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High Temperature Evaluation of Mechanical
Properties of Refractory Castables: Impact of
Eutectic Aggregates and Testing Methods
N. Traon, J. Schnieder, T. Tonnesen, R. Telle, M. Huger, T. Chotard, Y. Belrhiti
A. Villalba Weinberg

Enhancing toughening mechanisms in ceramic technology is a key

point for refractory castable formulation optimization. Within the
framework of service life improvement of unshaped materials, those
formulations must be designed in order to favour microstructural
mechanisms at the origin of fracture toughness increase.
In the study herein, functional aggregates are incorporated in a common low cement castable based on tabular alumina. Such grog grains
aim to, according to their nature, chemistry, hardness and shape, counter the crack propagation by creating new stable interfaces between
cracks and aggregates. The fracture energy of those studied materials
increase according to the present microstructural phenomenon: crack
deviation, crack bridging, bridging of liquid phase, internal friction,
and crack closure in contact with partially stabilized zirconia particles.
The fundamental approach of such toughening enhancement is to
improve the strengthening mechanisms occurring in the wake region of the crack while the crack tip is held responsible for material
damaging after progressive quenching tests. As refractory castables
are continuously subjected to severe and cycling thermal gradients,
crack nucleation cannot be avoided. Therefore, the incorporation of
functional aggregates turns out to be essential to affect the shielding
effect occurring at the crack tip with increasing crack length.
Considering this aspect, the addition of eutectic aggregates of Al2O3–
ZrO2–SiO2 and Al2O3–ZrO2 and andalusite is investigated to study in
another step the relevance of the ensuing toughening mechanism on
the thermal shock resistance of high alumina castable.

1 Introduction
The design of high performance castables
with excellent strength and thermo-mechanical properties with purpose of thermal
shock resistance improvement requires the
development of new interfaces for energy
consumption. According to their initial
toughness and stiffness, refractory materials
store elastic energy that is the driving force
116

of crack propagation. New castable formulations aim to influence both properties to
reduce this energetic contribution. Current
research examine the microstructural phenomena occurring in the wake region of the
crack, which is also regarded as the process
zone following the crack tip. The addition
of functional aggregates favour microstructural strengthening mechanisms in both
process zones. First cracks can either be

deflected or be branched at the level of the
frontal process zone in contact with aggregate. In addition to this, energy-consuming
phenomena occurring at microscale at the
level of the crack walls results in decreasing the shielding effect at the crack tip.
Such microstructural effects are commonly
at the origin of rising R-curves, as documented by Steinbrech et al. [1, 2]. Crack
bridging, bridging of liquid phase, internal
friction between aggregates and matrix
or eventual local plastic deformation can
contribute to this material strengthening.
From this standing point, the nature of the
aggregates as well as their shape and their
size distribution are particular parameters
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that can influence the efficiency of those
energy-consuming mechanisms. Salvini et
al. showed the strong correlation between
the fracture energy enhancement of ceramic
materials with those microstructural energy
consuming phenomena [3].
In order to better understand the outgoing effect of each tested aggregate on the
ensuing thermal shock resistance of model
high alumina castables, this study will focus
on the determination of the intrinsic properties of the aggregates before and after heat
treatment as well as the in situ castable
characterization during the sintering process. Three different functional aggregates
are incorporated in a model low cement
castable formulation based on tabular alumina. Two different electrofused eutectic
aggregates are used, namely Al2O3–ZrO2
and Al2O3–ZrO2–SiO2. A first dilatometric
approach reveals a thermal expansion mismatch between those aggregates and the
castable matrix mainly constituted of alumina and calcium hexaaluminate. Such a
discrepancy in the expansion behaviour between grog grains and fine particles leads to
an increase of internal stresses at the grain
boundaries of those aggregates until the
nucleation of local microcracks. Those microcracks are able to partly absorb the energy of the primary crack propagation after
thermal solicitation like thermal shock cycle
and subsequently reduce the stress field at

the crack tip. Furthermore, crack deflection
is supposed to occur within the aggregates
during transgranular fracture as zirconia
particles apply radial stresses on the aggregate parts containing either alumina or
alumina and silica as described by Myaji [4].
In addition to this, the expected martensitic
transformation of zirconia from tetragonal
to monoclinic particles with a characteristic
and considerable volume expansion may
slow down the material damaging kinetics
and in the best case lead to crack closure
as modelled by Hideaki Tsukamoto [5] or illustrated by Gupta et al. [6] and Claussen
[7]. Besides material toughness increase
through toughening transformation and
stress induced microcracking, the silica contained in AZS aggregate is expected to react with the castable matrix and modify the
chemistry of the surrounding areas of the
aggregates. As documented by Wolf et al.
[8], an amorphous binder phase rich in silica
embedding small grains can be formed between grog grains and can have an immediate effect on the toughening mechanisms
namely bridging of low viscous phases at elevated temperature. Another aspect to take
into consideration is the possible and stable thermodynamically mullite formation at
high temperature generated by the reaction
between the released silica phase and the
fine alumina particles of the matrix [9]. Such
mullite crystals may further some beneficial

Tab. 1 Composition of the tested castables
Component

Details

Refractory Castable
Ref [%]

CA cement

AZS [%]

AZ [%]

And [%]

CA Secar 71

5

5

5

5

Reactive alumina

PFR

12,5

12,5

12,5

12,5

Tabular alumina

0 – 0,045 mm

10

10

10

10

Tabular alumina

0 – 0,3 mm

10

10

10

10

Tabular alumina

0,2 – 0,6 mm

10

10

10

10

Tabular alumina

0,5 – 1 mm

17,5

17,5

17,5

17,5

Tabular alumina

1 – 2,24 mm

22,5

22,3

22,8

22,3

Tabular alumina

2,24–3,0 mm

12,5

–

–

–

AZS

2,24 – 3,0 mm

–

12,7

–

–

AZ

2,24 – 3,0 mm

–

–

12,2

–

Andalusite

2,24 – 3,0 mm

–

–

–

12,7

total
Mixing water
Deflocculant
Retarder

100

100

100

100

H2O

5

5

5

5

FS 40

0,15

0,15

0,15

0,15

citric acid

0,03

0,03

0,03

0,03
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toughening effects illustrated in the following part regarding andalusite materials.
To complete this study, andalusite is added
to the reference formulation to examine the
influence of the in situ mullite transformation and the release of glassy silica phase
in the matrix on the resulting behaviour of
the castable with regard to thermal stresses
[10–12]. By temperature increasing, the in
situ transformation of andalusite into mullite also leads to the formation of other
ternary phases such like CAS2 as reported
by Ghassemi Kakroudi et al. [13]. By adding
andalusite aggregates to the high alumina
castable formulation, a combination of specific effects leads to the development of a
tailored network of microcracks at the grain
boundaries of the transformed andalousite
aggregates: the anisotropic expansion of
andalusite grains with temperature, the
coefficient of thermal expansion mismatch
between the phases composing this complex system (alumina, CA6, CAS2, mullite
and silica rich glassy phase), the volume expansion above 1350 °C of mullite and the
release of silica into the matrix [14].

2 Experimental procedure

2.1 Materials and elaboration
Four different low cement castables with a
similar basic formulation based on tabular
alumina are investigated in order to compare the impact of each tested aggregate.
As shown in Tab. 1, the grain fraction
2,24–3 mm of the reference castable is
replaced by the same grain fraction of andalusite, Al2O3–ZrO2–SiO2 or Al2O3–ZrO2
aggregates. Their composition is illustrated
on Tab.1. The tested castables will be
named in this study as follows: a reference
formulation “Ref” containing only tabular
alumina aggregates, “AZ” for the formulation constituted of Al2O3–ZrO2 aggregates,
“AZS” as far as the formulation with Al2O3–
ZrO2–SiO2 aggregates is concerned, and
“And” containing andalusite aggregates.
After 48 h curing time, the castables are
soaked for 6 h at 1500 °C. The samples
respect the following prismatic geometry:
160 mm x 40 mm x 40 mm. The aggregates
shape before and after sintering process is
shown on Fig. 1.
The chemical compositions of andalusite
and the eutectic aggregates are given in
Tab. 2–3.
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two ends of the sample. The Young’s modulus, E, of the material is calculated from
well know relationship:

 2L 
E     
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evated temperature according to the same
magnetostrictive transducer is subjected to
device used in the study herein.
2.3.2 High temperature ultrasonic
heat treatment procedure illustrated in
a specific magnetic field in order to obtain
pulse echography
the previous part as far as Young’s modua wideband pulse of ultrasonic compreslus measurements at high temperature
sion
wave.
The
propagation
of
this
ensuing
Material damaging occurring during sinterare concerned. Microstructural damaging
wave through the studied castable is ening process are followed by in situ Young’s
phenomena such as crack formation, crack
sured by an alumina wave guide attached
modulus measurement at elevated tempropagation, phase transformation inducto the refractory sample with an appropriperature with help of ultrasonic pulse
ing crack network formation or aggregates
ate cement. The resulting electronic signal
echography technique (US echo) working
debonding due to thermal expansion misobtained is composed of a series of echoes
in “long bar mode”. The raw samples are
match are able to rapidly release some enof decreasing amplitudes, corresponding to
soaked at 1500 °C for 6 h with a heating
ergy, when the material is subjected to methe successive round trips within the two
and cooling rate of 5 K/min to simulate
chanical or thermal stresses. In this study, a
ends of the sample. The Young’s modulus,
the sintering process. The elastic properAEDSP-32/16 MISTRAS digital system from
ties measurements are repeated on the
E, of the material is calculated from the well
Physical Acoustics Corporation is used. This
“sintered” sample up to 1500 °C without
know relationship:
measuring technique documented by Chotard et al. [22] allows the waveform and the
main feature parameters well known in AE
study such as count, hit, rise time, duration
of hit, count to peak, amplitude (in dB), to
be recorded. Fig. 4 represents the schematic
functioning principle of acoustic emission
device used in the study herein.
The combination of both measuring principles namely high temperature ultrasonic
pulse echography and high temperature
acoustic emission with regard to microstructural damage evolution investigation
has already contributed to an accurate understanding of the thermomechanical beFig. 4 Principle of acoustic emission acquisition
havior of refractory materials [23].

Fig. 4: Principle of acous5c emission acquisi5on
refractories WORLDFORUM 9 (2017) [3]

119

PaperS

Fig. 6 Castable Ref after sintering; SEM image 1:150

Fig. 7 Interface AZS grain / matrix in AZS castable after sintering;
SEM image 1:150

Fig. 8 Interface AZ grain / matrix in AZ castable after sintering;
SEM image 1:150

Fig. 9 Interface andalusite grain / matrix in And castable after
sintering; SEM image 1:150

2.4 Tensile strength
Besides the material stiffness, the mechanical strength and fracture toughness of the
material is also of interest to predict the
thermal shock behavior of materials [24, 25
and 26].
Crack formation during thermal shocks is
principally caused by tensile stresses. Tensile
tests are carried out with an INSTRON 8862
electromechanical device. The experiments
performed in this work, consist in applying
successive loading/unloading cycles with a
displacement increment at each cycle and a
constant displacement velocity. To measure
Young’s modulus, at the beginning of each
cycle, the stress is increased until 0,5 MPa.
In this range, the stress-strain curve of all
materials is approximately linear elastic and
Young’s modulus can be calculated by the
slope.
By applying load-unload tensile cycles, not
only the tensile strength could be approxi120

mated but also the energy consumption by
deformation, which is in relationship with
fracture toughness.

2.5 Cold crushing strength
The cold crushing strength is determined
according to ASTM C-133. Four cylindrical
samples of each material are tested, with a
diameter of 20 mm and a height of 30 mm.
Two samples of each material are equipped
with four strain gages, to be able to measure the deformation evolution during testing.

2.6 Bending test
Beam specimen of each tested castable respecting the following geometry
(160 mm x 40 mm x 30 mm) are submitted to four-point bending test according to
ASTM-C1161-02c, 2002. Three samples of
each material are tested, two of them with
strain gages to study the ensuing deforma-

tion of the sample with the applied load.
This versatile test leads to an accurate estimation of the sample mechanical behavior
with regard to tension and compression
[27].

3 Results and discussion

3.1 Microstructure examination
Scanning Electron Microscopy (SEM) analyses are performed on the castables after
sintering in order to accurately study the
interfaces between the tested aggregates
and the matrix.
The analysis of the interfaces between aggregates and matrix is essential for a better
understanding of the ensuing elastic and
mechanical properties of the castables.
Concerning Ref (Fig. 6), tabular alumina aggregates with characteristic closed porosity
and inclusions are well embedded in the
matrix even if a small crack is visible at the
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Fig. 10 Mean values of Young’s modulus of tested aggregates with standard deviation at
an indentation depth of 200–300 nm

left side of the straight edge of the aggregate. The controlled dispersion of this model
formulation leads to a homogeneous microstructure without connection between the
aggregates. This can explain the considerable stiffness of the material after sintering.
Fig. 7 shows the microstructure surrounding
an AZS aggregate. As previously, the AZS aggregate is clearly well embedded in the matrix. However, this aggregate is directly connected to a tabular alumina grain revealing
the challenging dispersion of a castable mix
containing different nature of aggregates.
The AZS aggregate is furthermore porous
and only constituted of zirconia dendrites
embedded in an alumina matrix. The silica
migrates during the sintering process at
high temperature into the matrix and reacts with the calcium aluminate phases to
sporadically form amorphous phases. Both
phenomena, high porosity of the aggregate and the chemical modification of the
matrix surrounding the AZS aggregate can
explain the lower Young’s modulus values
of AZS castable after sintering than those of
Ref.
As far as AZ is concerned (Fig. 8), a light
debonding of the aggregate is noticeable as
well as an intergranular crack perpendicular
Tab. 4 Theoretical Young’s modulus of
dense ceramic materials [28]
Material

E [GPa]

Al2O3

410

Amorph SiO2

70

Mullite

100

ZrO2

190
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to the aggregate surface is propagating. On
account of the coefficient of thermal expansion mismatch during the cooling of the
sample, the increasing stresses within the
matrix and the lack of cohesion between
aggregates and matrix can explain the poor
stiffness of the sample after the sintering
process.
In case of andalusite (Fig. 9), the volume
expansion following the transformation
of andalusite into dense mullite is at the
origin of the high level of stresses at the
grain boundaries of those mullite grains.
Therefore, large cracks are noticeable in the
microstructure causing a partial debonding
of the aggregate. Besides the thermochemical transformation of the aggregate, the
release of amorphous silica phase into the
matrix results in modifying the structure of
the matrix surrounding the mullite grains
and participates to the stresses increase
in this area. This high damaging grade explains the lowest stiffness of the castable
among all tested materials.

3.2 Young’s Modulus of the
aggregates
The measured Young’s moduli of the tested
aggregates through nanoindentation shown
on Fig. 10 are correlated with theoretical
Young’s modulus values of dense ceramic
materials listed in Tab. 4. The strong deviation of the nanoindentation measurements
can be explained by the sensible discrepancy of the measured volume of the sample
between each aggregate and the eventual
presence of inclusions and pores as tabular
alumina aggregates are concerned.

9 (2017) [3]

Concerning tabular alumina, such inclusions
and closed porosity also explains the lower
values of modulus of elasticity compared to
pure and dense alumina. Nevertheless, this
raw material contribute to the increase of
stiffness in the castable. The other aggregates present a lower stiffness and obviously hardness than those of tabular alumina. It
is worth mentioning than the experimented
aggregates can be divided into two distinct
categories: first tabular alumina and AZ that
do not contain any silica phase are characterized by a high Young’s modulus, respectively 360 GPa and 301 GPa, even if the
stiffness of AZ decrease up to 235 GPa after
heat treatment. On the other hand, andalusite and AZS exhibit a low value of modulus of elasticity, respectively 211 GPa and
169 GPa. Furthermore, the Young’s modulus
of andalusite raw material decrease up to
151 GPa after heat treatment because of
the mullite formation with transgranular
crack formation and the release of silica
amorphous phases.
By initially neglecting the possible reactions between silica phases of AZS or andalusite with the matrix of the castable,
each other substitute aggregate leads to
a depletion of the stiffness of the castable.
Therefore, the stored elastic energy of the
castable may decrease, which results in a
more convenient behaviour of the refractory piece with regard to the resistance to
crack propagation. Moreover, the expected
crack network formation at the level of the
grain boundaries of the tested aggregates,
due to coefficient of thermal expansion mismatch, phase transformation or volume expansion, may also reduce the stresses field
at the crack tip and consequently enhance
the resistance relative to crack propagation.

3.3 Young’s modulus of castables
Young’s modulus values of the tested castables are assessed at room temperature after drying and after sintering as shown on
Fig. 11–12.
As first observation, each tested castable
almost presents the same Young’s modulus
values after drying. Castable formulations
with addition of AZS and andalusite aggregates exhibit the lowest values. This notably
shows some discrepancies in the deflocculation of the castables mixes with presence
of silica phases rather acid.
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Fig. 11 Young’s modulus after drying at 110 °C

After sintering, the four castables can be
distinguished in two categories: first Ref
and AZS showing a high stiffness, respectively 156,2 GPa and 132,6 GPa. The strong
cohesion between those aggregates and
the matrix, although the chemical modification of the matrix as far as AZS is concerned
due to the release of the silica phase, explains such high values of modulus of
elasticity. On the other hand, AZ and And,
repectively characterized by a debonding
of the aggregate and a high crack density

Fig. 12 Young’s modulus after sintering at 1500 °C

at the mullite/matrix interface, exhibit low
values of modulus of elasticity (respectively
87,8 GPa and 61,4 GPa). The stiffness contribution of the aggregates is not trivially
revealed on the global material stiffness, as
the structure of some of those aggregates
varies during sintering (intrinsic damaging
for And, reaction with the matrix for AZS
and And, and considerable discrepancy in
thermal properties between aggregates and
matrix leading to microstructural damage at
the interfaces aggregate/matrix for AZ).

3.4 Young’s modulus at
elevated temperatures and
acoustic emission
Young’s modulus measurements at high
temperature up to the sintering temperature
combined with acoustic emission measurements are performed on each castable to
reproduce in situ the evolution of the stiffness during the sintering process. Then the
sample is submitted to a second cycle to examine the further damaging of the sample
with temperature.

Fig. 13 First cycle of Young’s modulus (dotted curve) and acoustic
emission (thin curve) of castable Ref

Fig. 14 Second cycle of Young’s modulus (dotted curve) and
acoustic emission (thin curve) of castable Ref

Fig. 15 First cycle of Young’s modulus (dotted curve) and acoustic
emission (thin curve) of castable AZS

Fig. 16 Second cycle of Young’s modulus (dotted curve) and
acoustic emission (thin curve) of castable AZS
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Fig. 17 First cycle of Young’s modulus (dotted curve) and acoustic
emission (thin curve) of castable AZ

Concerning Ref, a decrease of elasticity is
observed from 250 °C as shown on Fig. 13.
The dehydration of the different calcium
aluminate hydrate phases can explain this
stiffness depletion. This phenomenon can
be noted for each tested formulation. At
around 1100 °C the Young’s modulus
starts to increase up to the maximal temperature of the heating treatment because
of calcium aluminate phase formation in
the matrix. This modulus of elasticity keeps
slightly increasing during the cooling to attain the values presented in the part before.
Acoustic emission is generated at low scale
during the cooling phase from 700 °C to
room temperature revealing this critical
temperature range for thermal expansion
mismatch. The second cycle (Fig. 14) shows
the thermal stability of the castable and a
conventional and reciprocal decrease of the
stiffness with increasing temperature while
acoustic emission shows the same level of
damaging during cooling from 700 °C to
room temperature.
Concerning AZS, the first thermal cycle shows
a similar shape of stiffness evolution as for

Ref, although the values of Young’s modulus turn out to be much lower (Fig. 15). It is
worth mentioning that the Young’s modulus
stops continuously increasing during the
cooling from 600 °C to room temperature.
In this temperature range, the acoustic emission drastically increases and may show the
increasing stresses between aggregates and
the modified and partially amorphous matrix in terms of coefficient of thermal expansion mismatch. The second cycles does not
show like previously a reversible evolution
of stiffness with temperature (Fig. 16). Indeed a crack healing occurs at elevated temperature and can explain the higher Young’s
modulus values between 1000–400 °C
during cooling. The considerable generation
of acoustic emission states the presence of
viscous phases partly fulfilling the cracks at
high temperature and subjected to rupture
during cooling.
The evolution of stiffness and acoustic emission of AZ is illustrated on Fig. 17–18. During the first cycle, a similar evolution of the
modulus of elasticity as that of the previous
castables is observed. While the stiffness in-

Fig. 19 First cycle of Young’s modulus (dotted curve) and acoustic
emission (thin curve) of castable And
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Fig. 18 Second cycle of Young’s modulus (dotted curve) and
acoustic emission (thin curve) of castable AZ
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creases during cooling up to 900 °C, a considerable decrease is noticeable up to room
temperature, so that the Young’s modulus
of the sintered castable is equal to that of
the dried castable. The possible martensitic
transformation of zirconia causing crack nucleation combined with the thermal expansion mismatch causing debonding are at the
origin of this decrease. Those mentioned effects also explain the moderate increase of
acoustic emission in this temperature range.
As the coefficient of thermal expansion of
AZ aggregates is higher than that of the
matrix, a debonding occurs during cooling
and explains the relative low acoustic emission in comparison with And characterized
by a low coefficient of thermal expansion
at the origin of matrix microcracking at the
grain boundaries, as explained by Briche et
al. [23]. A second thermal cycle aggravates
these microstructural effects in the same
temperature range during cooling so that
the Young’s modulus keeps decreasing after
each further thermal cycle.
In case of andalusite (Fig. 19–20), microstructural damaging can also be revealed

Fig. 20 Second cycle of Young’s modulus (dotted curve) and
acoustic emission (thin curve) of castable And
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Peak tensile strength

Fig. 21 Comparison of peak tensile strength

through high temperature Young’s modulus
and acoustic emission measurements during the cooling phase. However, the depletion of the elastic properties occurs at lower
temperature at around 550 °C, while a considerable generation of acoustic emission is
recorded from 700 °C. The high crack density at the grain boundary causing a partial
debonding of the aggregate are obviously
nucleating in this temperature range because of the thermal expansion mismatch
even if the volume expansion following the
mullite formation is expected to be the main
factor of microstructural damaging. This
decohesion of the aggregates with the matrix and the developed cracks network are
all the more aggravating parameters that
the modulus of elasticity of the castable
is even lower after the sintering process. A
further thermal cycle results like previously
with AZ in a progressive damaging of the
structure, even if the silica glassy phase
present at the grain boundaries of the mullite aggregates leads to a healing of the
microstructure at elevated temperatures.
The higher Young’s modulus values during
cooling (from 1100 °C and 300 °C) shows
the influence of the viscous phase on crack
healing. The rupture of this viscous phase
during cooling explains the high level of
acoustic emission.

4 Mechanical properties

4.1 Tensile strength
A castable exposed to tensile stresses will
always fail due to crack growth in the matrix and at the interfaces between matrix
and aggregates, as this part of microstructure exhibits the lowest tensile strength. The
124

Maximal strain

Fig. 22 Comparison of maximal strain obtained by tensile loading/unloading cycles

tensile strength peak as well as the maximal strain reached at the moment of failure
are important indicators for a better understanding of thermal shock behavior. Materials presenting a high level of deformation
during tensile test can exhibit an anelastic
behavior and respond to thermal stresses
with deformation.
Ref and AZS castables, showing a similar
microstructure with aggregates well embedded in the matrix and a strong cohesion
between aggregates and matrix, present a
high tensile strength, respectively 12,2 MPa
and 10,6 MPa, and a low maximal strain,
respectively 0,009 % and 0,037 % as
proved on Fig. 21–22. However, the formation of amorphous silica phases at the grain
boundaries of AZS leads to a non-negligible
strain behavior of the castable.
On the other hand, And and AZ, showing a similar microstructure with a partial
debonding of the aggregates with the
matrix and the presence of intergranular
cracks within the matrix and particularly
at the grain boundaries of the aggregates,
exhibit a poor tensile strength from respectively 2,6 MPa and 2,9 MPa, and a considerable strain from respectively 0,104 % and
0,055 %. The disadvantageous effect of the
high crack density at the grain boundaries
of mullite is partially compensated by the
chemical modification of the matrix surrounding the grains due to the silica release
during transformation resulting in high deformation.

4.2 Cold crushing strength
Cold crushing strength measurements are
in correlation with the microstructure examination of the castables. Indeed, this

mechanical property strongly depends on
the cohesion of the aggregates with the
matrix and on the damaging of the aggregates. Therefore, Ref and AZS exhibit the
highest cold crushing strength, respectively
277 MPa and 200 MPa, while AZS and
tabular alumina are well embedded in the
matrix. The release of silica phase in the
surrounding areas of AZS aggregates and
the lower hypothetical hardness of AZS aggregates (lower Young’s modulus of AZS
aggregates than that of Ref) may cause a
decrease of the toughness in this area and
explain the poorer values of strength in
comparison with Ref.
As for And and AZ materials, the partial
debonding of the aggregates as well as the
presence of cracks within the matrix and
namely at the grain boundaries of the aggregates explain the poor strength values
of both materials with repectively 130 MPa
and 118 MPa. Cold crushing strength values of tested materials are summed up in
Fig. 23.

4.3 Bending strength
The four castables could be divided into two
categories according to their behavior with
regard to compressive and tensile strengths:
Ref and AZS exhibiting a high tensile
strength and a high cold crushing strength,
and And and AZ revealing a poor tensile
strength and a low cold crushing strength.
As during bending tests the sample is subjected to tensile and compressive stresses,
Ref and AZS castables present as expected
a considerable modulus of rupture with respectively 35,8 MPa and 24,2 MPa, in comparison with And and AZ with respectively
9,1 MPa and 14,7 MPa as shown in Fig. 24.
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Cold Crushing Strength

Fig. 23 Compression strength of all castables

5 Conclusion
To conclude, this study has contributed to
show the impact of functional aggregates
addition in high alumina castable on the
ensuing structural, mechanical and thermoelastic properties.
Four different aggregates were tested and
according to the resulting properties of the
castables at room temperature and high
temperature, two material types could be
distinguished.
First Ref and AZS exhibit a high toughness,
and a considerable stiffness characterised
by an elastic behaviour. On the other hand,
And and AZ materials present low mechanical strength and a poor stiffness but a significant non elastic behaviour.
Each aggregate addition resulted in specific
microstructural modifications. By AZ, a partial debonding could be observed due to the
coefficient of thermal expansion mismatch
between the aggregate and the matrix. As
for AZS, the release of silica phase changed
the chemical composition of the surrounding areas of the porous aggregates that
turned out to be partially amorphous and
dense. Concerning andalusite, the in situ
transformation into mullite characterized
by a considerable volume expansion was
at the origin of radial stresses within the
matrix leading to the formation of a cracks
network surrounding the grains and inside
the grains.
Each functional aggregate addition contributes to decrease the stiffness of the
sample as well as its mechanical strength.
The stored elastic energy subsequently
decreases and results in an enhancement
of the crack propagation resistance of the
castable.
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Modulus of Rupture

Fig. 24 Flexural strength of all castables

Toughening mechanisms of different nature
are expected to occur during progressive
and standard thermal shock or during high
temperature thermal shock performed on
the tested formulations. Cracks may be deflected or branched by tabular alumina or
AZ aggregates, characterized by high hardness and stiffness. Concerning AZ and AZS
aggregates, those microstructural mechanisms may also occur within the aggregates
during transgranular fracture because of
zirconia dendrites applying radial stresses.
Furthermore, partially stabilized zirconia
particles can also transform in presence of
a high stresses field at the level of the crack
tip: this martensitic transformation of zirconia with its characteristic volume expansion
may result in bridging or closing the crack.
Energy of crack propagation may also be
partly absorbed either by the tailored microcracks network at the grain boundaries
of andalusite aggregates transformed into
mullite or by the porous area surrounding
AZ aggregates through debonding. Bridging of liquid phase is also likely to occur at
high temperature in presence of andalusite
or AZS aggregates because of the release of
silica phase in the matrix leading to the formation of amorphous phases. According to
the nature and shape of the aggregate, friction phenomena at the interfaces between
matrix and aggregates may finally contribute to counter the material damaging.
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