 2.921(0) 0.6 16 0.9 3.31

2 o, Residual o—Si3Ny; o-, a-sialon; B, -sialon; b, B-phase; XRD intensity: s, strong; m, medium; w, weak.

Table 3
Indentation load, sample thickness, initial crack length and critical
thermal shock temperature

Sample Sample Indentation Initial crack
thickness (mm) load (N) length (um)
B06 4.04 35 91
ABY20 4.04 45 86
ABY30 4.08 40 75
ABY50 3.86 63 114
ABY100 3.61 67 117
G10B06 4.16 60 98
G10ABY20 3.88 70 120
GO5ABY30 3.39 58 95
G10ABY?30 4.19 50 78
G20ABY30 3.43 65 94
G10ABY50 4.17 55 106
G10ABY100 3.79 65 96

to the B-sialon line, in accordance with previous find-
ings. The z values calculated from unit cell dimensions
for B-sialon are very close to the designed one, i.c. 0.6,
confirming the previous results and that this is a B-sia-
lon composition that is in equilibrium with the o-sia-
lon.!°

Some selected SEM micrographs of the samples with
and without glass addition are shown in Fig. 3a—f. The
B-sialon phase is black, while a-sialon is grey because it
contains the heavy element yttrium, the B-phase and the

Fig. 2. Positioning of the indents on the sample and the definition of
crack length.

glass phase both appear white. The following micro-
structural features can be observed;

1. The samples in series I contain almost no glass
phase.

2. The samples are all fully densified.

3. B-Sialon grains have a higher aspect ratio than o-
sialon grains when a glass phase is present.
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Fig. 3. SEM micrographs of fractured surfaces of (a) ABY30, (b)
ABY50, (¢) ABY100, and back-scattered micrographs of polished
surfaces of (d) GI0OABY30, (e) GI0ABY50, and (f) GI0ABY 100.

3.2. Hardness and fracture toughness

The Vickers hardness and fracture toughness values
determined are plotted versus the nominal o/(a+ B)-
ratio in Fig. 4a—b. Similar to previous observations?® the
optimum combination of hardness and fracture tough-
ness is obtained with an a/(a+ B)-ratio of around 0.5 for
samples in series I. A more general tendency is that the
hardness increases with increasing a-sialon content.
Addition of 10 vol.% glass decreases the hardness and
increases fracture toughness values for all compositions.
The quantitative influence of the amount of added glass
phase on the hardness and fracture toughness is shown
in Fig. 5, where hardness and fracture toughness of a
series of samples with a fixed o/(o + B)-ratio value of 0.3
are plotted versus the amount of extra glass addition.

3.3. Thermal shock properties

The crack extension versus the thermal-shock tem-
perature difference for samples in series I is shown in
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Fig. 4. Hardness (HV) and fracture toughness (K;.) versus the
a/(o + B)-ratio for samples (a) without and (b) with 10% extra glass
addition.
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Fig. 5. Hardness (HV) and fracture toughness (K,.) versus the amount
of extra glass addition when /(o + B)-ratio is fixed at 30%.

Fig. 6a. The thermal shock properties are highly depen-
dent on the o/B-ratio. The best thermal shock resistance
was found at a low fraction of a. Increasing the fraction
of a-phase decreases the thermal shock resistance, and
the pure a-sialon clearly has the poorest thermal shock
behaviour of all samples in the two series.
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Fig. 6. Crack growth in percentage versus the temperature difference
(AT) for o/B-sialons with different z values: (a) without glass and (b)
with 10% glass.

It is not only the ratio of the different phases o and 8
that determine the thermal shock properties, the mor-
phology of the phases may also influence. The a-phase
is equiaxed while the B-phase is elongated. A possible
explanation for that samples with a low fraction of a-
sialon shows better thermal shock behaviour is that
most of the B-sialon grains are elongated in those sam-
ples. Elongated grains seem to improve the thermal
shock behaviour of these materials by providing energy
consuming mechanisms such as crack-deflection and/or
bridging to hinder the crack extension.

The presence of a residual grain-boundary glassy
phase slightly improves the thermal shock resistance
(cf. Fig. 6a and b). The influence of the amount of glass
added to a sialon with nominal composition o/
(x+PB)=0.3 is shown in Fig. 7. The best thermal shock
resistance is found for the sample with the highest glass
content investigated. One explanation for this could be
that the presence of a glassy phase, which is a liquid at
high temperatures, enhances the grain growth, so that
more elongated grains with high aspect ratio are
formed.

40
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o— -0 5% glass
v—-uy 10% glass
30

o—o 20% glass

Crack growth (%)
[}
>

o— —u—/’.ozc —
— a—
10 e e
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o— ¢ 843/
L 27
0
0 200 400 600 800 1000
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Fig. 7. Crack growth in percentage versus the temperature difference
for o/B-sialons with 30% o and varying amounts of glass phase.

Another important factor that may influence the
thermal shock resistance of a material is the thermal
conductivity. Very little is published about the thermal
conductivity for a-, B-, and o/B-sialon ceramics (with or
without addition of an extra glass phase). A previous
investigation on silicon nitride ceramics, however,
reveals that the thermal conductivity of B-Si3Ny increa-
ses about 3 times when the grain size increases from ~1
to ~5 um.! If the same tendency is valid also for our
materials one would expect that the o/f sialons pre-
pared without addition of extra glass phase and having
a fine grained microstructure, would exhibit a lower
thermal conductivity and not as good thermal shock
resistance as materials prepared with addition of extra
glass, i.c. materials having a more coarse grained
microstructure. In fact, our measurements do show such
a tendency, indicating that knowledge of the thermal
conductivity of the materials is of importance in order
to explain the thermal shock behaviour.

Andersson and Rowcliffe® defined a critical thermal
shock temperature (AT,) as the temperature where 25%
of the cracks have grown more than 10% of their origi-
nal length. We found that almost all our thermal shock
curves could be divided into three different groups
based on the slope of the crack growth versus tempera-
ture difference (AT) curve. One group (Type I) repre-
sent curves were there is a slow increase of crack length
with increasing AT over the whole temperature interval
investigated. For Type III the cracks grow rapidly with
increasing AT. The Type II materials behave as Type I
at low AT, but changes into Type III behaviour above
some critical temperature.

The B-sialons are of Type I and are thus suitable for
high temperature applications. The o/f-sialons are of
Type II and can only be used below some critical AT
value. The a-sialons are of Type III as the cracks grow
more than 10% at very low AT values and are thus not
suitable for high temperature applications.
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Fig. 8. The crack growth in percentage versus the temperature differ-
ence for two sialon materials that have different thermal shock beha-
viour. The standard deviation is low and almost constant for a Type I
material (G20ABY30) while the standard deviation increase with
increasing AT for a Type III material (ABY 100).

The standard deviation measured for the crack
growth can also be used to illustrate different types of
thermal shock behaviour. A Type I curve shows a low
standard deviation that is about the same over the
whole temperature interval measured. On the other
hand a Type III curve show increasing standard devia-
tions with increasing AT (see Fig. 8). The fact that the
standard deviation increases with increasing AT suggest
that the crack growth is uncontrolled.

4. Conclusions

An indentation-quench method based on Vickers
cracks for measuring thermal-shock properties has been
applied to mixed o/B-sialon materials. The percentage
crack growth is measured at each heating-quenching
step, and the statistics are improved by making several
Vickers indents on the same sample.

The z value of the B-phase was held constant at 0.6,
and the o-phase (Y, Sijo—n+mAly+nOuNig—,) had a
composition of x=0.33, m=1.0, and n=1.2. The ther-
mal shock resistance improves with increasing fraction
of B-phase and with increasing amount of yttrium-con-
taining glass phase.
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