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Abstract

The incorporation of up to 30% of spinel powder of median particle sizes 3, 11 and 22 mm into dense magnesia gives improved

resistance to thermal shock as indicated both by the R000 thermal shock resistance parameters calculated from measured mechanical
properties, and by a standard quench test. The loss of strength of the composite materials in the quench test matched satisfactorily
that predicted by the R000 parameter. The maximum benefit from spinel additions was obtained with spinel of the largest particle

size, at a loading of 20%. It is postulated that the pre-formed cracks in the composites, resulting from the thermal expansion mis-
match between magnesia and spinel, inhibit the accumulation of strain energy during thermal shock.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Magnesium aluminate spinel (MgAl2O4) is an impor-
tant alternative to chrome ore as a component of mag-
nesia (MgO) based refractories. Chrome ore has been
extensively used over many years in a wide range of
magnesite–chrome and chrome–magnesite refractories.1

However, waste chrome-containing materials present a
potential environmental hazard. The insoluble Cr3+ in
Cr2O3 and its mixed oxides in buried refractory materi-
als may be oxidised to the Cr(VI) state as chromates and
dichromates, which because they can be water-soluble
carry the risk of the leaching of chromium into ground
water. Cr(VI) has been associated with allergic skin
ulceration and is a carcinogen.2�4 MgAl2O4 (referred to
hereafter as spinel) has therefore been developed as an
alternative component to chrome ore. There are addi-
tional advantages, in that magnesia–spinel refractories
have better resistance to thermal shock than pure mag-
nesia materials, and their resistance to alkali attack is
also good. They have also shown significantly (two to
three times) longer service lives than conventional mag-
nesia–chrome materials in cement kilns and steel mak-
ing vessels.5�7 Spinel is therefore now widely used as the
second phase in a wide range of magnesia–spinel and
alumina–spinel refractories, for a large number of
applications.6,7 The improved resistance to thermal
shock of magnesia–spinel materials has been linked8,9 to
the large difference in thermal expansion coefficient
between MgO (�13.5 MK�1) and spinel (�7.6
MK�1).10,11 During cooling from production tempera-
tures in the region of 1650 �C the thermal expansion
mismatch generates large tensile hoop stresses around
the spinel particles, causing extensive microcracking,
with an associated large decrease in strength and mod-
ulus.12 The microcracked composite materials then
appear to suffer less damage during subsequent rapid
temperature changes. However, there appear to have
been very few systematic examinations of the influence
of spinel on the response to thermal shock of these
materials, and the basis for the improvements in ther-
mal shock resistance has not been examined in detail.
The object of the present study was to identify more
clearly the separate effects of spinel particle size, and
loading on the response of model magnesia–spinel
materials to thermal shock, and to test the value of the
calculated thermal shock parameters in predicting
thermal shock damage.
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2. Thermal shock damage

The resistance to sudden transient temperature
change, thermal shock, of refractory materials is a sub-
ject of considerable practical interest which has been
explored in detail over many years.13 When a material is
quenched between a temperature T and a lower tem-
perature T0, its surface attempts to contract but cannot
because of the constraint of the still hot interior, and a
tensile stress is created in the surface. In the case of a
hypothetical infinitely fast quench, in which the possibi-
lity of heat conduction within the material is excluded,
the surface stress (�ts) is given by:

�ts ¼ EDT�= 1� vð Þ ð1Þ

where E is the elastic modulus, �T=(T�T0), � is the
mean thermal expansion coefficient, and v is the Poisson
ratio, associated with the biaxial nature of the stress.
This equation defines the maximum stress which can be
produced by quenching. In practical cases the efficiency
of heat transfer to the surface (h), and the thermal con-
ductivity (k) of the material, have to be taken into
account and the stress indicated by Eq. (1) is reduced by
a factor  , so that now:

�ts ¼  EDT�= 1� vð Þ ð2Þ

 is a function of time and the Biot modulus �=ah/k,
where a is a specimen dimension.
Related thermal shock resistance factors (R) expres-

sing the ability of a material to resist these thermal
stresses, are defined in terms of these mechanical and
physical properties. In the simplest case of stress arising
from the infinitely fast quench of an infinite slab of
material with constant heat transfer coefficient the
parameter (R) relates to the instantaneous temperature
difference �T required to create a stress equal to the
strength of the material, when failure would be expected
to occur. That is:

R ¼ �f 1� vð Þ=E� ð3Þ

In materials containing microcracks arising from
thermal expansion mismatch, such as those examined
here, interactions involving the microcracks effects are an
additional important factor influencing resistance to
thermal stress.14 An established view, supported by
experimental evidence from BeO–SiC and MgO–W com-
posites containing three-dimensional crack networks,15

and single phase magnesium dititanate and b-eucryptite
materials with internal thermal expansion coefficient ani-
sotropy16,17 is that microcracking is beneficial. This is
attributed primarily to the fact that the microcrack net-
works permit accommodation of thermal strain and
reduce the thermal stresses; elastic moduli are reduced,
and strain to failure is increased. On thermal shocking
these materials tend to undergo stable, slower, crack
propagation, with progressive further loss of strength.18
The response of a material to thermal shock can be
assessed experimentally using two broad types of
approach. The first, with a basis in thermoelastic theory,
uses quenching from high temperature, and measure-
ment of the (critical) temperature change required to
cause severe mechanical damage (or complete failure).
This test is considered to provide a measure of the stress
conditions required to initiate fracture: following crack
initiation, crack propagation is assumed to be unstable,
fast, and complete. The second approach uses a form of
thermal cycling and measures the number of cycles nee-
ded to cause a defined extent of mechanical damage.
This has as basis an energy balance, involving the
energy required for the stable propagation of a pre-
existing crack. Values of retained strength and modulus
then provide convenient indications of the extent of
thermal shock damage.
These two approaches to thermal shock have been

treated theoretically in detail.19,20 In a previously
undamaged material the condition for failure during a
thermal shock is obtained by setting the maximum per-
mitted thermally induced stress equal to the tensile or
bend strength. The set of thermal shock resistance
parameters, R, R0 and R00, expresses the conditions for
failure by crack initiation. For the case of an infinite
slab symmetrically heated or cooled with a constant
heat transfer coefficient, R0 and R00 are defined as:

R0 ¼ �f 1� vð Þk=E� ð4Þ

R00 ¼ �f 1� vð ÞA=E� ð5Þ

where �f is the tensile strength, E is the Young modulus,
� the mean thermal expansion coefficient, v the Poisson
ratio, and k thermal conductivity. Because the stress
distributions in bend are similar to those occurring as a
result of temperature gradients, bend strength values are
often considered to be satisfactory (and more easily
obtained). A is a stress reduction term, which is a func-
tion of the Biot modulus � (=ah/k where a is the radius
or half-width of the specimen and h is the heat-transfer
coefficient between the body and the quenching speci-
men). The parameter R is applicable in the case of
instantaneous change in surface temperature with an
infinitely large heat-transfer coefficient, when A=1:R
defines the minimum temperature difference to produce
fracture. R0 is applicable for conditions of slow heat
transfer when the Biot modulus is small; R00 is applic-
able in the case where the heating or cooling rate is
constant. The maximum resistance to fracture initiation
is obtained with high strength and thermal conductivity,
and low thermal expansivity and Young modulus.
However, avoiding fracture by simply increasing strength
can be undesirable because the stored energy can then
become very large: crack propagation, once initiated, can
be fast and explosive. Under the experimental conditions
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of the present work, using an oil bath quench, the
appropriate parameter is R.
A second set of parameters (R000 and R0000) is applicable

to the case of severe thermal environments, where ther-
mal stress fracture cannot be avoided and the major
requirement is to minimize the extent of crack propa-
gation. When the thermal stress propagates a pre-exist-
ing crack, the maximum surface area (Smax) of the new
fracture face is given by:

Smax 4U=�WOF ð6Þ

where U is the stored elastic energy at fracture and
�WOF is the effective surface energy, or work of fracture
per unit projected area of fracture face. A crack will
continue to propagate as long as the elastic energy
released from the stress field surrounding the crack is
greater than the fracture surface energy. The require-
ment now is to minimise U, which is proportional to
�2(1�v)/E. Parameters R000 and R0000 are defined as:

R000 ¼ E= �2 1� vð Þ
� �

ð7Þ

R0000 ¼ E�WOF= �
2 1� vð Þ

� �
ð8Þ

These are thus related to the ability of the cracked
material to resist crack propagation (and further
damage). R000 expresses the degree of thermal shock
damage in materials with similar crack propagation
properties, that is, similar values of �WOF, R

0000 would be
applicable to materials with widely differing values of
�WOF, and showing marked differences in brittle-ductile
behaviour. To minimize thermal shock damage, large
values of the Young modulus and surface energy, and
low strength are now required, in contrast to the case
for the first set of parameters. However, for practical
materials it is clear that R000 and R0000 can not be max-
imised by letting the strength approach zero. Direct
observations of crack development using dye-penetrant,
coupled with enhancement by fluorescence, often pro-
vide useful complementary information in cases where
failure is not catastrophic.
In the work described here on a set of dense magne-

sia–spinel composites of systematically varied spinel
particle size and loading, the usefulness of the R and R000

parameters has been assessed for prediction of behaviour
under thermal shock. Parameters were calculated from
measured mechanical property values, and compared with
the retained strengths and Young moduli after a series of
quenches into oil from temperatures up to 1000 �C.
3. Experimental

Spinel grit (MR66, Alcoa, UK); 99.5% purity) was
milled and air-classified (Alpine Zig-zag classifier,
Augsburg, Germany), to give three batches of powder
of median particle sizes �3, �11 and �22 mm. Mag-
nesium oxide powder (‘‘Light’’ GPR, 99% purity, �30
nm, BDH, Poole UK), was calcined at 1300 �C for 2 h
to yield a 0.5 mm powder of improved compactibility
and densification behaviour. Starting powders were
blended as isopropanol suspensions by mechanical stir-
ring for 20 min. The isopropanol was removed intitially
at 100 �C, and the powder was then dried overnight at
300 �C. The set of dense magnesia-spinel composites
containing 5–30% by volume of spinel powder was
prepared by hot-pressing mixed powders at 1700 �C and
20 MPa, giving discs 25 mm diameter and approxi-
mately 5 mm thick. Flat surfaces were ground with
progressively finer silicon carbide powders, to 1000
mesh. Bars were cut of dimension �25�3�3 mm3, and
tensile surfaces were polished to 1 mm diamond. Bend
strength and work of fracture values were measured
using the standard methods reported earlier.12 Young
moduli were calculated from the load–deflection curves
and thermal expansivities were calculated using the rule
of mixtures.
Thermal-shock was carried out using a standard

quench procedure. Bars were suspended using wire in a
vertical tube furnace which was heated to temperatures
in the range 200 to 1000 �C. At least 20 min was allowed
for thermal equilibration at the selected temperature,
and the wire was then cut to allow the bar to drop into a
large container of magnetically stirred silicone oil at
room temperature (20 �C). The quench temperature
(Tq) value used (units �C) in the following discussion is
the furnace set point temperature. Bars were cleaned
with acetone, dried in an oven at 110 �C, and broken in
3-point bend at a loading rate of 1 mm min�1. Surface
cracks in polished materials, and in the surfaces of bars
subsequently cross-sectioned, were high-lighted using a
dye-penetrant (Zyglo, Magnaflux Ltd., UK), painted on
to the surface, and examined under an optical micro-
scope. Fracture faces were examined by scanning
electron microscopy (SEM).
4. Results and discussion

Strength, modulus and fracture toughness values for
pure hot-pressed MgO and the MgO–spinel composites
have been reported,12 and data for strength and mod-
ulus are summarised in Figs. 1 and 2. SEM examination
showed that the composites were extensively micro-
cracked: cracks were predominantly intergranular, and
it was noted that in many cases the cracking might be
better described as grain boundary separation. Indeed,
as Fig. 3 shows, the larger spinel particles appear to
have a major function of providing the connectivity
between MgO grains. Microcrack generation was
attributed to the large difference in thermal expansion
C. Aksel et al. / Journal of the European Ceramic Society 24 (2004) 2839–2845 2841



coefficient between MgO and spinel (�13.5 and �7.6
MK�1), coupled with a strong tendency for small spinel
crystals to be precipitated at MgO–MgO grain bound-
aries. The factors controlling thermal stress resistance,
as expressed by the R and R0 parameters, of micro-
cracked ceramics have been analysed in some detail14

and for cases where crack interactions can be ignored a
quantitative analysis is possible. However, at high crack
concentrations where the distance between cracks is of
the order of the crack dimension, crack interaction
effects are likely to become important and a full analysis
of their influence on modulus and strength is more pro-
blematic. In the magnesia–spinel composites examined
in this work the typical distance between the (primarily
grain boundary) cracks is of the order of the crack
length and approximately the MgO grain dimension:
the effects on elastic behaviour of possible crack inter-
action effects are therefore more difficult to quantify. In
many materials containing high densities of microcracks
the effect of microcracking appears to be greater on
modulus, than on strength, and the strength/modulus
ratio is increased compared to that for the uncracked
material, with consequent increases in R and R0.21

However, in the present set of materials the strength/
modulus ratio was always smaller than that for the pure
MgO (Fig. 4). The reason for this is assumed to be the
nature and location of the microcracks in the compo-
sites, which for the most part corresponded to the
MgO–MgO grain boundaries. Their influence on
strength, for a given crack density, might therefore be
expected to be much greater than for randomly oriented
and located cracks. Fracture in the composites pre-
dominantly followed these grain boundaries.
The calculated R parameters for pure MgO and the

composites are shown in Fig. 5. It is clear that an
assumption that the thermal shock behaviour of the
composites can be described by a simple crack initiation
Fig. 1. Strength of pure MgO and MgO–spinel composites.
Fig. 2. Young modulus of pure MgO and MgO–spinel composites.
Fig. 3. SEM of polished face of a 20%, 22 mm spinel composite,

showing extensive grain boundary microcracking.
Fig. 4. Strength and modulus values as a function of composition.
2842 C. Aksel et al. / Journal of the European Ceramic Society 24 (2004) 2839–2845



and rapid failure model does not predict the improve-
ments in thermal shock behaviour seen with commercial
refractories of this type. This is perhaps not surprising,
because the applicability of the concept of crack initia-
tion followed by instantaneous failure is not so obvious
for materials which already contain a very high density
of microcracks: in the weakened and less rigid compo-
sites it is unlikely that sufficient strain energy can be
generated to cause catastrophic failure. It is more rea-
sonable to view the system from the standpoint of the
enhancement of damage by stable, slow, crack propa-
gation; and the R000 parameters shown in Fig. 6 indicate
that there should be reduced thermal shock damage
compared with that in pure MgO. The R000 parameters
increase steadily with increasing spinel loading, and the
largest spinel particles have the greatest effect. The best
material in this set would be that containing 20% of 22
mm spinel: the indication is that, broadly, the effect is
directly proportional to spinel loading, and the larger
the spinel particles, the better.
Because the overall differences in elastic behaviour
and failure mechanisms of the composites are not great
it would not be expected that the work of fracture
(incorporated in the R0000 parameter) would make a sig-
nificant difference to the ranking. �WOF values are
shown in Fig. 7. While there is an approximately 50%
increase from that of the pure MgO (from 40 to 60–80 J
m�2), the values are not sensitive to loading or spinel
particle size. For this reason the R0000 parameter plot
follows the same pattern as that of R000 (Fig. 8), and the
ranking is unaltered.
The influence of quench temperature on strength is

shown in Fig. 9. The effect on modulus was similar.
Pure MgO behaves as would be expected for a strong
material. Strength is unchanged up to a critical quench
temperature (Tqc) of �600 �C when there is an abrupt
loss of strength to about 20% of the initial value. In
contrast the weaker composites simply steadily lose
strength with increasing quench temperature, with the
stronger members of the set being the most influenced.
Fig. 5. Calculated R parameters for pure MgO and MgO–spinel

composites.
Fig. 6. Calculated R000 parameters for pure MgO and MgO–spinel

composites.
Fig. 7. �WOF as a function of composition.
Fig. 8. Calculated R0000 parameters for pure MgO and MgO–spinel

composites.
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These data are shown more clearly in Fig. 10, in which
fraction of strength retained is plotted as a function of
Tq. Young Modulus values again follow the same pat-
tern, though there is a slight loss in stiffness in pure
MgO below the critical quench temperature. This sug-
gests that while some damage may be being induced by
even weak thermal shocks, the crack size remains below
that of the critical value for this material, which has
been associated with the grain size.22

The quality of the agreement between the predictions
of the calculated R values and the actual thermal shock
behaviour can readily be determined by comparing the
parameter with a quantitative measure of thermal shock
damage.23 Here we use the fraction of strength retained
after a quench from 800 �C as indicator, and the plot is
shown in Fig. 11. The relationship is good, and indi-
cates that the minimum R000 value for 95% strength
retention after quenching from 800 �C is �30 MPa�1.
This corresponds to a minimum spinel particle size of
�22 mm, and a minimum loading of �20%. From the
point of view of unshocked strength, and thus absolute
performance, this is the best material in this set.
Fracture surfaces of bars of pure MgO quenched

from temperatures <575 �C showed a high proportion
of transgranular cracks formed by grain cleavage. Low
magnification observations aided by the use of dye-
penetrant on polished faces, and cross-sections through
the centres of bars quenched from temperatures up to
575 �C showed no large scale cracking. At a Tq of 575

�C
there was a small increase in the proportion of inter-
granular fracture, and at the critical quench tempera-
ture of 625 �C there was a marked change in the
appearance of the fracture surface, which now con-
tained a high proportion of facetted grains produced by
intergranular cracking. The polished faces showed a
large number of cracks, with a small number progres-
sing towards the bar centre. With quenches from above
Tqc major cracks became visible on polished surfaces
and at the centres of bar on cross-sections
The composites had no specific quench temperature at

which a sudden increase in major crack density occur-
red. There were no detectable major cracks in the 20%
22 mm composite for Tq <600 �C, but above Tq 600

�C
crack density increased with increasing Tq. But even at
this Tq new cracks appeared not to have extended to the
bar centres: the distance of crack penetration remained
small, consistent with the small reductions seen in
strength. Fracture surfaces of the 20% 22 mm spinel
composite quenched from between 200 and 1000 �C
showed no changes in fracture type, which was always
predominantly intergranular.
5. Conclusions

The critical quench temperature into silicone oil for
pure dense MgO is �600 �C: above this temperature
strength and Young modulus fall abruptly to 20% of the
as-sintered values. The already microcrack weakened
Fig. 9. The influence of quench temperature (Tq) on strength.
Fig. 10. Fraction of strength retained as a function of Tq.
Fig. 11. Fraction of strength retained after quenching from 800 �C as

a function of R000 parameter.
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MgO–spinel composites progressively lose strength and
modulus with increasing quench temperature: there is
no critical quench temperature. The composites have a
much higher proportion of retained strength after ther-
mal shock than pure MgO irrespective of composition.
Composites formed with coarse spinel particles have
better resistance to thermal shock damage than those
formed with fine particles. There is a general trend for
the thermal shock characteristics to improve with
increased loading of spinel, but there is no real advan-
tage in using additions of >30%: in this set of materials
the smallest relative loss of strength on quenching was
obtained by the addition of 20% of 22 mm spinel.
The R (crack initiation) parameter fails to predict the

observed losses of mechanical integrity in the compo-
sites after thermal shock: instead, there is a closely lin-
ear relationship between the changes in strength and the
R000 (crack propagation) parameter. The improved resis-
tance to thermal shock damage of the microcracked
MgO–spinel composites is attributed to the increased
difficulty of developing the strain energy required to
propagate the thermal expansion mismatch micro-
cracks, because of the extensive grain boundary thermal
expansion mismatch microcracking.
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