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Abstract

This study used a model system of fully dense high purity MgO, incorporating micron size spinel prepared by hot-pressing. Spinel
powder was obtained from two sources: (i) 0.5 um alumina powder was incorporated into MgO by in situ reaction, and (ii) pre-
formed 3 nm spinel powder. The thermal expansion mismatch between MgO and spinel particles led to the intergranular and
intragranular crack development, with consequent loss of strength and Young’s modulus. The extent of interlinking of the micro-
cracking was determined to be a function of spinel particle size and volume fraction; the reasons for this were examined. The
mechanical properties and R”” parameter values of the microcomposites were reported. The thermal shock resistance of in situ
formed 20% 0.5 pm and preformed 30% 3 pm spinel composites, in terms of the R”” parameter, was predicted to be 4 to ~5 times

better than that of pure MgO, respectively.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction
1.1. Industrial application of MgO-spinel refractories

Magnesium aluminate spinel (MgAl,Oy4) is an impor-
tant constituent of magnesia-based refractory materials.
There are no natural deposits of spinel, which is there-
fore normally obtained by reaction of mixtures of MgO
and Al,O;. Commercial sintered magnesia—spinel
refractory materials are divided into three categories:
magnesia rich, stoichiometric, and alumina rich.! Spinel
is used as an additive in magnesia rich bricks, for
example, for cement kiln linings. MgO rich magnesium
aluminate spinel bricks are used in the cooling zone and
in the upper side of the sintering zone of the cement
kiln.>3 The stoichiometric type is similarly used in
cement kiln linings, as well as an alumina-based castable
in ladles, which can also have good resistance to corro-
sion and erosion.*® The alumina rich type is being
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studied for use in alumina-based castables in order to
improve resistance to slag penetration; 85-90 wt.%
Al,O3 is suggested as the optimum.® A higher alumina
content increases the spinel bonding and improves
strength, and increased spinel bonding results in better
spalling resistance.® Alumina rich magnesia spinel is
also used in steel and aluminium production, petro-
chemical applications, and glass melting furnaces.?

A major reason for the use of spinel is its better resis-
tance to thermal shock and alkali attack, which indi-
cates two to three times longer service lives than other
basic bricks such as conventional MgO-chrome.”-8
Magnesia-chrome refractories were used for many years
as high strength hot-face refractories in a range of sys-
tems, including rotary cement kilns and steel making
vessels,” but there is risk of the contamination of ground
water by hexavalent (VI) chromium ions leached from
waste materials. Cr'VD has been associated with allergic
skin ulceration and carcinomas in humans.® Hexavalent
chromium diffuses from the refractory into the cement
clinker, and increases the risk of toxic reactions during
processing of the cement.” Hence, a second significant
reason for the escalating interest in spinel is to avoid the
use of refractories containing chromium oxide. Magne-
sium aluminate spinel is therefore being used as an
alternative second phase in magnesia—spinel and alumina-
spinel refractories, allowing a wide range of compositions
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and types for a large number of applications to be pro-
duced.*!%!1 The main advantages of using magnesia—
spinel bricks in cement kilns can also be summarised as
follows:''=17 (i) low thermal expansion coefficient of
magnesia spinel bricks, (ii) high resistance to thermo-
mechanical stress, (iii) chemically resistant to oil and ash
deposits, (iv) high resistance to corrosion and changes in
kiln atmosphere, (v) low content of secondary oxides,
which results in minimal alteration in structure of the
hot face in service, (vi) elimination of chromite, which
makes the brick less susceptible to alkali attack in ser-
vice, (vii) no toxic CrVD jons leached from waste mate-
rials, and (viii) white cements can be made without
discoloration problems caused by transition metal
cations.

1.2. In situ and preformed spinel based refractories

In situ formed spinel-based refractories use the addi-
tion of an alumina source to form the spinel in situ by
reaction with the magnesia matrix during sintering,
where a strong bond between spinel grains and the
magnesia matrix is formed. It has been reported!® that
initial spinel formation occurs around the periphery of
the alumina particle and proceeds towards the particle
centre. The strongly bonded peripheral spinel and a
hollow core in these granules is claimed to give better
fracture toughness.'® The strength and high temperature
fracture characteristics depend strongly on the level of
impurities in the magnesia, and the type and distribu-
tion of secondary phases.>”-!° The complete conversion
of the granular alumina is slow during manufacture of
the spinel. Residual free alumina will continue to form
spinel with associated expansion in service, at a rate that
depends on temperature and time. A smaller alumina
particle size gives faster spinel formation and improve-
ment in densification behaviour, and the product mag-
nesia—spinel composites has also better strength.!3-20

The second type, preformed, which is technologically
more advanced, is usually made by mixing 10-25% sin-
tered or fused synthetic spinel with 75-90% sintered
magnesia clinker.?! Sintered magnesia-spinel clinker is
formed by heating at ~1700 °C.%! In contrast to the in
situ reaction of alumina, which develops a strong spinel
bond with magnesia, preformed spinel grain has little
tendency to bond to the magnesia. It is stated'® that
preformed spinel in a magnesia matrix has a peripheral
gap around the spinel grain, which appears to act as a
crack initiator, and cracks propagate into the sur-
rounding magnesia matrix. Cracks often emanate from
sharp corners, and fracture is then arrested when the
crack meets the peripheral gap of another spinel gran-
ule. It is claimed'® that the mechanical properties of
MgO-spinel refractories containing preformed spinel
are more strongly influenced than the in situ formed
spinel refractory by sintering temperature. The trend is

that Young’s modulus decreases significantly with
increasing sintering temperature, which is converse to
the trend declared by the in situ formed spinel. A pos-
sible explanation is that a greater degree of microcrack-
ing is being introduced when cooled from higher
sintering temperature by virtue of the greater contrac-
tion rate of the MgO matrix relative to the spinel.

Spinel particles are added in various proportions to
MgO in order to improve its thermal shock resistance.
The reason for the improvement in thermal shock resis-
tance is linked to the large difference in thermal expan-
sion coefficient between magnesium oxide (mean value
~13.5x10% °C~1) and spinel (~7.6x107¢ °C—1)2223
This difference leads to the development of large tensile
hoop stresses, and eventually extensive microcracking,
around spinel grains during cooling from fabrication
temperatures in excess of 1600 °C.?*2> At a certain
temperature microcracks can only occur when the
dispersed particle size is larger than a critical value.
MgO-spinel composites with Opine1 <onmgo Show low
strengths because the radial cracks produced readily
link together.2°2® Thermal expansion mismatch
between MgO and spinel therefore can lead to a reduc-
tion in strength, because of an increase in crack length
and a decrease in Young’s modulus.?*~3> The micro-
cracks decrease the overall strength and stiffness, but
they may also either be barriers to subsequent crack
propagation in service, or allow stress relief during
heating. Some transient healing of the cracks may occur
on subsequent reheating during use of the refractory,
caused by the relief of stress by microcrack propagation
during loading."!>13-3¢ The improved resistance to
thermal shock in MgO—-spinel composites can therefore
be attributed to the microcrack networks developed
around the spinel particles.?*28-31-35 The ability of a
material to resist crack propagation and further
damage, and loss of strength on thermal shocking can
be expressed by means of Hasselman’s thermal shock
damage resistance parameter, R””.3773° The parameter
R”” can be applied to compare the degree of difficulty of
generating crack length of materials with widely differ-
ent values of ywop, in brittle and ductile materials. It
has already been reported that the predicted thermal
shock parameters>>?° and ywor/y; ratios?® are com-
pared with the actual thermal shock behaviour, and R"””
parameter and ywor/y; ratios are found to be good
indicators for a quantitative evaluation of the retained
strengths of MgO-spinel composites. It is also stated
that resistance to thermal shock damage in terms of the
effect of particle size distribution of spinel particles on
the basis of thermal shock parameters can be more
strongly favoured with materials containing sig-
nificantly broader distribution of spinel particles, rather
than narrow distributed spinel particles, for which a
much larger volume% is required to achieve a similar
improvement.*?
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The incorporation of spinel particles into magnesite
refractories is known to increase thermal shock resis-
tance. In this work, the effects of varying the amounts of
spinel (5, 10, 20, 30 wt.%) and spinel particle sizes (0.5
and 3 um) on the mechanical properties were investi-
gated, where the attention was in general given to the
different method of forming the spinel [as (i) in situ and
(ii) preformed] rather than the different sizes of the spi-
nel particles, which was already reported by the most
recent researchers.?#2%40 The strength, Young’s mod-
ulus, critical defect size, MgO mean grain size, fracture
surface energy, fracture toughness, work of fracture,
and R” parameter values of the microcomposites are
reported. The relationships between the mechanical
properties and the changes in the microstructure and
fracture surfaces of microcomposites were examined. In
theory a fundamental requirements for better thermal
shock damage resistance, in terms of the R”” parameter,
were predicted on the basis of the addition of in situ
formed and preformed spinel particles.

2. Experimental

MgO of >98.0% purity (‘light’: GPR, BDH, Poole,
UK), a nano-particle size powder, was calcined at
1300 °C for 2 h to produce a powder with a mean par-
ticle size of 0.5 um. Spinel powder was obtained from
two sources. Alumina powder (0.5 pm) with 99.8%
purity (A16SG, Alcoa International Ltd., UK) was
incorporated into MgO by in situ reaction. Alcoa MR66
preformed spinel powder (99.5% purity) was air classi-
fied to obtain more narrow distributions of median size
3 um. The MgO-spinel composites, containing 0-30
wt.% spinel, could be obtained theoretically 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.4!
Mechanical measurements of all the spinel composites
were carried out by three-point bend test, where support
roller span was 20 mm, and the cross-head speed was
0.2 mm min~!. Five specimens were normally tested to
obtain a mean value, using a tensile testing machine
(Mayes, SMT50). The standard equations for the
strength (op)** and Young’s Modulus (E)* of a bar in
three-point bend are:

or = (3/2).(P.L)/(W.D?) (1)

E=L"m /(4.W.D) ®)

where P: load at fracture, L: support span, W: specimen
width, and D: specimen thickness, m: slope of the tan-
gent 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).*> The
standard equation**7 for the fracture toughness (K,.)
of a bar is:

Kic = (3/2).(P.L.c'?).Y/(W.D?) (3)

Y = [A¢ + Ai(c/D) + As(c/D)’+As(c/D)’ +A4(c/D)]
)

where Y is a dimensionless parameter, which is depen-
dent on the geometry of the loading and the crack con-
figuration with L/D=8, Ay=+196, A;=-2.75,
A,=+13.66, A;=-23.98, A,= +25.22,47 and c is the
notch depth. The fracture surface energy (y;), a measure
of the resistance to initiation of crack propagation, was
calculated from experimental K;. (by SENB) and
Young’s modulus values using the standard relation-
ship:

n=Ki, /2E (5)

Values for the work of fracture (ywor) were calcu-
lated from load—deflection curves obtained from not-
ched bars deformed in three-point bend, by measuring
the area (U) under the load—deflection curve. ywor is

given by the following equation:*84°

ywor = {U/[2.W.(D-c)]} (6)

Thermal shock parameter R”” was calculated from:
{R" =(E.ywor)/[02.(1—V)]}, which is the minimum in
the extent of crack propagation on initiation of thermal
stress fracture,3®3° where v is Poisson’s ratio and ywor
is the work of fracture. The CamScan 4 SEM used in
this study was equipped with an EDX system for ele-
ment analysis. Secondary electron 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 multiphase materials. 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 measurements®® on the
observed plane, by using the standard Eq. (7):

D = 1.56L (7)

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 three micrographs.
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3. Results and discussion

Fig. 1 shows that the room temperature strength of
the hot-pressed pure MgO was in good agreement with
the literature values of ~225 and 230 MPa?>! for ~32
and 25 um MgO grain sizes, respectively. The 0.5 um in
situ spinel composites prepared from A16 Al,O3 powder
showed a~20% decrease in strength for up to 10%
addition, but further increases did not significantly
affect strength (Fig. 1). Composites prepared from pre-
formed 3 pm spinel powder showed a more marked
decrease in strength with increasing amounts of spinel
(Fig. 1). Although the overall pattern of behaviour was
similar to that shown by the in situ spinel composites,
there was a significant (>50%) decrease in strength of
preformed composites at 20-30% addition probably
because of more extensive microcracking in the compo-
sites (Fig. 2). The larger the spinel particles, the more
the decline in strength (Fig. 1).

Young’s moduli of composites decreased with addi-
tions of spinel, for each particle size (Fig. 3). Young’s
modulus of composites prepared using Al6 Al,Os

250
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=™
= 150
£ 100
= 0 0.5 pm
g >0 11 -3 pm
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0 5 10 15 20 25 30
Spinel / %

Fig. 1. Bend strength as a function of in situ formed (0.5 pm) and
preformed (3 pm) spinel content.

Fig. 2. SEM micrograph showing the microstructure of a 20% 3 pm
preformed spinel composite.

approximately levelled out for up to 10% additions, but
a more marked decrease (~45%) took place at 30%
spinel loading (Fig. 3). The influence of the 3 um spinel
was greater, the larger the particle size. SEM observa-
tions in Fig. 2 showed that coarse particles were asso-
ciated with longer crack formation, compared with finer
particles (Fig. 4). The crack lengths also increased with
increasing concentration of spinel. When the number of
cracks and crack lengths increase, the actual area sup-
porting the applied force decreases. Hence an increase in
stress for a given load may produce more microcracks.
The greater the extent of cracking, the greater the
decrease in Young’s modulus. The changes in Young’s
modulus can be explained in terms of crack develop-
ment and interlinking, and these pre-existing cracks are
assumed to be the result of thermal expansion mismatch
between the MgO and spinel phase.>> When the volume
fraction of spinel increases, more microcracking occurs,
and lower Young’s modulus values are obtained.

SEM showed that preformed spinel grains in Fig. 2
were located at the MgO grain boundaries (inter-
granular) and within MgO grains (intragranular). In

g 300
O 250
g 200
.§ 150
= 100 -0+ 0.5 pm :
2 50 —4—3 um
g 0 T T T T T I
=
0 5 10 15 20 25 30
Spinel / %

Fig. 3. Young’s modulus as a function of in situ formed (0.5 pm) and
preformed (3 pm) spinel content.
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Fig. 4. SEM micrograph: MgO containing 0.5 pm—5% in situ spinel.
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contrast, in situ formed spinel composites showed dif-
ferent microstructures, 0.5 um particles are not uni-
formly distributed, but are mainly located at the MgO
grain boundaries, and in close proximity to each other
(Fig. 4). Combining the SENB fracture toughness
values with those of strength allowed an estimate to be
made of the critical defect size. Values are shown in
Fig. 5. In general, intergranular and transgranular
microcracks around the spinel particles formed: the
amount of microcracking and the calculated crack
defect size increased with spinel additions, and the finer
the spinel particles the greater the extent of critical
defect size of microcracking (Fig. 5).

The MgO-spinel composites thus have lower
strengths and Young’s moduli than the pure MgO
materials. Both the strength and Young’s modulus values
of spinel composites in general decreased with increas-
ing spinel content. Strength of preformed spinel com-
posites appeared to be more sensitive to spinel content
whereas the strength of the 0.5 um spinel composites
appeared to be relatively insensitive to composition. For
the spinel composites, strength was more sensitive to
spinel particle size, than was Young’s modulus. Mod-
ulus appeared to be more sensitive to spinel content
than to spinel particle size. For the in situ formed 0.5
pm spinel composites, there was not such a marked fall
off in strength values with increasing spinel content,
compared with Young’s modulus.
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Fig. 5. Critical defect size as a function of in situ formed (0.5 pm) and
preformed (3 pm) spinel content.
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Fig. 6. MgO mean grain size, as a function of composite composition.

Fig. 6 shows that in all composites the mean grain size
of MgO increased by a factor of ~2 to ~2.5, in the
presence of 5 or 10% of spinel. However, further addi-
tions of spinel decreased the MgO grain size to
approximately that of pure MgO, possibly because of a
grain boundary pinning effect of the spinel particles
located at the MgO grain boundaries (Figs. 4 and 7).

The fracture toughness (K;.) of dense MgO (p=3.5
Mg m—3) measured using the single edge notched beam
(SENB) technique was ~2.2 MPa m!/2. This value is in
good agreement with a literature value of ~2.05+0.05
MPa m!/? for materials with grain sizes ranging from 6
to 8 um.>> Composites prepared from 3 pm spinel
showed a general marked decrease in toughness with
increasing spinel content (Fig. 8). K;. of 3 um spinel
composites decreased with up to 10% addition, and
levelled out at a value of ~1.3 MPa m'/? with further
additions. The marked decline in K;. values of pre-
formed spinel composites can (largely) be accounted for
by the associated decrease in Young’s modulus. K. for
the in situ formed spinel composites initially decreased
(e.g. for 5% 0.5 pm), but further spinel additions
brought the values back to those of pure MgO (Fig. 8).

Fig. 7. SEM micrograph: MgO containing 0.5 pm—20% in situ spinel.
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Fig. 8. Fracture toughness as a function of in situ formed (0.5 pm)
and preformed (3 pm) spinel content.
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This can be attributed to the special microstructure of
this material (Figs. 4 and 7), with a different fracture
path (Figs. 9-12), as compared with MgO and 3 pm
preformed spinel composites. The significant change in
fracture path from predominantly transgranular to
mostly intergranular mode with a few but extensive
amount of transgranular cracks is possibly the explana-
tion for the marked increase in K;. (e.g. back to the
MgO value) at higher spinel contents.

The room temperature fracture surface energy of
MgO obtained by using SENB (for a grain size ~100
um) has been reported to be 14 J m~23%% and 15
J m~2.5¢ The fracture surface energy of dense spinel has
been reported to be 440.5J m~2,7 and 5 to 7 J m 2.3
These results are comparable to the values shown in
Fig. 13. Fig. 13 shows that for the 3 pum spinel compo-
sites, y; values were lower than for pure MgO. In con-
trast, y; for the 0.5 um spinel composites first decreased,
and then sharply increased to give values almost twice

st-fract 00024

: . N5
5%0.5pK1c25C 00001

Fig. 10. Fracture surface of composite containing 5% 0.5 um in situ
formed spinel.

those of pure MgO at 30% addition. This must again be
attributed to the special microstructure of this material,
and to the different fracture path. As would be expec-
ted, this pattern of behaviour in v;, calculated using
experimental E and K. values, in general appeared to
be similar to that of K. (Figs. 8 and 13).

At 5-10%, the 0.5 pm spinel composites had mostly
transgranular fracture in the larger MgO grains
(Fig. 10), and thus K;. values associated with the
amount of energy required to propagate cracking
appeared to be smaller (Figs. 8 and 13), because of
possible action of spinel particles located at the grain
boundaries (Fig. 4). In contrast, the increase in K. and
thereby y; with further additions of 0.5 um spinel com-
posites might be because of the mostly intergranular,
with some transgranular, fracture in the smaller MgO
grains (Fig. 11). Moreover, higher loading of 0.5 um
spinel particles (20-30%) gave different microstructures
(Figs. 4 and 7), showing the location of spinel particles
both within the grains and along the grain boundaries
(Fig. 7), where MgO grain size was also very low (~32
um). It is therefore possible that the marked increase at
20-30% in K. and y; was because intergranular cracks
in the smaller MgO grain matrix require much more
energy for fracture than those of lower additions.

Figs. 8 and 13 show that the decreasing trend in K.
and vy;, with further additions, is in general most marked
for the coarser spinel particles in which the concen-
tration of interconnected cracks appears to be the
greatest. The energy required to propagate a crack
decreases as the concentration of pre-existing connected
cracks increases, which it does as the spinel concen-
tration increases (Fig. 2). At 5% with additions of pre-
formed spinel, the amount of cracking and crack size
was limited; it appears that pre-existing connected
cracks could not propagate easily. Therefore more

Fig. 11. Fracture surface of composite containing 20% 0.5 pm in situ
formed spinel.
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energy was required to connect the cracks for propaga-
tion with further spinel additions.

The measured work of fracture (obtained from the
areas under the stress-strain curve) in this work is com-
parable with that of 35 J m~2 (Ref. 60) for polycrystal-
line fully dense MgO (3.56 Mg m~3) of ~100 pm
average grain size (Fig. 14). The work of fracture value
of in situ formed 0.5 um spinel increased only slightly
with up to 10% additions, but at 20% it increased by a
factor of 2.5 (Fig. 14). At composites containing >20%
spinel additions, primarily intergranular fracture occur-
red through the smaller MgO grains, and it appears to
require more energy to propagate a crack completely
through the specimen (Fig. 11). In 3 pm spinel compo-
sites, there was a general but less marked increase in
Ywor, by a factor of ~2, at 30% additions (Fig. 14). It
seems that the effect of spinel content is more important
than particle size, within the larger scatter data.

Fracture surfaces of MgO showed that there was
some intergranular fracture (along the grain bound-
aries), but the fracture was mostly transgranular

20%3pm-st, 00025

Fig. 12. Fracture surface of composite containing 20% 3 pum pre-
formed spinel.
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Fig. 13. Fracture surface energy as a function of in situ formed (0.5
um) and preformed (3 um) spinel content.

(through the grains) with clear grain cleavage (Fig. 9).
Composites containing 5-10% 0.5 pm in situ formed
spinel showed mostly transgranular, with some inter-
granular, fracture (Fig. 10). In contrast, with 20-30% of
0.5 um spinel the proportion of intergranular fracture
increased markedly, with a few but significant amount
of transgranular cracks (Fig. 11). It is possible that
mostly 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 y;, and gives much higher
vwor values (Figs. 13 and 14). Three micrometre spinel
composites with low spinel content showed a large pro-
portion of transgranular cracks in the fracture surfaces,
like MgO. However, intergranular fracture was pre-
dominantly observed with increasing spinel content
(Fig. 12). This change in fracture path from pre-
dominantly transgranular to more intergranular frac-
ture, with further spinel additions, is thought to be the
main reason for the increase in ywop energy required to
propagate a crack completely through a specimen
(Fig. 14).

There was an interest to investigate how strength and
Young’s modulus varied for each composition, due to
the importance of the strength and Young’s modulus
ratios for calculation of thermal shock parameters. The
R”” parameter gives information about the ability of the
material to resist crack propagation and further damage
and loss of strength on thermal shocking, with different
values of ywor, and high values indicate an improve-
ment in thermal shock resistance. Fig. 15 shows that
R” increased with the additions of in situ formed 20%
0.5 um and preformed 30% 3 pm spinel to a maximum,
with an improvement by a factor of >4 and ~5, respec-
tively, as compared with pure MgO. Young’s modulus for
further additions was more strongly influenced by com-
position than was strength (Figs. 1 and 3). These varia-
tions in R”” parameter are probably because for up to
10% spinel addition strength was more sensitive to
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20 —4A—3 um
0 T

0 5 10 15 20 25 30

Spinel / %

Fig. 14. Work of fracture as a function of in situ formed (0.5 pm) and
preformed (3 pm) spinel content.
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composition than Young’s modulus; though the mod-
ulus values decreased with further additions of spinel,
strengths remained approximately constant (Figs. 1 and
3). The thermal shock resistance of 20% 0.5 pm in situ
formed spinel composites, in terms of the R” para-
meter, would therefore be predicted to be ~10% and
>4 times greater than that of both 3 um preformed
spinel composites and pure MgO, respectively. On the
other hand, there was a sharp decline at 30% in the R"””
parameter values of in situ formed spinel composites,
but R” reached the highest value by the addition of
preformed 30% 3 pm spinel (Fig. 15). This increase in
R”” parameter appears mainly to be the result of the
marked increase in ywor With spinel additions (Fig. 14),
and the greater sensitivity of strength to composition
and particle size than Young’s modulus (Figs. 1 and 3).
This may be because the decline in strength with
increasing spinel content is now very much greater than
the corresponding decrease in Young’s modulus, apart
from increased ywor values.

The observed changes in K., y; and ywor for these
materials are in general accord with this predicted R””
parameter, which showed similar patterns in terms of
variations with spinel content (Fig. 15). It would be
predicted on this basis that the in situ formed 20% 0.5
pm and 30% 3 pm preformed spinel composites would
provide a significant improvement in resistance to ther-
mal shock damage through increased difficulty of crack
propagation in comparison with pure MgO. Further-
more, in the MgO-spinel composites a large amount of
cracking is created during cooling, as a result of high
tensile hoop stresses generated around the spinel parti-
cles, due to the large thermal expansion difference
between MgO and spinel. The improved resistance pre-
dicted to thermal shock in these model MgO-spinel
microcomposites can therefore be attributed to the
microcrack networks developed around the spinel
particles.
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Fig. 15. R parameter as a function of in situ formed (0.5 um) and
preformed (3 pm) spinel content.

4. Conclusions

The relationships between K;. and fracture surface
energy were similar to each other, and generally
decreased with increasing preformed spinel content,
apart from the in situ formed composites, which showed
different microstructures and fracture paths. Fracture
surfaces of MgO, and composites containing 5-10%
spinel, showed mostly transgranular, with some inter-
granular, fracture. In contrast, spinel composites, con-
taining >20% spinel additions, primarily intergranular
fracture occurred through the MgO grains, and it
appears to require more energy to propagate a crack
completely through the specimen. It is therefore clear
that the development of thermal shock resistance in the
in situ formed MgO-spinel composites can be linked to
increased fracture toughness and work of fracture.

The improvement in thermal shock resistance pre-
dicted by the R”” parameter, was explained by the large
decreases in strength, and the lesser decreases in
Young’s modulus, with the high values of work of frac-
ture. The in situ formed 20% 0.5 pm and 30% 3 pm
preformed spinel composites showed the highest R””
values, and it therefore would show greater resistance to
crack propagation, and to further thermal shock
damage, in comparison with pure MgO. To improve
thermal shock resistance, there was no advantage with
additions of >30% in situ formed 0.5 pm spinel, as
compared to 3 pm preformed spinel composites, for
which a high amount of spinel content was required to
achieve a comparable improvement.
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