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bstract

he accumulation of damage by thermal treatment and its development under uniaxial loading–unloading cycles performed at room temperature
as been evaluated for two alumina based refractory castables; an ultra low cement content bauxite material (Bau-ULCC) and a low cement content
ndalusite material (And-LCC).

Both castables exhibit notable damage with a level related to the firing temperature. The tensile behaviour is characterised by an elastic domain at
he beginning of loading followed by a non-linear evolution up to the peak. In addition to the non-linearity of the stress–strain curve, the evolution
f the loading–unloading cycle characteristics confirms the development of diffuse damage within the materials. In order to better understand the
amage behaviour of the studied materials, the evolution of various parameters in relation with to the extent of damage has been analysed. These
arameters are Young’s modulus measured at the beginning of each unloading step Ei

un, the residual strain after each cycle εi
res and the associated

onsumed energy during the test (Wi
h).

The parameters extracted from the stress–strain curve reveal some interesting analogies between the two materials. In particular, it seems that a

arameter DTh, which quantifies the damage resulting from the thermal treatment, plays a major role in the mechanical behaviour until failure in
similar way for the two castables. It appears that the origin of damage in the two studied materials mechanically loaded after heat treatment is
ainly thermal.
2009 Elsevier Ltd. All rights reserved.
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. Introduction

The share of monolithic refractories in refractory application
s growing worldwide. In general, fired refractory bricks can be
dvantageously replaced by monolithics, in terms of production
ost, installation efficiency, safety and material consumption.1

efractory castables are subjected to severe loading, especially
rom a thermomechanical point of view and are degraded by

combination of several mechanisms including mainly ther-
al shock, mechanical impact, abrasion, and corrosion. The

ehaviour of these materials subjected to such mechanisms is
nfluenced by many factors such as their chemical composi-

ion, their microstructure, as well as phase transformations,
hich occur at high temperature during firing process, and/or

n service.2
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astables

In the metallurgical industry, refractory materials are used
nder high temperature conditions and are frequently subjected
o thermal shocks. Consequently, these materials are damaged
y thermal stress induced by temperature gradients. So far, few
tudies on this type of damage exist in the industry.3,4

Damage is not directly measurable. Many researches on dam-
ge evaluation have been reported based on various techniques
uch as optical or SEM observations of cracks, ultrasonic and
coustic methods5–8 or mechanical testing9–11 for measuring
he different parameters which are sensitive to damage (ultra-
onic velocity, attenuation coefficient), and especially the elastic
oduli which appear to be typical and very good markers of

amage evolution within the materials. The aim of this paper is
o evaluate and to characterise the damage due to thermal and

echanical loading in these two alumina refractory castables

hanks to uniaxial tensile tests performed after treatment at var-
ous temperature. From the results of loading–unloading cyclic
ests, damage accumulation has been evaluated, and damage

echanisms have been proposed for the two materials.

mailto:marc.huger@unilim.fr
mailto:thierry.chotard@unilim.fr
dx.doi.org/10.1016/j.jeurceramsoc.2008.12.019
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Table 1
Chemical analysis and physical data for the two studied refractories.

Castable type And-LCC Bau-ULCC

Aggregate type Andalusite Bauxite
Al2O3 (wt%) 58 85
SiO2 (wt%) 37.5 10
CaO (wt%) 2.3 1.1
Fe2O3 (wt%) 0.9 1
Max. aggregate size (mm) 5 5
Water requirement (wt%) 4.5–5.5 4.2–5.2
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pen porosity (vol.%) 6 10
pparent density (kg/m3) 2600 2970

. Materials and experimental procedures

.1. Materials and samples preparation

Two commercial castables are considered. The first one
s a low cement andalusite castable (And-LCC) made of
ndalusite aggregates, fumed silica, alumina and calcium alumi-
ate cement. The second is an ultra low cement bauxite castable
Bau-ULCC) made of bauxite aggregates, fumed silica, alumina
nd the same cement. Both materials are characterised by the
ame fumed silica content. In Bau-ULCC, the alumina content
s two times higher than in And-LCC. Table 1 shows the chemical
ompositions of the castables supplied by the manufacturer. The
igh difference between the silica contents of the two materials
s mainly due to the high silica content in andalusite aggregates
ompared to bauxite ones. For both castables, the maximum
ggregate size is about 5 mm. After reception from the manu-
acturer, the material raw samples (160 mm × 40 mm × 40 mm)
ere cured under air during 24 h at 110 ◦C. Fig. 1 shows pictures
f polished sections of cured materials.

On this figure, one observes aggregates of sizes up to 5 mm,
mbedded in the matrix. The aggregates of large size will
ather contribute to the mechanical reinforcement of the material
hereas the finest particles, contained in the matrix, will play a

ignificant role in the physicochemical reactions.
After machining, the final samples have been fired at 250,

00, 700, 900 and 1100 ◦C in order to simulate several ther-
al histories before characterisation. These temperature levels

ave been fixed according to the temperature range to which the
efractory castables are subjected in specific industrial appli-
ations. Firing thermal cycles are characterised by 5 ◦C/min
eating and cooling rates and by a 5 h isothermal dwell at the
aximum firing temperature.

.2. Tensile tests

Tensile tests have been performed with an INSTRON 8862
lectro-mechanical universal testing machine at room temper-
ture. Fig. 2 presents a schematic of the tensile test device.
he strain is measured by two extensometers equipped by sili-

on carbide rods which are placed on two opposite sides of the
pecimen. The extensometer gauge length is 25 mm.

The low values of the displacement at rupture exhibited by
efractories (3–5 �m) required a good control of the thermal sta-

•
•

ig. 1. Microstructure of the studied refractories: (a) And-LCC and (b) Bau-
LCC.

ility of the extensometers (±0.1 ◦C). Samples are constituted
f a cylindrical rod (18 mm in diameter) with two metallic parts
lued at each end. The geometry is precisely adjusted thanks
o a final cylindrical machining step of the total assembly. The
ensile tests were carried up to rupture with a constant displace-

ent velocity of 0.04 mm min−1, with intermediate unloading
t several level of stress. To accurately determine the Young’s
odulus, the “early” slope of the stress–strain curve has been

etermined. “Early” means here that the slope has been calcu-
ated in the very first loading step for a level of stress sufficiently
ow to insure that the linear part of the stress–strain curve is
oncerned.

Fig. 3 illustrates a typical non-linear stress–strain behaviour
ssued from tensile test carried out on refractory castables. In
rder to perform a quantitative analysis of the damage process,
ifferent parameters have been extracted from the curves:

E0: initial Young’s modulus corresponding to the first loading
step.
σPeak: maximum stress.

εPeak: strain at maximum stress.
σUlt: ultimate stress corresponding to the stress where final
rupture occurs (similar to σPeak when there is not post-peak
behaviour).
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Fig. 2. Scheme of

εUlt: strain at σUlt.
εi

res: residual strain at the end of ith cycle.
Ei

Un: Young’s modulus at the beginning of the unloading stage
of the ith cycle.
Ei

L: Young’s modulus at the beginning of the loading stage of
the i + 1th cycle.
Wi

h: energy dissipated within the material between the ith
unloading cycle and i + 1th loading cycle (hysteretic energy)
per unit of volume.

. Results and discussion

.1. Mechanical behaviour in tension after thermal

reatment

Previous measurements have highlighted that the elastic
roperties of the materials at room temperature are strongly

t
o

F

Fig. 3. Typical stress–strain curve in tension for refr
nsile test device.

ependent on their thermal history.12 The interest of the ten-
ile tests is to supplement these data by the determination of
ehaviour laws up to rupture and to show the non-linear char-
cter of the material when it is subjected to a high level of
tress. Tests were carried out at room temperature on samples
ach previously treated at distinct temperature (110, 250, 500,
00, 900, 1100 ◦C). An example of the obtained stress–strain
urves is presented in Fig. 4. At the beginning of loading, the
wo materials present an elastic linear behaviour. Beyond this
omain, the two materials exhibit a non-linear behaviour. It
s important to note that this non-linear domain is much more
xtended for And-LCC (Fig. 4a) than for Bau-ULCC (Fig. 4b).
ccording to this remark, it appears that the Bau-ULCC refrac-
ory can be considered as “more brittle” than the And-LCC
ne.

In order to better understand this difference in behaviour,
ig. 5a and b presents the evolution of E0 and εPeak, respectively,

actory castables and its associated parameters.
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ig. 4. Tensile behaviour at room temperature of both castables treated at dif-
erent temperatures: (a) And-LCC and (b) Bau-ULCC.

or the two castables according to the temperature of treatment.
hese results emphasise:

a higher stiffness for Bau-ULCC than for And-LCC;
a continuous reduction of the Young’s modulus (E0) after ther-
mal treatments in the case of the And-LCC castable (Fig. 5a);
a notable increase of εPeak (above 700 ◦C) in the case of the
And-LCC castable (Fig. 5b);
a increase of the Young’s modulus (above 700 ◦C) after ther-
mal treatments in the case of Bau-ULCC (Fig. 5a).

At the initial stage, after 110 ◦C, the And-LCC castable
xhibits a rather linear elastic behaviour. Then, the behaviour
oves from linear elastic to a non-linear one in the case of

amples treated at higher temperature (Fig. 4a). The non-linear
ehaviour is magnified due to microcracking mechanisms which
ave been previously developed during the cooling stage of
he thermal treatment. As temperature increases, E0 decreases
Fig. 5a; from 68 GPa after a treatment at 110 ◦C to 13 GPa after
treatment at 1100 ◦C) while the maximum strain (εPeak, corre-

ponding here to the strain-to-rupture) notably increases (Fig. 6;

rom 0.018 to 0.074%). This result shows that the damage, gen-
rated within this refractory by the initial heat treatment, most
robably increases its capacity to exhibit a high level of strain
efore rupture.

t
b

ig. 5. Evolution of mechanical characteristics determined at room temperature
or both castables vs. the temperature of treatment: (a) initial Young’s modulus
E0), (b) maximum strain (εPeak).

In the case of Bau-ULCC castable, this evolution of tensile
ehaviour is very limited. After firing (up to 700 ◦C), the linear
omain is reduced and a non-linear domain appears. As temper-
ture increases, initial elastic property decreases (Fig. 5b; from
5 GPa after 110 ◦C to 80 GPa after 700 ◦C) while the maxi-
um strain (εPeak) slightly increases but not in the same order

f magnitude as for And-LCC (Fig. 6; from 0.012 to 0.016%).
n the contrary, above 700 ◦C, E0 increase (from 80 GPa at
00 ◦C to 105 GPa at 1100 ◦C). This increase of the Young’s
odulus associated to a slight decrease of εPeak (Fig. 5b) can be

ttributed to the presence of some impurities (e.g. TiO2, Fe2O3,
2O), within bauxite aggregates which induce the formation of
itreous phases promoting sintering processes at high tempera-
ure and the occurrence of viscosity in the mechanical behaviour
f the material.

.2. Damage analysis
A previous study13 has revealed that, during heating, the
wo castables behave different, because of strong differences
etween matrix and aggregate behaviours. The results of tensile
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ig. 6. Evolution of the modulus of elasticity measured at the beginning of the
astables previously treated at different temperatures: (a) And-LCC and (b) Bau

ests show an increase of the strain-to-rupture after heat treat-
ent, because of the development of a diffuse damage, which

dds to the network of decoherences and microscopic cracks
lready present in the material before the mechanical test. In
ddition to the non-linearity of the stress–strain curve, evolutions
f the characteristics of the loading–unloading cycles confirm
he development of such a diffuse damage, at the same time,
y the decrease of the values of the modulus of elasticity at
he beginning of the unloading stage (Ei

Un), by the evolution of
he hysteretic loops in each cycle and also by the progressive
ncrease in the area of these loops.

In order to better understand the damage behaviour of the
tudied materials, we have analysed and presented the evolution
f various parameters in relation to their damage characters.
hese parameters are: the modulus of elasticity at the begin-
ing of the unloading stage Ei

Un, the residual strain εi
res and the

ysteretic energy Wi
h

.2.1. Evolution of the modulus of elasticity at the
eginning of the unloading stage Ei

Un
In order to compare the damage at the end of each maximum

ubjected stress σi
max, Fig. 6 presents the evolution of Ei

Un for
oth studied castables.

It is important to note that the values plotted right on the y-axis
orrespond to initial moduli (taken at the beginning of loading)
easured at room temperature and after preliminary heat treat-
ent at different temperatures (noted thereafter TE0). At the

nd of each loading, the material stiffness evolves and then, the

odulus of elasticity moves to take a new value quantified at

he beginning of unloading step (T Ei
Un), where T characterises

he preliminary temperature of treatment and i the number of the
onsidered mechanical loading cycle.

o
a
D
a

ading stage (T Ei
Un) vs. maximum stress reached at each cycle (σi

max), for both
C.

It is for the lowest temperature treatment (110 ◦C) that one
bserves, for the two castables, the smallest reduction in T Ei

Un
uring loading/unloading cycles. The strongest evolution of
his parameter is observed for And-LCC pre-treated at 1100 ◦C
Fig. 6a).

The evolution of T Ei
Un during the mechanical cycles seems

ere to be related to the decrease of the TE0 values resulting
rom the thermal pre-treatment.

By regarding the value of 110E0 as a reference value, the whole
f the values presented in Fig. 6 make it possible to calculate
everal damage parameters on the basis of a Kachanov’s type
ormula.

A damage parameter relating to the thermal treatment can be
efined by the following equation:

Th = (1 − T E0)
110E0

(1)

At the end of the thermal treatment, the mechanical load-
ng generates an additional damage which results in defining a
amage cumulated parameter DTh+M:

Th+M = (1 − T EI
Un)

110E0
(2)

To facilitate the analysis of our results, these values have
een calculated at a common stress level (equal to 4 MPa) for
ll tests. The choice of this level has been made by considering
he higher common stress which has been found for all tensile
ests and also for the two castables. Fig. 7 presents the evolution

f the damage cumulated parameter DTh+M (damage of thermal
nd mechanical origin) for the two materials, as a function of
Th (only thermal origin damage). Despite the difference of the

ggregates, the corresponding points for the two materials follow
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ig. 7. Evolution of the parameter DTh+M (superimposed damage from thermal
nd mechanical origin) according to DTh (damage only from thermal origin) for
oth castables previously treated at different temperatures.

he same tendency. The shaded zone reveals the contribution
f the mechanical damage to the total damage. Globally, the
ontribution of the mechanical damage increases according to
he level of thermal origin damage. In other words, the damage
f the studied castables loaded mechanically after heat treatment
s mainly prompted by damage from thermal origin.

In the case of the andalusite based castable (And-LCC), the
alues of the damage parameters increase with the preliminary
hermal treatment. Until 700 ◦C, the same trend is observed for
he bauxite base castable (Bau-ULCC). Beyond this tempera-
ure, a reversion of this tendency is noted most probably due to
intering phenomena.
.2.2. Evolution of the residual strain εi
res

The study of the T Ei
Un evolution made it possible to highlight

he development of damage during loading–unloading cycles.
he cracks created during the loading time can generate a resid-

c
ε

t

ig. 8. Evolution of the residual strain (εi
res) according to the maximum stress for ea

a) And-LCC, (b) Bau-ULCC with magnification.
umulated parameter DTh+M for both castables previously treated at different
emperatures.

al strain at the end of the unloading step because of their no
losing state.

This no closing state can result from different mechanisms.
n the one hand, the presence of debris opposes the re-contact
f the free surfaces of the cracks and, on the other hand, the
nternal stress relaxation from the thermal expansion mismatch
etween phases in the vicinity of the cracks.

Fig. 8 illustrates the evolution of the residual strain (εi
res

ccording to σi
max) for the two castables after thermal treatment

t various temperatures. Generally, these results show that the
esidual strain εi

res is much more important in the case of the
ndalusite based castable (And-LCC).

The values of the residual strain, probably correlated with
racking within materials, Fig. 9 presents the variations of

i (4 MPa)
res according to the cumulated damage parameter DTh+M.

As already observed in Fig. 7, the corresponding points for
he two materials fit in the same curve. However, in the case

ch cycle (σi
max) for both castables previously treated at different temperatures:



M. Ghassemi Kakroudi et al. / Journal of the European Ceramic Society 29 (2009) 2211–2218 2217

F
t
a

o
1

c
i
f
i

3

s
p
c
W

t
c
a
a
t

F
l
t

n
o
p
m
c
s

f
l
c
d
w
c
i

4

d
b
n
F
f
b
t
i

s
a
t
p
u
t
a

ig. 10. Evolution of the hysteretic energy (Wi
h) per unit of volume according

o the maximum stress of each cycle (σi
max) for both castables previously treated

t different temperatures: (a) And-LCC and (b) Bau-ULC.

f the And-LCC castable treated at high temperatures (900 and
100 ◦C), ε

i (4 MPa)
res increases in a significant way.

The high level of damage, potentially acceptable by this con-
rete treated at high temperature, probably leads to large open-
ngs of cracks during the mechanical loading thus facilitating the
all of debris which then, opposes their closing during mechan-
cal unloading, and thus induce a higher level of residual strain.

.2.3. Evolution of the “hysteretic energy” (Wi
h)

As seen in Fig. 4, the loading–unloading cycles presented on
tress–strain curves of the two castables underline an hysteretic
henomenon most probably related to a dissipative energy pro-
ess. In order to quantify for each cycle this energy process,

i
h (in J m−3) has been defined as the energy dissipated within

he material between the ith unloading cycle and i + 1th loading

ycle and normalised by the value of the volume of the useful
rea of the test sample. Fig. 10 presents the evolution of Wi

h

s a function of σi
max for the two castables treated at various

emperatures.

A

o

ig. 11. Evolution of the hysteretic energy (Wi (4 MPa)
h ) according to the cumu-

ated damage parameter DTh+M for both castables previously treated at different
emperatures.

In Fig. 10a, one can easily observes that the Wi
h values are

otably higher in the case of the And-LCC castable. As the level
f dissipated energy during loading–unloading cycles is most
robably related to the surface of microscopic cracks present in
aterials, Wi

h has been represented in Fig. 11 according to the
umulated damage parameter DTh+M and that for a maximum
tress level equal to 4 MPa.

One more time, the corresponding points for the two materials
ollow the same trend. A very strong correlation is thus under-
ined between the energy dissipated during loading–unloading
ycles and the damage level present in material. This energy
issipation is probably closely related to friction mechanisms
hich occur between the free surfaces of cracks. It is thus logi-

al that Wi
h is directly related to the surface area of defects found

n the material.

. Conclusion

Both castables exhibit notable damage behaviours with a
amage level related to the firing temperature. The tensile
ehaviour is characterised by a linear elastic domain at the begin-
ing of loading followed by a non-linear evolution up to the peak.
or a similar temperature, the extent of the non-linear domain
or the And-LCC castable is higher than for the Bau-ULCC one
ecause of damage development. In the case of the And-LCC,
emperature cycling reduces the maximum strength, but strongly
ncreases the compliance and the strain-to-rupture.

An original analysis, based on parameters extracted from ten-
ile curves (Ei

un, ε
i
res and Wi

h) has underlined some interesting
nalogies between the two materials. In particular, it seems that
he parameter DTh (quantifying the damage resulting from the
reliminary heat treatment) controls the mechanical behaviour
p to rupture in a similar way for the two castables. It appears also
hat the damage of the two studied castables loaded mechanically
fter heat treatment is mainly from thermal origin.
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