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bstract

efractory materials containing cordierite (2MgO·2Al2O3·5SiO2) and mullite (3Al2O3·2SiO2) are used as support in furnaces, because of their low
hermal expansion properties (coefficient of thermal expansion (CTE) ≈3–4 × 10−6 K−1) which confer them a very good ability to thermal shock
esistance. Composed of two phases presenting very different CTE (1.5–3 × 10−6 for cordierite and 4–6 × 10−6 K−1 for mullite), these materials
an develop damage during thermal cycling due to internal stresses. This paper is devoted to the characterisation of the damage generated by this
TE mismatch, thanks to the application of ultrasonic techniques like long bar mode echography and acoustic emission (AE). The combination
f these two techniques allows, during the applied thermal cycle (20–1200 ◦C), to continuously follow both the evolution of the elastic properties

Young’s modulus) and the acoustic emission activity generated within the material. The analysis of these two characteristics, which are closely
elated to the damage evolution, makes it possible to propose a chronology of the mechanisms (damage, expansion) acting during the heating and
he cooling stages.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

The heterogeneity of industrial refractory materials results
rom their multiphase composition involving aggregates of dif-
erent sizes, bonding phases and various additives. The grains
rrangement, the shape of aggregates and the microstructural
efects such as porosity and cracks, make difficult the prediction
f the mechanical and thermal behaviours.

The understanding of the thermomechanical behaviour of
efractory materials is essential for their use as linings in high
emperature furnaces and refining vessels in the metallurgical,
ement, and petrochemical industries. The increasing applica-

ion of the finite element calculations for the prediction of the
ehaviour in real conditions requires the knowledge of mechan-
cal properties closely related to damage evolution at high
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emperature which corresponds to the domain of use of these
aterials.
Cordierite–mullite refractory materials are very widely used

n ceramic industry as support parts in furnace. Considering
heir service conditions, they are subjected to repeated thermal
ycles. These materials have a complex microstructure charac-
erised by crystalline phases presenting both thermal expansion

ismatches and different elastic properties, and by a residual
ilicate glassy phase. There exist, as in many multiphase refrac-
ories, some microstructural phenomena acting throughout the
hermal cycles and inducing internal stresses as well as damage
uring cooling which are mainly due to the existence of dis-
greements in thermal expansion properties.1,2 In this study, the
volution of the material at high temperature, and specifically
ts damage, is monitored during specific thermal cycles by two
omplementary non-destructive acoustic methods: an ultrasonic

ulse echography (US Echo) in long bar mode allows the calcu-
ation of Young’s modulus and the acoustic emission technique
AE) is applied to follow the evolution of damage within the
aterial at a very local scale.

mailto:t_chotard@ensci.fr
mailto:m_huger@ensci.fr
dx.doi.org/10.1016/j.jeurceramsoc.2008.02.029
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Table 1
Thermal and elastic properties for each component of the two-phase material

Young’s
modulus (E,
GPa)

Coefficient of thermal
expansion, CTE (α, 10−6 K−1)
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where ρ is the density of the sample (here 2.11 g cm−3), L the
sample length and τ the time of flight of the wave after a round
trip in the sample. This technique makes it possible to have a
global idea of the microstructural and damage evolutions within
Fig. 1. Typical micrography of cordierite–mullite refractory.

Classically, AE technique is applied to characterise the dam-
ge of structures such as pressure tanks, carrying structures, and
o on. Its use can also be helpful to better understand and to
dentify the damage mechanisms occurring in the materials sub-
ected to mechanical loading.3–6 Recently, this technique has
een adapted for the characterisation of cement setting and to
etect the emptying of capillary networks in a porous material
uring drying.7,8 The originality of this work resides in the cou-
led application, on a refractory material subjected to thermal
ycling at high temperature, of both AE technique to charac-
erise and to identify the damage phenomena, and also of the
ltrasonic echography in order to better understand the effect of
amage process on the evolution of elastic properties.

. Materials and methods

.1. Materials

The tests were carried out on a cordierite–mullite refrac-
ory material industrially used like support in furnace for
oof tiles and bricks manufacture. It is a two-phase refrac-
ory (Fig. 1) constituted of mullite grains (Al2O3–2SiO2) in

matrix of cordierite (2MgO–2Al2O3–5SiO2). For this com-
ercial material, the exact proportions of each component were

ot communicated. However, the results of previous analyses
ake it possible to have an idea of the composition (cordierite:

0 wt%/mullite: 30 wt%). Having very low thermal expan-
ion properties (CTEaverage ranging from 1.5 to 3 × 10−6 K−1),
ordierite has an excellent thermal shocks resistance. However,
t high temperature (starting from 1200 ◦C), the creep resistance
f cordierite is poor. Mullite, which has a good mechanical resis-
ance at high temperatures and can be elaborated from low cost
aw materials, is usually added as a second phase to balance this
eakness. Indeed, mullite is an alumino-silicate which can be
btained by various ways, phase transformation of andalusite
r by decomposition of kaolinite according to the following
quations:

(Al2O3–SiO2)
andalusite

→ 3Al2O3–2SiO2 + SiO2
mullite

(1)

(Al2O3–2SiO2–2H2O)
kaolinite

→ 3Al2O3–2SiO2 + 4SiO2 + 6H2O
mullite
(2)

These reactions involve a residual silicate phase and can lead
o the creation of different secondary phases within the same

F
t

ordierite (matrix) 132 1.4–2.6
ullite (grains) 220 4.5–5.3

rain due to impurities. Mullite has a rather high thermal expan-
ion, compared to that of cordierite, leading to a significant
hermal expansion mismatch with this last material (Table 1).
his differential of dilation is the source of the internal stresses
hich appear during thermal cycles inducing a significant dam-

ge, in particular when cooling.

.2. Ultrasonic pulse echography (US Echo)

The main interest of this technique is to be able to follow
he evolution of the Young’s modulus, which is both depend-
ng on the intrinsic elastic properties of constituents, and also
elated to the damage of material, according to the tempera-
ure. This measurement is made in the configuration known as
f “long bar mode”, i.e. that side dimensions d of the sam-
le are small compared to the wavelength λ of the ultrasonic
ibration (d/λ < 0.2). The experimental device developed in the
aboratory9,10 is presented in Fig. 2.

A transducer (frequency = 85 kHz), placed in the cold zone
f the system, generates an ultrasonic pulse which is transmit-
ed to the sample located in the furnace through an alumina
ave guide. The studied sample, parallelepiped of dimension
mm × 4 mm × 100 mm, is stuck on the waveguide with a

efractory cement. Young’s modulus E is calculated by the fol-
owing formula:

= ρ ×
(

2L

τ

)2

(3)
ig. 2. Experimental setup used for Young’s modulus measurement at high
emperature by long bar mode pulse echography.
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ig. 3. Experimental setup used for high temperature acoustic emission (AE)
easurements.

he material by measuring, during thermal cycles, the values of
he modulus E. In particular, Young’s modulus decreases when
amage (microcracking) occurs in the material. On the contrary,
rack healing phenomena are accompanied by an increase of
oung’s modulus.

.3. Acoustic emission

AE is defined as phenomena whereby transient elastic waves
re generated by the rapid release of energy from localised
ources within a material (or structure). When a material is
ubjected to solicitations (such as mechanical, thermal, etc.),
coustic emission can be generated by a variety of sources,
ncluding crack nucleation and propagation, multiple disloca-
ion slip, twinning, grain boundary sliding, Barkhausen effect
realignment or growth of magnetic domains), phase transfor-
ations in alloys, debonding of fibres in composite materials

r fracture of inclusions in alloys.11–17 This technique has
een used either at the laboratory level or industrial scale.
sually, this technique is applied at room temperature as a
on-destructive characterisation technique in order to follow

n real-time the evolution of the damage of a material sub-
ected to mechanical loading.18–22 Here, the application of AE
echnique aims to characterise in situ at high temperature the
amage or other microstructural transformations taking place

o
t
s

Fig. 4. Typical AE features extracted
eramic Society 28 (2008) 2129–2135 2131

n the material resulting from a particular thermal configura-
ion.

The device of acquisition (Fig. 3), rather similar to that of
he ultrasonic pulse echography, is composed of a wide band
175 kHz–1 MHz) sensor (PAC MICROPHONE �80), a pream-
lifier (EPA 1220A) and an acquisition card associated with a
omputer (AEDSP-32/16 MISTRAS digital system from Phys-
cal Acoustics Corporation). The AE sensor is a major element
f the chain of acquisition because it collects the whole of the
ignals induced by the elastic waves created within the material
hose amplitudes are higher than a fixed threshold in order to

mplify and to record them. This system records the waveform
nd the main feature parameters well known in AE study such
s count, hit, rise time, duration of hit, count to peak, amplitude
in dB). Fig. 4 presents different AE features extracted from the
ignal waveform.

A classical analysis of the evolution of the number of cumu-
ated hits (N) during the thermal cycle will be also carried out as
ell as a calculation of the hits rate according to the considered

emperature:

T = d(N)

d(T )
(4)

ith RT in K−1.
Thermal cycling is the same for both US Echo and AE testing,

hat means:

Heating at 5 ◦C min−1 from room temperature up to 1215 ◦C.
Dwell of 0.2 h at 1215 ◦C.
Cooling at 5 ◦C min−1 down to room temperature.

The maximum temperature as well as the temperature rate
ere selected in order to reproduce, as precisely as possible, the
perating conditions of this material.

.4. Dilatometry measurements
Dilatometric measurements were conducted to support
ur investigations and to refine our interpretations. These
ests were carried out on samples (at least 3) of dimen-
ion (10 mm × 5 mm × 5 mm) thanks to an ADAMEL DI24

from the recorded signal (hit).
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Fig. 6. Cumulated number of hits (AE) vs. temperature curve for a
cordierite–mullite sample.
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ig. 5. Young’s modulus evolution according to the temperature for a
ordierite–mullite sample.

ilatometer. The thermal cycle carried out is the same one as
reviously quoted.

. Results and discussion

.1. High temperature ultrasonic pulse echography

Fig. 5 presents the variation of Young’s modulus vs. tem-
erature. On this figure, five characteristic periods concerning
f the evolution of the elastic properties of the material can be
learly distinguished. From room temperature up to approxi-
ately 870 ◦C (Period I), we can quote a slight but continuous

ncrease of the Young’s modulus which goes from 16 GPa at
0 ◦C to around 24 GPa at 870 ◦C. Above this temperature, a
trong inflection of E is observed up to the dwell (1215 ◦C)
period II). Indeed, during this heating period, the value of
he Young’s modulus practically doubles (E ≈ 40 GPa) suggest-
ng that major modifications occur within the material. Period
II (1215–710 ◦C) corresponds to the beginning of the cooling
tage. Throughout this domain of temperature, E continues to
volve to higher values until approximately 710 ◦C, where it
eaches its maximum (E ≈ 45 GPa). But, at the end of this stage,
he Young’s modulus starts to decrease significantly which is
onfirmed in stage IV (710–280 ◦C). The last period (V, from
80 ◦C to room temperature) is still associated to a drop of E,
owever less marked than for the previous temperature domain.
t the end of this period, the Young’s modulus reaches a value

lose to that it had before the thermal cycle (E ≈ 18 GPa).

.2. High temperature acoustic emission

Figs. 6 and 7 present the evolution of the cumulated number of
E hits (N) vs. temperature, during the same thermal cycle than

he one used for ultrasonic experiment. From room temperature
o 878 ◦C (period I), one observes a continuous increase in the
umber of recorded hits associated however with a rather low hit

ate (RT = 0.18 K−1). Period II (878 ◦C up to 1215 ◦C) presents
recrudescence of the acoustic activity (Fig. 7) with a hit rate

alue almost multiplied of a factor 3 (Table 2). The cooling
tage of the cycle is separated into three temperature ranges. The

i
d
o
h

ig. 7. Cumulated number of hits (AE) vs. temperature curve for a
ordierite–mullite sample: heating periods.

eginning of cooling (period III from 1215 ◦C down to 780 ◦C)
s characterised by a rather constant acoustic activity with a hit
ate multiplied by 3 compared with the one of the previous period
Table 2). From 780 ◦C to approximately 310 ◦C (period IV), the
coustic emission has an exponential increase (Fig. 6) associated
o a considerable rise of RT (Table 2). Below 310 ◦C and down to
oom temperature, (period V), one observes a slight deceleration
f the hit rate even if the acoustic activity (N) remains constant.

. Discussion

It is interesting to compare the results obtained from the two
coustic non-destructives techniques (Echo US and AE) jointly
pplied (Fig. 8) and from dilatometry measurements in order
o better understand the phenomena acting within the sample
uring the thermal cycles. Taking into account the carried out
hermal cycles, the logic of the experimenter would like that the
iscussion of the results considers as the starting point the heat-
ng phase of the material. However, from a mechanical point of
iew, it seems more judicious to consider the beginning of cool-

ng stage as a state free of internal stresses which are developed
uring the fall of temperature occurring during the elaboration
f the material. For this reason, the discussion will be initially
eld on cooling stages, then on the heating ones. To have a more



T. Chotard et al. / Journal of the European Ceramic Society 28 (2008) 2129–2135 2133

Table 2
Summary of the AE characteristics for each temperature domain

Stage number I II III IV V

Temperature domain Heating from
32 ◦C up to 878 ◦C

Heating from 878 ◦C
up to 1215 ◦C

Cooling from 1215 ◦C
◦

Cooling from 780 ◦C
◦

Cooling from 310 ◦C
◦

Cumulated hits by period (N) 150 170
|RT| K−1 0.18 0.50
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damage induced by the thermal expansion mismatch existing
between phases. The probable superimposition of onset process
and propagation of microcracking is confirmed by an impor-
tant rise of the hit rate (RT = 127 K−1) associated to the highest
ig. 8. Combined evolution of the modulus of elasticity and the acoustic activity
cumulated number of hits) according to the temperature for a cordierite–mullite
ample.

ccurate interpretation of the phenomena acting during these
tages, a simple theoretical model based on a two-phase material
an be considered: mullite grains inside a matrix of cordierite.
ccording to this model, if we assume that the average coeffi-

ient of thermal expansion of the grains (αg) ranges from 4.5
o 5.3 × 10−6 K−1 and the one for the matrix (αm) goes from
.4 to 2.6 × 10−6 K−1, the thermal expansion mismatch, noted
α = αm − αg is thus negative during thermal cycles.
Period III (cooling from 1215 to 710 ◦C): During this stage,

he observed increase of E is due to the regular stiffening of the
aterial when temperature decreases. In this temperature range,

he material behaves like a sintered ceramic with a small amount
f glassy phase. The observation of the dilatometric curve con-
rms this tendency. Indeed, the dilatometric behaviour of the
aterial (Fig. 10) is very close of the one of mullite. At the begin-

ing of this stage, the grain–matrix interface is cohesive and the
oefficient of thermal expansion (CTE) is that of the undamaged
aterial strongly influenced by that of mullite (ranging approxi-
ately from 4 to 6 × 10−6 K−1). At the same time, the recorded
E activity confirms that this increase in rigidity is most prob-

bly associated with a phenomenon of sliding at a very local
cale (micro-displacements between grains within the matrix).
n fact, at the grain–matrix interface (assumed to be cohesive at
he beginning of cooling), the surface of the matrix (Fig. 9) is
tressed in compression circumferentially (σortho) and radially
n tension (σrad) because its shrinkage is lower than that the one
f the grain (αg > αm). This state of stress is increasing with the

ecrease of temperature and induces micro-sliding of the grains
at high temperature) and probably the early onset of microc-
acks at the interface when reaching lower temperature (around
80 ◦C). However, these observations can be interpreted in a

F
o
a
a
a

down to 780 C down to 310 C down to 32 C
653 57,484 26,417
1.5 127 87

ontradictory way. Indeed, how can we associate, in the last part
f this temperature domain, an increase (even slight) of the elas-
ic properties with an onset (also even slight) of damage? This
henomenon can be explained by the difference in the princi-
le of measurement existing between the two characterisation
ethods. In fact, where US echography gives information on the
ave velocity based on the integration of the material mechan-

cal properties on a given volume, the AE technique, itself, is
ensitive to all the events occurring in this volume. It is thus
ot surprising that, thanks to its great sensitivity, the AE tech-
ique can detect, in a distinct way, the occurrence of phenomena
efore they have an influence on the mechanical behaviour of
he material, itself characterised by the US echography.

Period IV (cooling from 710 to 280 ◦C): while this temper-
ture domain, a significant drop of the elastic properties of the
aterial occurs (Fig. 5). This fall is related to development of
ig. 9. Schematic representation of residual stresses developed and hypothesis
n mechanisms acting during the cooling stage: (T1) tensile and shear stresses
t the grain–matrix interface and early micro-displacements; (T2) displacement
t interfaces and early onset of microcracking; and (T3) propagation of damage
nd generalised interfacial decoherence process.
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ig. 10. Dilatometric evolution of a cordierite–mullite sample during a thermal
ycle.

umber of recorded hits (Table 2). Here again, the dilatomet-
ic curve (Fig. 10) comes to support our assumptions. From a
pecific temperature (around 600 ◦C), the effect of the progres-
ive decoherence of the mullite grains causes the reduction of the
lobal CTE of the material which tends towards that of cordierite
ranging approximately from 1.5 to 3 × 10−6 K−1).

Period V (cooling from 280 ◦C to room temperature): Accord-
ng to the ultrasonic and AE results, this stage is probably
haracteristic of a slower development of the damage process
han for the previous temperature domain. In fact, a slight decel-
ration of the Young’s modulus fall is associated to a notable
nflection of RT.

Period I (heating from room temperature to 870 ◦C): Back to
oom temperature, the sample is significantly damaged (Fig. 1)
ecause of the thermal cycle. The low value of the Young’s mod-
lus (E ≈ 17 GPa) is characteristic of a poor cohesion between
he grains and the matrix. When temperature rises, an expansion
f the material is quoted on the dilatometric curve (Fig. 10).
ccording to our model (Fig. 11), the size of the grains, having a

tronger dilation, approaches that of their cavity and few contacts
ppear at the interface and generate bursts of acoustic emission.
slight increase in the Young’s modulus evolution coupled to a

otable rise of the acoustic emission activity (RT = 0.18 K−1) is
bserved. This can be attributed to the beginning of consolida-
ion process within the material. At this step of the discussion,
t is interesting to focus on the slope of the dilatometric curve
btained for periods IV and V and the one issued from period I
Fig. 10). It is clear that the CTE measured during the heating
tage (period I) is higher than the one noted at the end of the
ooling stage (periods IV and V). This lack of symmetry in the
ehaviour can be explained by a hysteretic effect most prob-
bly due to interfacial displacement occurring between grain
urfaces. Indeed, one can easily imagine that, at the beginning
f the heating stage, the relative free location of the mullite
rains in their cavity induces a placement of these grains not
igorously equivalent to that which they occupied at room tem-

erature. Early contacts at the interface occur (recorded in EA)
hich make the CTE of the material increasing.
Period II (heating from 870 to 1215 ◦C): In this tempera-

ure domain, the sudden increase of E modulus associated with

t
e

d

n mechanisms acting during the heating stage: (T1) expansion and bringing
ogether of the free surfaces of the crack; (T2) first contacts and slight frictions;
nd (T3) established contacts and frictions.

higher AE hit rate (RT = 0.5 K−1) are most probably closely
elated to significant friction mechanisms occurring between the
ree surfaces of the open cracks (very close at this time). From
hat point, the grain starts to occupy the entire place which is
ntended to it (Fig. 11). The interface is reconstituted and is
hen solicited under coupled compression-shear stresses. The
oung’s modulus has more than doubled (E ≈ 40 GPa). The
ealing process of the cracks has also started at the end of this
tage. Indeed, at high temperature, a low viscosity vitreous phase
omes to partially fill the interstices. The occurring of this phase
s the origin of the attenuation of the ultrasonic waves quoted in
S echography.

. Conclusion

In industrial applications, the cycles of production, in
hich cordierite–mullite refractories are involved, impose daily

hermal repeated alternations to them. These conditions of ther-
al fatigue cause early ageing, sometimes prejudicial to the

ehaviour in service of these materials.
On the sights of the experimental results, several observations

an be done:
Firstly, a similarity in the number of distinct temperature

omains (5) and their relative extend is observed between the
oung’s modulus evolution and the AE activity variation both vs.

emperature. This shows the good correlation obtained between

he results of the two ultrasonic methods supported by dilatom-
try measurements.

Secondly, an acoustic emission activity is not only present
uring the cooling phase, but also during the heating one. Of
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23. Case, E. D., Smyth, J. R. and Hunter, O., Microcracking in large-grain
T. Chotard et al. / Journal of the Europ

ourse, the hit rates RT (Table 2) are not of the same order of
agnitude (100 times lower for the heating stages compared to

he cooling ones), but the number of recorded signals is signifi-
ant to underline the sensitivity of this technique to phenomena
hich are not exclusively related to a microstructural change or
damage process.

Thirdly, a consolidation of the material during the heating
tage and a notable fall of rigidity, for a given temperature
omain, during the cooling period are emphasised. A hysteretic
ffect on the Young’s modulus variation is also underlined.
ndeed, because of their coarse grains, heterogeneous and multi-
cale structure, refractory materials can exhibit such behaviours.
ome research works report a hysteretic loop shape for Young’s
odulus variations vs. temperature. For example, Case et al.23

ave observed hysteretic phenomena on anisotropic coarse
rained alumina material and Nonnet et al.24 so as Baudson
t al.9 have underlined similar behaviours for alumina castables
nd MgO/C refractories. These effects are not always due to the
ame physical mechanisms. However, most frequently, they can
e explained by the thermal expansion mismatch between the
olid phases.

The thermal expansion mismatch between the mullite grains
nd the matrix of cordierite inevitably generates the formation of
microcracks and decoherences network during cooling. Other

esults not presented here show that this damage affects the
echanical properties (failure stress at room temperature). This

ffect increases with the number of thermal cycles applied to
he material (even for relatively low maximum temperatures).

hen the maximum temperature is sufficiently high, the low
iscosity vitreous phase present in the material allows a “transi-
ory” healing process of this damage and induces a restoration
f the mechanical properties.

In the low temperatures domain, by reducing at the same
ime the elastic properties and the CTE, the damage process
mproves most probably the resistance to thermal shocks of these

aterials.
This work is part of a wider study aiming to understand

he thermomechanical behaviour of these materials. The com-
ined use of two non-destructive characterisation techniques,
E and US Echo respectively, associated with dilatometry mea-

urements, made it possible to better understand the phenomena
cting during the imposed thermal cycle.
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