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Abstract

Many refractory materials exhibit high thermal shock resistance, which is often mostly due to their high flexibility. Understanding the microstructure
key points allowing to develop a non-linear mechanical behaviour is of great relevance for future material improvements. The present work aims
at optimising the processing of magnesia—spinel refractory materials close to industrial ones with simplified microstructures. The final goal is
the investigation of the relationship existing between microstructure evolutions and induced thermomechanical properties. The thermal expansion
mismatch which exists between the two phases (spinel inclusions and magnesia matrix) is expected to generate, during cooling, radial microcracks
around the inclusions. The development of such microcracks network, closely related to the inclusions content, has been studied and the damage
occurrence has been confirmed by several high temperature characterisation techniques. The influence of this thermal micro damage on the evolution
of stress—strain law in tension of such materials has also been investigated.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Due to their large panel of applications, refractory materi-
als are used in many industrial areas such as the steel, cement,
lime, non-ferrous metals and glass processing. Indeed, they
can provide, first, high temperature resistance to specific parts
required for many industrial installations. Moreover, if well
selected, in accordance with the desired application, refractory
materials can also ensure enhanced resistance against corro-
sion mechanisms and external mechanical loads. These features
are essential to both increase the security of workers and save
production costs. Nevertheless, in the special case of ther-
mal shock applications, involving high local thermal stresses,
the fulfilment of these previous required specifications is not
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sufficient to select the more appropriate refractory material.
The thermal shock resistance of refractories is an old issue
widely studied during the last decades'~’ but still not fully
explored, which is known to be closely related to their crack
growth resistance and their “non-linear” mechanical behaviour
(deviation from pure linear elasticity).’'> Because of many
aspects, it is very difficult to predict the thermal and mechan-
ical behaviour of refractory materials at a macroscopic scale.
Nevertheless, it is well known that the difference of thermal
expansion coefficients between phases induces a thermal expan-
sion mismatch which is mainly responsible for the presence
of microcracks and debonding in the microstructure of several
refractories.'®!3 These “thermally damaged” materials often
develop a non-linear stress—strain behaviour (growth of a dif-
fuse microcracks network), a high fracture energy and, thus,
take advantage of these characteristics for the enhancement of
thermal shock resistance. This study is a part of a work aim-
ing to understand the microstructure effects entailing non-linear
mechanical behaviour by both experimental and numerical
means. The two-phase refractory materials considered here are
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magnesia—spinel materials with a thermal expansion mismatch
between phases (Ao =inclusion — ¥matrix <0) inducing radial
microcracks within the magnesia matrix.

The first part of this study mainly consists in highlighting
and quantifying the thermal damage in the different composites,
which occurred during the cooling stage, by considering the
Hashin and Shtrikman model as a reference. The second part
focuses on the high temperature characterisation of the mecha-
nisms responsible for this thermal damage. This characterisation
will be carried out from room temperature to high temperature
by a typical experimental tests package (high temperature ultra-
sonic characterisation, high temperature acoustic emission and
thermal expansion measurements). Finally, the influence of this
thermal damage on the non-linear mechanical behaviour of the
material will be discussed in the third part.

2. Experimental
2.1. Materials

2.1.1. Single constituents

Concerning the raw materials used in this study, industrial
magnesia (with low iron content) and sub-stoichiometric (MgO
rich) spinel aggregates, from fines (<0.1 mm) up to aggregates
of 1-3mm (for spinel) or 3—5 mm (for magnesia), have been
used for the processing of both single constituents samples and
two-phase materials. The values of the bulk density and porosity
of these magnesia and spinel aggregates (1-3 mm), as well as
the true density of the magnesia and spinel powders (grain size
<40 wm), are reported in the columns 2—4 of Table 1.

Concerning the processing routes, two different types of mag-
nesia or spinel samples were fabricated, namely “disc samples”
of small size with variable porosity and “bricks” of large size
allowing to extract samples (by machining) for mechanical char-
acterisation.

e The disc samples (diameter: 50 mm) were obtained by labo-
ratory uniaxial pressing of fine powders of either magnesia or
spinel. Porosity was here mainly introduced by changing the
applied pressure, from 60 MPa to 7 MPa, but also by lower-
ing the firing temperature (1300 °C instead of 1600 °C). The
obtained porosity ranged between 17 and 32 vol.%, for mag-
nesia samples, and between 8 and 19 vol.% for spinel samples
(see Table 1). Since the idea was here to cover the poten-
tial porosity of the magnesia matrix within the composite
materials, no forming agent has been considered. These sam-
ples were processed so as to get accurate relations between
Young’s modulus and porosity. Moreover, the knowledge of
Young’s modulus evolution versus porosity of magnesia also
allows to estimate the actual Young’s modulus of the magne-
sia matrix of each composite (if the density of samples differs
from each others). Otherwise, these homogeneous materi-
als are not thermally damaged since there is no anisotropic
thermal expansion within the grains (cubic structures).

e The bricks were fabricated by semi-industrial production
means, with a maximum pressure of 140 MPa and a maxi-
mum firing temperature of 1600 °C. The average dimensions

are approximately 230 mm x 114 mm x 75 mm. Information
concerning these bricks, such as density, porosity and ther-
mal expansion coefficient, are given in Table 1. These bricks
were processed in order to be able to carry out macro-scale
experiments, like ultrasonic techniques and mechanical tests.
Moreover, the magnesia brick was then, considered as a
reference for the magnesia—spinel composites since their con-
stitution were based on the same granulometry of magnesia
grains.

2.1.2. Magnesia—spinel composites with different spinel
inclusions contents

The magnesia—spinel composites, composed of a magne-
sia matrix and spinel inclusions, were processed according to
the same pressure and heating cycles used for the magnesia
and spinel bricks. The aim here was to produce composites
consisting of a monophase matrix (magnesia) with introduced
inclusions (spinel), which is easier to model numerically. For
this reason, contrary to the usual definition of the term “matrix”
which designates fines, in the present paper, the name “magnesia
matrix” will represent the whole composite excepting the spinel
inclusions (with coarse magnesia grains). This spinel content
ranged between 5 wt.% and 34 wt.% for the main spinel grain
size of 1-3 mm. A complementary composition of 15 wt.%, with
the 0—1 mm grain size, was also processed. As previously men-
tioned, the grain size distributions of these two-phase materials
were deduced from the composition of the magnesia reference
brick. Indeed, the spinel aggregates content replaced the same
content of magnesia aggregates having the same size (1-3 mm
or 0—1 mm).

The properties of these magnesia—spinel materials are given
in Table 2, with those of the pure magnesia brick for reference. It
appears that, with increasing spinel content, the bulk density of
the composites decreases and the open porosity increases. From
the bulk densities of these composites and the bulk density of
the spinel inclusions, assumed to be constant (3.41 g cm_3), the
bulk densities of the matrices, as well as their total porosities,
have been calculated and reported in Table 2. Thus, the increase
of spinel content induces an increase of the total porosity of the
magnesia matrix. This can be due to the fact that densification,
during sintering, is less well achieved when adding more and
more inclusions in a homogeneous material (here magnesia).
The presence of microcracks in such composites might also have
an influence on these higher values of porosity.

An example of microstructure of these magnesia—spinel
materials is shown in Fig. 1. As expected, the thermal
expansion mismatch (Table 1) existing between the magne-
sia matrix (@=13.3x 107°K~!) and the spinel inclusions
(=89 x 1079 K~1) are responsible for the presence of radial
microcracks around the spinel inclusions which appeared during
the cooling stage of the process. For this reason, these compos-
ites are so-called thermally damaged materials.

2.2. Characterisation techniques

The study of the relation existing between the microstructure
and the thermo-mechanical properties of the magnesia—spinel
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Table 1
Properties of the magnesia and spinel used as matrix and inclusions, respectively, in magnesia—spinel composites.
Nature Powder (<40 wm) Aggregates (1-3 mm) Porous disc Bricks?
samples
Absolute density Bulk density Close Studied porosity Bulk density Total Thermal
(gem™3) (gem™3) porosity range (%) (gem™3) porosity expansion
(%) (%) coefficient
(200-400°C)
(K™
Magnesia 3.61 3.51 2.9 17-32 2.98 17.5 13.3x 1076
Spinel 3.66 341 6.8 8-19 2.99 18.21 8.9x107°

2 The magnesia brick is the reference brick for the composite materials.

Magnesia
matrix

Microcracks
due to damage Spinel

inclusion

Fig. 1. Microstructure of a model magnesia—spinel composite.

composites needs to measure both the local and macroscopic
properties of such materials. Therefore, at room temperature, the
local Young’s modulus of the aggregates was characterised by
nano-indentation and ultrasonic means (in immersion), and the
macroscopic Young’s modulus of the samples was determined
by aclassical ultrasonic technique in contact. Then, thermal evo-
lutions of macroscopic properties were studied by carrying out
high temperature ultrasonic measurements, acoustic emission
tests and thermal expansion measurements. The link between
thermal damage during cooling and the macroscopic mechanical
behaviour was finally investigated thanks to tensile tests.

2.2.1. Micro-scale techniques
The nano-indentation method allows to determine the local
Young’s modulus and hardness of the investigated grain. This

Table 2
Properties of the magnesia/spinel composites and the magnesia reference brick.

technique consists in applying successive loading/unloading
cycles on an indenter put in contact with the grain surface and
to record the evolution of the applied load P versus depth 4.!%-20
The experimental device?! (Nanoindentation TM II) is com-
posed of a diamond indenter in pyramid form with triangular
base (Berkovich type®?). The sample is first polished (~1 pm)
and, then, is stuck on a support monitored in displacement
(0.1 wm). After determining the system rigidity S formed by
the indenter/material couple and corresponding to the slope of
the curve (dP/dh) during unloading, the local Young’s modulus
of the tested material is estimated. The volume of the measured
zone, located under the indenter, is around several um3.

Complementary ultrasonic measurements in immersion
(sample in water) were also realized on aggregates, confirming
the results obtained by nano-indentation. The diameter of the
tested aggregates is typically 2-3 mm with a thickness (parallel
faces) of about 1-2 mm. This high frequency (80 MHz) ultra-
sonic technique, with no contact, provides the local Young’s
modulus of the considered aggregate from its density, its Pois-
son’s ratio (assumed value) and the propagation velocity of the
longitudinal wave within this aggregate.

2.2.2. Macro-scale techniques

The ultrasonic technique in contact (infinite mode) is a classi-
cal method (transducers in contact with the sample) to determine,
at room temperature, the effective elastic properties, Young’s
modulus and Poisson’s ratio, of a massive sample (here several
centimetres). Measurements are performed in transmission at
low frequency (1 MHz) so as to limit the waves attenuation due

Magnesia reference brick

Magnesia—spinel composites

Spinel 1-3 mm Spinel 0—-1 mm
Spinel content wt.% 0% 5% 10% 15% 20% 25% 30% 34% 15%
vol.% 0% 43% 8.7% 13.0% 17.2% 21.5% 25.7% 29.2% 13.0%
Two-phase Bulk density (gcm™3) 298 2.96 2.96 2.95 2.94 2.93 293 2.92 2.94
composite Open porosity (%) 17.5%* 150%  151%  153% 15.4% 15.5% 15.6% 15.6% 15.8%
Magnesia matrix Bulk density (gcm™3) 298 294 2.91° 2.88P 2.84° 2.80° 2.76" 2.72% 2.87°
Total porosity (%) 17.5%* 18.6%° 193% 203%°  21.3%°  224%°>  23.6%° 24.5%°  20.5%°

2 These values of density/porosity correspond to those of the magnesia reference brick (without any spinel inclusion). Thus, values for the 0% inclusion — composite

also correspond to those of the matrix.

b The properties of the matrices are here deduced from the properties of the composites taking into account spinel content and properties of spinel aggregates.
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to the presence of inclusions or pores. The elastic properties are
finally calculated from the wave velocities of both longitudinal
and transversal propagation modes (two measurements) and the
bulk density of the sample.>2*

Ultrasonic measurements at high temperature need to get the
transducer away from the sample located in a furnace. Thus, the
wave transmission is ensured through an alumina waveguide.
The principle of this low frequency method in “long bar” mode
(guided waves), based on the theory of Papadakis,? is detailed
elsewhere.?0-28 Finally, this technique allows to calculate the
Young’s modulus E during the whole thermal cycle, from the
bulk density p of the sample and the propagation velocity V of
the longitudinal wave as follows:

5 2L\ 2

where L and t are the length of the sample and the round trip
time of the wave within the sample.

Typically, the sample dimensions were
150mm x 11-14mm x 11-14mm, and the central fre-
quencies of operating transducers were 40-80kHz, depending
on the considered composite. Measurements have been carried
out during thermal cycles performed at a rate of 5°C/min
for heating and cooling stages with a 1h isothermal dwell at
1350°C.

Complementary thermal expansion measurements were car-
ried out with a dilatometer (Setsys Evolution Setaram) with
the same thermal cycle as high temperature ultrasonic mea-
surements. Dimensions of the samples were approximately
20mm x 8§ mm x 8 mm.

Acoustic Emission experiments were performed here in
order to obtain complementary information about microstruc-
ture evolutions during thermal cycles, and especially on
the chronology of in situ phenomena (damage mechanism
occurrence), by analysing the evolution of the cumulated
number of hits (recorded signals) versus temperature. The
sample dimensions were the same for all the materials,
namely 25mm X 5.5mm x 5.5mm, and the same heating-
cooling cycles as those quoted for ultrasonic and thermal
expansion measurements were applied.

Tensile tests, providing the stress—strain laws of the stud-
ied material, were performed in order to investigate the relation
between thermal damage, occurred during cooling, and the
macroscopic mechanical behaviour. These tests were carried
out with an INSTRON 8862 electromechanical device equipped
with a specific alignment system.3>33 Samples are constituted
of a cylindrical rod (20 mm in diameter) with two metallic parts
glued at each end. The final geometry is obtained by machin-
ing simultaneously the middle zone of the sample (diameter:
16 mm) and the metallic parts in order to get a perfect alignment
with the loading axes. Tests performed at room temperature
consist in applying a succession of loading/unloading cycles
with a displacement increment at each beginning of cycle and
with a constant displacement velocity (here around 1 wms™").
Strain variations are measured by two capacitive extensometers
equipped with silicon carbide rods and placed on two opposite

29-31

sides on the sample. The gauge length of each extensometer is
25 mm.

2.3. Analytical models used for thermo-elastic properties
prediction

In addition to the experimental characterisation of thermo-
mechanical properties of the two-phase materials (with either
pores or inclusions), analytical models were used as references
for the prediction of the evolution of the effective Young’s
modulus versus either pores (single constituents) or inclusions
(magnesia—spinel composites) content in case of no thermal
damage. Indeed, the Pabst—Gregorova model is used to pro-
vide the evolution of the Young’s modulus of either magnesia
or spinel versus porosity. The Hashin and Shtrikman model is
used to get the hypothetical undamaged evolution of the Young’s
modulus of the magnesia—spinel composites versus inclusions
content and, also, to quantify the thermal damage when the
experimental values are lower than the analytical ones.

2.3.1. Pabst-Gregorova model as a reference for porous
spinel and magnesia samples

The influence of porosity on the elastic properties is an old
issue and many formulations have been proposed in the literature
for several decades.>*3? Pabst et al.** have reviewed some of
these formulations and proposed a new one.*! This model is
expressed by:

E = 2 = (1— [Elp+(E] - ) (1 @/ ‘1’0)) @)
E, 1—-¢

where E, Ey and E, are the Young modulus at the considered
porosity, the dense Young modulus, and the relative Young
modulus at the considered porosity; [E] is a parameter to be
determined by fitting experimentally measured data ([E] =2 with
isometric pores); ¢, ¢. are the porosity and the percolation
threshold, respectively.

This analytical model is used as reference for the study of the
elastic properties of the single constituents versus porosity.

2.3.2. Hashin and Shtrikman model as a reference for
undamaged magnesia—spinel materials

The model proposed by Hashin and Shtrikman provides
lower and upper bounds for the elastic properties (shear p and
bulk K moduli) of an isotropic two-phase material composed of
amatrix and inclusions with perfect bonding at matrix/inclusion
interfaces. The same kinds of bound were also proposed for the
thermal expansion coefficient «.*> Otherwise, lower and upper
bounds of Young’s modulus E can be deduced from the p and K
bounds for comparison with the experimental results. The HS™
lower bound is often cited in literature for its good description of
the elastic behaviour of isotropic two-phase materials composed
of stiff spherical inclusions within a softer matrix,*® which is the
case for the fabricated magnesia—spinel materials. Therefore,
this lower bound will be used here as a reference value of E (and
«) for an hypothetical undamaged magnesia—spinel material.
Since, these composites are supposed to be thermally damaged,
the comparison between experimental and reference analytical

4244
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Fig. 2. Young’s modulus evolution versus porosity of (a) magnesia (aggregate,
disc samples and brick) and (b) spinel (aggregate, disc samples and brick), and
comparison with the Pabst-Gregorova model.

values makes it possible to estimate the damage induced by
CTE mismatch. The rather complex formulation of this model
has been detailed in.?*

3. Results and discussion
3.1. Elastic properties at room temperature

3.1.1. Single constituents: porosity influence

The experimental Young’s modulus evolution versus porosity
(different samples) of pure magnesia and pure spinel are shown
in Fig. 2a and b, for a given porosity range. As expected, for both
materials, the Young’s modulus is significantly decreased by
increasing the porosity. The analytical Pabst—Gregorova model
is also represented in Fig. 2a and b. The value of the geometri-
cal parameter [E] was fixed to 2 for both magnesia and spinel
by assuming the pores to be isometric. These analytical values
were obtained, by fitting the experimental results, for a perco-
lation threshold ¢, assumed to be equal to 45% and values of
dense Young’s modulus Ey of magnesia and spinel assumed to
be equal to 290 and 280 GPa, respectively. As aremark, the value
of E( for magnesia, deduced here, is slightly lower than the value
obtained by Chung*’ on magnesia monocrystals and polycrys-
tals, namely 305 GPa, from the stiffness constants Cj;. According
to Fig. 2a and b, the Pabst—Gregorova seems to describe well
the Young’s modulus evolution versus porosity of both magne-
sia and spinel. Indeed, the values obtained on single aggregates

¢ Experimental results l
= 200 ---Young's modulus deduced from the HS model ___
& 2004 et
&) Magnesia brick B inei
bt (Reference brick for U spine

= 150+ composites) ___.--="" g aggregate
Y
P

E 1004 Differences between

experimental and predicted

.:D values due fo thermal damage

£ 501

Cl Spinel size: 0-1mm
- L)

0 T T T T
0% 20% 40% 60% 80% 100%

Spinel grain volumic fraction

Fig. 3. Evolution of experimental Young’s modulus of the magnesia—spinel com-
posites versus spinel inclusions content and comparison with the lower bound
of the Hashin and Strikman model.

by both nano-indentation (and local ultrasonic measurements
in immersion) are very close to this model, as well as the val-
ues obtained on disc samples by ultrasonic means. Nevertheless,
the experimental values obtained on bricks are quite lower than
the analytical values. Since the disc samples are obtained only
from fines and the bricks from different granulometric categories
(fines, 0—1 mm and 1-3 mm grains), these lower results could
come from the more complex microstructures of bricks with,
for example, imperfect bond between aggregates and fines.

Finally, the experimental results obtained on spinel aggre-
gates and on the magnesia reference brick are considered, in the
next paragraph, as the values of Young’s modulus of the two con-
stituents of the magnesia—spinel composites, namely the spinel
aggregates and the magnesia matrix.

3.1.2. Magnesia—spinel composites: spinel content
influence and comparison with the Hashin and Shtrikman
model

The experimental Young’s modulus values previously
obtained for the magnesia matrix and the spinel inclusions,
namely 110 GPa and 210 GPa respectively, are considered in
Fig. 3 representing the Young’s modulus evolution versus spinel
inclusions content of the magnesia—spinel composites. These
two values, corresponding, respectively, to 0% and 100% of
spinel inclusions allow to deduce the lower bound of the Hashin
and Shtrikman model (Fig. 3) representing the hypothetical
undamaged evolution of Young’s modulus versus inclusions
content. As aremark, due to their high heterogeneities, the exper-
imental Young’s modulus of the magnesia—spinel composites
(bricks) were not obtained by usual ultrasonic measurements in
infinite medium mode but by ultrasonic measurements in long
bar mode allowing to work at lower frequencies.

As we could expect, the experimental and analytical results
are not well correlated. According to the HS model, an increasing
spinel inclusion content should increase Young’s modulus of
the composite, which is not observed experimentally. Indeed, it
appears that increasing the spinel inclusion fraction induces a
fall in Young’s modulus.

In fact, lower Young’s modulus values are in agreement
with the presence of a microcracks network in these thermally
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Fig. 4. Evolution of the Dth thermal damage parameter, calculated from the
experimental and theoretical (HS model) Young’s modulus values.

damaged materials. Then, the spinel inclusion content (with a
grain size of 1-3 mm) seems to have a very high impact on the
results since only 5 wt.% is enough to divide the Young’s mod-
ulus by two. Furthermore, the composite containing 15 wt.% of
0-1 mm spinel grains exhibits a higher Young’s modulus than
the one composed of 15 wt.% of 1-3 mm spinel grains. Thus, the
elastic properties at room temperature seem to be less affected
with smaller inclusions. As a remark, Aksel and Riley48 studied
the influence of the addition of spinel inclusions within a mag-
nesia matrix, but for fine-grained magnesia—spinel composites
(several tens of micrometers), involving much higher Young’s
modulus values, and observed also a decrease of Young’s mod-
ulus versus spinel content.

As mentioned before, thermal damage can be estimated by
calculating the gap (%) to the Hashin and Shtrikman lower
bound:

(EHS* - Eexp)
HS™

Dth = 3

where Dth, Egs— and Eexp, are a “Kachanov’*® thermal dam-
age parameter, the analytical (HS model) and the experimental
Young’s modulus values, respectively.

Fig. 4 shows that the relation between the spinel content and
the thermal damage parameter is not linear. In order to clarify
the influence of the spinel inclusions (content and size) on the
thermal damage of composites, high temperature investigations
have been carried out and are presented in the next paragraph.

3.2. High temperature evolutions: thermal micro damage
during cooling

3.2.1. Young’s modulus evolution versus temperature

In first step, the Young’s modulus evolutions versus tem-
perature of the two single constituents of the composites were
determined. To do that, long bar samples were extracted from
processed bricks. For magnesia matrix, the magnesia reference
brick, previously presented, is considered. For spinel inclusions,
since it is not possible to characterise their Young’s modulus at
high temperature, a spinel brick has been processed (as shown
in Fig. 2b). Then, since the porosity of this spinel brick is much
higher, and the Young’s modulus much lower, than the one of

Spinelinclusion

i«

200+

Young's modulus (GPa)
i
i

100 e e LS
. \ Magnesia brick
50+ (Reference brick)
) 500 1000 1500

Temperature (°C)

Fig. 5. Young’s modulus evolutions versus temperature of the two single
constituents and theoretical evolutions (HS model) of the magnesia—spinel com-
posites.

a spinel aggregate (Fig. 2b), the Young’s modulus evolution
versus temperature of a spinel aggregate has been recalculated,
as finally presented in Fig. 5.

According to this figure, Young’s modulus evolutions of the
magnesia matrix and the spinel inclusions versus temperature
are quasi-linear, reversible and exhibit almost the same slope.
Moreover, from these two evolutions, a theoretical undamaged
evolution zone, provided by the Hashin and Shtrikman model for
the magnesia—spinel composites and corresponding to a spinel
content between 5 and 34 wt.% have been added in Fig. 5.

In a second step, the Young’s modulus evolutions versus tem-
perature of the magnesia—spinel composites were determined
and compared to the Hashin and Shtrikman model. These exper-
imental evolutions are shown in Fig. 6a, with a spinel grain size
of 1-3mm and different spinel contents (5-34 wt.%), and in
Fig. 6b, with a spinel content of 15 wt.% and different spinel
grain sizes (0—1 mm and 1-3 mm). First, as already observed
in Fig. 3, the experimental values at room temperature are
far below the analytical ones. Then, by considering the whole
curves, it appears that the combination of the two single con-
stituents provides hysteretic Young’s modulus evolutions with
a value at room temperature much lower than those of magne-
sia or spinel alone. This is characteristic of thermally damaged
materials with microcracks in the microstructure'®: the high
increase and decrease of Young’s modulus during thermal cycle
are mainly due to microcracks closure (heating) and microcracks
opening (cooling), respectively. The temperature corresponding
to the beginning of crack opening, characterised by the maxi-
mum value, during cooling, seems to be the same for all of the
model materials, namely 950 °C approximately. Then, the major
decrease in Young’s modulus occurs in the 950-600 °C range,
approximately. According to the results obtained with 1-3 mm
spinel inclusions (Fig. 6a), a higher spinel content induces a
lower Young’s modulus value at room temperature (already dis-
cussed in Fig. 3). Of course, when temperature increases, the
effect of thermal expansion mismatch tends to close micro-
cracks and Young’s modulus increases for all the composite
materials, but the same classification is still observed at high
temperature. In case of a fully crack healing, Young’s modulus of
composites should reach the estimated values of an hypothetical
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non-microcracked material (HS model). In fact, the maximum
value at 950 °C during cooling being rather lower than these
values, it seems that, even at high temperature, microcracks are
not fully closed within the different composite materials.

According to Fig. 6b, the 0—-1 mm composite exhibits a
Young’s modulus at room temperature higher than the 1-3 mm
composite (as already shown in Fig. 3). Moreover, the rela-
tive amplitude of the increase/decrease of Young’s modulus
appears to be much higher for the 0—1 mm composite than for
the 1-3 mm composite. In other words, smaller spinel inclusions
involve higher Young’s modulus values at room temperature
(lower damage within the microstructure), and higher increase
in Young’s modulus during heating (easier microcracks closure).
A possible explanation could be that microcracks, present in the
microstructure of the 0—1 mm composite, are smaller but more
numerous. Indeed, this would justify the fact that the Young’s
modulus values are higher at room temperature. In addition,
smaller microcracks could also facilitate closure mechanisms at
high temperature.

As an additional remark, the measurement of Young’s mod-
ulus during the final stage of cooling is usually not possible due
to the breaking of the alumina cement, used to stick the sam-
ple to the waveguide, because of thermal expansion mismatch
between this alumina cement and the magnesia—spinel sample.
By re-measuring the Young’s modulus at room temperature after
the thermal cycle, the final evolution at the ending period of
cooling is assumed and plotted in dotted line (Fig. 6a). The fact
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Fig. 7. Thermal expansion evolutions of the magnesia/spinel composites and
the two constituents.

that the thermal expansion mismatch is higher when the spinel
content is lower justifies the fact that the loss of signal appears
earlier during cooling with the pure magnesia sample and the
5% composite.

3.2.2. Thermal expansion evolution

Thermal expansion evolutions of both single constituents and
magnesia/spinel materials are presented in Fig. 7. Firstly, the sig-
nificant difference between the curves slopes of the magnesia
and spinel samples highlights the thermal expansion mismatch
existing between the two phases of the magnesia—spinel com-
posites. Moreover, these two thermal expansion curves are not
linear (slopes at low and high temperature being quite different)
but reversible. Concerning the two-phase materials, the over-
all shape of the curves is closely related to the spinel inclusion
volume fraction. During cooling, the slopes decrease signifi-
cantly, especially at the end of cooling, which entails rather small
residual thermal strain (irreversible curves).

Furthermore, it has been observed previously that microc-
racks opening occurs during cooling, below 1000 °C. Therefore,
it may be of interest to determine the thermal expansion coef-
ficients of the magnesia—spinel composites during cooling,
above and below this temperature and to compare these val-
ues with the Hashin and Shtrikman model. A high difference
between experimental and analytical results could again con-
firm microcracking. Thus, the evolution of the thermal expansion
coefficient versus the spinel inclusion content at both the begin-
ning (1200-1000 °C) and the end of cooling (400-200 °C) are
shown in Fig. 8. It appears that the thermal expansion coeffi-
cients measured at the beginning of cooling are in very good
agreement with the lower bound of the Hashin and Shtrikman
model whereas those measured at the end of cooling are not so
close to these analytical values. Indeed, these measured values
are lower than this model and the relative difference seems to
increase slightly when the spinel content increases. According to
these observations, a huge part of the microcracks present in the
microstructure seems to be closed at the beginning of cooling.
Atlower temperature, stress relaxation, involved by microcracks
opening during cooling, leads to lower thermal expansion values
than expected.
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3.2.3. High temperature acoustic emission evolution

Acoustic emission tests at high temperature were also carried
out in order to validate the hypothesis of microcracks opening
during cooling, below 1000 °C, and to compare the results for the
different magnesia—spinel composites. The acoustic emission
results obtained for some of the considered materials are shown
in Fig. 9a and b. According to Fig. 9a, the acoustic activity of a
magnesia sample is very low (close to zero) compared to those of
the other materials. For these two model materials (5 wt.% and
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Fig. 9. Evolution of acoustic emission versus temperature during thermal cycle
up to 1350 °C —influence of the spinel inclusions content (a) and the spinel grain
size (b).

15 wt.% of spinel), acoustic activity is slightly present during
heating, but is much higher during cooling, especially between
950 °C and 550 °C. This is in good agreement with the previous
observations regarding Young’s modulus evolutions versus tem-
perature. Indeed, the presence of a quite small number of hits
during heating can be explained by the mechanical closure of
microcracks?® whereas the sudden high increase of hits during
the cooling stage may be interpreted as the re-opening of micro-
cracks caused by thermal expansion mismatches. Moreover,
Fig. 9a shows that a higher spinel content in model materi-
als induces a higher cumulated number of hits during thermal
cycling. This can be explained by the fact that more microcracks
get opened during cooling when the spinel content is higher, as
already proposed from Fig. 6a.

Furthermore, according to Fig. 9b, a smaller inclusion size
seems to increase significantly the total cumulated number of
hits. This would justify the fact that, as previously assumed
from Fig. 6b, the number of microcracks in the O—1 mm com-
posite is higher than the one in the 1-3 mm composite, even
if these “small” microcracks affect less the Young’s modulus
value.

3.3. Influence of thermal micro damage on the
non-linearity of the stress—strain law in tension

As already mentioned in the introduction, the non-linearity
of the mechanical behaviour allows to improve the thermal
shock resistance. Then, it seemed interesting to investigate the
influence of the spinel inclusions content, and, so, the ther-
mal damage resulting from the cooling stage of the process,
on the non-linearity of the stress—strain law in tension. There-
fore, all the magnesia—spinel composites, as well as the single
constituents, were characterised in tension. But, in order to be
able to compare clearly the global curves, only three of them are
represented in Fig. 10a, namely 5, 15 and 25% of spinel inclu-
sions (1-3 mm). According to this figure, the global stress—strain
curves in tension present a non-linear mechanical behaviour up
to the peak with a significant post-peak region and residual
strain when unloading. Moreover, the increase of spinel con-
tent seems mainly to decrease the tensile strength. The early
beginning of the stress—strain curves of the different compos-
ites, as well as the single constituents are presented in Fig. 10b.
As it could be expected, an increasing spinel inclusions con-
tent increases the non-linearity of the mechanical behaviour in
tension due to a denser pre-existent microcracks network devel-
oped during cooling. The evolution of the tensile strength of
the composites versus the thermal damage parameter Dth is
represented in Fig. 11a. The increase of thermal damage obvi-
ously decreases the tensile strength, and the relation between
the tensile strength and the thermal damage parameter appears
quasi-linear, which means that these two results are very well
correlated.

From the envelopes of the different global stress—strain curves
of the composites, the fracture energies (in Jm~2) were cal-
culated by considering the section of the sample. Then, the
evolution of the fracture energy versus Dth is reported in
Fig. 11b. First, it can be pointed out that the fracture energy
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of the pure magnesia material, without any addition of spinel
inclusions, is already significant compared to common ceramics.
Indeed, magnesia is known to be not brittle but “quasi-brittle”
which may explain this rather high value. Secondly, it appears
that the addition of spinel allows to increase the fracture energy.
Indeed, with only 5 wt.% of spinel inclusions, the thermal dam-
age is rather high (around 0.5) and the increase in fracture
energy is about 50%. Nevertheless, with higher spinel con-
tents, and, so, higher thermal damage, the fracture energy is no
longer increased but remains in the same range. This increase
of fracture energy is in the same range as the one (work-
of-fracture) observed by Aksel and Riley*® with fine-grained
composites. Furthermore, Harmuth et al.3%3! showed that an
industrial magnesia—spinel product does not necessarily present
a higher specific fracture energy than an industrial pure mag-
nesia product due to its much lower tensile strength. Thus,
they proposed to quantify the ratio of fracture energy to ten-
sile strength, which might be considered as an indicator of
brittleness.

4. Conclusion

This study aimed at a better understanding of the thermo-
mechanical behaviour of refractories in relation with their
microstructures. To achieve that, magnesia—spinel composites
were processed. The thermal expansion mismatch between the
two phases entails radial matrix microcracking around the spinel
inclusions. The Hashin and Shtrikman model was applied, here,
as a reference to quantify the thermal damage present in those
two-phase materials. Indeed, by calculation of a thermal dam-
age parameter, the influence of the spinel content on thermal
damage could be estimated. Moreover, the comparison of the
Young’s modulus at high temperature (beginning of cooling)
with the values predicted by this model allowed to show that
microcracks present in these materials are not fully closed at the
maximum temperature of the thermal cycle. As expected, the
studied magnesia/spinel composites exhibit non-linear mechan-
ical behaviour in tension up to the peak, significant post-peak
evolutions, high strain-to-rupture values and residual strain
when unloading. The considered spinel content range allowed
to modulate the damage rate, present as a diffuse microcracks
network, in order to analyse the influence of this thermal damage
on the mechanical damage growth within the composites (non-
linearity) when loaded. Thus, it was observed that the increase
of the spinel content has a real influence on the non-linearity of
the mechanical behaviour and that the increase of the thermal
damage highly decreases the tensile strength and increases the
fracture energy. Such increase of fracture energy, linked to an
increase of strain to rupture, is of particulate interest for thermal
shock applications.
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