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bstract

he microstructural evolution of an illito-kaolinitic raw material has been characterized during firing at 10 ◦C/min up to 1200 ◦C. The strong
volution of porosity and amount of mullite formed from the viscous flux (from 1000 ◦C) has been quantified using dilatometric measurement,
mage analysis and X-ray diffraction. In situ ultrasonic echography has been used in order to determine the Young’s modulus (E) evolution associated
o the microstructural changes. This technique is highly sensitive to porosity elimination and mullite development even though an abundant viscous
ux is present. For low amount of mullite (<24.7 vol.%), the E evolution observed can be easily related to porosity and mullite volume proportion

hanges by applying the Hashin & Shtrikman approach (lower bound). For higher mullite content, the strong experimental E increase observed
etween 25.9 and 51.2 GPa has been related to the transition from isolated rigid inclusions (mullite and quartz) in soft matrix (viscous flux) toward
percolating network.
rown Copyright © 2008 Published by Elsevier Ltd. All rights reserved.
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. Introduction

Echography techniques based on the propagation of ultra-
onic waves in solids are widely used to control the quality of
aterials. By definition, these non-destructive methods exhibit

he advantage to keep the sample free of damage under inspec-
ion. Ultrasonic measurements is also used at high temperature
or investigating the behaviour of ceramic products, especially
eterogeneous refractories.1,2 For example, it is possible to fol-
ow in situ the variation of the Young’s modulus of a material
ubmitted to a thermal cycle with a suitable accuracy. There-
ore this technique is particularly sensitive to possible changes
n phase structure and material microstructure (pores, cracks or
hase(s) formation).

The aim of the present work is to check the sensitiv-

ty of the ultrasonic technique to microstructural evolution
densification, mullite formation. . .) occurring during the fir-
ng of a complex natural clay-based raw material. The

∗ Corresponding author. Tel.: +33 5 55 45 22 64; fax: +33 5 55 79 09 98.
E-mail address: nicolas.tessier-doyen@unilim.fr (N. Tessier-Doyen).
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hosen clay material is a kaolinite–illite–quartz mixture
xtracted from the Lembo deposit in Cameroon, previously
haracterized.3

After presentation of the used raw material and of the sample
reparations, the densification and mullitization of the studied
aterial are described. The results of the ultrasonic echography

nvestigation are presented and the deduced elastic properties
re correlated to microstructural evolution by combining exper-
mental characterization and predictive models.

. Materials

.1. Raw material

The study has been performed on a raw material (LB3)
xtracted from the Lembo area (Cameroon). This unit belongs
o the Bana plutonic and volcanic complex of the Cameroon

olcanic line.4 The petrologic features and a geological map
f this complex have been established5 and clay materials from
embo have been assigned to a meteoric alteration origin.6 Their
hemical (Table 1) and estimated mineralogical (Table 2) com-

All rights reserved.
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Table 1
Chemical compositions (wt.%) of the studied material.

SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 Loss on ignition at 1000 ◦C

50.9 32.2 2.54 0.13 0.60 0.02 <l.

a Limit of determination.

Table 2
Mineralogical composition (wt.%) of the studied material.
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1 ± 4 34 ± 4 12 ± 1 0.45 2.5

ositions, determined in a previous work, are very close to those
ommonly used in the ceramic industry.3

The specific surface area of LB3 sample determined using
he BET method (Micromeritics Desorb 2300A & Flowsorb II
300) is 29 m2/g.

The particle size distribution of the ground raw material
sed for the present study has been characterized by using
aser diffraction Coulter granulometer (Fig. 1). The diameters
f equivalent spherical grains corresponding to cumulative vol-
mes of 10 (d10), 50 (d50) and 90% (d90) of the total solid volume
re, respectively, 0.7, 2.5 and 11.7 �m.

The value of the skeletal density, ρs, of LB3 sample obtained,
fter grinding (till all the obtained powder grains pass through
≈325US mesh sieve, 40 �m) and drying, by using an He pyc-
ometer (Micromeritics AccuPyc 1330 V2. 0.3 N) is equal to
.69 g/cm3.

.2. Sample preparation

The ground raw material has been granulated through a
187 US mesh sieve (80 �m) with the help of water (5 wt.%).
ylindrical pellets (diameter = 25 mm; thickness = 5 mm) were
btained by applying a 50 MPa uniaxial pressure. After dry-
ng for 24 h at 110 ◦C, 5 mm × 5 mm × 10 mm parallelepipedic
amples were cut off in the previous pellets. The densification

ehaviour of these green parallelepipedic samples during a heat-
ng at 10 ◦C/min in static air was characterized in a loading
ilatometer (Adamel DI 24). The load applied by the pushrod
o the sample was held constant at 0.235 N. The initial porosity,

Fig. 1. Particle size distribution of the starting material.
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i ≈ 30%, of the green sample has been calculated by combin-
ng the powder skeletal density (2.69 g/cm3) and the apparent
ensity of the dried sample (1.87 g/cm3) determined from the
imensions and the mass of the pellet.

In order to characterize the microstructural evolution of LB3
ample during such a thermal treatment, some green pellets were
eated at 10 ◦C/min, up to a temperature in the 1000–1200 ◦C
ange, and air quenched after a 6 min dwell.

As the “long-bar” mode ultrasonic technique requires sam-
les with specific dimensions (≈100 × 5 × 5) mm3 to insure
eliable measurements, the previous method of preparation
as been modified in order to obtain those specific samples.
120 × 50 × 6) mm3 green samples were prepared by uniaxial
ressing at 25 MPa. The cohesion of these plates was insured by
dding 12 wt.% of water to dried LB3 powder during the gran-
lation stage. After drying at 110 ◦C for 24 h, pressed plates
ere pre-sintered at 850 ◦C (heating ramp = 10 ◦C/min) in air

or 12 min and naturally cooled in a furnace. Then, bars were
ut off in the fired plates.

. Characterization methods

.1. Microstructure of fired ceramic

The open porosity, πo, and the apparent density ρ, of fired
B3 specimens were determined by the Archimedes’ method
fter immersion in water. In order to get representative values
f open porosity (πo), a 100 �m layer was eliminated before
easurements from each parallel face of the sintered pellets by

olishing.
For scanning electronic microscopy (SEM, Hitachi S-2500)

bservations, fractured LB3 samples, previously heat-treated for
min at a temperature in the 1000–1200 ◦C range, were polished

uccessively with SiC abrasive, 9, 6, 3 and 1 �m diamond pastes.
losed porosity (πc) was determined by image analysis of sec-
ndary electron images of those polished samples. In order to
bserve mullite needles, some specimens were previously chem-
cally etched at room temperature for 20 s with a 10 wt.% HF
queous solution.

X-ray diffraction analysis was performed on non-oriented
owders obtained after a grinding of fired LB3 sample in a
orcelain mortar. The grinding was extended till all the obtained
owder grains pass through a ≈325US mesh sieve (40 �m). The
iffraction diagrams were obtained using an INEL CPS (Curved
osition Sensitive Detector) 120 device, working with CuK�1
adiation (λ = 1.540598 Å) at 40 kV and 30 mA. The exposure

ime for qualitative analysis was 20 min. The internal-standard

ethod was used for the quantitative analysis of the mullite
eveloped in LB3 sample on heating. International standard7 of
ristobalite was chosen as the reference because its linear attenu-
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closed porosity increases from 2% until 7%. SEM images of a
LB3 sample fired at 1200 ◦C for 6 min are presented in Fig. 4.
Very large (>15 �m) closed pores are present in this open poros-
ity quasi free ceramic. The formation of such large closed pores
P. Pialy et al. / Journal of the Europe

tion coefficient (80 cm−1) is close to that of mullite (103 cm−1).
oreover, the main peak (101) of cristobalite (2θ = 21.98◦) is

solated enough on the XRD diagram of LB3 sample and not too
ar from the (220) and (111) mullite reflections (corresponding
o 2θ = 33.23◦ and 35.28◦, respectively). All these reflections
ave been simulated by application of the so-called “peak by
eak simulation method” (Voigt function) by using the “Peakoc”
oftware. The exposure time for quantitative analysis was 12 h.

.2. Evolution of apparent Young’s modulus during firing

The evolution, during an heat treatment, of the apparent
oung’s modulus (E) of a material can be characterized in situ
sing ultrasonic pulse echo equipment.8 This technique con-
ists of measuring, all along the thermal cycle, the propagation
elocity of an ultrasonic pulse in a bar of the studied mate-
ial set in a furnace. The wave is produced by a transducer and
ransmitted to the sample by an alumina wave guide. The wave
elocity is calculated from the time that separates two successive
choes. The evolution of the apparent Young’s modulus of an
eterogeneous material is sensitive to change in the strength of
nter-atomic bonds (phase evolution), to formation or closure of
racks, to modification of porosity and to viscous flux or liquid
evelopment.9 Consequently, this technique can be sensitive to
he development of crystallized phase(s) within an amorphous

atrix.10 In the present work, the so-called “long-bar” mode
nalysis has been used. It requires a lateral dimension, d, of the
ample lower than the ultrasonic wave length λ used (d/λ ≤ 0.2)
nd a length of propagation (longitudinal dimension) higher than
d.1 The signal treatment for the measurement of the propa-
ation time, τ, has been performed by using the “Usanalys”
oftware.11 The relation between E and the propagation velocity
is:

= ρ · V 2 = 4ρ · L2

τ2 (1)

here ρ is the apparent density, L the bar length, τ is the propaga-
ion time between two consecutive echoes. All these parameters
an be temperature dependent.

The anisotropic shrinkage, observed during dilatometric
easurements was taken into account for the calculation of ρ and
. Measurements were performed on 120 mm × 5 mm × 5 mm
ars, pre-sintered at 850 ◦C, during treatments at 10 ◦C/min up
o 1200 ◦C in air.

. Microstructural evolution during sintering

.1. Densification

Fig. 2 highlights the dilatometric behaviour of sample LB3 in
irections perpendicular and parallel to the pressure axis during
n heat treatment at 10 ◦C/min up to 1200 ◦C.

Three shrinkage stages are observed:
below 600 ◦C during the dehydroxylation of phyllosilicates;
between 930 and 1000 ◦C simultaneously to the structural
reorganization of the dehydroxylated amorphous phases. This

F
m

ig. 2. Relative variation of shrinkage of the studied material by considering
ifferent directions (heating rate: 10 ◦C/min; static air).

phenomenon is usually associated to an increase of skeletal
density without pore elimination;12

above 1050 ◦C, where the fast shrinkage observed suggests
the formation of a significant amount of viscous flux with a
viscosity low enough to lead to grains creep under the pres-
sure gradients generated by superficial tensile strengths, grains
curvatures and necks.

The shrinkage is a little bit more important in the paral-
el direction. This difference, which appears during capillarity
ater departure (T < 400 ◦C), is enhanced by phyllosilicates
ehydroxylation (500 < T < 650 ◦C) and structural reorganiza-
ion (850 < T < 1000 ◦C). This behaviour is in agreement with a
referential orientation of phyllosilicate platelets corresponding
o a c-axis parallel to uniaxial pressure direction.

.2. Porosity

The influence of firing temperature on open (πo) and
losed (πc) porosities of LB3 samples sintered for 6 min at
000 ≤ T ≤ 1200 ◦C is reported in Fig. 3. The open porosity
ecreases from 32% at 1000 ◦C to nearly 0% at 1200 ◦C, whereas
ig. 3. Variation of open and closed porosities versus temperature of the studied
aterial.
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ig. 4. SEM images of a fracture showing the size, the shape and the distributi
uartz are also observable.

y coalescence is usually associated with a large amount of
iscous flux.13,14

The total porosity obtained for the sample heated for 6 min at
200 ◦C has been compared to the porosity deduced at 1200 ◦C
rom dilatometric analysis. The combination of the apparent
ensity deduced from shrinkage (2.32 g/cm3) with the skele-
al density determined by helium pycnometry after grinding
2.65 g/cm3) leads to a total porosity = 12%.

The highest porosity value deduced from dilatometric mea-
urements at 1200 ◦C confirms that the load applying during
xperiment does not influence the observed shrinkage. It sug-
ests also a fast densification kinetic before pores closure.

.3. Mullitization

Concomitantly to densification, the studied material under-
oes mullitization. Characteristic peaks of mullite (JCPDS file

15
5–0776) are present on the XRD diagrams of samples heated
or 6 min at T ≥ 1000 ◦C (Fig. 5). The amount of mullite deduced
rom the quantitative analysis of samples fired for 6 min between
000 and 1200 ◦C are presented in Table 3.

ig. 5. XRD patterns of the studied material between ambient and 1200 ◦C.
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closed porosity of the studied material heated at 1200 ◦C for 6 min. Grains of

Two stages of mullitization can be distinguished during heat-
reatment of LB3 sample at 10 ◦C/min up to 1200 ◦C:

The first stage occurs below 1050 ◦C simultaneously to illite
disappearance (Fig. 5), suggesting a possible link between
both phenomena. Such a behaviour has been observed dur-
ing heating of an alternate multilayer packing of kaolinite
and muscovite.16 Slaughter and Keller17 have explained the
earlier formation of mullite from illite than from kaolinite
by the effect of potassium and other alkali or alkaline earth
metal cations present in or near the holes of the hexagonal
network of the (SiO4)4− tetrahedral layers in the sheets of
illite.
The second mullitization stage corresponds to a fast increase
of mullite rate (from 11 up to 30 wt.%) between 1100 and
1150 ◦C. The SEM image of an etched cross section (Fig. 6)
shows that the mullite formed during heating up to 1200 ◦C
is mainly made up of small needles (length < 0.5 �m) simi-
lar to those observed after formation of primary mullite from
metakaolinite.12

It can be noticed that the spinel-like phase (JCPDS file
9–0063) present between 1000 and 1100 ◦C (Fig. 5) has dis-

◦
ppeared at 1150 C. Those results suggest the existence of a
orrelation between the fast mullite rate increase and the dis-
ppearance of the transitory spinel-like phase, probably formed
elow 1000 ◦C during metakaolinite structural reorganization.12

able 3
mount of mullite observed (between 1000 and 1200 ◦C).

(◦C) Mullite observed (wt.%)

000 4.7
050 10.4
100 11.5
150 30.5
200 35.6
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ig. 6. SEM image of a fracture of the studied material heated at 1200 C for
min (chemically etched with 10 wt.% HF for 20 s) showing the size, the shape
nd the distribution of mullite crystals.

. Young’s modulus evolution in relation with the
icrostructural changes

.1. Experimental apparent Young’s modulus of the overall
aterial

Ultrasonic echography technique has been used in order to
ollow the evolution of apparent Young’s modulus (Eexp) during
ensification and mullitization of LB3 samples. Fig. 7 shows
he influence of temperature on Eexp of the sample pre-sintered
t 850 ◦C. The reported Eexp values have been calculated from
xperimental wave velocity and apparent density deduced from
ilatometric measurements using Eq. (1).

Below 850 ◦C, Eexp remains low and constant (about 5 GPa)
in accordance with the quasi-absence of microstructural evo-

◦
lutions of this sample previously fired at 850 C. It can be
noticed that the ��� quartz transition near 573 ◦C does not
lead to a significant variation of Eexp.

ig. 7. Influence of temperature on the apparent Young’s modulus (Eexp) of the
ample pre-sintered at 850 ◦C.
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Between 930 and 1000 ◦C, a slight increase of apparent
Young’s modulus is observed concomitantly to the structural
reorganization of dehydroxylated phyllosilicates.
Above 1050 ◦C, Eexp exhibits a very strong increase from
9.7 GPa till 51.2 GPa at 1200 ◦C. This evolution occurs simul-
taneously to a decrease of the overall porosity, an increase of
the amount of mullite and the development of a viscous flux
with a decreasing viscosity.

.2. Determination of the apparent Young’s modulus using
nalytical models

.2.1. Adapted predictive models for the description of LB3

ample microstructure
Even if a significant amount of viscous flux must be present

t least above 1100 ◦C, the propagation of ultrasonic waves
n the studied sample shows that it is possible to calculate an
quivalent Young’s modulus (E*) within the whole studied tem-
erature range. Such configuration has already been observed
or different glasses at temperature higher than glass transition
emperature (Tg).18,19

The intrinsic modulus of each phase, their distribution in the
icrostructure and the porosity have obviously a great impact on

he measured apparent Young’s modulus of a multiphase mate-
ial. The influence of phase distribution on the apparent elastic
roperties of LB3 sample can be highlighted using predictive
odels above 1000 ◦C, when considering only the major phases:

uartz, mullite, viscous flux and pores.
When the porosity rate is over 15%, most linear models are

ften inaccurate for describing the real porosity dependence.20

he modified exponential relation proposed by Pabst et al. is
sed in order to take into account the porosity influence.21 The
0 values (skeleton Young’s modulus) are then obtained using

he following equation:

0 = Eexp

exp(−n · π/1 − π)
(2)

here Eexp is the material apparent Young’s modulus, π the over-
ll porosity volume fraction (open + closed) and n is an empirical
tting parameter equal to 2.2.21 The corresponding E0 values are
eported in Table 4.

Depending on the quantity of mullite, different analytical
odels can be considered in order to describe the phases arrange-

ent.

For low mullite contents (typically below 1100 ◦C), the LB3
sample skeleton can be described as inclusions of mullite

able 4
B3 sample skeleton Young’s modulus values at different temperatures.

(◦C) E0 (GPa)

000 27.1
050 22.8
100 20.7
150 32.2
200 62
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Table 6
Volume proportions of major phases respectively in the skeleton and for the
overall studied material.

T (◦C) Skeleton Overall material

Q (%) M (%) VF (%) Total porosity
(%)

Q (%) M (%) VF (%)

1000 13.7 4 82.3 35 8.9 2.6 53.5
1050 13.8 9 77.2 28 10 6.5 55.5
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crystals and quartz grains in the viscous flux considered as
a matrix. This configuration corresponds to the assumption of
Hashin & Shtrikman (HS) for the HS lower bound, EHS

− (iso-
lated rigid inclusions in an infinite softer matrix20). A good
agreement between the values calculated using HS model
(EHS

−) and the values determined from ultrasonic echogra-
phy experiments has already been obtained for glass/alumina
materials exhibiting an alumina volume amount ranging from
0 to 55%.20,22

For higher mullite contents, the microstructure presented in
Fig. 6 suggests a possible percolation between mullite needles.
Therefore, the material can be described as an array of two con-
tinuous networks: a rigid one made up of mullite + quartz and
a soft one corresponding to the viscous flux. This configura-
tion does not correspond to any HS bounds microstructural
hypotheses (the upper bound, EHS

+, corresponding to soft
inclusions in infinite rigid matrix). Such a phase arrangement
can be approximately described as the combination of 2 paral-
lel networks, the rigid one being made up of a series of linked
mullite and quartz grains. This description suggests that the
rigid network Young’s modulus can be approximated by the
Reuss relation applied to mullite and quartz grains whereas
the Young’s modulus of LB3 skeleton can be determined by
applying a classical rule of mixture for both rigid and viscous
networks.

.2.2. Intrinsic Young’s modulus of the three condensed
hases

The comparison between values deduced from experiments
nd analytical models requires the knowledge of intrinsic
oung’s modulus of the three major condensed phases (quartz,
ullite and viscous flux) of LB3 material.
The Young’s modulus and Poisson’s ratio of quartz (Q) and

ullite (M) have been provided by literature.23–25 The values
sed for calculation are reported in Table 5.

A large scattering (from about 1 to 90 GPa) is observed for the
equivalent Young’s modulus” (E∗

VF) reported in the literature
or monophase silica glasses at temperature higher than Tg.18,19

herefore, an attempt to estimate E∗
VF has been performed by

ssuming that the elastic behaviour of the LB3 ceramic between
000 and 1100 ◦C (when the microstructure corresponds to iso-
ated inclusions of mullite and quartz grains in the viscous flux)

−
an be described by applying HS relation first to inclusions of
uartz in the “viscous flux + mullite” matrix, then to inclusions
f mullite in the “viscous flux + quartz” matrix. The as-obtained
alues of E∗

VF are 15 ± 1 GPa for 1000 ◦C, 1050 ◦C and 1100 ◦C.

able 5
lastic properties of quartz and mullite at different temperatures.

(◦C) EQ (GPa)20 νQ
20 EM (GPa)21 νM

22

20 96.6 0.075 230 0.280
000 109.7 0.260 190 0.270
050 110.7 0.263 188 0.270
100 111.8 0.266 186 0.269
150 112.8 0.269 184 0.269
200 113.7 0.272 182 0.268

w
s
r
G

i

(

100 13.8 10 76.2 16 11.6 8.4 64
150 14.2 27.2 58.6 9 13 24.7 53.3
200 14.3 32 53.7 8 13.2 29.4 49.4

t can be noticed that this result is temperature independent in
he 1000–1100 ◦C range. For further calculation, we will con-
ider E∗

VF = 15 GPa till 1200 ◦C and the Poisson’s ratio of the
iscous flux equal to 0.27, commonly encountered value for
imilar compositions.18

.2.3. Results of simulation
The respective volume fractions of condensed phases were

stimated from porosity rate, mass fraction and bulk density of
ach phase (3.21 g cm−3 for mullite26, 2.65 g cm−3 for quartz26

nd 2.75 g cm−3 for flux). The flux density has been deduced
rom the results reported by Schilling for similar compositions.18

he volume fractions of phase for the 5 considered temperatures
re reported in Table 6.

.2.3.1. Only the viscous flux is percolating. In order to esti-
ate the E0 value of a skeleton made up of isolated inclusions

f quartz and mullite in a viscous flux, the following relations
roposed by HS27 for the lower bound have been applied twice.

−
HS = 9K−

HSG−
HS

3K−
HS+G−

HS

(3)

HS
− and GHS

− are, respectively, the bulk modulus and the
hear modulus obtained from Eqs. (4) and (5)

−
HS = Gm + vp

(1/(Gp − Gm) + (6(Km + 2Gm)vm)/

(5Gm(3Km + 4Gm))

(4)

−
HS = Km + vp

(1/(Kp − Km) + (3vm/(3Km + 4Gm))
(5)

here m and p represent, respectively, the matrix and the inclu-
ion, vp is the volume fraction of p (G and K of each phase are
espectively related to Young’s modulus and Poisson’s ratio by

= E/2 (1 + ν) and K = E/3 (1 − 2ν)).
In order to check the influence of scale level, the two follow-

ng sequences of calculation have been carried out:

(i) first, application of Eq. (3) for inclusions of mullite in vis-
cous flux, then, application of Eq. (3) for inclusions of quartz

in the mullite + flux matrix;

ii) first, application of Eq. (3) for inclusions of quartz in viscous
flux, then, application of Eq. (3) for inclusions of mullite in
the quartz + flux matrix.
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Table 7
Young’s modulus of skeleton and overall LB3 calculated by applying twice the characteristic relation of HS lower bound considering the (i) or (ii) sequences.

T (◦C) Skeleton Overall material

EHS[(VF+M)+Q]
− (GPa) EHS[(VF+Q)+M]

− (GPa) EHS[(VF+M)+Q]
− (GPa) EHS[(VF+Q)+M]

− (GPa)

1000 20.5 19.9 6.3 6.1
1050 22.6 22 9.6 9.3
1100 23 22.4 15.2 14.7
1150 32.4 31.7 26 25.5
1200 35.7 35 29.5 28.9

Table 8
Skeleton and overall LB3 material Young’s modulus values calculated assuming
the coexistence of two continuous networks.

T (◦C) Skeleton Overall material

EReuss (Q+M) (GPa) EV[Reuss (Q+M)+FV (GPa) EV[Reuss (Q+M)+FV

(GPa)

1000 162.6 41.1 12.6
1050 147.8 45.3 19.2
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100 145.5 46 30.3
150 129.9 62.6 50.3
200 128.7 67.6 55.9

The results obtained for the 5 considered temperatures for
oth sequences of calculation are reported in Table 7.

Values obtained by both sequences of calculation are similar
for the first sequence values are slightly higher, but the differ-
nce does not exceed 0.7 GPa for the skeleton). This shows that
cale level does not have a significant influence.

.2.3.2. Two rigid and soft percolating networks. To take into
ccount a possible percolation of a rigid network of mullite
nd quartz grains, calculations have also been made considering
hat the connection between rigid grains corresponds to a series
rrangement described by the Reuss relation28, Eq. (6).

Reuss(M+Q) = 1

(vM/EM) + (vQ/EQ)
(6)

corresponds to the respective volume fractions of mullite and
uartz in the rigid network. Then the LB3 skeleton would cor-
espond to the coexistence of 2 parallel percolating networks,
uggesting the following relationship29, Eq. (7).

V[Reuss(M+Q)+VF] = v(M+Q) · E(M+Q) + vVF · EVF (7)

he corresponding skeleton and overall Young’s modulus values
re reported in Table 8 for different temperatures.

.2.4. Discussion
Fig. 8 presents the evolution of experimental and overall cal-

ulated Young’s modulus versus the mullite volume fraction in
he overall LB3 material.

For volume fractions of mullite lower than 24.7%
T < 1150 ◦C), experimental results are very close to the val-

es obtained by applying twice the HS− relations, suggesting
LB3 microstructure made up of mullite needles and quartz

rains isolated inclusions embedded by a viscous flux at high
emperature.

l
a
t
fl

ig. 8. High temperature apparent Young’s modulus of LB3 sample versus
ullite vol.%. Comparison between experimental (Eexp) and calculated overall

alues.

A very important increase of LB3 apparent Young’s modulus
bserved when the mullite volume ratio increases from 24.7
o 29.4% must be related to a change in phase arrangement.
early similar values are obtained by considering the existence
f parallel rigid and soft networks. The experimental E value
btained for the highest mullite ratio (Eexp = 51.2 GPa) is almost
imilar to the calculated obtained value when considering the
imultaneous presence of rigid and soft continuous networks
E = 55.9 GPa). These results suggest that the amount of mullite
eveloped during the treatment till 1200 ◦C is high enough to
ercolate.

In this situation, the volume ratio of quartz and mullite
equired to obtain a continuous rigid network is very high
42.6% at 1200 ◦C) in comparison with the percolation thresh-
ld obtained for isotropic inclusions (≈20%30) then, even more,
or the mullite needles.31 This study highlights that the mullite
resent in the sample is only a primary-like one directly formed
ithin the flux which keeps surrounding the mullite needles
espite their important amount in the overall material.

. Conclusion

The characterization by ultrasonic echography of a sample
uring sintering allows, from the apparent Young’s modulus
volution, to get instantaneous information concerning mul-

ite development on heating. In addition to its sensitivity to the
mount of developed mullite, this technique is also sensitive to
he evolution of connectivity between rigid grains and viscous
ux present in the material at high temperature.
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