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Abstract

This paper deals with the evolutions of thermo-mechanical properties of castable refractories versus temperature. The measured properties
are mainly Young’s modulus evaluated by a high temperature ultrasonic technique and thermal expansion followed by dilatometry. Mate-
rials are alumina-based low cement castables with a fraction of alumina eventually substituted by spinel or magnesia. The granularity of
the different used raw materials is chosen by using a packing model, in order to reduce the final porosity in the hydrated state. The inter-
pretation of results is carried out by considering the materials as composites, constituted of aggregates (size>100 wm) into a matrix where
most of chemical and phase transformations occur. By using two-phase analytical models, it is shown that the evolutions of thermo-elastic
properties of castables can be qualitatively predicted from measurements performed in a matrix-equivalent simplified material. Moreover,
considering the elastic properties after heat treatment, the castable with magnesia is comparable to the castable processed with synthetic

spinel.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

In steel industry, there is a trend to increase the use of
high-alumina refractory castables containing spinel MgAl,Oy,
because of their higher refractoriness and of their better cor-
rosion resistance than Al,O3 castables.! Nevertheless, the cost
of such materials is high, because synthetic spinel powders are
expensive. Then, it is interesting to study alumina-magnesia
castables which can develop a spinel phase during heating
at high temperature. Moreover, these materials are known to
present an improved temperature behaviour because of the
higher densification of the Al,O3-MgO bonding phase after
thermal treatment.?
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Castables can be considered as composites, with the bond-
ing phase being the matrix and aggregates being reinforcement
particles.® Properties of the concretes at high temperature are
strongly dependent upon microstructural evolutions and reac-
tions between constituents in the matrix. In a recent paper, the
high temperature behaviour of matrices of two castables, one
containing alumina and another containing alumina and magne-
sia referred MatA and MatAM, respectively, has been studied
by the way of ultrasonic measurements of elastic modulus at
high temperature.* The matrices were constituted of a mix of
the hydraulic cement and of the finest powders used for con-
crete fabrication, conventionally having diameters lower than
100 wm. Above this arbitrary threshold value, particles become
part of the aggregate phase of concretes. Young’s modulus was
measured versus temperature up to 1550 °C using a specific
ultrasonic pulse-echo technique and results were correlated to
microstructural and phase changes. It has been shown that,
during heating, the reactive alumina reacts with calcium alu-
minates of cement or magnesia to produce high refractoriness
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Table 1
Chemical compositions and physical characteristics of raw materials
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Chemical analysis (wt%)

Physical properties Commercial reference

CaO Al O3 Na,O SiO, Fe, O3 MgO Cl Specific surface area (mz/g) Bulk density
Cement 27.00  72.00 0.25 0.30 0.15 0.20  0.00 1.66 3.04 CA14Mf
Reactive alumina 0.02  99.80 0.08 0.03 0.02 0.09 0.00 3.00,7.00 391 CL370CT, CT3000SG'
Spinel 0.24  77.00 0.08 0.10 0.07 22.50  0.00 1.21 347 AR78%
Magnesia 0.40 0.01 0.00 0.00 0.01 98.10 1.23 6.40 3.03 Ankermag B20*

T From Almatis.
 From Magnifin.

components, which are associated with changes of microstruc-
ture and mechanical properties. Important results have been
obtained:

o At low temperature, mechanical properties decrease because
of the dehydration process associated with volume shrinkage
of hydrates.

e At 1100 °C, mono-aluminate of calcium CAP reacts with alu-
mina to form di-aluminate of calcium CA, (see footnote b)
in parallel with a volume expansion of the material. In the
case of Al,O3-MgO-CaO system, alumina also reacts with
magnesia to form in situ spinel MA (see footnote b) associ-
ated with an additional thermal expansion.>® Both reactions
are responsible for the enhancement of the microstructure and
for the improvement of thermo-mechanical properties.

e At 1450°C, CA; reacts with reactive alumina to form hexa-
aluminate of calcium CAg (see footnote b) resulting in a
porous network of interlocked platelets. For the MgO mate-
rial, the higher mechanical properties can be explained by the
presence of strong bond linkage between the in situ spinel
grains and CAg.

In the continuation of these results obtained for matrices,
the work reported in this paper, is devoted to investigate corre-
lations between microstructural changes and elastic properties
of two concretes, termed CastA and CastM, with bonding
phases corresponding to the previously studied matrix composi-
tions MatA and MatAM during heat treatments. Additionally, a
Al,O3-MgAl;O4 concrete, referred CastS, has been studied in
order to compare its properties to that of CastM where MgAl,O4
is formed in situ at high temperature.

2. Experimental procedure

Raw materials used for the fabrication of the three concretes
are: a calcium aluminate cement (CA14M, 72% Al,03), reac-
tive alumina powders (CT3000SG and CL370C, 99.8% Al,03),
a synthetic spinel (AR78, 77% Al>,03) and magnesia (Anker-
mag B20, 98.1% MgO). Some characteristics are summarised
in Table 1. As previously explained,* an arbitrary threshold
value has been chosen to distinguish the matrix (particles
size < 100 wm) from the aggregates (particles size > 100 pm).

b Cement notations: CaO-Al,03 =CA; Ca0O-2Al,03 =CA;; CaO-6Al ,03
=CAg; MgO-Al,O3 =MA.

The granular skeleton of concretes is constituted of coarse aggre-
gates of tabular alumina (T60, d5o from O to S mm from Almatis).
For such low cement castables (LCCs), where the content of
water is minimised, and in order to obtain a maximum density,
the particle size distribution (PSD) has been optimised by the
way of the packing model proposed by Dinger and Funk’:

DY — D} W
Dy — D§

CPFT (%) = 100 x <
where CPFT is the so-called “cumulative percent finer than”
(in volume), D is the particle size, Dg is the smallest particle
size, D is the largest particle size and ¢ an adjustable coefficient
depending on the granular distribution.

For our systems, an exponent g of 0.25 was found to be effi-
cient to both obtain a good casting consistency and to achieve the
highest degree of compaction for concretes. Therefore, accord-
ing to this law of maximum packing, the concrete formulations
were obtained by adjusting the mass ratio of each component,
taking care to keep an equivalent particle size distribution for
all castables (see Fig. 1). Table 2 gives the wt% compositions of
the three concretes. CastA is a high-alumina castable consisting
in 5.4 wt% cement and 94.6 wt% Al,Oj3; it will be considered
as a reference. CastS is an Al,Os-spinel castable containing
12 wt% synthetic spinel and CastM, is obtained by replacing
3 wt% reactive alumina in CastA by 3 wt% MgO.

The processing route for casting and curing the castables has
been described in Ref. 4. For the casting of CastM, it can be
noted that magnesia powder was subjected to a pre-thermal treat-
ment at 900 °C in order to reduce its reactivity with water. After
casting at room temperature, the specimens undergo a thermal
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Fig. 1. Particle size distributions of the optimised formulations of the castables
based on the Funk—Dinger’s model (¢ =0.25).
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Table 2
Compositions of castables (wt%)
Materials CastA CastS CastM
Cement CA14M 5.40 5.40 5.40
Reactive alumina
CT3000SG 3.80 3.80 2.60
CL370C 10.20 10.20 8.40
Tabular alumina T60
45 pm 3.80 3.80 3.80
0-1 mm 28.80 11.80 15.70
0-3 mm 3.00 6.00 8.70
0-5mm 27.00 29.00 32.40
1-2mm 18.00 18.00 20.00
Spinel AR78 0.00 12.00 0.00
Magnesia 0.00 3.00
Water 5.00 5.00 5.50

treatment, which consists in heating at 110 °C for 48 h before
characterisation.

Bulk density and apparent porosity of specimens were mea-
sured by the Archimedes method in water (containing a wetting
agent). Microstructures of sample fractures were examined by
using scanning electron microscopy (SEM).

Thermal expansion measurements were performed at
5°C/min from room temperature to 1500°C in samples
of dimensions 20 mm x 8 mm x 8 mm, using an horizontal
1500 °C dilatometer (ADAMEL DI24).

Measurements of the elastic modulus E of the specimens were
achieved via a high temperature ultrasonic technique shown in
Fig. 2, whose principle was already reported.*® The value of
Young’s modulus of the material is obtained from the mea-
surement of the time delay T between two successive echoes
in the sample. The characteristics of the different parts of
the ultrasonic line have been adapted to the highly hetero-
geneous refractory concretes with large grains (up to 5 mm)
and high porosity (up to 15%), which involve a high ultra-
sonic attenuation: the dimensions of samples and the wave

Table 3
Microstructural characteristics and elastic modulus of castables after thermal
treatment at 110, 400 and 1550 °C

Material ~Density/porosity (%) Young’s modulus (GPa)
110°C 400°C 1550°C  110°C 400°C 1550°C
CastA 3.13/12.9 3.09/16.35 3.08/17.8 80 41 117
CastS 3.12/12.8 3.09/16.3  3.10/17.5 74 40 123
CastM  3.12/12.5 3.07/15.8  3.01/19 83 37 112

frequency are 80 mm x 20 mm x 20 mm and 110kHz, respec-
tively. Experiments have been performed during a thermal
treatment consisting in heating/cooling rates of 5 °C/min from
room temperature to 1550 °C, with a dwell at 1550 °C for 2 h.

3. Results and discussion

Density, porosity and Young’s modulus have been determined
at room temperature after treatments at 110, 400 and 1550 °C.
The results are summarised in Table 3. The three castables
exhibit similar characteristics in the as-cured state and similar
trends after heat treatments:

e A decrease of stiffness and an increase of porosity after treat-
ment at 400 °C.

e An increase of elastic modulus and an increase of porosity
after treatment at 1550 °C.

Figs. 3 and 4 show thermal expansions and Young’s modu-
lus variations measured during thermal cycles at 5 °C/min from
room temperature to 1550 °C for the three materials.

3.1. Variations observed during the thermal cycle
Five stages can be distinguished on the curves, with simi-

lar trends for the three materials, but with a rather significant
difference for CastM compared to CastA and CastS.
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Fig. 2. Principle of ultrasonic Young’s modulus measurements at high temperature.
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Fig. 3. Thermal expansion of castables vs. temperature. Curve @ : CastA; curve
@: CastS; curve ®: CastM.

3.1.1. From room temperature to 400°C

Between 200 and 400 °C, Young’s modulus exhibits a strong
decrease of approximately 50% from the value measured at room
temperature and a very slight shrinkage is observed (about 0.1%
in Fig. 3), associated with a small increase of the apparent poros-
ity (from 13 to 16% in Table 3). The comparison to results of
similar experimentations in matrices* suggests that these effects
are linked to dehydration of the cementitious phases.

3.1.2. From400to 1100°C

The thermal expansion and E =f{T) curves do not exhibit any
noticeable effect, as well as previously observed for matrices.*
The dehydrated materials have very low Young’s modulus
(35-40 GPa). Thermal expansion is approximately linear and
reversible and corresponds to a coefficient of thermal expansion
(CTE) of 8.9 x 1070 °C~! close to that of Al,O3.

3.1.3. From 1100 to 1300°C

At 1100 °C, dilatometry curves exhibit an expansion (Fig. 3)
attributed to the expansive formation of CA; for the Al,O3 and
spinel castables (CastA and CastS, respectively) and, in the case
of CastM, to the expansive formation of both CA, and in situ
spinel MA. Based on the chemical composition of the reference
castable CastA (see Table 4), the variation of the theoretical solid
volume of the material after formation of CA, was estimated to
3.05% (see Table 5) which is one order of magnitude superior
to the measured expansion. This difference can be attributed
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Fig. 4. Evolutions of elastic modulus of castables vs. temperature. Curve @ :
CastA; curve @: CastS; curve ®: CastM.

Table 4
W1t% compositions and solid volume of phases as function of temperature for
the reference castable CastA

Phases
A CA CA; CAq
Mass (wt%) at
1000°C 95.125 3.75 1.125 0
1250°C 92.75 0 7.25 0
1550°C 81.375 0 0 18.625
Solid volume (%) at
1000°C 93.875 4.675 1.45 0
1250°C 91 0 9 0
1550°C 80.625 0 0 19.375

to a partial resorption of matrix porosity, associated with the
expansive formation of CAj. In the same temperature range,
the Young’s modulus of materials exhibits a sharp increase,
which denotes the stiffening of the microstructure. This effect
has been observed in matrices,* but seems to be more important
for castables than this expected for the corresponding fractional
volume of matrix.? It can be deduced that, even if the amount of
formed CA; or/and spinel phases is lower for concretes than for
matrices, the associated expansive effect, added with the begin-
ning of sintering, are efficient to heal the microcracks at the
aggregates—matrix interfaces.’ By this way, the higher improve-
ment of elastic properties in the case of CastM can be explained
by the higher value of the thermal expansion associated with the
in situ formation of spinel.

3.1.4. From 1300 to 1450°C

With increasing temperature, the densification by sintering
results in a shrinkage of castables, in parallel with a regular and
monotonic growth of elastic modulus. It must be noted that the
stiffening rate of CastM is lower than for the two others, which
could be explained by a significant amount of viscous phase
coming from MgO impurities.?

3.1.5. From 1450 to 1550°C

The trend to shrinkage by densification of the materials is
opposed to the expansive formation of hexagonal platelets of
CAg, associated with an increase of porosity. The consequence
is a slowdown of the increasing rate of elastic modulus versus
temperature, which becomes effective at 1450 °C. Furthermore,
for the MgO castable, this phenomenon is more attenuated and
occurs at a higher temperature (about 1500 °C) than for CastA

Table 5

Volume expansions as function of temperature for the reference castable CastA
based on the wt% compositions (Th.), expected from results obtained for the
corresponding Al,O3 matrix (Cal.) and from experiments (Exp.)

Phenomenon AVIV (%)

Th. Cal. Exp.
CA; (1100-1250°C) +3.05 +0.16 +0.18
Sintering (1000-1450 °C) —1.90 —0.60
CAg (1450-1550°C) +1.50 >0.33
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Fig. 5. Microstructure observations by optical microscopy of the reference
castable CastA treated at 1550 °C.

and CastS. It suggests that at this temperature, sintering of MgO
is the dominant mechanism, probably promoted by a viscous
phase. This could explain the better resistance to slag of this
type of castable compared to single alumina castables. During
the dwell at 1550 °C, the increase of elastic modulus is attributed
to the densification by sintering of the materials. Actually, the
observation of CastA heated at 1550 °C reveals a uniformly
dense microstructure (Fig. 5).

On cooling, the regular increase of elastic modulus observed
on the curves of Fig. 4 is characteristic of stable and dense
materials.' SEM observations (Fig. 6) reveal the bonding
between the matrix and the aggregate phase. Fig. 6b illustrates
the development of CAg inside a tabular alumina grain. Finally,
at room temperature, the values of elastic modulus of the three
materials after heat treatment at 1550 °C are similar (within
10%). Thus, considering the elastic properties, the MgO castable

1957

with 3 wt% magnesia can be comparable with the 12 wt% syn-
thetic spinel castable.

3.2. Quantitative comparison between matrix and concrete
behaviours

Most effects, in particular dehydration and densification at
high temperature appear to be similar in matrix and concrete.
Then, an attempt is made in this section to quantify, by the way
of two-constituent composite models applied to the reference
castable CastA, the impact of the proper effect of the matrix on
the evolutions versus temperature of thermal expansion and of
Young’s modulus.

The composite is assumed to be constituted from a continuous
matrix MatA, previously studied in Ref. 4 and a discrete phase,
alumina aggregates, supposed to be inert during heat treatment.
From the composition of CastA given in Table 2, the fractional
volumes vy, and v, for matrix and aggregates were found to be
38 and 62%, respectively.> Thermal and elastic properties of
aggregates are reported for tabular alumina in Ref. 11.

3.2.1. Thermal expansion

The calculation of thermal expansion of a two-phased com-
posite must take into account the interaction between phases of
different CTE, which induces internal stresses. For non-linear
thermal expansion, which is the case of the matrix and of the
concrete where microstructural transformations occur with tem-
perature changes, the CTE at a given temperature 7, «(7) is
defined in Fig. 7.

According to the thermo-elastic model of Fahmy and Ragai'?
a(T) can be calculated for the concrete by the following equa-
tion:

3(a@m—aa)(1—vm)v,
2Em/E)(1-2v)vm + 2va(1—2vm)+(1+vm)
2

a(T)=am—

()

Fig. 6. Backscattered electron imaging (BSI) microstructures of CastA, heated at 1550 °C, revealing the bond linkage between tabular alumina grains, TA and matrix,

M (a) and the growing of CAg grains into tabular alumina aggregates (b).
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Fig. 7. Definition of the true CTE «(7) at a given temperature T for a non-linear
thermal expansion material.

where oy, va, v, E; and oy, vm, Vm, Em are the CTE, the
fractional volume, the Poisson’s ratio and Young’s modulus of
aggregates and matrix, respectively.

In this equation, CTE and Young’s moduli depend on temper-
ature. Poisson’s ratios have been considered constant by making
the approximation vy, & v, & (0.25. Then it gives for CastA:

1.42[am(T) — aa(T)]

A~ oamlT) = G b T JEL(T)) + 1.88 )

The curve ® in Fig. 8 shows the result of the thermal expan-
sion of the composite calculated from Eq. (3) by taking the
results of variations versus temperature of Young’s modulus and
of thermal expansion from Ref. 4 for the matrix (curve @ in
Fig. 8) and from Ref. 11 for tabular alumina. There is a qualita-
tive agreement compared to the experimental result (curve @).
Moreover, at room temperature, Ey, is rather low (20 GPa), com-
pared to E, (350 GPa) and, whatever the considered temperature,
the ratio Ep,/E, remains inferior to 0.3 during the thermal treat-
ment. Consequently, Eq. (3) shows that the thermal expansion
of the composite is mainly controlled by the aggregates. The
large dilatometric effects observed in the matrix during dehy-
dration of the cement (7>200 °C) and during crystallisation of
new phases and sintering at high temperature (7> 1100 °C) are
smoothed in the concrete, both due to the low volume fraction
of matrix and to the high stiffness of aggregates. Anyway, the
calculated curve leads to amplitudes of variations superior to
the experimental ones, in particular during dehydration and sin-
tering stages. This could be explained by the fact that, in the

1.5%
1.0%]
0.5%
0.0%
-0.5%
-1.0%
-1.5%
-2.0%
-2.5%
-3.0%

-3.5% : ; : : : : :
0 200 400 600 800 1000 1200 1400 1600
Temperature (°C)

AL/Lo (%)

Fig. 8. Comparison between the thermal expansion obtained for the reference
castable CastA and the one calculated from results obtained for its matrix MatA:
©) castable, @ matrix, ® calculated.

140

E (GPa)

0 200 400 600 800 1000 1200 1400 1600
Temperature (°C)

Fig. 9. Comparison between the variations in elastic modulus obtained for the
reference castable CastA and those calculated from results obtained for its matrix
MatA: © castable, @ matrix, ® calculated.

concrete, one part of the matrix shrinkage is transformed into
porosity.

3.2.2. Young’s modulus

Numerous models exist in literature for the prediction of
Young’s modulus of two-phased materials.'-13-15 Most of them
lead to equations corresponding to upper and lower bounds
between which the true value of the modulus of the material
should be located. It must be noted that these analyses assume
that particles are embedded into a homogeneous matrix with
perfectly adhesive interfaces. For model refractories, without
debonding between matrix and aggregates, the experimental
value of Young’s modulus has been found to correspond to the
lower bounds.'® In the present case, a calculation of the Young’s
modulus has been performed with the lower bounds (Eys) ™, of
the so-called Hashin—Shtrikman analysis, !> as a function of the
Young’s moduli, Poisson’s ratios and fractional volumes, Ep,,
Ea, vm, Va, vy and v, of the matrix and aggregates, respectively:

(EHS)_ = f(Em’ Eeu vl’]‘h Uaa Um9 Ua) (4)

The numerical calculation procedure of the f function versus
temperature from the variations of E in the matrix and in alumina
aggregates is detailed in Appendix A.

The result of calculation of (Eys)~ is plotted in Fig. 9 (curve
® ). For discussion, the experimental curves E(T) for CastA
(curve @ ) and Ep,(T) for MatA (curve @ ) are plotted on the
same figure.

Several observations arise from the analysis of Fig. 9:

1. The value at RT calculated in the cured state (70 GPa) is rather
close to the experimental one (80 GPa). The difference could
come from the fact that the material MatA in Ref. 4 and the
real matrix of CastA within the whole castable could not be
exactly the same, because of processing conditions.

2. The calculated relative amplitude of decrease of Young’s
modulus attributed to dehydration between 200 and 400 °C
is only ~33% compared to ~50% experimentally observed.
Simonin et al.!” attributed this difference to some micro-
cracks between matrix and aggregates responsible for the
decrease of stiffness. Actually, an observation by optical
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Fig. 10. Microstructure observation by optical microscopy of the dehydrated
castable CastA (at 400 °C).

microscopy of the dehydrated castable CastA at 400°C
reveals the presence of such interfacial microcracking
(Fig. 10).

3. All phenomena responsible for variations of Young’s modu-
lus in the matrix give analogous results in castable, but with
different amplitudes of variations. In particular sintering and
crystallisation of new phases above 1100 °C involve a strong
increase of stiffness. At room temperature after treatment
at 1550 °C, the relative increase of calculated E compared
to the as-cured state is approximately ~100% compared to
the experimental value which is much lower (~45%). This
could be explained by the effect of decohesions which occur
in the real material, because of volume variations associated
to phase changes at high temperature and sintering effects
which cannot be taken into account by the model.

4. Conclusions

The measurement of Young’s modulus is well suited to follow
in situ the chemical and microstructural evolutions of castables
during a thermal treatment. The elastic behaviours of the three
types of castables appear to be directly reliable to those observed
for their bonding phases (so-called the matrix). From calcu-
lations performed by using a two-phase composite analytical
model, it has been shown that the evolution of elastic properties
of castables can be qualitatively predicted from measurements
performed in a matrix-equivalent simplified material.

During the dehydration process, the chemical shrinkage of
hydrates involves a strong decrease of elastic properties of the
castables indirectly attributed to the increase of porosity and the
development of microcracking.

Thermal expansion and elasticity measurements reveal a dif-
ference between the MgO castable and the other types when the
formation of in situ spinel occurs at 1100 °C.

At high temperatures, the expansive formations of CAj
and/or in situ spinel are associated to a significant increase of

the elastic properties due to improvement of the grain—grain
contacts between the matrix and aggregates. SEM observations
reveal that some CAg crystals have grown inside the alumina
aggregate. Moreover, the bond linkage between the CAg crys-
tals and in situ spinel grains observed in the matrix can explain
the important stiffness enhancement of castables with spinel or
magnesia.
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Appendix A

By using a variational approach, Hashin and Shtrikman derive
upper and lower bounds for the bulk and shear moduli, K and
G, of composite constituted of particles into an infinite homo-
geneous matrix.!> When the stiffness of the particles is much
greater than that of the matrix, which corresponds to the present
case, lower bounds give a satisfactory evaluation of the experi-
mental value of the elastic properties of the composite.

K and G are related to the Young’s modulus E via the Pois-
son’s ratio v by

K=E[1-2v3]"" and G=E[1+v)2]"" ©)

By making the approximation vy, & v, & 0.25, the values of
K and G at atemperature 7 can be calculated from the variations
of E versus temperature found in literature for the matrix MatA*
and for aggregates assumed to be tabular alumina.'!

Then, the lower bounds of bulk and shear moduli of the
composite have been calculated at temperature 7 with the
Hashin—Shtrikman equations:

Va

(Kus)™ = Em & (/Ko = Ko + Gom/GKm + 4G )
Va
- _ G, 7
(Gus) Gm + (1/(Gy — Gm)) + (6(Kmn + 2Gm)vm/ @
5Gm(3Km +4Gm))

where suffixes ‘m’ and ‘a’ are related to matrix and aggregates,
respectively.

Then the lower bound of Young’s modulus of the composite
at temperature 7 has been obtained by substitution of (Kys)™
and (Gys)~ and combining the two Eq. (5):

_ 9(Kus) (Gus)™
E =
1) = 3 Ks)~ + (Grs)

®)
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