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Abstract

The extent of interlinking of the microcracking and a decrease in strength and modulus values were determined to be a function

of both spinel particle size and volume fraction to allow calculation of thermal shock parameter, R000. Measurements of Young’s
modulus were carried out both at room temperature and after thermal shock testing by using the load–deflection curves (defined as
‘‘mechanical’’ modulus) and by the sonic modulus technique. The values obtained from these methods were significantly different

for quenched/unquenched samples. To understand the basis for these differences, strain gauge and Rayleigh wave methods were
also used to determine Young’s modulus of the composites. Modulus values obtained from these methods confirmed the differences
measured, and provided a guide to the values to be used in calculating thermal shock parameters. The mechanical modulus tech-

nique was considered the most meaningful indicator of Young’s modulus for a situation in which large mechanical strains were to
be applied to the materials during thermal shock.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The elastic properties of ceramics determine mechan-
ical behaviour and are dependent on crystal structure
and bonding. Young’s modulus decreases as tempera-
ture is increased, due to lattice expansion.1 The effects
of porosity on the physical properties of ceramics have
also been observed in many studies on sintering and
designed in development programme to establish opti-
mum forming and firing procedures for commercial
production. However, changes in processing and com-
position variables usually produce changes in crystal
size, pore size and shape. It is therefore difficult to eval-
uate the effect of porosity alone. The solid phase is
continuous with isolated pores. Porosity does not affect
the expansion coefficient in isotropic polycrystalline
bodies. In bodies composed of anisotropic crystals the
effect of porosity is expected to be small. Minimum
changes are observed when the solid phase is con-
tinuous. The largest changes occur when the pore phase
is continuous where only point contact exists between
solid grains.2 When the pores are randomly distributed,
the effect of porosity on strength and elastic moduli is
smaller.2

The reduction in Young’s modulus cannot be
explained only by the porosity. The decrease in moduli
is attributed to the formation of spontaneous micro-
cracking.3 In terms of elastic strain on a stress–strain
curve, the introduction of either pores or pre-existing
cracks leads to a reduction in Young’s modulus and to
an equivalent increase in elastic strain for a given stress.
The increase in elastic strain on the basis of the crack-
opening displacement is caused by the presence of radial
and/or annular cracks associated with the pores.4 The
values of Young’s modulus decrease with increasing
degree of microcracking, depending on the nature of
crack interaction. Heavily microcracked materials exhi-
bit a Young’s modulus substantially lower than non-
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microcracked materials.5 For example, MgO has a
compact microstructure with a small percentage of dis-
continuities, which can initiate cracking. MgO–chromite
bricks exhibit lower Young’s modulus as compared to
MgO bricks.6 For example in the MgO–spinel system,
Young’s modulus falls to a minimum with increasing
spinel content at 30–40% addition.1,7 However,
Young’s modulus increases significantly with spinel
content >40% (e.g. back to the MgO value). As the
spinel becomes the continuous phase, Young’s modulus
stayed approximately constant between 50 and 80%.1

Magnesium aluminate spinel (MgAl2O4) is an impor-
tant constituent of MgO-based refractory materials.
Spinel particles are added in various proportions to
MgO to improve thermal shock resistance.8�10 Thermal
shock only occurs during the heating and cooling peri-
ods, when temperature changes can be large and rapid,
leading to large thermal stresses.11 Fired MgO–spinel
brick exhibits high resistance to thermo-mechanical
stress.12 The reason for these improvements13 is linked
to the large difference in thermal expansion coefficient
between MgO (13.6�10�6 �C�1 from 25 �C to 1000 �C)
and spinel (8.4�10�6 �C�1 from 25 �C to 1000 �C).14,15

This difference leads to the development of large tensile
stresses, and eventually extensive microcracking, around
spinel grains during cooling from fabrication tempera-
tures in excess of 1600 �C.12,16,17 Due to the microcrack
development around the spinel grains, the radial cracks
produced readily link together.16,17 The improved resis-
tance to thermal shock observed in MgO–spinel com-
posites can therefore be attributed to the microcrack
networks developed around the spinel particles.18�20

There seems to exist a critical volume fraction above
which spontaneous microcracking will occur and this
critical volume fraction is related to the critical grain
size. The reason for the dependence on volume fraction
is associated with the residual tensile stresses in the
composites. It was found that tensile stresses in the
matrix will increase with increasing volume fraction of
an additive. Therefore, composites using particles with
sizes less than the critical size at a specific volume frac-
tion do not eliminate the formation of spontaneous
microcracking at higher volume fractions. Spontaneous
microcracking leads to reductions in Young’s modulus.3

In terms of microcracking, Young’s modulus values
are important to determine thermal shock resistance. A
non-uniform distribution of cracks of random or pre-
ferred orientation can also be used to advantage in
improving thermal stress resistance.21 As the micro-
cracking increases, Young’s modulus decreases depend-
ing on the size of the cracks.22 As significant amount of
microcracks appears after thermal shock because of
thermally induced stresses, permanent loss of stiffness
and strength occur.23 It is considered that this beha-
viour of strength, and Young’s modulus in composites
was due to the growth and combination of cracks.24 The
effective elastic modulus of a cracked medium depends
on crack shape, density and crack preferred orientation.
The measured effective elastic properties of the damaged
material represent the effect of microcracks.23

In this work, fully dense materials have been obtained
and thus the influence of porosity on modulus has been
neglected, but attention has been given to the relation-
ship between composition and microcracking, which
affects Young’s modulus significantly. The extent of
interlinking of the microcracking has been investigated
as functions of spinel particle size and volume fraction,
and the reasons for this are examined. The effects of
varying the amounts of spinel with different particle
sizes on both strength and Young’s modulus using vari-
ous methods were investigated to allow calculation of
thermal shock parameter, R000. The reliability of different
methods determining the modulus values has been
established on the basis of thermal shock data to allow
detailed modelling of the thermal shock behaviour of
magnesia-spinel composite materials of compositions
and microstructures matching those of less pure refrac-
tory materials.
2. Experimental

MgO powder of >98.0% purity (‘light’: GPR, BDH,
Poole, UK) was calcined at 1300 �C for 2 h, to produce
a powder with a mean particle size of 0.5 mm. A >97%
dense materials were prepared by hot-pressing at
1700 �C and 20 MPa for 25 min. 12 and 24 mm spinel
powders were obtained by crushing and sieving high
density (�98% purity) spinel ‘pebbles’ (Britmag 67,
Redland Minerals, UK). The stoichiometry of spinel by
weight% is given as follows: 66.3% Al2O3, 31.6% MgO
and 2.1% the total amounts of impurities. MgO con-
taining spinel particles reached the theoretical density
(�99%), by hot-pressing at 1720 �C and 20 MPa for 25
min. Samples for measuring Young’s modulus with flat,
parallel ends were required. The ends of these samples
were cut parallel to each other using a diamond cutter
(Struers Accutom-2), which allowed precise alignment
of the samples and performed precision cutting.
Young’s modulus values of MgO and MgO–spinel
composites were measured, as a function of particle size
and spinel addition at room temperature using various
techniques (Sections 2.1–2.4). The R000 parameter,
expressing the ability of a material to resist crack pro-
pagation and further damage on thermal shocking, was
calculated by the formula, {R000=E/[�f

2.(1��)]},25�27

where E is Young’s modulus, � is strength, and � is
Poisson’s ratio. Thermal-shock tests were then made by
holding the rectangular specimens for at least 20 min to
allow for temperature equilibration in a vertical tube
furnace maintained at 1000 �C and dropping them into
a container of silicone oil at room temperature, which
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was being stirred with a magnetic stirrer (at room tem-
perature). After cleaning with acetone, samples were
dried in an oven at 110 �C before breaking in three-
point bend. Young’s moduli of composites and pure
MgO were measured after quenching from 200 to
1000 �C, at 200 �C intervals, using load–deflection
curves (mechanical modulus-Em) and the sonic modulus
(Es) techniques, as a function of quench temperature.
Thermal shock results were then evaluated on the basis
of the calculated R000 parameter. The CamScan 4 SEM
equipped with an EDX system for elemental analysis
was also used to examine the size, shape, texture of the
particles, the presence and position of second phases in
the polished surface of the multiphase materials.

2.1. Modulus from stress–strain data

Modulus measurements were made at room tempera-
ture and after thermal shock testing in three-point bend,
using bars of dimension of 26�3�2.5 mm3. Five speci-
mens were normally used to obtain each mean value,
with a support roller span of 20 mm and a cross-head
speed of 0.2 mm min�1. Mechanical modulus (Em)
values were calculated by drawing a tangent to the
steepest initial straight-line portion of the load–deflec-
tion curve, where the stiffness of the machine was also
considered, using Eq. (1)28

Em ¼ L3m= 4WD3
� �

ð1Þ

where L=support span, W=width of bar, D=depth of
bar, and m=slope of the tangent of the initial straight-
line portion of the load–deflection curve.

2.2. Sonic modulus

A sonic modulus method was also used to measure
Young’s modulus. This is a procedure for measuring the
resonance frequency, based on the vibration of a rec-
tangularly shaped specimen at room temperature.29 The
test required the samples to be electrically conductive,
and samples were painted on both their ends with silver
paint, and a thin stripe along their length. The sample
was clamped at its middle point by two knife edge sup-
ports on the testing apparatus, electrically earthed, and
placed between two electrodes with a voltage of �200
V. The electrodes were brought very close to the speci-
men ends (usually <0.2 mm) to form parallel-plate
capacitors with the flat ends of the specimen. In addi-
tion, a small periodic voltage of the order of a few mV
was fed to one of the electrodes, the driver electrode,
which set the sample into vibration caused by the oscil-
lating electrostatic field. The parallel-plate capacitor on
the other end sensed the oscillation by means of chan-
ging charges due to changing capacitance caused by the
vibration. Test specimens were vibrated in a broad fre-
quency range: the electrode was used to sense the
resulting mechanical vibrations of the specimen and
transform them into an electrical signal that could be
displayed on the screen of an oscilloscope used to detect
fundamental and harmonic vibration frequencies.29

Longitudinal vibration occurs by a sinusoidal force
applied to one of the parallel ends. The stress wave
propagates down the specimen and is reflected at the
other end. The frequency of vibration of the specimen
was recorded that resulted in a maximum displacement,
having a well-defined peak on the indicator.30 The
standard equation 29,30 for the sonic modulus (ES) is:

ES ¼ 4:f 2:l2:� ð2Þ

where: f=frequency of longitudinal mode of vibration
(velocity of sound/wavelength), l=length of the specimen,
and �=density of the specimen. Specimens having
either very small or very large ratios of length to thickness
may be difficult to excite in the fundamental modes of
vibration. To apply this method, the ratio must be
between 5 and 20.30 This method is non-destructive, and
specimens used for this method can subsequently be
used for other tests.

2.3. Strain gauges

In order to compare and confirm the results obtained
from the mechanical and sonic modulus methods, spe-
cimens were also loaded with a strain gauge in the cen-
tral zone between the inner loading rollers on the tensile
faces, using a support roller span of 20 mm, and a cross-
head speed of 0.2 mm min�1. Measurements were made
using the four-point bend test.31 The equations devel-
oped32,33 for the measurement of strain (�), resistance
(R), and output voltage data (�d) are:

� ¼ 100 R� rð Þ= kSG:Rð Þ½ 
 ð3Þ

R ¼ r �d=Gð Þ þ 300½ 
= Vo � �d=G½ 

� �

ð4Þ

where:
r=(resistance of amplifier plus nominal resistance of

strain gauge at 21 �C(120 �))
�d=Output voltage (plus 5.106 to make positive the

all data)
G=Amplifier gain setting/108

Vo=Half bridge voltage across Wheatstone Bridge
(2.5 V)
kSG=Strain gauge constant (2.14).

2.4. Rayleigh waves

To measure the Rayleigh wave velocity in the line-
focus acoustic microscope a ZnO transducer is used to
launch an acoustic wave along a sapphire lens. Water
acts as a couplant to transmit the acoustic energy from
the lens to specimen. At the sapphire/water interface
C. Aksel, F.L. Riley / Journal of the European Ceramic Society 23 (2003) 3089–3096 3091



waves are refracted towards the sample. Two waves are
of interest: one travels straight down to the specimen
and is reflected back along the axis of the lens. The sec-
ond wave is refracted at the Rayleigh angle, 	R, typically
about 30�. This wave excites a leaky Rayleigh wave in
the surface of the specimen, which in turn radiates a
wave back towards the lens. The net signal received at
the transducer is the phase-sensitive sum of these two
waves. As the specimen is scanned up towards the lens
(z-scan) the voltage output, V(z), shows oscillations, the
period of which, �z, is related to the velocity of the
Rayleigh wave, vR, by the following equation:

34,35

VR ¼
Vw

1� 1� Vw=2fDzð Þ
2

� �1=2 ð5Þ

where vw is the velocity of sound in water (�1500 m s�1

at room temperature) and f is the frequency of the
sound generated. In the microscope used in this work,
f=225 MHz. The shear velocity, vs is:

vs ¼ vR= 1:14418� 0:25771�þ 0:12661�2
� �

ð6Þ

where vR is the Rayleigh wave velocity and � Poisson’s
ratio. Given the Rayleigh wave velocity, Poisson’s ratio
(�: 0.29) and density (�: 3.52 Mg m�3); elastic modulus
E was calculated from the equation as follow:

E ¼ 2G 1þ �ð Þ ¼ 2�v2s 1þ �ð Þ ð7Þ
3. Results and discussion

3.1. Strength and Young’s modulus

As shown in Table 1, the room temperature strength
of the hot-pressed pure MgO was in good agreement
with the literature values of �225 and 230 MPa36,37 for
�32 and 25 mm MgO grain sizes, respectively. The
addition of up to 10% of the spinel powder to MgO
decreased the strength significantly (�75%). Further
additions caused no further loss (though they may have
been a slight increase at 30% addition, but the scatter of
data was larger). The decrease in strength was greater
the coarser the spinel particle size. Spinel content, but
predominantly spinel particle size, significantly affected
the strength. There was a significantly greater decrease
in strength for 24 mm compared to 12 mm spinel parti-
cles, and the 24 mm spinel particles were associated with
formation of longer cracks than the 12 mm particles
(Figs. 1 and 2). The total extent of cracking also
increased with increasing concentration of spinel
(Fig. 3).
The Young’s modulus of the pure hot-pressed MgO

at room temperature was in good agreement with lit-
erature values of �290 GPa36 (�25 mm grain size), and
258 GPa38 (�7 mm grain size). The Young’s modulus of
spinel composites generally decreased with increasing
spinel content (Fig. 4). There was little difference
between the 12 and 24 mm spinel composites. The
decrease in mechanical Young’s modulus was most sig-
nificant, for up to 10% additions. At 10%, Young’s
modulus was approximately 50% of the value for pure
MgO. Increasing the amount of spinel from 10 to 30%,
Table 1

Bend strength as a function of spinel content and particle size
Spinel (wt.%)
 s (MPa)
0
 5
 10
 20
 30
12 mm spinel
 233�7
 142�17
 94�24
 62�28
 103�22
24 mm spinel
 233�7
 91�14
 48�17
 50�10
 70�23
Fig. 1. SEM micrograph of a 20% 12 mm spinel composite (dark grey:

MgO, light grey: spinel).
Fig. 2. SEM micrograph of a 10% 24 mm spinel composite (dark grey:

MgO, light grey: spinel).
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had a relatively small effect. The loss of modulus can be
explained in terms of radial crack propagation and ulti-
mately interlinking (Figs. 1–3). It appears that crack
interlinking is completed at about 10% addition of spi-
nel, undermining the mechanical integrity of the mat-
erial, and changes little after this point. In contrast,
Young’s modulus values determined by the sonic
method were approximately twice the mechanical mod-
ulus values for spinel amounts 510%, and showed a
smaller decrease with increasing spinel content.
The modulus values determined using strain gauges

for pure MgO were in reasonable agreement with the
sonic modulus and mechanical modulus values. There is
thus consistency, within the limits of experimental
errors, between these data. On the other hand, Young’s
modulus for pure MgO calculated using Rayleigh waves
was less than the calculated from the stress–strain curve
(7%), and the value measured using the sonic modulus
technique (12%).
Young’s modulus values calculated using Rayleigh

waves were close to values measured using the sonic
modulus technique, and the values obtained using strain
gauges were also close to the values from the stress–
strain measurements. For this reason, mechanical mod-
ulus and sonic modulus methods were used for both
unquenched and quenched samples, containing spinel
powders, because significantly different values were
obtained from each method, the origin of which needed
to be investigated.
Mechanical Young’s moduli of composites decreased

with additions of spinel, for each particle size (Fig. 1).
SEM observations showed that (in Figs. 1–3) coarse
particles were associated with longer crack formation,
compared to fine particles. The crack lengths also
increased with increasing concentration of spinel.
The decrease in mechanical modulus was significantly

greater, the higher the spinel content. The changes in
sonic modulus values followed a similar pattern to the
mechanical modulus. However, sonic modulus values
for spinel composites, showed only small changes with
increasing spinel content, compared to pure MgO. Fig. 4
showed that when the spinel content of composites
increased, both values decreased, but the mechanical
modulus showed a more marked loss of Young’s mod-
ulus than the sonic modulus.

3.2. R000 parameter

Because of the importance of the strength and
Young’s modulus (E/�2) ratios for calculation of ther-
mal shock parameter (R000), it was of interest to investi-
gate how strength and Young’s modulus varied for each
composition. The R000 parameter25�27 gives information
about available energy at fracture for resisting to crack
propagation, and high values indicate an improvement
in thermal shock resistance.
The variations of R000 parameter for MgO and spinel

composites are shown in Fig. 5. On the basis of mechan-
ical modulus (Em) and sonic modulus (Es) data, 24 mm
spinel composites attained by far the highest R000 para-
meter values. For the 24 mm spinel, the maximum R000

value was at 10% addition; the 12 mm spinel B had a
maximum at �20%. The maximum R000 parameters for
the 12 and 24 mm spinel composites were approximately
7–12 times (using Em) and 11–21 times (using Es) larger,
Fig. 3. SEM micrograph of a 30% 24 mm spinel composite (dark grey:

MgO, light grey: spinel).
Fig. 4. Young’s modulus of MgO and MgO–spinel composites as a

function of spinel content and particle size: mechanical modulus (Em),

sonic modulus (Es), strain gauges (Sg), and Rayleigh waves (Rw).
C. Aksel, F.L. Riley / Journal of the European Ceramic Society 23 (2003) 3089–3096 3093



respectively, than that of pure MgO (Fig. 5). These
trends indicate that strength values were initially more
sensitive to composition than Young’s modulus, but as
modulus values decreased slightly with increasing addi-
tions, strength remained approximately constant (Fig. 4
and Table 1). It is seen that the effect of incorporating
spinel into magnesia is to cause a sharp decrease in
strength, through microcrack generation. The strength
and Young’s modulus values decreased with spinel
additions, and the influence of the spinel was observed
to be more marked the larger the spinel particle size.
Strengths of the coarser spinel composites were in gen-
eral much more sensitive to composition than was
Young’s modulus, noting the wide spread of particle
sizes. R000 parameter shows that the smaller the spinel
particle size, the lower the resistance to crack propaga-
tion (Fig. 5). Materials containing 12 mm spinel had
short length cracks originating from the spinel particles;
the 24 mm spinel particles were the origin of longer
cracks, and more crack initiation sites (Figs. 1–3). On
the basis of the calculated R000 values, coarse spinel par-
ticles are generally more beneficial than the fine parti-
cles, for which a very much larger volume appears to be
required to achieve the same improvement. As shown in
Fig. 5, the thermal shock resistance of 10% 24 mm spinel
composites was predicted to be �2 times greater than
those obtained from 20% 12 mm spinel composites. It
was therefore expected that resistance to crack propa-
gation in general would be greater with materials con-
taining the coarsest spinel particle size.

3.3. Thermal shock testing

The Young’s moduli of pure MgO and spinel compo-
sites, were also measured after shock from temperatures
at 200 �C intervals up to 1000 �C (Fig. 6). For each
material the Young’s modulus decreased gradually with
increasing shock temperature up to �575 �C. After
quenching between 575 and 625 �C, the Young’s mod-
ulus of MgO fell to about 30% of the initial value,
because of the nucleation of microcracks and their pro-
pagation. Above 625 �C, Young’s modulus decreased
more slowly with increasing temperature (Fig. 6), pre-
sumably because the number of cracks increased only
slightly with increase in the thermal shock temperature.
In contrast, spinel composites tested showed a stable
trend (Fig. 6). The cracks initiated by thermal shock
seemed to propagate only a short distance and were
then arrested rather than that the cracks had a sudden
extension, giving catastrophic fracture. For this reason,
there was a gradual decrease in the Young’s modulus of
composites.
Fig. 6 shows that the mechanical Young’s modulus of

pure MgO decreased abruptly in the temperature range
575–625 �C. Above this temperature, mechanical mod-
ulus decreased gradually with increasing shock tem-
perature. In contrast, there was in general a slight
decrease in sonic modulus values of MgO with increas-
ing shock temperature. Even when the crack length
increased and more cracks were introduced by thermal
shocking, the sonic technique was unable to detect the
microcracks. A similar, but more stable trend, was also
observed for the spinel composites by using both meth-
ods: there was a marked decline in mechanical modulus
values whereas sonic modulus values remained almost
at the same level, with increasing quench temperature.
On the basis of the prediction from the R000 parameter

values; sonic modulus data seemed to illustrate the
highest resistance to crack propagation, for 10% 24 mm
spinel composites, in comparison with the values
obtained from mechanical modulus (Fig. 5). However,
thermal shock results showed that sonic modulus values
of MgO were still higher than that of spinel composites.
On the other hand, mechanical modulus values of spinel
composites was much higher than pure MgO at the
highest quench temperature used, even more cracks
Fig. 5. R000 parameter as a function of spinel content and particle size:

mechanical modulus (Em) and sonic modulus (Es).
Fig. 6. Mechanical modulus from load–deflection curve (Em) and

sonic modulus (Es), as a function of quench temperature.
3094 C. Aksel, F.L. Riley / Journal of the European Ceramic Society 23 (2003) 3089–3096



were introduced by thermal shocking (Fig. 6). R000 para-
meter values obtained from mechanical modulus
method are thus in good agreement with the thermal
shock test data. For this reason, mechanical modulus,
Em, was found to be the most reliable indicator for
evaluating Young’s modulus data rather than using
sonic modulus technique for those materials.
These results suggest that this behaviour of Young’s

modulus was because of the formation and interlinking
of microcracks, which is most marked for MgO, in
comparison with the spinel composites. Spinel compo-
sites were not as badly cracked, as in the MgO materi-
als, and a high concentration of larger cracks was not
occurred at the critical quench temperature of MgO. A
gradual decrease in the Young’s modulus occurred
because of the high levels of pre-formed thermal expan-
sion mismatch microcracks already present in the struc-
ture. With increase in microcrack density after thermal
shock, crack interaction effects became more important.
The high thermal shock resistance was attributed to the
interlinking of high level of pre-existing microcracking
occurred in the spinel materials.

3.4. Comparison of Young’s modulus measurements

Young’s modulus values obtained for spinel compo-
sites using strain gauges were very close (e.g. with an
�5% deviation) to the values from the stress–strain
mechanical measurements, and the values obtained
using Rayleigh waves were quite close (e.g. in the range
of �10%) to the values measured using the sonic mod-
ulus technique (Fig. 4). Mechanical modulus and sonic
modulus methods used in this work gave significantly
different values. It is suggested that when a material has
a higher expansion coefficient than the second phase
particles it contains, then during cooling, the matrix will
clamp down onto the second phase. It is clear that in the
case of the MgO–spinel composites, this results in the
production of very narrow radial microcracks (Figs. 1–
3), because of the hoop stress developed around the
spinel particles. These materials then provide a con-
tinuous mechanical path through the MgO matrix for
the sound pulse to follow. In contrast, wider micro-
cracks occurring in more severely shocked materials
disrupt the sound pulse, and must then be no direct
solid path: a lower sonic modulus value is seen, because
of a decrease in the velocity of the sound wave, and
hence resonance frequency. However, there was in
general a slight decrease in sonic modulus values with
even increasing shock temperature (Fig. 6). The
mechanical modulus would clearly be influenced by the
matrix microcracking to a much greater extent. Interpreta-
tion of the sonic modus data is not straightforward. It
appears that in materials which contain relatively small
amounts of local microcracking arising from the thermal
expansion mismatch (the composites), or from milder
thermal shocking (in MgO for example) the sound wave
does not really detect the presence of the cracks. This is
because the crack is insufficiently wide to prevent brid-
ging by the crack front. In the case of very severely
shocked materials a decrease in the sonic modulus
values starts to be seen (Fig. 6), and the greater crack
width, or density now appears to have an influence on
the sound wave. The key criteria may be whether the
cracks are sufficiently wide, or have propagated to form
a continuous link amongst the spinel particles. The
above observations explain that the sonic modulus
technique is not a sensitive detector of certain types of
flaw generated in these materials, and gives consistently
higher values than the mechanical modulus technique. It
was therefore decided that the evaluation of thermal
shock parameters should be more reliable on mechan-
ical Young’s modulus measurements, calculated from
load deflection curves. This also applied to quenched
samples, for which even lower mechanical modulus
values were obtained.
4. Conclusions

It is suggested that Rayleigh waves and the sonic
modulus technique cannot detect fine microcracks, and
it cannot therefore give reliable information about
cracked materials. Even when more cracks were intro-
duced by quenching from above the critical quench
temperature for MgO, the sonic technique could not
provide a sensitive detector of microcracking. Further-
more, the load applied during the sonic modulus mea-
surements to specimens was insignificant, and further
extended microcracking would not have been caused.
The mechanical modulus technique (using the load–
deflection curves) was considered the most meaningful
indicator of Young’s modulus in the evaluation of ther-
mal shock parameters for a situation in which large
mechanical strains were to be applied to materials by
thermal shock. This is also supported by the R000 para-
meter values and confirmed by the thermal shock test
data. In addition, Young’s modulus values of spinel
composites in general decreased with increasing spinel
content. Modulus appeared to be more sensitive to spi-
nel content than to spinel particle size.
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