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Abstract

Microstructural changes, as a consequence of the thermal expansion mismatch between magnesia and spinel phases, and fracture
behaviour of magnesia and spinel composites have been investigated as a function of spinel content (10, 20, 30 wt.%). Fracture
surfaces of magnesia showed mostly transgranular fracture; for the composites, however, the amount of intergranular fracture

increased with increasing spinel content. This change in fracture behaviour is thought to be the main reason for the increase in the
work of fracture, gWOF. The 30% spinel composite was found to exhibit both the greatest resistance to crack propagation, and the
greatest resistance to thermal shock damage, with the highest retained strength after quenching.

# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Magnesia (MgO) spinel (MgAl2O4) refractory mate-
rials have been used for many years as high strength
hot-face refractories, allowing a wide range of compo-
sitions and types for a large number of applications to
be produced, including rotary cement kilns and steel
making vessels.1�5 MgO–spinel refractories have better
resistance to thermal shock and alkali attack compared
to other spinels, such as MgO–chrome.6,7 For environ-
mental reasons, the current trend is to avoid the use of
refractories containing chromium oxide, because Cr6+

has been associated with allergic skin ulceration and
carcinogenic effects in humans.8 MgO–spinel refrac-
tories give significantly (two to three times) longer ser-
vice lives than conventional MgO–chrome bricks.4 As a
result, MgO–spinel bricks are now preferably used in
the cooling zone rather than the upper transition zone
of the kiln. In addition, increased use in the sintering
zone of cement kilns is providing economic benefits.
This new type of MgO–spinel brick can be used in the
upper side of the sintering zone of the cement kiln.9 The
life of new type MgO–spinel bricks is longer in the
transition and the cooling zone of the rotary cement
kiln, as compared to other basic bricks. The stoichio-
metric type is used in cement kiln linings, and is also
used in alumina-based castables especially for ladles.
Stoichiometric spinel can also have good resistance to
corrosion and erosion.6

Spinel particles are added in various proportions to
MgO in order to improve thermal shock resistance.10�12

The reason for these improvements is linked to the large
difference in thermal expansion coefficient between MgO
(�13.5�10�6 �C�1) and spinel (�7.6�10�6 �C�1).13,14

During cooling from production temperatures in the
region of 1650 �C15 the difference generates very large
hoop tensile stresses around the spinel particles, causing
extensive microcracking.16�18 This leads to greater resis-
tance to the degree of damage from thermal shock.17,18

Thermal shock behaviour of ceramic materials has been
usefully summarised by Green,19 as described below.

1.1. Thermal shock—fracture initiation

The main thermal shock fracture resistance para-
meters for a material initially damaged or undamaged,
which explains the tendency for cracks to be developed,
and therefore loss in strength, can be considered to be
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that for the initiation of fracture caused by thermal
stresses:20,21
R ¼
�f 1-�ð Þ

E�
;R0 ¼

�f 1� �ð Þk

E�
;R00 ¼

�f 1-�ð Þ�

E�
ð1a; b; cÞ

where �f is the bend strength, E is Young’s modulus, �
the mean thermal expansion coefficient, � Poisson’s
ratio, k thermal conductivity, and �19 a stress reduction
term. Looking at the parameters R, R0 and R00 it is clear
that high resistance to fracture initiation can be
achieved in materials with high strength and thermal
conductivity, and with low values of thermal expansion
and Young’s modulus. On the contrary, avoiding ther-
mal fracture by increasing strength in order to make
initiation difficult is dangerous because once initiated,
crack propagation will be fast and catastrophic. This
leads to the concept of damage resistance parameters.

1.2. Thermal shock—damage resistance parameters

Hasselman approached the problem of thermal shock
damage by considering the conditions for relative com-
parison of the ‘degree of damage’ on the basis of crack
propagation, rather than those for fracture initiation.
He derived the following thermal shock damage resis-
tance parameters R000 and R0000, expressing the ability of
the material to resist crack propagation and further
damage and loss of strength on thermal shocking:20�22
R000 ¼
E

�2f
	

1

1� �ð Þ
and R0000 ¼

E

�2f
	
�WOF

1� �ð Þ
ð1d; eÞ
The parameter R0000 can be used to compare the degree
of damage of materials with widely different values of
gWOF, such as brittle and ductile materials. The R000

parameter gives information about the minimum in the
elastic energy at fracture available for crack propaga-
tion, high values indicating an improvement in ther-
mal shock resistance. The criteria for minimising the
extent of crack propagation, and for obtaining a low
degree of damage,21 are high values of the Young’s
modulus, Poisson’s ratio, and gWOF energy, and low
strength, provided that there must be some inter-
mediate value of strength and a resulting degree of
damage such that the strength (after thermal shock)
is a maximum.

1.3. Fracture mechanism of refractories

The fracture mechanism in MgO–spinel refractories
relies on the development of microcracks that allow
easy crack initiation, but make propagation, in which
fracture occurs in a quasi-static manner, more
difficult.15,23�25 When a refractory material is subjected
to thermal stresses because of the increase in the tem-
perature gradient, there is no crack propagation and
there is no reduction in the strength of a strong material
until a critical value is exceed.26 At a critical tempera-
ture (
Tc), the surface stress generated will equal the
strength and cracks will develop.25,27 If the same mate-
rial weakened is thermally shocked through a set of
progressively larger temperature differences (above

Tc), further crack propagation and strength decrease
take place.25,28 For strong materials, a large amount of
elastic energy is available at the fracture-initiation
stress, and the crack has a sudden extension, with a
large decrease in strength of the material.24,25,29,30 For
weak specimens, which have already had some thermal
shock damage, the cracks will propagate in a more
controlled manner in response to the variation of the
strain with time.30 In the weakening body containing
more microcracks or pores, fracture occurs at a rela-
tively low stress level: rather than fracture occurring
catastrophically, the nucleated cracks will propagate
only a short distance and will become arrested.24,25,29,30

Therefore the body retains same strength and will still
be useful for many applications.26,29,31,32 Refractory
materials are in general not very resistant to crack
initiation, but have a significant resistance to thermal
shock damage.33

The basic requirements for refractory materials to
achieve the highest thermal shock resistance are to
obtain the greatest values of either thermal shock para-
meters or gWOF/gi ratios. It is reported that both ther-
mal shock parameters23 (R000 and R0000) and gWOF/gi
ratios34 are reliable indicators to determine crack pro-
pagation resistance, and can be used to predict the loss
in strength of MgO and spinel composites, before
thermal shock tests. It is also stated that resistance to
thermal shock damage in terms of effect of particle size
distribution of spinel particles can be more strongly
favoured with materials containing significantly
broader distribution of spinel particles, rather than
narrow distributed spinel particles, for which a much
larger spinel content is required to achieve a similar
improvement, on the basis of theoretically calculated
thermal shock parameters and experimentally found
gWOF/gi ratios.35

In this work, the microstructural changes and fracture
behaviour of both pure MgO and MgO–spinel compo-
sites, as a function of spinel addition, before and after
thermal shock testing, have been identified. The rela-
tionships between mechanical properties and fracture
behaviour of MgO and MgO–spinel composites at high
temperatures, depending on volume fraction of spinel,
have been reported. The thermal shock resistance of
MgO and MgO–spinel composites, as a function of
quench temperature, has been investigated. The
2408 C. Aksel et al. / Journal of the European Ceramic Society 24 (2004) 2407–2416



optimum spinel content showing the highest resistance
to thermal shock has been determined, and the reasons
for this are explained to improve the understanding of
thermal shock behaviour of MgO–spinel composite
materials.
2. Experimental

The basis for the MgO–spinel materials was a nano-
particle size (�30 nm), high surface area, in which MgO
powder of >98.0% purity (‘‘light’’: GPR, BDH, Poole,
UK) was calcined at 1300 �C for 2 h to produce a pow-
der with a mean particle size of 0.5 mm. Alcoa MR66
spinel powder (99.5% purity) was air classified to obtain
more narrow distributions of median size �22 mm
(Alpine Zig-zag classifier, Augsburg, Germany). Particle
sizes were measured by a standard laser scattering
method (Mastersizer, Malvern Instruments, Malvern
UK). Calcined MgO powder appeared to consist of
agglomerates of particles, which were approximately
uniform in size, and the average particle size using SEM
ranged from 0.3 to 0.4 mm. Spinel powders were very
regular in size and shape, compared to MgO, because the
use of air classification gave a narrow particle size dis-
tribution. The effects of varying the amounts of spinel
powder (10, 20, 30 wt.%) were investigated. MgO con-
taining spinel particles reached the theoretical density
(�99%), by hot-pressing at �1720 �C and 20MPa for 25
min, assuming densities of 3.59 Mg m�3 for MgO, and of
3.58 Mg m�3 for spinel.2 Bulk density and apparent por-
osity were measured using the standard water immersion
method.36 Discs were then cut into bars �26�3�3 mm3.

2.1. Strength and Young’s modulus measurements

Mechanical measurements of all the spinel composites
has been carried out by 3-point bend test, where support
roller span was 20 mm, and the cross-head speed was
0.2 mm min�1. The standard equations for the
strength37 (�f) and Young’s Modulus

38 (E) of a bar are:

�f ¼
3PL

2WD2
ð2Þ

E ¼
L3m

4WD3
ð3Þ

where P: load at fracture, L: support span,W: specimen
width, D: specimen thickness, and m: slope of the tan-
gent of the initial straight-line portion of the load–
deflection curve. Thermal shock tests were made by
measuring the strengths of samples that had been sub-
jected to an oil quench of between 200 and 800 �C. Five
to ten specimens were normally tested at each tempera-
ture to obtain a mean value, using a tensile testing
machine (Mayes, SMT50). Modulus values were calcu-
lated by drawing a tangent to the steepest initial
straight-line portion of the load–deflection curve, where
the stiffness of the machine was also considered.38

2.2. Fracture toughness and work-of-fracture
measurements

Both before and after thermal shock, fracture tough-
ness specimens were cut in the centre of the bar with a
50 mm wide diamond blade to a depth of 0.75 mm, to
give a notch depth to thickness ratio (d/D) of 0.25. The
standard equations39�42 for the fracture toughness (K1c)
of a notched bar are:

KIC ¼ 3Y0PLd1=2=2WD2 ð4aÞ

where

Y0 ¼ AO þ A1 d=Dð Þ

þ A2 d=Dð Þ
2
þA3 d=Dð Þ

3
þA4 d=Dð Þ

4
ð4bÞ

where d is the notch depth, with L/D�8, A0=+1.96,
A1=�2.75, A2=+13.66, A3=�23.98, A4=+25.22.42

The plain strain fracture toughness can be defined in
terms of materials parameters:

KIC ¼
2E�i
1� �2

� �1=2
ð4cÞ

where the fracture surface energy (gi) is a measure of the
resistance to initiation of crack propagation.
Values for the work of fracture (gWOF) were calcu-

lated from load–deflection curves obtained from not-
ched bars deformed in 3-point bend, by measuring the
area (U) under the load–deflection curve. gWOF is given
by the following equation:43,44

�WOF ¼
U

2W D� dð Þ
ð5Þ

2.3. Fractography

The CamScan 4 SEM used in this study was equipped
with an EDX system for elemental analysis. Secondary
electron images were used to examine the size and shape
of grains exposed in fracture surfaces; back scattered
electron images were used to indicate the presence and
position of spinel particles. Grain sizes of polished and
thermally etched (1500 �C, 10 min) surfaces were mea-
sured from photographs taken in the scanning electron
microscope, using a standard line mean intercept
method.45 Unfortunately, fracture origins/shapes were
not noted so it is not possible to make definitive state-
ments about crack sizes before and after thermal shock.
1 Now at: Pilkington plc., Group Research, Technology Centre,
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3. Results and discussion

3.1. Microstructure

Fig. 1a–c show the microstructures of the as-pro-
cessed MgO–spinel composite materials. In general,
there was a marked increase in the extent of micro-
cracking with increasing spinel content and also sig-
nificant changes in the grain size for the different
materials. The average grain size of pure MgO was
found to be �32 mm using a standard line intercept
method. In composites containing 10% 22 mm spinel,
the average MgO grain size increased to �87 mm, but
further addition of spinel reduced the MgO grain size
significantly. There was a small amount of microcrack-
ing at grain boundaries (intergranular) radiating from
spinel particles, which resulted in separation of grain
boundaries (Fig. 1a). Composites prepared from 10%
spinel powders in general showed a smaller amount of
microcracking compared to composites containing
higher additions of spinel. In the 20% composites,
longer micro-cracks (both transgranular and inter-
granular) were observed, where the average MgO grain
size of this composite was �50 mm (Fig. 1b). At 30%
spinel loading, interlinked transgranular and inter-
granular radial cracks in the MgO matrix appeared, and
the crack length increased significantly (Fig. 1c). The
average MgO grain size was �40 mm.

3.2. Fractography before thermal shock

Fig. 2a–c show fracture surfaces (but not fracture
origins) after strength tests of the various materials.
Dense MgO (Fig. 2a), hot-pressed, had very fine,
usually spherical, pores (�1–3 mm), at the grain
boundaries and within the grains. Fracture surfaces
showed that there was some intergranular fracture
(along the grain boundaries), but the fracture was
Fig. 1. a–c. Microstructures of (a) 10%-, (b) 20%- and (c) 30%-containing 22 mm spinel–magnesia composites.
2410 C. Aksel et al. / Journal of the European Ceramic Society 24 (2004) 2407–2416



mostly transgranular (through the grains) with clear
grain cleavage. 10%-composites (Fig. 2b) still showed a
large proportion of transgranular cracks in the fracture
surfaces, like MgO—but the amount of intergranular
fracture had increased: the occurrence of intergranular
fracture is linked to the presence of spinel particles at
the grain boundaries. The spinel particles were uni-
formly located at the grain boundaries and within the
MgO grains, and there was no concentration of
agglomerated spinel particles. For the 30%-composites
the proportion of intergranular fracture increased
markedly, with a few transgranular cracks (Fig. 2c).
3.3. Fractography after thermal shock

Fig. 3a–b show fracture surfaces after thermal shock
from 800 �C. MgO showed a marked amount of trans-
granular fracture above the critical quench temperature,
Fig. 3a—i.e. similar to before thermal shock. Fig. 3b
shows that the 30%-composites had mostly inter-
granular fracture, after quenching from 800 �C. The
higher the spinel content, the greater the amount of
intergranular fracture.
A general summary of the fractography would be that

the presence of increasing amounts of spinel causes the
Fig. 2. a–c. Fracture surfaces of (a) pure magnesia, (b) 10%- and (c) 30%-containing 22 mm spinel-magnesia composites strength-tested before

thermal shock.
C. Aksel et al. / Journal of the European Ceramic Society 24 (2004) 2407–2416 2411



fracture mode prior to thermal shock to change from
predominantly transgranular to predominantly inter-
granular. After thermal shock from 800 �C, the fracture
modes for any given material are predominantly unal-
tered from the pre-shock mode.

3.4. Work of fracture

Fig. 4 shows that spinel content is significantly effec-
tive in gWOF values in order to determine resistance to
crack propagation and to further thermal shock
damage. There was a marked increase in gWOF, by a
factor of �1.75, at 30% additions. The change in frac-
ture path from transgranular to more intergranular
fracture, with further spinel additions, is thought to be
the main reason for the increase in gWOF energy
required to propagate a crack completely through a
specimen. It is possible that intergranular fracture along
the smaller MgO grains, at higher spinel loading,
requires much more energy for fracture than that for
lower spinel loading, and this causes an increase in
gWOF values.

3.5. Young’s modulus

Fig. 5 shows the values of Young’s modulus for MgO
and the composite materials measured before and after
thermal shock from 800 �C, where there is a dramatic
drop for MgO, whereas the % drop for the composite
materials is much smaller than that of MgO. As expec-
ted, the composite materials have a lower modulus than
the pure MgO—not only is the modulus of spinel (238
GPa)13,14 lower than that of MgO (260 GPa)13,14 but the
composites are micro-cracked as well, as detailed above.

3.6. Fracture toughness

Fig. 6 shows fracture toughness values (experimental
and predicted) for MgO and the composite materials
before and after thermal shock from 800 �C. The fracture
Fig. 3. a–b. Fracture surfaces of (a) pure magnesia and (b) 30%-

containing 22 mm spinel–magnesia composites strength-tested after

thermal shock.
Fig. 5. Young’s modulus (E) as a function of spinel content before

and after thermal shock.
Fig. 4. Work-of-fracture (gWOF) as a function of spinel content.
2412 C. Aksel et al. / Journal of the European Ceramic Society 24 (2004) 2407–2416



toughness of all materials drops before and after ther-
mal shock: this drop can (largely) be accounted for by
the associated drop in Young’s modulus. The ‘Before–
Predicted’ results are obtained by assuming that the
fracture toughness of the composites is related to the
fracture toughness of the MgO simply via the ratio of
the square roots of the Young’s modulus values [Eq. (6)].

3.6.1. Before thermal shock
The experimental composite toughness values are all

less than that for the pure MgO—perhaps a surprising
result in that one might expect crack deflection/crack
bowing and other ceramic toughening mechanisms to be
present. The ‘Before–Predicted’ values are calculated
from the assumption that the lower Young’s modulus of
the composites is solely responsible for the drop in
fracture toughness relative to the MgO, i.e.

KIC Composite;Beforeð Þ

KIC MgO;Beforeð Þ
¼

E Composite;Beforeð Þ

E MgO;Beforeð Þ

� �1=2

ð6Þ

It can be seen that this prediction is not particularly
good—indicating there are also differences in the frac-
ture surface energy between the composites and the pure
MgO, presumably related to the change in fracture
mode from transgranular to intergranular, referred to
above, Section 3.2.

3.6.2. After thermal shock
For all four materials, there is a drop in fracture

toughness following thermal shock. Again, predicted
values are shown, assuming that the change in tough-
ness is solely due to the drop in Young’s modulus fol-
lowing thermal shock. In this case, the predictions are
considerably closer to the experimental values—thus
suggesting that there is little significant change in the
fracture mode after shock.
3.7. Strength of materials

Fig. 7 shows the strength values (experimental and
predicted) for MgO and the composite materials mea-
sured before and after thermal shock from 800 �C. The
% drop in strength after shock for the pure MgO is
much greater than that for the composites: indeed, the
higher % spinel composites show no significant drop in
strength following shock.

3.7.1. Before thermal shock
The strength of the composite materials is lower than

that of the MgO. However, the observed composite
strengths are generally lower (with the exception of the
10%-containing spinel) than would be expected simply
from the drop in fracture toughness - suggesting a
change in flaw size as well. In fact, the observed com-
posite strengths can be predicted reasonably well by
using the equation for the strength of a brittle material
containing an inclusion of smaller thermal expansion
coefficient. As shown by Swain,46 when an inclusion of
small thermal expansion coefficient is embedded in a
material of higher thermal expansion coefficient, hoop
tensile stresses are set up on cooling from the fabrica-
tion temperature. These stresses lead to the formation of
radial cracks away from the particle-matrix interface,
which may propagate catastrophically on further stres-
sing. Swain shows that the fracture stress in such
circumstances is given by

�f ¼
	K2

IC

ap1=2

� �2=3
ð7aÞ

where 	 is a constant (�p/7), KIC is the fracture tough-
ness, a is the particle radius, and p is the interface
pressure at the particle–matrix interface, given by

p ¼
�p � �m

� �
DT

1� 2�p
� �

=Ep þ 1þ �mð Þ=Em

ð7bÞ
Fig. 6. Fracture toughness (K1c) as a function of spinel content before

and after thermal shock.
Fig. 7. Fracture strength (�f) as a function of spinel content before
and after thermal shock.
C. Aksel et al. / Journal of the European Ceramic Society 24 (2004) 2407–2416 2413



where �p, �m are the thermal expansion coefficients of
the particles and matrix, respectively and �p, �m and Ep,
Em are the Poisson’s ratio and Young’s modulus of the
particle and matrix respectively. Assuming local values
for the elastic constants, we have the table of values
(Table 1):
Assuming a temperature drop of �1100 �C (although

the processing temperature is �1650 �C, stress relaxa-
tion may occur in the MgO above �1100 �C), an inter-
face pressure of p�1.44 GPa is predicted. Coupling this
with the global fracture toughness values (as given in
Fig. 6) and a particle radius of 11 mm, one predicts the
strengths shown in Fig. 7.

3.7.2. After thermal shock
The strengths after thermal shock show a significant

drop for the MgO, but a much less significant drop for
the composites. The 20- and 30%-containing compo-
sites, in fact, show no loss of strength at all. Indeed, this
is the reason why composite-type materials are used as
refractories—they may not have particularly good
strengths, but they do not lose significant amounts of
strength following shock. Using Eq. (7a) allows one to
predict the strengths of the composites following shock
(assuming post-shock fracture toughness values): again,
reasonable agreement with experiment is found.

3.7.3. Retained strength after thermal shock
Retained strength values, which are the strengths of

bars after quenching relative to initial strengths, have
been compared to evaluate thermal shock resistance of
MgO and spinel composites, as a function of quench
temperature (Table 2). Values for pure MgO were
almost constant about <600 �C, but further increases in
the quench temperature resulted in a sharp decrease in
strength. The spinel composites for each spinel volume
fraction had a higher retained strength than pure MgO
from �600 �C up to the maximum quench temperature
used. In the weaker spinel composites, rather than
fracture occurring catastrophically, any newly nucleated
cracks and pre-existing cracks appeared to propagate
only a short distance, suggesting that crack extension
was small. Spinel composites were therefore more useful
than pure MgO in terms of resistance to thermal shock
damage and further loss of strength, where 30% 22 mm
spinel composite showed the highest retained strength
after thermal shock.
4. Conclusions

The higher the spinel content, the greater the crack
length occurred due to the thermal expansion mismatch
between MgO and spinel. At 30% spinel loading, a
large number of interlinked cracks in the MgO matrix
appeared, and the critical crack length increased sig-
nificantly. Spinel particles mostly located along the
grain boundaries leads to separation of grain bound-
aries and thereby a marked increase in the amount of
intergranular fracture at fracture surfaces. Therefore,
intergranular fracture along the smaller MgO grains, at
higher spinel loading, requires much more energy for
fracture than that for lower spinel loading, indicating
higher gWOF values.
At room temperature, the fracture of MgO was

mostly transgranular, and a large proportion of inter-
granular fracture was observed with increasing spinel
content. After thermal shock, fracture surfaces of MgO
showed that the extension of a large amount of com-
bined intergranular fracture appeared with some trans-
granular fracture above the critical quench temperature,
>600 �C. Spinel composites had mostly intergranular
fracture, after quenching from 800 �C. The change in
fracture path from transgranular to more intergranular
fracture, with increasing spinel additions, is thought to
be the main reason for the increase in gWOF energy. Pre-
existing connected cracks appeared not to be able to
propagate easily in the 20 and 30% spinel materials. For
this reason, more energy was required to connect the
cracks for propagation after thermal quenching. This
change with spinel content may also be related to a slight
increase in K1c values at 30% for the composites quen-
ched from 800 �C. Therefore, the cracks propagate only a
short distance and become arrested. The composite
Table 1

Thermal expansion coefficient (�), Young’s modulus (E) and Poisson’s

ratio (�) of materials
Material
 � (�C�1)
 E (GPa)
 �
Spinel
 7.6�10�6
 238
 0.29
Magnesium oxide
 13.5�10�6
 260
 0.29
Table 2

Retained strengths of MgO and MgO–spinel composites, as a function of quench temperature (*: initial strength)
Retained strength%

T/�C
 MgO (233 MPa)*
 10% 22 mm (110 MPa)*
 30% 22 mm (60.5 MPa)*
200
 100�16
 85�17
 100�6
400
 100�17
 75�17
 98�9
600
 48�40
 61�7
 93�6
800
 22�4
 54�3
 92�5
2414 C. Aksel et al. / Journal of the European Ceramic Society 24 (2004) 2407–2416



containing 30% spinel in general shows the greatest
resistance to crack propagation, and to further thermal
shock damage.
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