The Effects of Fine and Ultra-fine Particles on the Design of
Refractory Ceramics
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For all these applications, refractory ceramics
are submitted to severe thermo-chemical
and thermo-mechanical stresses. Fine and
ultra-fine powders are commonly added
to strengthen their properties and to improve their performances. This paper discusses the latest developments on refractories
and the effect of the added powders such as
oxides (Al2O3, SiO2, MgO, …), carbon additions (black carbon, graphite), and special
additives on the design of refractory ceramics.
After at first summarising the design and the
constituents of refractories, the improvements made through using these types of
powders will be discussed. Examples with
the Al2O3 – SiO2, Al2O3 – C, MgO – C, C,
Al2O3 – MgO types of refractories are given

After summarising the design and the constituents of refractory ceramics, the more recent developments made through the use of fine
and ultra-fine powders such as oxide powders, carbon additions and
special additives are presented. Examples of applications for advanced refractories are given to show the advantages in using these
ultra-fine powders and the relationship between microstructure and
properties. The main researches to be carried out in the future are discussed.
1 Introduction
Refractories are ceramics that have to resist
high temperatures. These ceramics, produced
in large quantities, meet a real demand in
three major sectors of the economy:
• the traditional high-temperature sectors
such as the iron and steel making, nonferrous metallurgy (mainly aluminium),
petrochemicals, the ceramic and raw material industry that constantly aim for better process design and energy efficiency
• the environment and more particularly areas related to the treatment and energy
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recovery from wastes (domestic waste incineration, ultimate waste vitrification)
• the energy sectors producing bio fuels,
heat and electricity require suitably designed refractory linings.
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Fig. 1 Conception of a refractory ceramic
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to show the advantages of using these ultrafine powders and the relationship between
microstructure and properties. These examples will essentially relate to the refractories
used in iron and steel making and in nonferrous metallurgy. To conclude, the main research to be made in the future will also be
discussed.

2 Design of refractories [1]
2.1 Compounds of refractory
ceramics
Refractories are highly heterogeneous ceramics, which are always poly-phased, made
up of a more or less crude skeleton (aggregates measuring just a few millimetres),
bonded by a fine-particle-size matrix (schematically composed of bonding and additives).
In addition to these various constituents,
there is an additional phase, which is contributed by the high porosity (open or
closed) of the ceramic that largely helps to
determine the properties of the material
(Fig. 1).

Aggregates are composed of one or several
minerals, mainly oxides that confer the main
properties (refractoriness and additional
properties) to the refractory ceramic. These
minerals constitute 70 to 100 % of the composition of the product, and are quite often
present throughout the entire particle size
range and always in the coarser range. The
bonding components provide the essential
means to permanently bond all the constituents of the refractory products. They
must be effective from cold start up to operating temperature and throughout the life of
the material.
Part of the added bonding compounds does
not necessarily have refractory properties:
binders are added in small amounts and always report down with the fine particle size
fraction of the finished products. It is the
part of the material that "coats" the aggregates and the additives in order to bind the
material.
There are four bonding systems:
• ceramic bonding obtained by sintering at
high temperature

Aggregates : brown corundum
and electro-fused mullite zirconia

Si
Graphite
flakes

300 μm

2.2 Effect of ultra-fine powders
on properties of refractories

Matrix
- Carbon bonding
(pyrolysis of a phenolic resin)
-

Additives
Graphite
Tabular alumina
Brown corundum
Silicon metal
Micronised alumina
K2O, Al2O3, SiO2 flux

Fig. 2 Microstructure of an alumina-graphite refractory
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• hydraulic bonding obtained by the hydration of an alumina-lime refractory cement
• inorganic chemical bonding that occurs
through the formation of gels
• organic bonding, mostly with carbonaceous binders: coal tar pitch, tars and thermosetting resins; these binders leave a
very fine carbon residue lining in the pores
of the refractory during the increase in
temperature.
Additives are added to the mix in order to
impart or to strengthen specific physical
properties to the refractory material. There
are two types of additives: those that have
similar properties to the aggregates and
those that have different properties. The
combination of the different constituents,
i.e. aggregates/binders/additives is used to
improve the properties of the material to
make it suitable for the intended operating
conditions.
Nowadays, some products often contain a
large number of constituents at the processing stage. This illustrates how much the technology and the know-how of the manufacturers has evolved to best meet the specific
needs of the users and to increase the service life of refractory linings. Refractories have
become high-technology materials, requiring
the most modern powder preparation (for
instance granulation), moulding (such as isostatic pressing) and firing technologies (under a controlled atmosphere to obtain a reactive sintering). For example, Fig. 2 shows
the microstructure of an alumina-graphite
refractory, which is moulded using an isostatic press and used to make submerged nozzles for steel continuous casting. This material contains several additives in particular
silicon powders (< 75 µm), micronized alumina (< 10 µm) and fluxes (borax Na2B4O7)
in order to reduce the permeability and to increase the thermo-mechanical properties of
the Al2O3-C refractory.

100 μm

The matrix is generally the weakest link of
the refractory material. It displays a significant reactivity as well as a high porosity and
specific surface area, facilitating impregnation and corrosion during the liquid phase.
Its mechanical properties are generally
weaker than those of aggregates.
The tendency nowadays is to strengthen the
properties of this matrix by introducing ultra-
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Tab. 1 Effect of additives on the properties of refractories
Classification

Mineralogical composition

Type

Use

Main phase

Secondary phases

calcined alumina

corundum

ß-Al2O3

porosity filling (densification)
rheology modifier, mullitisation reactive

kyanite

kyanite

quartz, pyrite, lazulite, rutile,
mica

volume expansion agent at high temperature

Clay

refractory clay

kaolinite

anatase, pyrite, quartz

plasticizer, sintering agent

Silica

quartz flour

quartz

-

densification, volume expansion agent at low temperature

Alumina
Sillimanite

Silica

micronised quartz

quartz

-

densification, volume expansion agent at low temperature,
sintering agent

Silica

silica fume

amorphous SiO2

-

porosity filling (densification), mullitisation reactive in association with reactive alumina, plasticizer / fluidifying agent

Spinel

magnesia spinel

MgAl2O4

CaO . SiO2

improves thermal shock resistance, chemical inertness

magnesia

periclase

2 CaO . SiO2, Fe2O3

improves the resistance to impregnation and to corrosion
(Al2O3-MgO castables)

Zirconia

zirconia

baddeleyite

-

improves the resistance to thermal shocks and corrosion

Carbon

graphite

graphite

quartz, mica, pyrite,
magnetite

improves the resistance to thermal shocks and corrosion
(acts as an anti-wetting agent on slag), increases thermal
conductivity

Carbon

smoke black

amorphous carbon

-

ultra-fine carbon carrier, improves the resistance to oxidation
and to corrosion

Carbon

coal pitch

amorphous carbon

-

ultra-fine carbon carrier, improves the resistance to oxidation
and to corrosion

Carbon

tar

amorphous carbon

-

addition used for the impregnation of bricks and shaped
forms

Chrome

chromite

(Mg, Fe)(Cr, Al)2O4

(Fe, Mg)(Cr, Fe)2O4,
Fe(Cr, Al)2O4, MgO, SiO2

refractoriness, resistance to thermal shocks, resistance to
corrosion by iron oxides, oxidises basic slag and acid slag

Magnesia

Chromium oxide chromium trioxide

Cr2O3

resistance to slag corrosion and to iron oxides
improves the mechanical characteristics at high temperature,
carbon oxidation inhibitor

Metals

silicon

Si

Metals

aluminium

Al

-

anti-explosion agent (castables), improvement of the
mechanical characteristics at medium temperatures, carbon
oxidation inhibitor

Carbides

silicon carbide

α-SiC

amorphous SiC, graphite,
Si,
cristobalite

improves the resistance to abrasion, corrosion and oxidation;
increases thermal conductivity, resistance to thermal shocks,
chemical resistance to alkaline

Nitrides

silicon nitride

hexagonal Si3N4

silicon, iron, cristobalite

improves the resistance to thermal shocks, creation of an oxinitride bond

fine particles or powders that show the following characteristics:
• high purity
• a narrow particle size distribution
• an adapted specific surface
• a strong surface/volume ratio
• high chemical reactivity.
These additives, which have a typical average particle size of between 0,1 and
100 µm, comprise a large range of compounds and a large diversity of minerals.
Whilst not exhaustive, a few examples of
properties imparted by some additives are
shown in Tab. 1. By pushing the limits of the
finest particle sizes as much as possible and
by playing with their properties (oxides, ni-
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trides, carbides, metals), it is possible to improve the operating properties, for example:
• refractoriness
• compactness by optimising particle packing
• mechanical properties and / or thermal
shock resistance
• porosity and pore size
• resistance to corrosion and erosion
• resistance to oxidation (for refractories
containing carbon).
These powders optimise the microstructure
of the refractory ceramic at the micron- or
sub-micron scale. The microstructure of a refractory made from bauxite aggregate is
shown in Fig. 3. The matrix of this high-alu-

3 (2011) [2]

mina content refractory with a grain size
< 100 µm is composed of:
• 15 % refractory clay fines with a grain size
< 60 µm
• 5 % bauxite from French Guiana whose
mineralogical composition is the gibbsite
with a granulometry < 90 µm
• 15 % ultra-fine alumina of high purity
(Al2O3 > 99,3 mass-%), calcined and reground up to an average grain size of
6 µm.
By adding this ultra-fine alumina powder it
is possible to slightly decrease the porosity
of the refractory as compared to the same
refractory, in which 10 mass-% (instead of
5 mass-%) of fine bauxite from French

101

Bauxite aggregates : 65 mass-% of the
composition
- Gibbsite
- Diaspore

200 μm

Matrix : 35 mass-% of the composition
- A phosphatic bonding
(H3PO4 acid)
-

Additives (particles < 100 μm)
15 % of clay (kaolin < 60 μm)
5 % of Guiana bauxite (gibbsite)
15 % of ultra-fine alumina
calcined and reground : d50% = 6 μm / 100 % < 45 μm
50 μm

Fig. 3 Microstructure of a refractory with high alumina content

Guiana is added and 10 mass-% of fine alumina with average grain size d50 = 45 µm;
the open porosity decreases from 16 to
14 % .
Another example of microstructure is that of
a carbon refractory used for blast-furnace
crucibles as shown in Fig. 4. The material is
composed of graphite and electro-calcined
anthracite, a resin binder and fine alumina,
silicon and silica powders. During the firing
process, under a controlled atmosphere
(CO + N2), two new phases occur: a silicon
oxinitride Si2ON2 / Si3N4 bond and the silicon
carbide SiC. Whiskers are formed in-situ
during the firing stage.
The addition of metallic silicon decreases the
average pore sizes (average diameter:
d50 ~ 0,1 µm is to be compared to a traditional material d50 ~ 20 µm).
Improving corrosion resistance to alkaline
gas is achieved by adding SiO2. Increasing
resistance to erosion is achieved by the addition of Al2O3 and Si.

3 Examples of applications for
advanced refractories
The following examples illustrate the advantages when using andalusite, magnesia, aluminium and carbon powder additions to improve:
• corrosion resistance under gaseous phases
• oxidation resistance of the carbonaceous
phase
• thermo-mechanical properties: limitation
of erosion, cracking and thermal shock
damage.

Aggregates : graphite
and calcined anthracite

3.1 Additions of andalusite in
clay refractories in aluminium
anode-baking furnace
applications

Matrix
- Bonding: carbon
(pyrolysis of a phenolic resin
- Additives
Phenolic resin
Ultra-fine alumina
Silicon
Silica
After firing
Whiskers: SiC, Si2ON2, Si3N4

Fig. 4 Microstructure of a carbon refractory
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0,5 μm

Manufacturing of aluminium anodes and especially the anode baking process is an important step in producing aluminium. Baking
of the anodes is carried out in multi-cell furnaces lined with alumino-silicate refractories, made from clay chamottes mixed with
andalusite additives (Fig. 5).
Tab. 2 shows the chemical composition of
refractories used in anode firing kilns. These
refractories are exposed, at high temperatures (> 1000 °C), to corrosion by alkalis
and fluorides under a reducing atmosphere
of carbon monoxide [2], thus limiting the
service life of the furnaces to about 7 years.
The sodium and the fluorine come from the
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anodes (which contain recycled raw materials). The gaseous sodium migrates into the
pores of the refractories and condensates as
Na2O, according to the following reactions
[3]:
2 Na(g) + CO(g) → Na2O + C
4 Na(g) + CO2 (g) → 2 Na2O + C
The factor that limits the transport of sodium
in the refractories is perviousness, which is
dependent on the apparent porosity of the
grains and of the matrix. The sodium oxide
reacts with the refractories to form sodium
silico-aluminate compounds, according to
the following reaction:
Na2O(s) + refractory (silico-aluminate)
→ sodium silico aluminates
Two cases are possible:
• liquid phases are formed into such compounds as the Na2O-Al2O3-SiO2 albite that
causes irreversible and harmful creep of
the refractory walls
• stable solid phases that precipitate
at operating temperature nepheline
Na2O · Al2O3 · 2 SiO2 or Na2O · 11 Al2O3
(ß-alumina).
The sodium fluoride reduces the silicon,
which results in the formation of gaseous silicon tetra-fluoride [4].
4 NaF + SiO2 → SiF4(g) + 2 Na2O
In order to understand the mechanisms of
corrosion, fireclay and mullitized andalusite
particles were subjected to alkaline vapours
in a corrosion laboratory test (20 g of NaF at
1300 °C for 12 h).
After reacting with NaF, the clay chamotte
raw materials comprise a rich in sodium vitreous phase that contains fluorine and that
is liquid at service temperature. Corundum
crystallizes out on cooling (Fig. 6). For mullitized andalusite [5], corundum precipitates,
at high temperature, next to the original
mullite (Fig. 7). Corundum is formed when in
contact with a liquid phase rich in sodium
and containing fluorine. The mullitized andalusite grains are not corroded to the core:
the main part of the grain (mullite and
corundum) is a solid phase at service temperature (Fig. 7).
The key factor is the quantity of “free” silica.
It becomes attractive to reduce the quantity
of silica to limit the amount of cristobalite in
the case of bricks made from clay chamottes
or to trap the silica beforehand by the addition of alumina that promotes the formation
of mullite during the initial firing of the refractories. As the alumina content increases
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Refractory partitions

Head-wall
Anodes

Hearth made of
refractory castable

End block

Partition
bricks

Fig. 5 Diagram of anode firing kiln and detail of a partition
Tab. 2 Raw materials in the castables and chemical composition of Al2O3-MgO castables
C-M1

C-M2

C-M3

C-M4

C-M5

C-M6

0,5

1

2

0,5

1

2

Sea water MgO (< 45 µm)

5

5

5

5

5

5

Calcium aluminate cement

5

5

5

7,9

7,9

7,9

Reactive alumina

8,35

7,85

6,85

5,45

4,95

3,95

White corundum < 1 mm

18,1

18,1

18,1

18,1

18,1

18,1

White corundum > 1 mm

63

63

63

63

63

63

Raw materials [mass-%]
Microsilica

Chemical composition [mass-%]
Al2O3

93,0

92,5

91,5

92,4

91,9

90,9

MgO

4,99

4,99

4,99

4,99

4,99

4,99

CaO

1,11

1,11

1,11

1,68

1,68

1,68

SiO2

0,54

1,03

2,01

0,54

1,03

2,01

Impurities

0,39

0,39

0,4

0,38

0,38

0,38

Al2O3 30%
SiO2 54%
Na2O 16%
Fluor ND

500 m

Glass +
corundum
Glass

50 m

Fig. 6 Microstructure of a chamotte raw material after corrosion by NaF
(laboratory testing, 1300 °C / 12 h)
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in the refractory the liquid phase is lowered.
The alumina or the mullite favour the
crystallization of corundum and of nepheline to take place thus reducing the
liquid phase formation. For alumina contents
comprised between 40 and 60 %, the quantities of liquid phases become important
(Fig. 8).
As shown in Fig. 9, the use of mullitized andalusite in the matrix of the refractories reduces the formation of the vitreous phase
during corrosion by sodium. The glass
"trapped" in the mullite network is not very
accessible to the sodium, hence avoiding the
destruction of the fine grains of the mullitized andalusite. However, with clay
chamottes, the glass is "free", and thus the
chamotte-based matrix is more sensitive to
corrosion by gaseous sodium.
In order to increase the resistance of the refractories to corrosion by gaseous sodium, it
is recommended:
• to add fine particles of andalusite and alumina in the matrix to favour secondary
mullitisation
• to lower the amount of clay to reduce the
amount of glass produced and to optimise
firing temperatures.

verre
Glass
Al2O3 31%
SiO2 53%
Na2O 16%

Verre
+
Mullitized
corindon
andalusite

Mullitized
andalusite

AM
Gass + corundum

Glass
20 m

500 m

Fig. 7 Microstructure of an andalusite raw material after corrosion by NaF
(laboratory testing, 1300 °C / 12 h)

Liquid phase [%]

Al2O3 – SiO2 – 10 % Na2O system at 1300 °C

Al2O3 [%]
Fig. 8 Thermodynamic calculations (carried out by Factsage software) showing how the
liquid phase at 1300 °C in the Al2O3 – SiO2 – Na2O system develops

chamotte
MA
chamotte
MA
MA

MA
100 m

Fig. 9 Sodium cartography carried out under a scanning electron microscope of a
micrography of an alumino-silicate refractory containing mullitized andalusite additions
(MA), after a laboratory test (at 1300 °C under CO in presence of sodium)
Tab. 3 Chemical analysis (by XRF) of alumino-silicate refractories used in anode
firing kilns
Composition [mass-%]
Refractories
Al2O3

Fe2O3

Na2O

K2O

SiO2

CaO

MgO

TiO2

R1

46,4

1,3

0,1

0,3

49,9

0,3

0,2

1,3

R2

55,6

1,1

0,1

0,2

42

0,2

0,1

0,6
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3.2 Additions of metals in
magnesia-carbon refractories in
converter applications
The use of magnesia-carbon refractories in
steel making is due to the unique properties
of carbon:
• most molten metals and liquid oxides do
not adhere to it [6]
• it has a low thermal coefficient and an excellent resistance to thermal shocks.
These refractories are generally resin-bonded, and composed of aggregates of magnesia mixed with natural graphite in the
shape of flakes. MgO-C compounds however have the inconvenience to be sensitive to
carbon oxidation, which led to the idea of
designing oxide-carbon-metal addition compounds.
Indeed, in the presence of metal additions
(Al), phase transformations occur inside the
material and consequently carbon is protected against oxidation [7, 8]. The chemical
composition and the microstructure of an
MgO-C refractory containing fine aluminium
powders is shown in Tab. 3 and Fig. 10. This
figure shows the changes that occur in the
microstructure and the inhibiting actions of

refractories

WORLDFORUM

3 (2011) [2]

aluminium on carbon oxidation. Initially, a
fine layer of alumina coats the added aluminium in MgO-C refractories. On reaching
melting temperature of aluminium (660 °C),
this fine layer is ripped open (Fig. 11a), freeing the liquid aluminium which reacts with
the surrounding carbon to form aluminium
carbide (Fig. 11b) according to the reaction:
4 Al(l) + 3 C(s) → Al4C3(s)
At 1100 °C, the liquid aluminium totally disappears. Two phases can be observed:
• an entangled network of Al4C3 crystals
(Fig. 11c);
• small spinel crystals appearing after the
oxidation of the aluminium then are altered as MgO-Al2O3 when in contact with
magnesia.
Above 1100 °C, aluminium carbide is altered according to the reaction :
Al4C3 + 3 O2(g) → 2 Al2O3 + 3 C
The aluminium produced reacts in turn with
the magnesia to form secondary spinels:
Al2O3(s) + MgO(s) → MgO . Al2O3(s)
At 1500 °C, the aluminium carbide disappears. The spinel crystals grow into a very
compact microstructure (Fig. 11d).
To the extent where the oxidation of the carbon in the refractory progresses and Al(l) is
present, the following reactions can occur
under a reducing atmosphere :
4 Al(l) + 3 C(s) → Al4C3(s)
(1)
2 Al(l) + CO(g) → Al2O(g) + C(s)
(2)
Al(l) → Al(g)
(3)
Thus, resulting in shifting the reaction to the
right:
Al4C3(s) + 6 CO(g) → 2 Al2O3(s) + 9 C(s) (4)
2 Al(g) + 3 CO(g) → Al2O3(s) + 3 C(s) (5)
Al2O(g) + 2 CO(g) → Al2O3(s) + 2 C(s) (6)
In associating the equations 3 with 5 and 2
with 6 one gets the same reaction:
2 Al(l) + 3 CO(g) = Al2O3(s) + 3 C(s) (7)
In order to explain the mechanisms involved,
thermodynamic calculations have been carried out. It may be convenient to sum up
these calculations by the volatility diagrams
[9] of the Al –O –C systems.
Considering, for example, a temperature of
equilibrium of 1327 °C (i.e. 1600 K) in
(Fig. 12) the phases involved are :
• solid phases : Al4C3, C, Al2O3
• gas phases : Al, Al2O, AlO.
Two areas of stability exist:
• for PCO < 10-3,81 atm: stability of the aluminium carbide and of the carbon
• for PCO > 10-3,81 atm: the alumina and the
carbon are thermodynamically stable.
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Magnesia aggregates

200 μm

Metallic powders

50 μm

Fig. 10 Magnesia carbon refractory containing metallic powders (Al et Si)
(a)

(b)

(c)

(d)

Fig. 11 Transformation of the aluminium addition in a MgO-C refractory

Fig. 12 Volatility diagram for the Al – O – C system at 1600 K
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mass-%
60
M1
M2
M3
50
40
30
20
10
0
Corun- Spinel CA6 Vitreous Anordum
thite
phase

Fig. 13 Steel ladle impact pad made of
alumina-magnesia castable

Fig. 14 Estimation of mineralogical and vitreous phases amounts after firing at 1600 °C

Tab. 4 Chemical analysis of magnesia carbon refractories
Chemical composition [mass-%]
MgO

CaO

SiO2

Fe2O3

Al2O3

C

Al

85,6

1,6

0,4

0,3

0,1

10

2

Inside the MgO-C refractories, the oxygen
partial pressure is very low and the CO pressure is 1 atm. At thermodynamic equilibrium, the alumina is stable.
In so far as the oxidation of the carbon occurs and there is aluminium carbide, Al4C3(s)
decomposes into alumina and carbon.

Spinel + vitreous
phase

20 μm
Fig. 15 Micrograph of matrix M6 (SEM backscattered
electrons micrograph)

In fact, the aluminium acts as an oxygen inhibitor by reducing CO(g) to C(s). The Al oxidises into Al2O3, which reacts with the magnesia to form MgO-Al2O3 spinels at high
temperature.

3.3 Additions of silica fume to
alumina spinel refractories in
impact pad steel ladle
applications
The impact pad placed at the bottom of the
steel ladles (Fig. 13) sustains very severe
stresses: thermal shocks between 1200 and
1700 °C along with mechanical stresses,
caused by the molten stream of steel during
pouring plus the chemical corrosion due to
the slag. To meet the requirements of these
stresses, alumina-magnesia castables are often used in the form of pre-cast components.
At high temperature ultra-fine alumina powders react with the magnesia particles to

CA6

corundum

CA6

corundum
CA6

500 m

500 m

Fig. 16 Micrograph of the matrix M2 (a) and M4 (b) (SEM backscattered electrons
micrograph)
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mass-%
60
M4
M5
M6
50
40
30
20
10
0
Corun- Spinel CA6 Vitreous Anordum
thite
phase

form spinel. MgAl2O4, as a major constituent
of the matrix, remains stable against attack
by the slag [10]. This resistance can be explained by the capacity of spinel to allow a
large amount of ions Fe2+, Fe3+ and Mn2+
into its structure by incorporating them into
the gaps of the structure. The solid solutions
thus formed deeply alter the composition of
the slag which then becomes less aggressive. The in-situ formation of spinel is followed by a volume expansion.
The finely divided alumina in the matrix
reacts also with the lime resulting from
the calcium aluminate cement present in
the alumina-magnesia castables to form a
calcium hexa-aluminate (CA6), which, by
filling the micro-pores, stops the slag iron
penetrating. Moreover, CA6 has a very
low solubility in liquid steel and in basic slag
of high iron content. The properties of
these Al2O3-MgO refractories greatly depend
on their formulations and particularly on
the composition of the matrix, the amount
of cement, on the optimisation of the
additives and on the particle packing.
Al2O3-MgO castable commonly contains micro-silica particles to inhibit the MgO hydration during curing and drying steps, to promote better flowability and to control the expansion due to in-situ spinel MgAl2O4 formation [11].
In this example, the influence of fumed
silica and reactive alumina on the in-situ formation of the spinel and of hibonite
(CaO · 6 Al2O3) in these refractories and the
corrosion by CaO-based slag is discussed.
The phase transformations and microstructure evolutions of Al2O3-MgO castables have
been investigated by varying the quantity of
fumed silica, of calcium aluminate cement
and reactive alumina.
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Various in-situ spinel castables containing
5 mass-% fine magnesia particles (45 µm)
and containing different micro-silica and
alumina-cement contents were manufactured. Tab. 4 shows the raw materials and
the chemical composition of the different
castables. As the aggregates (white corundum) used in the castables are less reactive,
only the matrices (particles < 1 mm) were
characterized.
Fig. 14 gives the mineralogical and vitreous
phase amounts determined by X-ray quantitative analysis, using the Rietveld method in
different matrices, after firing at 1600 °C:
• High micro-silica content increases the
spinel amount and the vitreous phase and
decreases the CA6 mineral (hibonite). But
for a very high silica amount, silica formed
ternary phase (anorthite) by reaction with
alumina and lime included in the matrix. In
this case, there is no formation of CA6.
• Low calcium-aluminate-cement content
decreases the CA6 amount. For a high
amount of microsilica, the lime is included
in liquid phases at high temperature
(or in ternary phase at a lower temperature).
Fig. 15 shows the microstructure of the matrix with high amounts of calcium-aluminate
cement and microsilica after firing at
1600 °C. Only spinel and vitreous phase are
observed. There is no CA6. This result confirms the X-ray quantitative analysis where
lime and alumina are including in a ternary
phase. Fig. 16 shows the microstructure of
matrices M2 and M4. In the sample with
5 mass-% of calcium-aluminate cement and
1 mass-% of micro-silica (M2), CA6 crystals
are only observed in the matrix. For samples
M4, M5 and M1, CA6 crystals are also
formed around the alumina grains. This is
due to the high CA6 content in these samples.
Thermal expansions analysis was performed
on different matrices which were pre-heated
at 1000 °C. During the analysis, the heating
rate was 2 °C / min up to 1550 °C (Fig. 17).
Higher amounts of microsilica (2 mass-%)
lead to a lower expansion at temperatures
> 1300 °C. This reduction in expansion is
delayed by decreasing the calcium-aluminate-cement content.
This can be explained by the previous results: high amounts of vitreous phase and
ternary phase (liquid at high temperature)
are formed in matrices M3 and M6. For the
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Fig. 18 Experimental procedures of static corrosion tests

matrix M2, even with the small amount of
CA6 formed, above 1450 °C, the liquid
phase appears. Matrices M1, M4 and M5
show a high expansion > 1450 °C. These
matrices are those for which the CA6 content
is higher and where its formation is also observed around alumina grains.
According to the X-ray quantitative analysis,
SEM observations and thermal expansion
tests, a way to design the alumina-magnesia
castables is to control the CA6 content
formed in the matrices by reaction between
alumina and lime at high temperature.
A good balance is to reduce the alumina-cement amount and to provide optimal microsilica content in order to limit the liquid
phase amount and the anorthite content. In
order to prove the benefits of volume ex-

pansion as regards corrosion, different
castables manufactured from the previous
matrices were corroded on laboratory scale.
Corrosion tests were carried out, close to industrial conditions in order to simulate the
coupling of thermo-chemical and thermomechanical damaging. The main purpose of
these tests was to define the relationships
between impregnation of slag, phase
change, the migration of species and the
modifications of properties. Corrosion tests
were carried out using the static crucible
method under a thermal gradient. The experimental device incorporates an elevating
hearth, allowing for the loading and unloading of the crucible (Fig. 18). Refractory crucibles, fired at 1200 °C, were tested with
90 g of the Al2O3-CaO-FeO-MnO-SiO2 slag

Tab. 5 Composition of the lime based slag
Oxides
[mass-%]

3 (2011) [2]

MnO

SiO2

CaO

Al2O3

Fe2O3

4

4

47

40

5
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Tab. 6 Physical values of the refractory crucibles after corrosion test
Calcium
aluminate
cement [mass-%]

Microsilica
[mass-%]

Corroded
zone [%]

CM1

5

0,5

2

11

B

CM2

5

1

0

16

A

CM3

5

2

4

17

A

CM4

7,9

0,5

0

6

D

CM5

7,9

1

0

4

D

CM6

7,9

2

4

0

D

Castable

(Tab. 5). A thermal cycle was realized following the different steps:
• Step a: heating at 1600 °C in the furnace
• Step b: introducing crucible with slag into
the furnace ⇒ thermal shock
• Step c: isothermal temperature at 1600 °C
during 2 h
• Step d: exit of samples ⇒ thermal shock.
The two thermal shocks realized in this test
represent the shocks during the ladle filling
and emptying of steel.
After corrosion, refractory crucibles using the
matrices M1, M4, M5 (matrices with a high
thermal expansion) are cracked. Nevertheless, the castable using matrix M6 is also
cracked. The slag infiltrates the crucibles
through the cracks formed during the test. On
the other hand, the refractory crucibles using
matrices M2 and M3 are not cracked. The corroded zones (interface slag / refrac-tory) are
very limited due to the high corrosion resistance of alumina-magnesia castables.

The crucibles after tests are divided into 4
categories (Tab. 6):
• Category A: no crack formation
• Category B: low micro-crack formation
• Category C: micro-crack formation
• Category D: macro-crack formation.
The castable CM2 seems to be the best composition in relation to the crack formation,
the slag impregnation and the volume expansion. Furthermore, the presence of CA6
minerals in the matrix of castable CM2, before corrosion test, leads to a higher corrosion resistance (Fig. 14). For all refractory
crucibles, the microstructures in the impregnated zone are similar.
Fig. 19 summarizes the microscopic observations close to the impregnated
zones (close to the crack formation).
CA6 crystals are formed around alumina
grains (Fig. 19a). In the matrix, spinels
react with oxides from the slag, containing a high amount of iron and man-

CA2

(a)
corundum
200 'm

CA6

Residual slag Category of
[mm]
cracks

spinel
20 'm

(b)

slag
CA
Spinel:
Spinel:
Al22OO3:3 69,2
%
Al
: 69.2%,
MgO: 27,4
%
MgO
: 27.4%
FeO: 1,2
% MnO:
%
FeO
: 1.2%
MnO1,2
: 2.2%

5 'm

(c)

Fig. 19 Micrographs on corroded area close to a crack; CA = CaO · Al2O3,
CA2 = CaO · 2 Al2O3, CA6 = CaO · 6 Al2O3 (SEM backscattered electrons micrograph)
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ganese oxides (Fig. 19c). The precipitation
of CA and CA2 in the matrix is observed
(Figs. 19 b, c).
Degradations of alumina-magnesia selfforming spinel castables by alumina-rich
lime slag are complex. Different mechanisms
are involved: phase changes, thermo-mechanical strains (thermal shocks and thermal
cycles) and the corrosion by slag. Impregnation by slag promotes the formation of expansive phases in alumina-magnesia selfforming spinel castables. These phases, such
as CA6 and CA2, lead to thermo-mechanical
strains causing crack formation. The effects
of these cracks on the degradations of the
castables depend on the design of the
Al2O3-MgO castables. The slag infiltrates
cracks and corrodes the refractory around
the cracks. Corrosion will be more or less
significant depending on:
• the quality of the self-forming spinel
• the matrix shrinkage
• the formation of ternary liquid phases with
a low melting point.
The corrosion of alumina-magnesia selfforming spinel castables is depending on the
crack formation, itself depending on the reactivity of fine particles.

4 Conclusion
The mastering of the microstructure as well
as the phase changes occurring in service is
essential to ensure resistance to wear and
failure of refractories. Great progress has
been made.
Combining efficient techniques for the
investigation of the microstructure with numerical tools (thermodynamic calculations)
provides information (e.g., degradation
mechanisms) that cannot be obtained directly.
In particular, the improvement of the matrix
properties constitutes a major advance in
developing refractory ceramics. The microstructure and the formulation of these
matrices are now optimised at the micron
and submicron scale.
The technological leap forward dictates the
use of ultra-fine powders that enable to obtain operating properties that are suitable
for the stresses sustained by the refractories
whilst in service.
In future, research should be directed at:
• the development of methodologies and
experimental tools to characterize the
change of microstructures in-situ (e.g., at
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high temperature) and to identify the kinetics
• a better understanding of the relations between stresses, properties and selection of
suitable powders, which will require fundamental research studies on understanding the different mechanisms
• the techniques for preparing and mixing
these powders
• the development of finer powders at the
sub-micron and even down to the nanometric scale levels.
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