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bstract

he microstructural evolutions of high alumina refractory concretes, based on the systems CaO–Al2O3 and CaO–Al2O3–MgO, have been studied
y the way of ultrasonic high temperature measurements. Since such a refractory concrete can be considered as a composite material with two
onstituents, a continuous matrix (so called bonding phase) and aggregates, investigations of matrices made of mixtures containing cement, reactive
lumina and/or magnesia, constitute a preliminary study which is presented in this paper. The elastic behaviour of these matrices has been followed
rom room temperature to 1550 ◦C via a specific ultrasonic method. During the first thermal treatment, different changes of slope are observed in

◦ ◦
he curve E = f(T). Between 200 C and 400 C, dehydration mechanisms involve a microstructural reorganisation correlated with a strong decrease
f the elastic properties. At high temperature, the Young’s modulus evolutions are associated with the expansive formations of CA2

b and/or in-situ
pinel at 1100 ◦C and then CA6 (see endnote b) at 1450 ◦C, which directly depend on the CaO/Al2O3 and MgO/Al2O3 ratios in the mix. The forming
f bond linkage between CA6 and in-situ spinel grains in the matrix is believed to enhance the elastic properties at high temperature.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Both alumina–spinel and alumina–magnesia castables are
idely used in steel ladle linings, replacing high alumina bricks.

n the future, the part of alumina–magnesia castables in the
efractory market will probably progress taking into account
heir lower cost and their better high temperature performance,
ompared to synthetic spinel castables. For this system, we
bserve a high refractoriness and a better corrosion resistance
han for Al2O3 castables.1 During the first thermal treatment
f the castable, the spinel MgAl2O4 is formed in the bonding

hase by reaction between magnesia and alumina. Unfortu-
ately, this reaction is associated with a sharp volume expansion
f 3.7%2 between 1200 ◦C and 1400 ◦C, which can damage the

∗ Corresponding author. Tel.: +33 5 55 45 22 35; fax: +33 5 55 79 09 98.
E-mail address: c gault@ensci.fr (C. Gault).

a Present address: KERNEOS Aluminates Technologies, 95 rue du Mont-
urier, ZI Parc de Chesnes, 38291 Saint-Quentin Fallavier.
b Cement notation: CaO C, Al2O3 A, CaO–Al2O3 CA,
aO–2Al2O3 CA2, CaO–6Al2O3 CA6, MgO–Al2O3 MA.
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aterial in service. However, compared with alumina–spinel
astables, the lifetime of the MgO materials can be significantly
ncreased.3,4 This could be attributed to a higher densification
f the matrix at high temperature, thus reducing slag penetra-
ion and corrosion.5 For Korgul et al., MgO contained in the
astable is partially dissolved by the slag, leading to a high vis-
ous MgO-rich less corrosive slag.6,7 Additionally, the CaO of
he slag reacts at high temperature with the Al2O3 of the castable
o form CA2 at 1200 ◦C, and CA6 above 1400 ◦C. Furthermore,
riado and Estrada studied the dilatometric effects associated
ith the expansive formations of these calcium aluminates.8 It

s related in the literature that these high temperature resulting
hases may interlock and link with other phases, thus improv-
ng the properties of the castable.9 In particular, some authors
ttribute the enhancement of strength at high temperature in
l2O3–spinel castables to a strong interlocking bond between
A6 and spinel grains in the matrix at high temperature.10 Thus,

uring the first use of the refractory castable, it is advisable to
ontrol the multiple reactions between CaO, Al2O3, spinel or
gO which lead to evolutions of microstructure and mechanical

roperties.

mailto:c_gault@ensci.fr
dx.doi.org/10.1016/j.jeurceramsoc.2007.01.016
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Table 2
Wt.% compositions of mineralogical phases of CA14M cement

Mineralogical phases

Cement CA14M A CA CA2 C12A7

Wt.% 6 56 38 <1

Table 3
Compositions (wt.%) of the castables made with the two studied matrices:
concrete A with MatA, concrete M with MatAM

Materials Concrete A Concrete M

Cement 5.50 5.50
Reactive alumina

CT3000SG 3.80 2.60
CL370C 10.20 8.40

Tabular alumina
45 �m 3.80 3.80
0–1 mm 28.80 15.70
0–3 mm 3.00 8.70
0–5 mm 27.00 32.40
1–2 mm 18.00 20.00

Magnesia 0.00 3.00
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Such materials can be considered as composites with the
onding phase being the matrix and aggregates being reinforce-
ent particles.11 Properties of the concretes at high temperature

re strongly dependent upon microstructural evolutions and
eactions between constituents in the matrix. Therefore, it is
undamental to understand these mechanisms in order to pre-
ict the high temperature behaviour of the industrial refractory
oncrete. The work reported in this paper investigates correla-
ions between microstructural changes and elastic properties of
lumina and alumina–magnesia cementitious matrices during
eat treatments. The evolutions versus temperature of the elas-
ic properties of these compositions have been followed using
n ultrasonic technique. The great sensitivity of Young’s mod-
lus to microstructural changes makes it a good mechanical
arameter to characterise the behaviour of such materials at high
emperature.

The matrices were constituted of a mix of the hydraulic
ement and of the finest powders used for concrete fabrication
alumina, spinel or/and magnesia), conventionally having diam-
ters lower than 100 �m. Above this arbitrary threshold value,
articles become part of the aggregate phase of concretes.11

Two cement-bonded matrices are considered in this paper:
high-alumina composition termed MatA and an alum-

na–magnesia mixture termed MatAM. The first part of the paper
eals with the identification of the effects on elasticity and ther-
al expansion of different phase changes, occurring from the

ehydration process up to sintering at high temperature, in a
ure cement phase (CEM). The behaviours of the two matrices
re then investigated.

. Experimental

.1. Fabrication of materials

Some characteristics of the raw materials used for this
ork are listed in Table 1. High alumina cement (CA14M,

50 = 11 �m) contains mainly calcium mono and di-aluminates
oted CA and CA2, respectively, some alumina �-A and a minor
hase C12A7 (see Table 2). The fine particles used as fillers
re reactive alumina (CT3000SG and CL370C, d50 = 0.5–2 �m).
ine MgO powder (d50 = 1 �m) is a sintered seawater magnesia.

arvan 7S (0.05 wt.%, from Vanderbilt) was used as dispersant.
he materials studied in this paper are to be used as matri-
es for two concretes, the compositions of which are given
n Table 3.

c
t
u
f

able 1
hemical compositions and physical characteristics of raw materials

Chemical analysis (wt.%)

CaO Al2O3 Na2O SiO2 Fe2O3 MgO

ement 27.00 72.00 0.25 0.30 0.15 0.20
eactive alumina 0.02 99.80 0.08 0.03 0.02 0.09
agnesia 0.40 0.01 0.00 0.00 0.01 98.10

a From Alcoa.
b From Magnifin.
ater 5.00 5.50

A cementitious composition, referred as CEM, was first
repared by mixing 100 g of cement and 33 g of water, cor-
esponding to a water/cement ratio of 0.33 (noted W/C = 0.33),
ypically used for cement characterisation. Then, a CaO–Al2O3
omposition referred as MatA was prepared to simulate the
atrix of the concrete A. This material consists in a mix of

9 wt.% of Al2O3 and 21 wt.% of cement cast with a W/C
atio of 0.91 (the same ratio as for castables). Finally, a
aO–Al2O3–MgO matrix, referred as MatAM, was also pre-
ared by mixing 70 wt.% of Al2O3, 21 wt.% of cement and
wt.% of MgO (W/C = 1) to simulate the matrix composition
f the magnesia concrete M. Materials were cast in a Perrier
ixer by dry-mixing powders for 1 min before adding water

nd dispersant by wet-mixing for 4 min. The mixed preparation
as placed by vibration into a 160 mm × 40 mm × 40 mm sili-

on mould and wrapped in a plastic bag for a 48 h curing at room
emperature. After casting at room temperature, the specimens

ndergo a thermal treatment which consists in heating at 110 ◦C
or 48 h before characterisation.

Physical properties Commercial reference

Cl Specific surface
area (m2/g)

Bulk density

0.00 1.66 3.04 CA14Ma

0.00 3.00; 7.00 3.91 CL370Ca; CT3000SGa

1.23 6.40 3.03 Ankermag B20b
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expansion of CEM during an increase of temperature at a rate of
5 ◦C/min up to 1500 ◦C. Compared to thermally stable materials
which exhibit regular variations of E and �l/l0 with temperature,
the two curves show characteristic effects. Three domains can
Fig. 1. Principle of ultrasonic Young’s

.2. Characterisation techniques

Measurements of the elastic modulus E of the specimens
ere made via a high temperature ultrasonic technique work-

ng in a long bar mode (lateral dimension of the propagation
edium inferior to the wavelength), whose principle has been

eported elsewhere.12,13 This pulse-echo method uses ultrasonic
ompressional waves generated by a magnetostrictive transducer
ith frequencies ranging from 50 kHz to 110 kHz. The ultrasonic
ulse is sent into the parallelepipedic sample through a refrac-
ory alumina wave guide. Fig. 1 presents the principle of the
lastic modulus measurements. An electronic equipment (sig-
al acquisition by a digital oscilloscope and a specific software
ackage) automatically measures and records the time delay τ

orresponding to one round-trip of the wave through the sam-
le. Then, the Young’s modulus E of the material is given by the
ollowing equation:

= ρ

(
2L

τ

)2

(1)

here L and ρ are sample length and density, respectively.
The characteristics of the different parts of the ultrasonic line

ave been adapted to highly heterogeneous refractory concretes
ith large grains (up to 5 mm) and high porosity (up to 15%);

his involves a low ultrasonic velocity and a high ultrasonic
ttenuation. The dimensions of samples and the wave fre-
uency are 80 mm × 10 mm × 10 mm and 55 kHz, respectively.
xperiments have been performed during a thermal treatment
onsisting in heating/cooling rates of 5 ◦C/min from room tem-
erature to 1550 ◦C, with a dwell at 1550 ◦C for 2 h. The curves
= f(T), presented in this paper, have been corrected for density

ariations and thermal expansion of the specimen as follows:

�E(T )

E0
=

(
τ0

τ(T )

)2 (
1 − �l(T )

l0

) (
1 + �m(T )

m0

)
(2)
here the suffix 0 is related to the values measured at room tem-
erature, �m/m0 and �l/l0 are the relative variations of sample
ass and length, respectively, obtained from TGA and thermal

xpansion measurements.
F
p

lus measurements at high temperature.

Bulk density and apparent porosity of specimens were mea-
ured by the Archimedes method in water (added with a wetting
gent). Microstructures of sample fractures were examined by
canning electron microscopy (SEM). Thermal characterisa-
ions were carried out by differential thermal analysis (DTA)
ith a heating rate of 15 ◦C/min up to 1000 ◦C, in order to
etermine the successive thermal decompositions of the miner-
logical cement phases. Thermal expansion measurements were
erformed in samples of dimensions 20 mm × 8 mm × 8 mm,
sing a high temperature dilatometer (ADAMEL DI24) at
◦C/min from room temperature to 1500 ◦C. Mass losses have
een monitored by thermogravimetric analysis (TGA), with an
eating rate of 15 ◦C/min.

. Results and discussion

.1. Young’s modulus evolutions versus temperature and
hermal expansion of the cementitious paste CEM

Fig. 2 shows the Young’s modulus evolutions and thermal
ig. 2. Evolutions of thermal expansion and elastic modulus of CEM vs. tem-
erature.
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Table 4
Characteristics of anhydrous and hydrated phases of cement

Phase Mass (%) Molar mass (g/mol) Density

CaO Al2O3

C 100 56.08 3.30
C12A7(H) 48.6 51.4 1386.7 2.69
CA 35.4 64.6 158.04 2.98
CA2 21.7 78.3 260 2.91
CA6 8.4 91.6 667.84 3.38
A 100 101.96 3.98
CAH10 338.04 1.72
C2AH8 358.12 1.95
C3AH6 378.20 2.52
AH3 155.96 2.42

Table 5
Wt.% compositions of mineralogical phases of CEM treated at 110 ◦C

Mineralogical phases

A CA CA2 C3AH6 AH3

W
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m
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Fig. 3. Differential thermal analysis (DTA) of CEM treated at 110 ◦C.

e distinguished: D1 from 20 ◦C to 400 ◦C; D2 from 400 ◦C to
00 ◦C; D3 above 900 ◦C.

.1.1. Low temperature domain D1

From room temperature to 200 ◦C, only regular thermal
xpansion and linear decrease of Young’s modulus are observed.
bove 200 ◦C, a shrinkage as well as a Young’s modulus drop are
bserved. They have been attributed to dehydration mechanisms.

The expected phases in the starting material result from
ydration of the anhydrous phases of the cement, after curing
nd heat treatment at 110 ◦C. Hydration mechanisms of a high
lumina cement is well documented in the literature.14–17 First,
n normal conditions (room temperature), it is observed that
etastable crystalline hydrates CAH10 and C2AH8 are jointly

ormed with an amorphous phase AH3. Then, these metastable
ydrates evolve to form stable hydrates C3AH6 and AH3, as
unction of time and temperature. This phenomenon, commonly
alled “conversion” in literature,18 can be accelerated by increas-
ng temperature. It both involves a production of water and
n important internal volume change (−37% from CAH10 to
2AH8/AH3 and −53% from CAH10 to C3AH6/AH3).17 The
onsequence for the material is an increase of porosity and a
eakening of mechanical properties. In the present work, the

reatment at 110 ◦C was used to evaporate the excess free water
nd to fully convert the metastable phases into the stable hydrates
3AH6 and AH3 which were the only crystalline phases detected
y XRD after this step. Fig. 3 gives the result of a DTA experi-

ent performed in CEM treated at 110 ◦C. Strong endothermic

ffects are observed in the range 200–400 ◦C, corresponding to
he dehydration of the stable phases, which start at 210 ◦C for
H3 and at 320 ◦C for C3AH6.

a
Y
p
t

able 6
ariation of the solid volumes of the cementitious phases before and after dehydratio

Phases (before, 110 ◦C)

{A + CA + CA2} C3AH6 AH3

ass (wt.%) 42.50 31.50 26
olid volume (cm3) 14.10 12.50 10.75
otal solid volume (cm3) 37.35
t.% 4.90 6.40 31.20 31.50 26.00

During dehydration of cement, the release of water involves
n important reorganisation of the microstructure. Based on the
ineralogical composition of the cement and on phase densities

see Tables 4 and 5), the variation of the solid volume during
ehydration can be estimated to −21% (see Table 6). Thus, the
ifference observed between this theoretical shrinkage and the
xperimental one, −4.5%, derived from the linear shrinkage,
.5% measured in Fig. 2, denotes the formation of porosity (see
able 7). This can be responsible of the decrease of Young’s
odulus above 200 ◦C.
Moreover, there are other possible secondary causes for the
variations, such as the change in intrinsic elastic properties

etween hydrates and dehydrated phases, which could not be
valuated, and also the microcracking inside the microstructure
nvolved by internal stresses due to shrinkage of grains during
ehydration.

.1.2. Intermediate temperature domain D2

The thermal expansion and E = f(T) curves do not exhibit
ny noticeable effect. The dehydrated material has very low

oung’s modulus (∼10 GPa). The small endothermic DTA
eaks observed at 500 ◦C and 750 ◦C in Fig. 3 are related to
he dehydration of CH and C12A7H, respectively.19,20

n

Phases (after, 400 ◦C)

{A + CA + CA2} C12A7H CH A (H)

42.50 16.75 7.95 17 15.8
14.10 7.5 3.55 4.30

29.42 (−21% between 110 ◦C and 400 ◦C)



J.-M. Auvray et al. / Journal of the European

Table 7
Characteristics of CEM before and after dehydration

Before (110 ◦C) After (400 ◦C)

D
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ensity/porosity (%) 1.91/24.5 1.70/46.7

.1.3. High temperature domain D3

Thermal decomposition of CH and C12A7H produces C and
12A7. Between 900 ◦C and 1000 ◦C, CA is recrystallised by

eaction between these phases and A, as it has been observed
y XRD analysis. It involves a slight shrinkage (Fig. 2) mainly
ttributed to the difference of volume of solid phases formed
ccording to equation:

12A7 + 5A → 12CA (�V/V = −1.14%) (3)

This reaction results in a change of microstructure associated
ith a decrease of elastic properties of the cementitious paste.
Between 1100 ◦C and 1200 ◦C, CA2 is formed by reaction

etween CA and A:

A + A → CA2 (�V/V = +13.6%) (4)

It results in a volume expansion of the material which opposes
he shrinkage due to sintering as observed in Fig. 2. This expan-
ive formation of CA2 coincides with an increase of Young’s
odulus. A partial resorption of porosity and a reinforcement

f the grain–grain contacts due to the CA2 formation, in par-

llel with the beginning of sintering, can explain this stiffness
ncrease. According to the assumed mineralogical composition
f cement at 1000 ◦C (see Table 8), the amount of free Al2O3 in
he material is not sufficient to form CA6 by reaction between

c
g
s
a

able 8
t.% compositions and solid volumes of CEM before and after formation of CA2

Phases (before, 1000 ◦C)

A CA CA2

t.% 6 56 38
olid volume (cm3) 4.5 56.5 39

able 9
t.% compositions and solid volumes of the MatA as function of temperature

Phases

A CA CA2

ass (wt.%) at
1000 ◦C 80.5 15 4.5
1250 ◦C 71 0 29
1550 ◦C 25.5 0 0

olid volume (cm3) at
000 ◦C 75.5 18.7 5.8
250 ◦C 64 0 36
550 ◦C 22.5 0 0
Ceramic Society 27 (2007) 3489–3496 3493

A2 and A:

A2 + 4A → CA6 (�V/V = +3.01%) (5)

Therefore, no additional expansion is observed above
300 ◦C and the material exhibits a strong shrinkage attributed
o sintering which involves also a large increase of Young’s

odulus.

.2. Young’s modulus evolutions and thermal expansion of
atA versus temperature

The different interactions occurring between cement and alu-
ina in a CaO–Al2O3 matrix and their consequences on elastic

roperties are investigated in this section. The evolutions of
hermal expansion and elastic modulus are shown in Fig. 4 as
unction of temperature.

The dehydration process results in similar effects to those pre-
iously observed for CEM, but with a lower amplitude, because
ement is not the unique constituent of the matrix. For the same
eason, the crystallisation of CA at 900 ◦C has only a very slight
ffect on the elasticity and on the thermal expansion. From
100 ◦C to 1250 ◦C, the formation of CA2 by reaction between
A and A involves a small expansion of the specimen. However,
difference has been observed between this experimental value
nd the value calculated from the mineralogical composition
nd density of the present phases (A, CA and CA2), which was
ound higher (see Table 9). This difference can be explained by
partial resorption of porosity due to the expansion of CA2. It is

onfirmed by a significant increase of Young’s modulus. Micro-
raph of a fracture of the material fired at 1300 ◦C (see Fig. 5a)
hows CA2 globular crystals that give a cohesive microstructure
fter sintering.

Phases (after, 1250 ◦C)

A CA CA2

0 46.7 53.3
0 46 54

CA6

0
0

74.5

�V/V (%)

Theoretical Experimental

0
0 +3.7 +0.6

77.5 +2.3 >1.2



3494 J.-M. Auvray et al. / Journal of the European Ceramic Society 27 (2007) 3489–3496

F
p

i
s

c
w
a
A
a
t
e
t
t
i
o
c
w
o
c
C
o
a

F
t

3
M

c
s
e
m
b
t
(
t
a

u
a
e
i
(

ig. 4. Evolutions of thermal expansion and elastic modulus of MatA vs. tem-
erature.

At higher temperature, the densification of the matrix
nvolves an important and regular increase of modulus due to
intering.

The main differences between the cement and the matrix
omposition are expected to occur at high temperature (>900 ◦C)
ith the formations of CA2 and CA6 which are favoured by

n important amount of alumina. At 1450 ◦C, CA2 reacts with
to form CA6, according to Eq. (5), which is associated to

volume expansion of the material. The theoretical value of
his expansion was calculated (see Table 9), according to the
xpected variation of the solid volume of the phases.21 It appears
o be lower than the experimental one (because of the difficulty
o dissociate this expansion and the shrinkage due to sinter-
ng that occurs simultaneously). The hexagonal morphology
f CA6 grains and their anisotropic growth into platelet shape
an result in an increase of porosity in this temperature range,
hich could explain this. It is confirmed by the microstructure
bserved in Fig. 5b after thermal treatment at 1550 ◦C/2 h, which

learly shows the porous random tangle of hexagonal platelets of
A6. As a consequence, the previous regular modulus increase
f the material is stopped when the formation of CA6 occurs
t 1450 ◦C.

t
t
a
a

Fig. 5. SEM pictures of sample fractures of Mat
ig. 6. Evolutions of thermal expansion and elastic modulus of MatAM vs.
emperature.

.3. Young’s modulus evolutions and thermal expansion of
atAM versus temperature

The material studied in this section is based on the same
omposition as the CaO–Al2O3 matrix, but with a partial sub-
titution of reactive alumina by magnesia. The purpose was to
xamine the effects of the in-situ formation of spinel on the
echanical properties. Fig. 6 shows the dilatometric and elastic

ehaviours of the material as a function of temperature. Note
hat the microstructural effects observed at low temperature
<1000 ◦C) are similar to those observed for MatA, explained by
he dehydration process. Then, we will only focus on evolutions
t high temperature (>1000 ◦C).

From 1050 ◦C to 1200 ◦C, the material exhibits a high vol-
me expansion correlated to the cumulated formations of CA2
nd spinel MgAl2O4 by reaction between CA, A and MgO. The
xpected value of the expansion on the basis of the mineralog-
cal composition was found to be close to the experimental one
see Table 10). In this case, in contrast to MatA, the resorp-

ion of porosity associated with the expansive formations of
hese phases is very low. Therefore, no significant variation of
pparent porosity was observed by the Archimedes method for
specimen treated at 1200 ◦C/2 h. Similar results are related in

A fired at 1300 ◦C (a) and 1550 ◦C/2 h (b).
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Table 10
Wt.% compositions and solid volumes of MatAM before and after formation of CA2 and spinel

Phases (before, 1000 ◦C) Phases (after, 1300 ◦C)

A CA CA2 MgO A CA CA2 MA

W 9
S 2.5

t
t
t
g
p

m
m
a
a
o

i
t
e
a
e

•

•

•

c
c
a
w
c
f

4

i
t
b

d
s
p

o
i
m

t.% 71.5 15 4.5
olid volume (cm3) 18 5 1.55

he literature.22 At the same time, the Young’s modulus versus
emperature curve exhibits an increase of the slope attributed
o the strengthening of the microstructure by improvement of
rain–grain contacts and bonding between spinel and cement
hases.

From 1200 ◦C to 1400 ◦C, a lessening of the increase in
odulus is observed, in contrast to MatA. The presence of
icropores associated with in-situ formation of spinel could act

gainst sintering. Furthermore, the reactions associated to CA2
nd spinel formations involve a strong decrease of the quantity
f free reactive alumina favourable to sintering.

At higher temperature, a regular increase of Young’s modulus
s observed which continues during the dwell at 1550 ◦C in con-
rast to what is observed for MatA. It shows that, in this case, the
xpansive formation of CA6 at about 1450 ◦C does not involve
reduction in the curve of modulus. This can be explained by

nhanced mechanisms of densification:

sintering promoted by the presence of a viscous phase coming
from impurities in the magnesia (in particular, CaO and Cl),
filling by the CA6 grains of the micropores induced by the
in-situ formation of spinel,22
alumina bridges between the spinel and CA6, which would
involve strong ceramic bonds, as shown by a micrography of
the material fired at 1550 ◦C for 2 h (see Fig. 7).

Fig. 7. SEM picture of a sample fracture of MatAM fired at 1550 ◦C/2 h.

C
o
C
i
i
g
f
i
t
a
v
C
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i
h

A

V
fi

44 0 29 26.5
11 0 10 7.1

Finally, XRD analysis confirms that the thermal treatment
onsisting in a firing at 1550 ◦C for 2 h is sufficient to obtain a
omplete formation of in-situ spinel and CA6, and EDS patterns
llowed the determination of the Al2O3 content in spinel. It
as found to be around 76 wt.%, close to the stoichiometric

omposition and in agreement with results obtained by Ko et al.
or similar materials.23

. Conclusion

Microstructural evolutions and all phase changes occurring
n cement–alumina and cement–alumina–magnesia matrices for
he fabrication of refractory castables, have been characterised
y ultrasonic measurements at high temperature.

For the two materials, between 150 ◦C and 400 ◦C, the dehy-
ration process involves a volume shrinkage in parallel with a
trong decrease of elastic modulus attributed to an increase of
orosity.

It was found that the main difference between the behaviours
f the two types of matrices occurs at high temperature during the
n-situ formation of spinel in the case of the CaO–Al2O2–MgO

atrix. From 1100 ◦C to 1250 ◦C, expansive formations of
A2 and/or in-situ spinel coincide with a significant increase
f Young’s modulus. This effect drastically depends on the
aO/Al2O3 and MgO/Al2O3 ratios. At 1450 ◦C, the reduction

n the slope of the Young’s modulus versus temperature curve
s attributed to the increase of porosity due to an anisotropic
rowth of CA6 grains. This effect is lower for the MgO castable
or which the densification of the matrix is the main mechanism
n this temperature range. Moreover, for the magnesia used in
his study, the presence of impurities can involve a viscous phase
t high temperature, favourable to sintering. Microscopic obser-
ation of the MgO material heated at 1550 ◦C for 2 h reveals
A6 crystals which grow out of the spinel grains in the bonding
atrix of the castable. Bonding between the CA6 and in-situ

pinel grains is believed to be responsible for enhancement of
he elastic properties at high temperature.

All these results obtained for the matrices will be used to
nterpret microstructural changes and mechanical evolutions at
igh temperature in castables.
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réfractaire à base d’alumine et de spinelle, Thesis, Limoges University,
France, 2003.

2

Ceramic Society 27 (2007) 3489–3496

2. Gault, C., Ultrasonic non destructive evaluation of microstructural changes
and degradation of ceramics at high temperature. In Am. Mater. Res. Symp.
Proc., ed. J. Holbrook and J. Bussiere. 1989, pp. 142, 263–274.

3. Huger, M., Fargeot, D. and Gault, C., High-temperature measurement of
ultrasonic wave velocity in refractory materials. High Temperatures-High
Pressures, 2002, 34, 193–201.

4. Capmas, A. and Ménétrier-Sorrentino, D., The effect of temperature on the
hydration of calcium aluminate cement. Unitecr’89, 1989, 2, 1157–1170.

5. Cottin, B., The first reactions in cement hydration. In Proceedings of the
International RILEM Workshop on Hydration and Setting of Cements, ed.
A. Nonat and J. C. Mutin. Dijon, France, 1991.

6. Jung, M., Hydraulic properties of high-alumina cements. In International
Symposium on Refractory Concretes, 1971.

7. Kopanda, J. E. and Maczura, G., Production processes, properties, and appli-
cations for calcium aluminate cements. In Alumina, Science and Technology
Handbook Chemicals, ed. L. D. Hart. J. Am. Ceram. Soc., Westerville, 1990,
pp. 171–183.

8. Mehta, P. K. and Lesnikoff, G., Conversion of CaO–Al2O3 10H2O to
3CaO–Al2O36H2O. J. Am. Ceram. Soc., 1971, 54(4), 210–212.

9. Kuzel, H. J., Uber die orientierte entwässerung von tricalciumaluminathy-
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