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Abstract

The influence of varying the amounts of spinel with a similar median particle size, but with different distribution, on the

mechanical properties and thermal shock performance of MgO–spinel composites was investigated. Mechanical properties of
composites decreased significantly with increasing spinel content due to the thermal expansion mismatch. However, �WOF values of
composites increased markedly, because of a significant change in the fracture mode from transgranular to intergranular fracture. A

narrow distributed spinel A (Alcoa MR66) particles resulted in shorter initial crack propagation distances from the spinel particles,
but spinel B (Britmag 67) particles with a significantly broader distribution were the origins of longer interlinked cracks. The
improved resistance to thermal shock in MgO–spinel composites can therefore be attributed to the microcrack networks developed

around the spinel particles, associated with the high values of �WOF, and not to an increased K1c. On the basis of theoretically
calculated R000 values and experimentally found �WOF/�i ratios, resistance to thermal shock damage would be more strongly
favoured with materials containing spinel B particles, rather than spinel A, for which a much larger volume% was required to
achieve a similar improvement.

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

The spinels are a class of double oxide of general for-
mula AB2O4: industrially important members of this
class include aluminates (e.g. MgAl2O4), ferrites (e.g.
MgFe2O4) and chromites (e.g. MgCr2O4). Chrome ore
consists primarily of the mineral Chromite, which is a
mixture of spinels represented by the general formula
(Mg,Fe)O.(Cr,Al,Fe)2O3.

1,2 Chrome was first used on a
large scale as a neutral steel plant refractory more than
100 years ago, and its use became widespread because of
its good resistance to spalling (the abrupt loss of hot
face material).3 Chrome–magnesite refractories, mix-
tures of chrome ore and magnesite containing 20 to
80% chrome, were developed extensively in the early
1930’s because of their high strength at high tempera-
tures, and their much better thermal shock resistance
than refractories based on chrome alone. The magne-
site–chrome and chrome–magnesite ranges of refractory
material were subsequently intensively used for applica-
tions requiring a high hot-strength and resistance to
attack by basic slags and molten metals.4 An important
example of this type of environment is the rotary
cement kiln lining, with centre zone temperatures
exceeding 1600 �C, and the presence of semi-liquid and
corrosive calcium aluminosilicates.

Increasing concern over the toxicity of the Cr(VI)
produced from Cr2O3 under alkaline conditions has
meant that the handling and disposal of waste refrac-
tories containing chrome are now being subject to strict
European Union regulations,5 and alternative refrac-
tory materials which do not contain Cr2O3 are needed.
Magnesite and dolomite refractories are satisfactory in
many respects for the types of application previously
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using magnesite–chrome materials, but lack their good
resistance to thermal shock. It has been found that this
deficiency can be overcome by incorporating into a
magnesite matrix 9–30% of particulate magnesium alu-
minate spinel (MgAl2O4), to form the magnesia–spinel
materials.6,7 Magnesia–spinel refractories were first
evaluated more than 30 years ago,4 but it has only been
during the last decade that marked efforts have been
made to use them as alternative refractories to magne-
sia–chrome materials. Fortuitously, magnesia–spinel
refractories also have the additional important advan-
tage of a longer (1.5–2 times) life than an otherwise
equivalent magnesite–chrome refractory, particularly in
locations where they are exposed to high temperatures
and severe thermal shock.8

The reasons for the improved performance of the
magnesia–spinel composites have been very loosely
ascribed to an improved ‘‘elasticity’’ or ‘‘toughness’’.9,10

The current consensus of opinion is that11,12 the funda-
mental reason is primarily the large difference in ther-
mal 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).13,14 During cooling from pro-
duction temperatures in the region of 1650 �C the dif-
ference generates very large hoop tensile stresses around
the spinel particles, causing extensive microcracking.9

The microcracks decrease the overall strength and stiff-
ness, but they may also either be barriers to subsequent
crack propagation in service, or allow stress relief dur-
ing heating. The improved resistance to thermal shock
in MgO–spinel composites can therefore be attributed
to the microcrack networks developed around the spinel
particles.11,12,15

The general basic principles relating microstructure to
thermomechanical properties in ceramic–ceramic matrix
composites, of which the magnesia–spinel refractories
are an example, are well established.16 However there
remain uncertainties with regard to important points of
fine detail, and to specific systems. It is difficult, for
example, to predict the critical particle size required to
initiate spontaneous microcracking in these compo-
sites.17 Problems of interpretation in the magnesia–
spinel case are also created by a tendency to nonlinear
elastic behaviour,18 which it has been suggested is
caused by the relief of stress by microcrack propagation
during loading.

Numerous (almost all industrially based) studies have
been made over the last 15 years, with the objective of
developing magnesia–spinel materials of improved
resistance to thermal shock and alkali attack. The work
done so far has been mainly phenomenological, and lit-
tle quantitative understanding of the function of the
system variables has been developed. It is therefore still
difficult to specify optimum compositions with con-
fidence, and materials development is based largely on
trial and error. Much of the magnesia–spinel refractory
currently produced is used for cement kiln linings,
where there are two conflicting requirements: for ther-
mal shock resistance the optimum spinel content should
be fairly high; for reduced calcium oxide attack, invol-
ving reaction with aluminium oxide (Al2O3) and the
formation of low melting calcium aluminates, the spinel
content must be as low as possible. It is clearly neces-
sary to keep the spinel content to a minimum, while
developing the maximum resistance to thermal shock.19

The optimum spinel content has been claimed to be as
high as �40% by previous researchers.9 Subsequent
researchers have used a range of model, high purity,
magnesia–spinel composites to examine in detail the
effects of spinel particle size and quantity on thermo-
mechanical behaviour, and suggested an optimum com-
posite composition for a maximum resistance to further
damage by thermal shock of �20% of spinel.12,20 In
spite of the importance of this refractory system, few
fundamental underpinning scientific studies have been
reported so far, apart from the most recent
researchers.11,12,15,20�22 It seems that understanding of
the influence of the particle size distribution on thermo-
mechanical behaviour is also rudimentary.

It has been reported that microcracking caused by the
addition of spinel reduces both strength and stiffness,
and fracture toughness (K1c) always decreases with spi-
nel additions.11,21,22 The R000 parameter expresses the
ability of a material to resist crack propagation and
further damage and loss of strength on thermal shock-
ing. The trends in the R000 parameter are consistent with
measurements of thermal shock damage caused by
quenching, providing quantitative confirmation of the
view that the extent of microcrack propagation and
interlinking controlled by spinel particle size and
volume, is important for thermomechanical beha-
viour.12,20 This work aims to quantify the influence of
these parameters on mechanical property and on con-
sequent thermal shock behaviour by using a similar
median particle size, but with different distribution of
spinel, on the basis of the changes in R000 values and
�WOF/� i ratios. It is expected that this study will provide
a platform for extended work for detailed modelling of
the thermal shock behaviour and high temperature
properties of magnesia–spinel composite materials, and
develop guidelines to allow the optimisation of com-
mercial magnesia–spinel refractory compositions and
microstructures.
2. Experimental

In this present work, calcined MgO and two types of
spinel powders were used: 22 and 24 mm spinel. Particle
size distributions for all powders were determined using
a laser light scattering particle sizer (Malvern Mastersi-
zer/E, UK), and specific surface areas {As=6/(�Dp)}
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were determined using a single point nitrogen adsorp-
tion technique (Perkin-Elmer Ltd., 212D Sorptometer,
Beaconsfield, UK), where � is the true solid density and
Dp is the particle equivalent diameter. To improve den-
sification behaviour, a nano-particle size MgO powder
(‘light’: GPR, BDH, Poole, UK) was calcined at 1300 �C
for 2 h, which yielded a powder of mean particle size
�0.5 mm. Two types of preformed spinel powder were
then incorporated into calcined MgO: i) Alcoa MR66
spinel powder (Alcoa International Ltd., UK), defined
as ‘A’, was air classified to obtain more narrow dis-
tributions of median size 22 mm, and ii) Britmag 67 spi-
nel powder, defined as ‘B’, of median particle size 24 mm
was obtained by crushing (‘Shatter Box’, Glen Creston
Ltd., UK) and by using a 150 mm sieve, high density
spinel ‘pebbles’ (Britmag 67, Lafarge, UK). 22 mm spi-
nel powder had higher purity than 24 mm spinel powder.
The amounts of impurities in the powders as wt.% were
i) 0.15% Cl, 0.50% SO4, 0.05% Fe for MgO, ii) 0.23%
CaO, 0.13% Fe2O3, 0.01% MnO, 0.01% TiO2, 0.01%
Na2O, 0.01% P2O5 for Alcoa MR66 spinel, and iii)
0.74% CaO, 0.68% SiO2, 0.64% Fe2O3, 0.02% MnO,
0.01% TiO2, 0.01% K2O for Britmag 67 spinel. The
spinel stoichiometry is given by wt.% as follows: i)
66.3% Al2O3 and 33.3% MgO for Alcoa MR66 spinel,
and ii) 66.3% Al2O3 and 31.6% MgO for Britmag 67
spinel. The effects of varying the amounts (5, 10, 20 and
30 wt.%) of spinel with a similar median particle sizes,
but with different particle size distribution and purities,
were investigated. The MgO–spinel composites, con-
taining 0–30 wt.% spinel, could be obtained theoreti-
cally dense (�99%), by hot-pressing at 1720 �C and 20
MPa for 25 min. Bulk density and apparent porosity
were measured using the standard water immersion
method.23 The room temperature strength of the hot-
pressed pure MgO using three-point bend test was in
good agreement with the literature values,24,25 and thus
mechanical measurements of all the spinel composites
were made in three-point bend, with a support roller
span of 20 mm and a cross-head speed of 0.2 mm min�1.
Five specimens were normally tested to obtain a mean
value, using a tensile testing machine (Mayes, SMT50).
The standard equations for the strength (�f)

26 and
Young’s Modulus (E)27 of a bar (Pa) in three-point
bend are:

�f ¼ 3=2ð Þ: PLð Þ= WD2
� �

ð1Þ

E ¼ L3:m= 4WD3
� �

ð2Þ

where P=load at fracture, L=support span, W=spe-
cimen width, and D=specimen thickness, m=slope of
the tangent of the initial straight-line portion of the
load–deflection curve. Modulus values were calculated
by drawing a tangent to the steepest initial straight-line
portion of the load–deflection curve, (the stiffness of the
machine was also considered), using Eq. (2).27 The
standard equation28�31 for the fracture toughness (K1c)
of a bar is:

K1c ¼ 3=2ð Þ: PLc1=2
� �

:Y= WD 2
� �

¼ 2E�ið Þ
1=2

¼ �YC 1=2
� �

ð3Þ

Y ¼ A0 þ A1 c=Dð Þ þ A2 c=Dð Þ
2
þA3 c=Dð Þ

3
þA4 c=Dð Þ

4
� �

ð4Þ

where c is the notch depth, C is the critical crack length
and Y is a dimensionless number, which is dependent on
the geometry of the loading and the crack configuration
with L/D
8, A0=+1.96, A1=�2.75, A2=+13.66,
A3=�23.98, A4=+25.22.31 The fracture surface energy
(� i) is a measure of the resistance to initiation of crack
propagation. � i was calculated from Eq. (3), using
experimental K1c (by SENB) and Young’s modulus
values. Values for the work of fracture (�WOF) were
calculated from load–deflection curves obtained from
notched bars deformed in three-point bend, by measur-
ing the area (U) under the load–deflection curve. �WOF

is given by the following equation:32,33

�WOF ¼ U= 2W D� cð Þ½ �
� �

ð5Þ

Grain sizes of polished and thermally etched (1500 �C,
10 min) surfaces were measured from photographs
taken in the scanning electron microscope. Average
grain size was determined from intercept measure-
ments34 on the observed plane, by using the standard
Eq. (6):

D� ¼ 1:56L� ð6Þ

where D� is the average grain size and L� is the average
intercept length, taken over a large number of grains
and measured on the plane of polish. All the values
calculated for pure MgO and spinel composites were the
average value of �100 measurements of �3 micro-
graphs. Thermal shock parameter R000 was calculated
from: R000 ¼ E=½�2

f : 1 � �ð Þ�, which gives information
about available energy at fracture for resisting to crack
propagation,35�37 where � is Poisson’s ratio. The
CamScan 4 SEM used in this study was equipped with
an EDX system for elemental analysis. Secondary elec-
tron images (SEI) were used to examine the fracture
surface, size, shape and texture of the particles; back
scattered electron images (BEI), which provide atomic
contrast, were used to indicate the presence and position
of second phases in the polished surface of the multi-
phase materials.
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3. Results and discussion

Calcination of MgO powder at 1300 �C for 2 h gave a
mean particle size of �0.4 mm using SEM and �0.55
mm using BET. The average value of the calcined MgO
powder was taken to be �0.5 mm. The median particle
sizes (d50) of the Alcoa MR66 spinel, defined as ‘A’ (22
mm by using air classification), and the Britmag 67 spi-
nel, defined as ‘B’ (24 mm by using a 150 mm sieve), are
shown in Fig. 1(a) and (b). As shown in Fig. 2(a), Alcoa
MR66 spinel particles (A) were regular in size and
shape, because the use of air classification gave a nar-
row particle size distribution. However, Fig. 2(b) illu-
strated that there was a significantly broader
distribution in the Britmag 67 spinel (B) particles; these
consisted of agglomerated polycrystals, and which dis-
integrated during hot-pressing. Based on the above, it is
suggested that powder agglomeration leads to inhomo-
geneous composites and variations in packing density,
after hot-pressing. This statement implies that strength
impairment as a result of microcracking does seem to be
more severe in the spinel B composites containing the
very large agglomerated particles of spinel.

Mechanical properties, critical crack length, MgO
mean grain size, � i and �WOF values of MgO–spinel
composites, which contain 22 mm MR66 (A) and 24 mm
Britmag 67 spinel (B) particles, are given in Table 1.
Composites obtained from spinel A and spinel B did not
give the same strength values for similar loading,
though the trends were similar. Composites prepared
from the purer spinel A powder showed a more marked
decrease in strength with increasing amounts of spinel.
The addition of up to 10% of the less pure 24 mm spinel
powder to MgO also decreased the strength significantly
(�80%). Further additions caused no further loss
(though there may have been a slight increase at 30%
addition, but the scatter of data was larger). Spinel A
type composites, for 10% addition, were approximately
two times stronger than the spinel B type composites.
This might be explained on the basis of the much nar-
rower size distribution of the purer spinel A particles
[Fig. 1(a)]. In contrast, spinel B particles were not
homogeneously distributed in the microstructure,
because of the effects of agglomeration, though a higher
Fig. 1. Particle size distribution of (a) 22 mm spinel A and (b) 24 mm

spinel B.
Fig. 2. SEM micrographs of (a) 22 mm Alcoa MR66 spinel powder

(A) and (b) 24 mm Britmag 67 spinel powder (B).
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proportion of 50–100 mm particles disintegrated during
hot-pressing. It is clear that spinel B composites, which
contained of a large proportion of spinel particles of
sizes much larger than the median sizes [Fig. 1(b)],
therefore had increased microcracking (Fig. 4) and
showed a more marked decrease in strength for 10%
additions (Table 1), as compared to spinel A composites
(Fig. 3). Agglomerated spinel particles resulted in longer
interlinked transgranular and intergranular radial
cracks (Fig. 4), because the hoop stress (at a given dis-
tance from the inclusion centre) is larger, the larger the
inclusion size.

Composites prepared from spinel A powder in general
showed a smaller amount of microcracking compared to
composites obtained from spinel B particles (Figs. 3 and
4). This is assumed to be because spinel A particles had
a much narrower in size distribution, while spinel B
powder had a much broader particle size distribution,
and extensive agglomeration. In composites containing
low additions of spinel A particles (i.e. 5–10% 22 mm),
there was a small amount of microcracking at grain
boundaries (intergranular) radiating from spinel parti-
cles, but the cracks did not interlink. However, Fig. 3
shows that a large amount of longer cracks occurred
with 20% additions, and cracks started linking. The
higher the spinel content, the greater the crack length
appeared to be. The spinel A particles were more
homogeneously distributed mostly at the grain bound-
aries and some within the MgO grains, and there was no
concentration of agglomerated spinel particles. This
contrasts with materials containing spinel B particles, as
seen in Fig. 4. Fig. 4 shows that interlinked transgran-
ular and intergranular radial cracks in the MgO matrix
appeared with the addition of 10% 24 mm spinel parti-
cles, and the crack length increased significantly.
Groups of agglomerated spinel particles were linked by
cracking in the MgO matrix. There was a marked broad
distribution in agglomerated spinel particles, ranging
�10–24 mm, but groups of agglomerated spinel particles
were varying up to approximately 90 mm. Furthermore,
a large quantity of similar cracks was also observed in
the agglomerated spinel particles with further addition
of spinel B particles.
Table 1

Mechanical properties and MgO grain size of spinel A and B compositesa
22 mm spinel (A) /%
 24 mm spinel (B) /%
0
 5
 10
 20
 30
 0
 5
 10
 20
 30
� (MPa)
 2337
 15810
 11014
 658
 614
 2337
 9114
 4817
 5010
 7023
E (GPa)
 26830
 21542
 15238
 11120
 805
 26830
 20011
 13618
 13615
 764
K1c (MPa m1/2)
 2.20.2
 1.60.1
 1.00.1
 0.80.1
 0.80.1
 2.20.2
 1.30.1
 0.70.1
 0.80.1
 1.00.1
C (mm)
 260.2
 280.3
 290.6
 390.4
 470.5
 260.2
 580.9
 660.2
 770.7
 670.2
MgO grain size (mm)
 322
 707
 873
 506
 415
 322
 644
 586
 529
 453
� i (J m�2)
 8.92.2
 6.02.0
 3.31.5
 2.90.9
 3.81.5
 8.92.2
 4.01.0
 1.90.4
 2.40.7
 6.71.1
�WOF (J m�2)
 395
 648
 614
 643
 686
 395
 545
 572
 593
 647
a �: strength, E: Young’s modulus, K1c: fracture toughness, C: critical crack length, � i: fracture surface energy, �WOF: work of fracture.
Fig. 3. SEM micrograph of a 20% 22 mm spinel A composite, showing

crack length and linked microcracks between the spinel particles (dark

grey: MgO, light grey: spinel).
Fig. 4. SEM micrograph of a 10% 24 mm spinel B composite, showing

crack length and linked microcracks between the spinel particles (dark

grey: MgO, light grey: spinel).
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The Young’s modulus of spinel composites generally
decreased with increasing spinel content (Table 1).
There was little difference between the 22 and 24 mm
spinel composites. The decrease in Young’s modulus of
spinel B composites was most significant, for up to 10%
additions. At 10%, Young’s modulus was approxi-
mately 50% of the value for pure MgO. Increasing the
amount of spinel from 10 to 30%, had a relatively small
effect. The loss of modulus can be explained in terms of
radial crack propagation and ultimately interlinking. It
appears that crack interlinking is completed at about
10% addition of spinel, undermining the mechanical
integrity of the material, and changes little after this
point.

Spinel content markedly affected the strength. There
was a significantly greater decrease in strength for 24
mm compared to 22 mm spinel particles, and the 24 mm
spinel particles were associated with formation of longer
cracks than the 22 mm particles (Figs. 3 and 4). The total
extent of cracking also increased with increasing con-
centration of spinel. The mean critical defect sizes (C) of
the spinel A, and B, composites, calculated using Eqs.
(3) and (4), increased approximately by factors of �2
and 3 respectively, at maximum values, with increasing
spinel content (Table 1). The calculated critical defect
sizes of spinel A and B composites were the same order
of magnitude as the actual crack lengths observed in the
SEM. The particle size distribution of spinel B powder
was much broader than that of spinel A, and this may
have been responsible for the larger crack lengths seen
in the SEM micrographs (Figs. 3 and 4). Spinel A pow-
der had a narrower particle size distribution, which
appeared to result in smaller maximum defect sizes. This
indicates that the larger particle population determines
the critical defect size. Table 1 also illustrates that
accelerated grain growth occurred up to �10% addi-
tions. With further additions of spinel (>10%), decel-
erated grain growth occurred, most probably because of
the dominance of grain boundary pinning effects by the
spinel grains. Both acceleration and deceleration were
most marked for the 22 mm spinel particles, which were
mostly located at the grain boundaries and partly within
the grains.

It is suggested that spinel content and the composite
crack size are more important factors determining the
critical defect size than MgO grain size, in controlling
strength through the Griffith relationship. In addition,
particle interaction coupled with thermal expansion
mismatch causing microcracking and interlinking, is the
most important parameter.

Composites prepared from spinel A showed a general
marked decrease in toughness with increasing spinel
content. K1c also decreased significantly with spinel B
additions reaching a minimum for �10%; however,
further additions increased K1c slightly. The general
trend is for K1c to decrease with spinel content. This
trend is assumed to be in part a result of the observed
decreasing Young’s modulus, with an extending and
interlinking microcrack network. This also indicates a
decrease in fracture surface energy, because the amount
of energy required to initiate crack propagation decrea-
ses with increasing concentration of pre-existing con-
necting cracks.

There was a general increase in �WOF with increasing
spinel content (Table 1). Fracture surfaces of pure MgO
showed a large proportion of transgranular cracks, with
some intergranular cracks (Fig. 5). At low additions of
spinel, transgranular cracks were still present with some
intergranular cracks, in the fracture surfaces of each
spinel composite. However, at higher additions of spinel
(510%), mostly intergranular fracture occurred (Fig. 6).
It therefore appears that higher values of �WOF are
associated with the occurrence of more intergranular
fracture with increasing spinel additions.

The fracture of the magnesia-spinel composites is
either semi-stable or stable, but never catastrophic, like
MgO. It may be concluded that crack propagation is a
much greater energy consuming process than crack
initiation in these materials. For many industrial appli-
cations, the initiation of fracture is less important than
�WOF and the degree of damage (e.g. further loss of
mechanical integrity by strength and material loss
through large scale fracture behind the hot face).38

Large values of the �WOF/� i ratio were obtained in these
composites (Fig. 7). This is a basic requirement for
refractory materials to show good thermal shock
damage resistance.39 Fig. 7 illustrates that the 10% 24
mm spinel B composites showed the highest �WOF/� i

ratio, by a factor of �6, as compared to pure MgO. The
20% 22 mm spinel A composites also had �5 times
higher ratios than MgO. On the basis of the �WOF/� i
Fig. 5. Fracture surface of dense MgO, showing transgranular

fracture.
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ratio it might therefore have been expected that spinel B
composites in general would show greater resistance to
crack propagation, and to further thermal shock
damage than spinel A composites (Fig. 7).

Fig. 8 shows that the R000 parameter increased with all
spinel additions in comparison with pure MgO. The
thermal shock resistance for a given spinel A and B
content, in terms of the R000 parameter, would therefore
be predicted to be 5 and 12 times (20% 22 mm and 10%
24 mm) better than that of pure MgO. Composites con-
taining the 24 mm spinel stand out as having sig-
nificantly higher R000 values. This may be because the
decline in strength with increasing spinel content is now
much greater than the corresponding decrease in
Young’s modulus (Table 1). It would be predicted on
this basis that 24 mm spinel B would provide a sig-
nificant improvement in resistance to thermal shock
damage through increased difficulty of crack propaga-
tion, with a maximum at �10% spinel addition. This is
assumed to be the cause of the increased microcracking
compared to that in type A spinel materials. This shows
that the marked detrimental effect of the larger size dis-
tribution spinel B particles on strength should in theory
provide the greatest benefit for thermal shock resistance.

After thermal shock parameter, R000, was calculated,
these predictions were compared with the experimen-
tally found �WOF/� i ratios in order to predict thermal
shock behaviour of those materials. Fig. 9 shows that
�WOF/� i ratios approximately gave similar results with
respect to R000 parameter, which were in good agreement
with each other. Spinel A particles resulted in shorter
initial crack propagation distances from the spinel par-
ticles (Fig. 3); however, spinel B particles with increas-
ing amount of spinel were the origins of longer cracks,
which were linked (Fig. 4). It might therefore have been
expected that the thermal shock resistance of 10% 24
mm spinel B composites, resulting from resistance to
Fig. 6. Fracture surface of composite containing 10% 22 mm spinel A,

showing intergranular fracture.
Fig. 7. �WOF/� i ratios, as a function of spinel A and B content.
Fig. 9. �WOF/� i ratios depending on spinel A and B content, as a

function of R000 parameter.
Fig. 8. R000 parameter as a function of spinel A and B content.
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microcrack propagation and interlinking, was predicted
to be approximately 2 times greater than those obtained
from 20% 22 mm spinel A (Fig. 8). This prediction was
confirmed by the �WOF/� i ratio for these MgO–spinel
composites, which suggested an optimum composition
of 10% 24 mm spinel B particles (Fig. 7). On the basis of
�WOF/�i ratios and the calculated R000 values, spinel B
particles appear to be generally more beneficial than
spinel A particles (Fig. 9), for which a very much larger
volume appears to be required to achieve a similar
improvement (Fig. 7).
4. Conclusions

Strength, Young’s modulus, fracture toughness and
fracture surface energy values of composites in general
decreased markedly with increasing spinel content in
comparison with MgO. It is therefore clear that the
development of thermal shock resistance in the magne-
sia–spinel composites cannot be linked to any increased
fracture toughness. Materials containing 22 mm spinel
had short length cracks originating from the spinel par-
ticles; the 24 mm spinel B particles were the origin of
longer cracks, and more crack initiation sites. This is
likely to have been because the spinel B contained a
high proportion of much coarser particles than the
mean, indicating particle interaction, because of its
broad particle size distribution, and it caused much
longer microcracks and more crack interlinking, com-
pared to spinel A. The calculated critical defect sizes,
and also actual crack lengths, increased with spinel
additions. MgO grain size varied with spinel content but
this appeared to have little if any influence on strength.
It is clear that the critical defect size is not significantly
associated with the MgO grain size, but with the ther-
mal expansion mismatch, causing microcracking, longer
interlinked cracks, spinel particle size distribution and
content, and which are likely to be the major factors
determining mechanical properties.

The improvement in thermal shock resistance pre-
dicted by the R000 parameter, and observed experimen-
tally from the �WOF/�i ratios, was explained by the large
decreases in strength, and the lesser decreases in
Young’s modulus. The change in the fracture path from
transgranular to intergranular fracture with spinel
additions resulted in an increase in the areas under the
load–displacement curve, which indicated marked crack
interlinking with the higher �WOF values, requiring
more energy for the fracture process. The improved
resistance to thermal shock in magnesia–spinel compo-
sites can therefore be attributed to the microcrack net-
works developed around the spinel particles. It might
therefore have been expected that resistance to crack
propagation in general would be greater with materials
containing spinel B particles. On this basis it would be
predicted that further deterioration in strength of the
composites as a result of thermal shock would be a
minimum for 10–20% of the 24 mm spinel B powder.
The 22 mm spinel A powder was ranked second, at 20–
30% spinel additions.
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