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Abstract

An indentation-quench method for measuring thermal shock has been evaluated. Experimental parameters such as sample
thickness, initial crack length, and water bath temperature were surveyed. It was found that one single sample could be used
throughout a whole test series of different quenching temperatures. The method can detect small differences in thermal shock
resistance between materials, and was applicable to investigating thermal fatigue. The tested materials were two B-sialons with
intergranular glass phase and with completely different thermal shock behaviour. The best resolution was obtained with a sample
diameter & =12 mm, height =4 mm, initial crack length =100 pm. and a water bath temperature =90 °C. © 2002 Elsevier Science

Ltd. All rights reserved.
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1. Introduction

One of the major factors making ceramic materials
attractive is their usefulness at high temperatures. Good
thermal-shock resistance is advantageous, since use at
high temperatures often involves rapid heating and
cooling of the material. The thermal-shock properties of
a material depend on many parameters such as tensile
strength, fracture toughness, Biot modulus, Young’s
modulus, and thermal expansion coefficients. In addition
to these materials properties, which can be tabulated,
the microstructural character is also of importance and
influences the thermal-shock behaviour of a material.
Due to the many parameters influencing thermal shock
behaviour of materials, it is difficult to model this prop-
erty, especially for composite materials. This scientific
field is comparatively unexplored, because of the pro-
blems mentioned and also the lack of an efficient standar-
dised method for thermal-shock measurements. There is,
thus, a lack of experimental data to show in what way
different materials parameters influence thermal-shock
properties, and there is also a need for establishing a
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standardised efficient thermal-shock test. Such a test
method should provide a clear ranking of different
materials, and it should keep time-consuming and costly
sample preparation at a minimum.

An indentation-quench method based on pre-cracked
disc-shaped specimens to determine thermal-shock prop-
erties as developed by Andersson and Rowcliffe! has been
used in the present study. Compared to e.g. the Hassel-
man test,” the evaluation procedure is simple, the sample
preparation is easy and only a small number of samples
are needed for a series of measurements at different
temperatures.

Our aim was to test some experimental parameters in
order to evaluate how useful and reliable this method is
for measuring thermal-shock properties and for ranking
the thermal-shock resistance of SisN, based materials.
The parameters tested are initial crack length, sample
thickness and water-bath temperature. We also compared
re-using the same sample for a whole series of testing
temperatures instead of using a fresh sample for each
temperature. The quenching conditions were selected to
force the indented cracks to grow in a controlled way.
Two different [B-sialons containing an intergranular
glass phase were selected for the evaluation. B-sialon is a
solid-solution phase with a structure similar to B-SizNy,
having the formula Sig_.AlLO.Ng_. (0<z<4.2). One of
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the materials, with z=0.6 and containing 20 vol.%
intergranular glass phase, had previously been found,?
to have excellent thermal-shock resistance. The other
material (z=2.0, 10 vol.% glass) was in the same study
found to have much poorer thermal-shock resistance.
These two materials were chosen for our study because
they represent two different types of thermal-shock
behaviour.

2. Experimental
2.1. Preparation of materials

Two types of B-sialon materials with different thermal-
shock properties were prepared (see Table 1). The mate-
rials have different z values and amounts of intergranular
glass phase. The added glass phase has the nominal
Composition Y1A7SSi2A625A11AOO7.5NlA25 (28Y, 56Sl, 16A1,
800; 20N in equivalent% of the cations and anions
respectively).*

Specimens were prepared from commercial powders
of SizN, (UBE, SN-E10), AIN (H.C. Starck-Berlin,
grade A), Y,05; (99.9%, Johnson Matthey Chemicals
Ltd.) AlL,O; (Alcoa, A16SG) and SiO, (99.9%, <325
mesh, Johnson Matthey Chemicals Ltd.), and correc-
tions were made for the small amounts of oxygen present
in the SisN4 and AIN raw materials. The starting-mate-
rial mixtures were milled in water-free propanol for 24 h
in a plastic jar, using sialon milling media. The dried
powder mixtures were hot pressed in order to ensure full
density, at a temperature of 1750 °C and a pressure of
30 MPa for 90 min.

2.2. Characterisation techniques
The densities of the sintered specimens were measured
according to Archimedes’ principle. Before the

mechanical and microstructural studies, the specimens

Table 1
Overall compositions of the starting materials (in wt.%)

Sample  Nominal GP* Y,0; SizN; AIN  ALO;  SiO,

z value vol.%
G20B06 0.6 20 10.84 7333 4.14 6.19 549
G10B20 2.0 10 556 62.74 7.73 2395 -

4 GP=Intergranular glass phase.

were polished by standard diamond polishing techniques
down to 1 um diamond suspension. The hardness (HV)
and indentation fracture toughness (K;c) at room tem-
perature were obtained with a Vickers diamond indenter,
using a 98 N load, and the fracture toughness was eval-
uated according to the method of Anstis et al.,”> assum-
ing a value of 300 GPa for Young’s modulus. Five
indentations were made on each sample. The micro-
structure was investigated in a scanning electron micro-
scope (SEM, Jeol 880) equipped with an energy-
dispersive spectrometer (EDS, LINK ISIS) that allows
detection of boron and heavier elements. To obtain the
best contrast between different phases, the micrographs
were recorded in back-scattered electron mode (BSE) at
an acceleration voltage of 20 kV. The amount of inter-
granular glass phase was evaluated with an image-analys-
ing package supplied with the LINK /SIS system. Images
were collected at 10 kV acceleration voltage, and the con-
trast difference between the [B-sialon grains and the
yttrium-containing glass phase was used to estimate the
content of these phases in vol.%. This percentage was
assumed valid for the whole sample volume (see Table 2).
Estimates of the minimum and maximum amount of
glass phase gave an error of £1%.

The samples were crushed and characterised by their
X-ray powder diffraction (XRD) patterns collected with
a Guinier—Hégg focusing camera. Cuk,; radiation (4=
1.540598 A) was used and powdered silicon (a=15.43088
A at 25 °C) was added as internal standard. The recor-
ded films were evaluated with the computer programs
SCANPI® and PIRUM.” The latter program was also
used to determine and refine the unit-cell parameters.
An experimental z value of the B-sialon phase was
obtained from the unit-cell dimensions, using the equa-
tions given by Ekstrom et al.® (see Table 2).

2.3. Thermal shock measurements

Cylindrical samples, with a diameter of 12 mm were
used in all test series. The samples were ground to make
the two surfaces parallel, and one side was then polished
down to 1 pm diamond suspension. Well-defined cracks
were initiated with a Vickers indenter (model 8561,
Instron, High Wycombe, England) allowing variation of
the load as well as the time of loading, holding and
unloading. The loading and unloading times were 10 s
each, and the holding time at maximum load was 20 s.
Four indents were made on each sample, and each

Table 2

The measured composition and unit cell parameters of the B-sialon phase

Sample Unit cell Unit cell Measured Measured Measured Kic HVyy (GPa)
dimension a-axis (A) dimension c-axis (A) z value vol.% glass density (g/cm?) (MPam'/?)

G20B06 7.6211(4) 2.9186(3) 0.5 26 3.26 5.34+0.3 15.84+0.3

G10B20 7.6616(4) 2.9542(3) 1.9 14 3.17 3.4+0.1 16.3+£0.2
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indent generated four cracks (see Fig. 1), so that 16
cracks were made on each sample.

Unless otherwise stated, the following parameters
were held constant: the sample thickness was 4.0+0.3
mm, the initial crack length was 103+9 um (due to the
hardness difference between the two different sialon
materials, the indenting load had to be optimised to 70
N for G20B06 and 40 N for G10B20), and the water
bath temperature was 90 °C.

The crack length was measured in an optical micro-
scope (Olympus PMG?3). The samples were heated, one
by one, in air at < 1100 °C in a vertical tubular furnace;
they were thermally equilibrated for 20 min and subse-
quently quenched by free fall into a water bath. The
maximum temperature was chosen in order to avoid
oxidation. No obvious formation of an oxidation skin
was observed during the course of the experiments.

The furnace temperature was seclected to give the
desired difference, AT, from the water bath temperature.
The crack growth was measured at each temperature step,
and the total percentage crack growth (Ac) was calcu-
lated. If one or two cracks deviated from the growth of
the other cracks, then Student’s 7 test at 95% confidence
was used to check if they should be included or excluded
in the calculation of the average crack growth.

The following test series were performed: (a) Re-use
of one sample versus use of a fresh sample for each new
temperature step (G20B06). (b) Thermal cycling: repe-
ated cycling at constant AT. (c) Variation of sample
thickness: a number of samples of both materials with a
thickness in the range 2-6 mm were prepared, and the
thermal-shock properties were evaluated at different
AT-values. The influence of varying the sample diameter

>

) Crack length

Fig. 1. Definition of the initial crack length. Each Vickers indent
generates four cracks.

has not been investigated, since this parameter is easy to
keep constant during compaction in a die with defined
diameter. (d) The influence of the initial crack length:
there will always be a deviation from the intended crack
length, and when comparing different materials it is
important that small deviations in the initial crack length
between different samples should not cause severe differ-
ences in the measured percentage crack growth after ther-
mal shock. Different initial crack lengths in the range 35—
140 um were tested with both sialon materials. The
quenching temperature differences, AT=800 and
200 °C, were selected so that the crack growth should be
in the stable region and thus give comparable results. (e)
A series of experiments were performed where the
water-bath temperature was varied in the range 0-
100 °C; separate samples were used at each water tem-
perature. Plastic bags containing ice were placed at the
bottom of the bath to keep the temperature at 0 °C. A
thermostat was used to control the other water-bath
temperatures. The surface heat transfer, /4, is usually not
known precisely and is strongly dependent on the tem-
perature difference, AT, and the water temperature, T,
see discussion below.

3. Results and discussion
3.1. The materials

Both ceramic samples were fully densified, and the
measured densities are listed in Table 2. The density was
confirmed by SEM investigation of polished surfaces,
i.e. no pores or voids were observed. Micrographs of
polished surfaces of both samples are shown in Fig. 2. The
grain size of the B-sialon phase increases with increasing z
value, and the B grains, which otherwise show an equiaxed
morphology,? become elongated when an intergranular
glass phase is present. G20B06 has higher fracture
toughness than G10B20, but the hardness of the two
samples is more or less the same (see Table 2). As has

Fig. 2. SEM micrographs of polished surfaces of (a) G10B20 and (b)
G20B06 recorded in BSE mode. The glass phase appears white and the
B-sialon phase appears dark.
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already been discussed in our previous work,? increasing
aluminium content in the crystals (i.e. increasing z
value) makes the material easier to fracture.

3.2. Thermal-shock properties

3.2.1. Re-use of samples

A study was made, comparing repetitive use of one
sample with using a new sample at each quenching
temperature. The material with the best thermal-shock
properties (G20B06) was selected for this comparison.
No significant difference between the two series was
found, see Fig. 3. From those results it can thus be
concluded that the same sample can be used repetitively
for a series of temperatures, at least for a material with
good thermal-shock resistance. This result is important
because it confirms that the thermal shock properties of
a group of similar materials can be ranked by use of
very few samples.

3.2.2. Thermal cycling

Both materials were cycled at a AT causing the cracks
to grow by about 8% in the first quenching cycle, i.e.
AT=800 and 200 °C for G20B06 and G10B20, respec-
tively. In the G20B06 sample the average crack growth
was only 2% in addition after 29 repeated quenching
cycles, compared to the first cycle, whereas the cracks in
the other sample, G10B20, grew by about 14% in addi-
tion after 15 cycles, compared to the first cycle, see
Fig. 4. A low resistance to momentary thermal shock
thus also implies that the material is more sensitive to
thermal fatigue, even at low AT values. On the other
hand, the crack extension in the material with good
resistance to momentary thermal shock is not sensitive
to thermal cycling. This result confirms that the thermal
shock behaviour, as determined by the indentation-

15 j
’

e
g y
< V4
: L
2 ML 74
;" Same sample % . %’ 5~
>} ~
£ 5 \ e - ’
o %, -T__ §/ New sample
- -az~
0
0 200 400 600 800 1000

AT (°C)

Fig. 3. Comparison between the results of thermal-shock measurements
where the same sample has been re-used, and where a fresh sample is used
at each new quenching temperature. The two series show no obvious
difference. The G20B06 material was used in this test.

quench method, is sensitive to inherent materials prop-
erties. The method is, therefore, suitable for ranking
materials. Preferably the temperature steps should be
equal, e.g. steps of 50 or 100 °C, for samples to be
compared so that they have the same thermal history.
In high-temperature applications the materials are
often cycled between room temperature and the high
temperatures used. Therefore, not only the resistance to
momentary thermal shock but also the thermal fatigue
resistance of the materials is critical. The present
method is particularly attractive because it provides an
efficient way to investigate the thermal fatigue property.

3.2.3. Sample thickness

Thin samples (~2 mm) show better thermal shock
resistance than thick ones (~6 mm), as expected. There
was a very small influence of the thickness on the crack
growth in the range 3.5-5.5 mm for the G20B06 compo-
sition for all AT values tested. Above this thickness range
the crack growth seems to be more sensitive to thickness
(see Fig. 5a). For the less shock-resistant sample G10B20,
there was a more pronounced thickness effect, especially
at higher AT values. In the thickness range 3.5-4.2 mm,
however, the crack growth was almost constant (see
Fig. 5b). In order to apply the method to a series of
materials with different thermal-shock properties, some
deviations in sample thickness must be tolerated. The
average sample thickness for such a series of experiments
should be in the range 3.5-4.2 mm.

3.2.4. Initial crack length

For cracks shorter than 110 pm the two materials
behaved similarly, but initial cracks lengths above 110
um yielded differences in crack growth due to thermal
shock. The material with better thermal-shock resis-
tance can absorb the residual stress at the higher loads
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Fig. 4. Measurements of the thermal-fatigue properties by repetitive
cycling of the samples at AT values yielding a crack growth after the
first quenching cycle of about 8% for both materials. A7'=200 °C for
G10B20 and AT=800 °C for G20B06 were selected.
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Fig. 5. Influence of sample thickness on the crack growth after
quenching with different AT values for (a) G20B06 and (b) G10B20.
Both materials show the highest tolerance to thickness deviations in
the range 3.5-4.2 mm.

better than the poorer material. When a too high load
has been used (i.e. the initial cracks are too long) the
crack growth depends both on the relaxation of residual
stress in the material and on the thermal shock. A good
choice seem to be an initial crack length of 100+ 10 pm,
then the deviation in the average crack growth of each
material is only £1.5% at a total growth of 8%, see
Fig. 6. A shortest crack length of about 100 um is also
preferable, in order to minimise the relative importance
of observational error.

3.2.5. Water bath temperature

The water bath temperature was found to be critical
for the crack growth induced by quenching. Using a
100 °C bath entails the mildest quenching conditions
while an ice bath gives the toughest (see Fig. 7a and b).
According to Davidge and Tappin,’ the heat transfer
between the hot body and the water bath can occur by
at least three mechanisms. (i) At low temperatures the
body does not cause the water to boil, and the heat is
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Fig. 6. Influence of the initial crack length on the crack growth after
quenching with AT=800 °C for the G20B06 material and A7=200 °C
for the G10B20 material. The crack growth was found to be stable for
initial crack lengths shorter than 110 um. For longer cracks, relaxation
of tensions in the materials due to the indentation will also influence
the crack growth, in addition to the growth induced by thermal shock.
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Fig. 7. The influence of the water-bath temperature on the crack
growth for different quenching temperature differences, AT. (a)
G20B06, (b) G10B20.
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Table 3

Influence of quenching temperature difference, AT, and water bath temperature, T, on the heat transfer mechanism and the Biot modulus?®

Low AT+1low T,

High AT+low Ty,

Low AT+ high T, High AT+ high T,

Type of heat transfer mechanism i
Biot modulus, Low

i, il il
Low Low

4 See text for explanation of heat transfer mechanisms.

slowly transferred by convection solely. (ii) At higher
temperatures nucleated boiling occurs at preferred sites
on the surface of the body, and the resulting steam
bubbles produce vigorous agitation of the liquid, to give
very rapid heat transfer. (iii) At still higher temperatures
the body may become enveloped in a layer of steam,
and the heat transfer rate will fall. A film of gaseous
water around the sample easily develops at water tem-
peratures close to the boiling point, and to a lesser
extent at lower bath temperatures. After quenching with
a certain AT, the standard deviation in measured crack
growth increases with decreasing bath temperature, due
to the tougher conditions. The combined effect of the
quenching AT and the water bath temperature will
influence the Biot modulus, 8 (8=ah/k, a=shortest
heat-transfer length, s = surface heat-transfer coefficient,
k=thermal conductivity of the body), which is an
important thermal-shock parameter (see Table 3). A
high Biot modulus gives a tougher test and an increase
in the risk for uncontrolled crack growth.

3.3. On the selection of water bath temperature

The water bath temperature affects the resolving
power of the technique. A water bath temperature of
0 °C will result in severe crack growth also for small AT
values while a water bath temperature close to the boiling
point will need a substantially larger AT in order to get
similar crack growth. The water bath temperature
should, therefore be selected with respect to the resolu-
tion of the results. The test samples are equilibrated at
each temperature step, but if the difference in tempera-
ture between the steps is too small, the uncertainty in
the measurements will increase. The water bath tem-
perature should therefore be selected so that AT steps of
about 50 °C can be used. Our experience is that the
water-bath temperature should generally be close to the
boiling point for testing ceramic materials, and Becher'”
also concludes that boiling water has several attractive
features. However, in order to avoid negative influence
on the sample caused by the water steam we have settled
for a water bath temperature of 90 °C, which is easy to
keep constant by use of a thermostat.

The temperature of the sample before quenching must
be lower than the upper limit of its stability or the tem-
perature at which the material may start to be oxidised.
For comparison of materials with very good thermal-

shock properties, a 90 °C water bath is not suitable for
resolving differences in shock behaviour; thus cold
water should be selected instead to give a tough test.

4. Conclusions

In order to apply the indentation-quench technique to
comparing the thermal shock resistance for a group of
materials, the samples should be prepared so that the
resolution of the technique is optimised. Critical pre-
paration parameters are sample thickness and initial
crack length. Those parameters should be selected so
that the tolerances for deviations from intended values
are as high as possible.

In a study comparing repetitive use of one sample of a
thermal shock resistant material with using a new sample
for each quenching temperature, no significant differ-
ence between the two series was found. This observation
reveals that, at optimum, a material with good thermal-
shock resistance can be quickly distinguished from one
with poorer properties by use of only one sample for
each material. The use of the same sample for a whole
series of temperatures is the most pronounced advan-
tage of the indentation-quench method, compared to
many other thermal-shock methods where new samples
have to be prepared for each temperature. The thermal-
fatigue properties of a material can also be predicted
from the indentation-quenching tests.

It is our opinion that there should be an agreement on
standardisation of the experimental parameters for the
indentation-quench method in order to improve its
reliability, and to make it easy to compare results from
different studies. We would like to suggest a sample
diameter @ =12 mm, height #=4 mm, initial crack
length =100 pm, water bath temperature =90 °C.
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