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High-Temperature Mechanical Characterisation of
In-Situ Forming Spinel-Alumina Castables Using Magnesia
or Magnesite as Raw Material
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In this work, four alumina-magnesia, cement-bonded castables were

tested at high temperature. Strength was determined by bending test
at temperature ranging from room temperature to 1550 °C. As a reference, a high alumina castable was also investigated. The effect of
several parameters: composition, addition of magnesia or magnesite
(carbonate) and microsilica addition were investigated. Strength-displacement curves were also recorded during the tests. Microscopic
observation and XR diffraction were also introduced to support the
discussion and conclusions of the work. Results demonstrate the
effect of some parameters on high temperature mechanical behaviour: sintering, phase transformations and liquid phase appearance
vs. temperature.
1 Introduction
Alumina-spinel castables are used as steel
ladle lining because of their superior slag
and thermal shock resistance compared to
alumina materials. In high alumina castables,
spinel can be introduced as preformed spinel
grains or by in situ reaction between alumina
and magnesia or a precursor, at service temperature, from 1100 °C [1].
In situ formed spinel materials exhibit a
microstructure which is favourable to very
good corrosion resistance. The reaction also
leads to a thermal expansion due to density
difference between the product and reagents

with the result of a good thermal shock resistance. However, it always exist a need to
master the composition and to understand
the thermomechanical behaviour at service
temperature and mainly the relation with
composition.

2. Materials and methods

2.1 Materials
Materials belong to the family of aluminaspinel castables. Compositions contain alumina (large aggregates and fine powder
in matrix) and fine magnesia powder or

Tab. 1 Reference and compositions of investigated materials
Reference

A

HA

CA

Mg

MC

MS

MCA

95

0

5

0

0

0

MCAMg4MS0,5

90,5

0

5

4

0

0,5

MCAMG8MS0,5

86,5

0

5

8

0

0,5

MCAMC4MS0

90,5

0

5

0

4

0

MCAMC8MS0

86,5

0

5

0

8

0

A: alumina (tabular, fine, and reactive alumina, respectively); HA: hydratable alumina; CA: calcium
aluminate cement; Mg: magnesia powder; MC: magnesia carbonate; MS: microsilica; before testing,
materials were dried and stabilised at 450 °C
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precursor (matrix). Spinel is obtained by in
situ reaction at high temperature. At low
temperature, they are cement bonded with
calcium aluminate cement. These materials
were prepared at HS Koblenz, the method
is described in reference [2]. Materials with
magnesia addition also contain microsilica,
to avoid cracking due to brucite (Mg(OH)2)
formation during the fabrication process
which includes the raw materials dispersion
in water. This is not the case of magnesite
(carbonate) containing samples, because
brucite doesn’t appear and carbonate decomposes in magnesia (MgO) after heating
at sufficient temperature, in the range of
500–700 °C. Tab. 1 summarises compos
itions investigated in this work.
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Fig. 1 Evolution of the MCA material strength vs. temperature

2.2 Bending strength
Materials were characterised by their
strength calculated from the maximum load
applied on samples during a three points
bending test (samples: 125 mm × 15 mm
× 25 mm, support span: 70 mm), after
standard EN993-7 [3]. Tests were realised
in an electric furnace at temperature ranging from room temperature to 1550 °C,
after a dwell time of 1 h. The displacement
of the pushing rod was measured with a
LVDT captor and recorded versus the load
during the tests. Strength was calculated
versus displacement.

2.3 XR diffraction
Crystallographic analysis was realised
through XR diffraction. A method based on
integrated peaks intensity and the Reference Intensity Ratio was used to determine
the qualitative and the semi quantitative
analysis [4].

2.4 Microscopy
Polished samples were observed with a
scanning electronic microscope associated
with an EDS which allows local chemical
analysis.

3. Results and discussion

3.1 Material MCA
Fig. 1–2 present the evolution of the
strength vs. temperature and the strength
vs. displacement at each tested temperature, for MCA material.
From room temperature up to 1000 °C,
strength remains constant. The maximum
of the strength-displacement curves exhibit
a linear part followed by a sharp decrease,
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Fig. 2 Evolution of the MCA material strength – displacement
curve vs. temperature

indicating a very brittle behaviour. At higher
temperature, up to 1400 °C, the strength
increases probably due to sintering. The
curves load-displacement bend, indicating plastic deformation. This deformation
could be due to the presence of a plastic
phase at the grain boundaries, or to microstructure change inducing subcritical crack
propagation [7]. Due to the lack of silica in
the composition, presence of glassy phase
is unlikely. At 1500 °C, the strength slightly
decreases but remains relatively high. The
deformation before rupture again increases.
At this temperature CA6 crystallises through
the reaction between alumina and cement
with a volume expansion (~3 %).
At room temperature, bonding of the material is due to cement (CA) and material
exhibit a brittle behaviour. At temperature
higher than 1100 °C, cement is dehydrated,
the strength increases due to sintering and
plasticity appears. This plasticity is due to
subcritical crack propagation induced by
temperature activated decrease of bonding
strength and microstructure change such
as expansion due to CA6 crystallisation, at
temperature higher than 1450 °C.

3.2 Material MCAMC(4,8)MS0
Fig. 3–6 present the evolution versus temperature of the strength and the strengthdisplacement curves at each tested tem
pera
ture, for compositions MCAMg4MS0
and MCAMg8MS0.
For 4 % magnesite addition (Fig. 3),
strength increases from room temperature up to a maximum between 1200 and
1400 °C. It slightly decreases at higher temperature (1500–1550 °C) but remains relatively high. For the 8 % magnesite addition
(Fig. 5), at 1000 °C, the strength remains
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similar to that room temperature one and
it slightly increases at 1200 °C. At higher
temperature, up to 1550 °C, values remain
constant. For both materials, up to 1200 °C,
the first part of the strength displacement
curves is linear and is followed by a sharp
decrease, indicating a brittle behaviour.
Strength-displacement curves also shows,
in the 1300–1400 °C range of temperature,
a higher plasticity than preceding material
without any magnesia addition (MCA). The
maximum of the curves is very rounded and
appears at longer displacement.
After the maximum, the decrease is not
sharp. The displacement extends up to
long distances (ductility), specially for 8 %
magnesite addition. At higher temperature,
excepted for one measurement (4 % magnesite, 1550 °C), the displacements related
to the maximum strength and the rupture,
decrease. Results for the material tested at
room temperature after heating and stabil
isation 1 h at 1500 °C and cooling, shows
a very high strength increase, indicating a
better material cohesion due to sintering.
The load-displacement curve indicates a
linear (brittle) behaviour. These observations demonstrate that the high temperature transformation leading to plasticity is
not maintained after cooling. It also demonstrates the very significant effect of temperature on strength and behaviour.
At room temperature, bonding of the materials is due to cement (CA) and materials
exhibit a brittle behaviour. At temperature
higher than 1100 °C, cement is dehydrated,
the strength increases due to sintering and
plasticity appears. This plasticity is much
more extended than for material without
any magnesia addition. This can be attri
buted to spinel crystallisation which ap-
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Fig. 3 Evolution of the MCAMC4MS0 material strength
vs. temperature

Fig. 4 Evolution of the MCAMg4MS0 material strength – displacement curve vs. temperature

Fig. 5 Evolution of the MCAMC8MS0 material strength
vs. temperature

Fig. 6 Evolution of the MCAMg8MS0 material strength –
displacement curve vs. temperature

pears at temperature higher than 1100 °C.
It induces microstructure change and probably an higher subcritical crack propagation. At temperature higher than 1450 °C,
expansion due to CA6 crystallisation also
interacts. The present results also confirm
preceding investigation [5] which shows,
from wedge splitting test, that these mater
ials exhibit high fracture energy, extended
plasticity and ductility at 1200 °C and
1400 °C. Authors also demonstrated that
the improvement can be related to crack
branching which allows dissipating crack
propagation energy under surface energy
[6].

3.3 Material MCAMg(4,8)MS0,5
Fig. 7–10 present the evolution versus temperature of the strength and the strengthdisplacement curves at each tested temperature.
As previously observed for preceding materials, the strength presents an increase in
the 1000–1200 °C range of temperature,
due to sintering. Related load-displacement
curves exhibit brittle behaviour. At 1300 °C,
the strength remains relatively high but the
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behaviour changes: plasticity appears. The
curve bends and the displacement before
rupture increase. However, the displacement before maximum is not so high and is
smaller than displacement observed for material MCA and much smaller than observed
for MCAMC(4,8)MS0 materials.
At 1400 °C, strength falls down to zero and
it is not possible to record the strengthdisplacement curves. This phenomenon
can be attributed to the presence of silica
which generates a large quantity of very
low viscosity liquid leading to a severe loss
of cohesion.
At room temperature, bonding of the materials is due to cement (CA) and materials
exhibit a brittle behaviour. At temperature
higher than 1100 °C, cement is dehydrated,
the strength increases due to sintering and
plasticity appears. This plasticity is much
smaller than for material without any micro
silica addition. At 1400 °C the strength is
zero. This behaviour can be related to micro
silica which induces liquid phases, material
decohesion and which inhibits benefit of
spinel crystallisation. These results also
confirm preceding investigation which

shows, from wedge splitting test, that these
materials exhibit very low fracture energy
at 1400 °C [5]. Fractography also demonstrates the full decohesion at 1400 °C [6].

3.4 XR diffraction analysis
Tab. 2 presents the crystallographic com
position of materials tested at 1200 °C and
1400 °C, obtained by XRD analysis.
XR diffraction analysis shows that materials
contains corindon (alumina), some beta alumina (NaAl11O17), residual periclase (MgO),
gehlenite (CAS) traces. Tab. 2 shows that
spinel appears at temperature as low as
1100 °C and its formation is promoted by
the temperature increase. CA6 is detected
from 1400 °C and its content also increases
versus temperature. At temperature lower
than 1400 °C, mainly pinel crystallises, only
some CA6 traces are observed in some materials.
From 1400 °C, CA6 mainly crystallises.
Therefore, at temperature lower than
1400 °C, the thermomechanical behaviour
can be mainly related to spinel crystallisation and at higher temperature mainly to
CA6 crystallisation.
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Fig. 7 Evolution of the MCAMg4MS0,5 material strength
vs. temperature

Fig. 8 Evolution of the MCAMg4MS0,5 material strength –
displacement curve vs. temperature

Fig. 9 Evolution of the MCAMg8MS0,5 material strength
vs. temperature

Fig. 10 Evolution of the MCAMg8MS0,5 material strength –
displacement curve vs. temperature

3.5 SEM observation and EDS
analysis
Fig. 11 presents a general overview of
microstructure of a MCAMC4MS0 mater
ial fired 1 h at 1200 °C. Material exhibits large porous tabular alumina aggre
gates and a matrix containing smaller

alumina particles (light grey), magnesia
particles (dark grey) and CA particles
(white).
Fig. 12 presents the microstructure of the
same material after firing 1 h at 1500 °C.
At this temperature, same phases are observed. However, magnesia rich area are no

Tab. 2 Evolution of spinel and CA6 content vs. composition and temperature
(dwell time of 1 h)
Mass-%
MCAMg4MS0,5

Temperature [°C]

Spinel [mass-%]

CA6 [mass-%]

1200

3

/

MCAMg4MS0,5

1400

11

6

MCAMg8MS0,5

1200

8,3

–

MCAMg8MS0,5

1400

12

7

MCAMC4MS0

1200

5

traces

MCAMC4MS0

1400

6

9

MCAMC4MS0

1500

6

14

MCAMC4MS0

1550

7

17

MCAMC8MS0

1100

4

–

MCAMC8MS0

1200

12

traces

MCAMC8MS0

1400

13

4

MCAMC8MS0

1550

13

17
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more well defined particles because of the
high level of reaction at this temperature.
Figs. 13–14 present the Mg (EDS map) dispersion versus temperature.
These pictures demonstrate, that vs. temperature, magnesia diffuses from magnesia
(magnesite) particles through the matrix to
react with fine reactive alumina to form well
dispersed spinel phase. Similar observations
were realised for microsilica containing materials.

4 Conclusions
Tab. 3 summarizes the thermomechanical
behaviour of the different materials versus
temperature.
The alumina castable, without any magnesia addition, exhibits a linear behaviour at room temperature and a limited
nonlinear behaviour at high temperature
(1000–1500 °C). This plasticity is due to
subcritical crack propagation induced by
temperature activated decrease of bonding strength and microstructure change
such as expansion related to CA6 crystallisation above 1450 °C. Magnesia addition,
85
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Fig. 11 General overview of the microstructure of MCAMC4MS0
materials fired 1 h at 1200 °C

c

Fig. 12 General overview of the microstructure of MCAMC4MS0
materials fired 1 h at 1500 °C

a

b

c

Fig. 13 Magnesium dispersion (EDS map) in a MCAMC4MS0
material vs. temperature: a)1200 °C, b)1400 °C, c) 1500 °C

promotes sintering and a strength increase
at lower temperature. Plastic behaviour appears above 1200 °C and is probably linked
to spinel formation.
Addition of magnesia alone, without any
microsilica, induced an extended plastic
behaviour up to 1500 °C, compared to alumina castable.
This high plasticity is favorable to a good
thermal shock resistance in this range of
temperature (1200–1500 °C). This can be
explained by the possibility of stress relaxation during a sudden change of temperature.
Besides CA cement and MgO addition,
silica leads to decrease the refractoriness,
strength drastically falls to zero and de
cohesion appears at temperature higher
than 1300 °C. No plastic strengthening is
observed for these materials.
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Fig. 14 Magnesium dispersion (EDS map) in a MCAMg8MS0.5 material, at 1400 °C, showing the magnesia diffusion in the matrix

Tab. 3 Summary of thermomechanical behaviour vs. composition and temperature
1000

1100

1200

1300

1400

++

++

1500

MCA
MCAMCMS0

MCAMgMS0,5

Sintering

plasticity

decohesion

ductility

Acknowledgement
This work was realised in the framework of
a CORNET (network of ministries and funding agencies in Europe) project HISHOCK

++

(2015–2017) with participation of BCRC,
Forschungsgemeinschaft Feuerfest e. V.
and Hochschule Koblenz, and was funded
by SPW (Belgium-Wallonie) and AiF (Germany).

refractories WORLDFORUM

11 (2019) [1]

PAPERS
References

of rupture at elevated temperatures, standard

path, induced during wedge splitting test

[1]

test measurement, CEN Bruxelles, 2000

of alu
mina-spinel castables. Proc. of 60th

Deletter, M.; Leriche, A.; Cambier, F.: A linear

Int. Coll. on Refractories, Aachen, Germany

da Luz, A.P.; Braulio, M.A.L.; Pandolfelli, V.C.:
Refractory castable engineering. Fire Com-

[2]

[3]

[4]

pendium Series, Baden-Baden 2015, 497–

model for both qualitative and quantitative X-

592

ray analysis. Sil. Industr. 57 (1992) [1–2] 3–8

Holleyn, F.; et al.: Spinel yield using magne-

[5]

(2017)
[7]

Bröchen, E.; et al.: How does the spinel forma-

Bradt, R.C.: Fracture of refractories. In: Refractories Handbook, ed. by C.A. Schacht. New

sium oxide and magnesite in alumina based

tion improve the flexibility of spinel forming

refractory monolithic. Proc. of 59th Int. Coll. on

alumina castables at elevated temperature.

Refractories, Aachen, Germany (2016) 109–

Proc. of 59th Int. Coll. on Refractories, Aachen,

the characterisation of refractory castables

111

Germany (2016) 112–116

microstructure. Proc. of Unified Int. Technical

Preux, N.; et al.: Development of a frac-

Conf. on Refractories (UNITECR), Santiago,

tography method to investigate the crack

Chile (2017)

EN 993-7, Methods of test for dense shaped
refractory products, determination of modulus

refractories WORLDFORUM

[6]

11 (2019) [1]

York, Basel 2004, 11–38
[8]

Preux, N.; et al.: Computer aided method for

87

