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Abstract
High quality steel production requires extended treatment of the steel in the steel ladle. This has a remarkable impact on the steel ladle
refractories, e.g. the need for high performance functional refractories like purging plugs. Operational changes such as increasing tapping
temperatures, longer hold times and more aggressive secondary metallurgy are countered by the need for thinner refractory linings and
longer refractories life. These combined factors have led to a resurgence in interest in magnesium aluminate spinel raw materials.
Magnesium aluminate spinels have been used in steel-making refractories for many years, in a variety of different forms. This paper reviews the production, properties and performance of spinels. Recent developments in the applications of spinels will also be discussed.
Keywords: Spinel, Refractories, Steel ladle, Slag corrosion, Thermomechanical properties

SUROWCE SPINELU MAGNEZOWO-GLINOWEGO NA WYSOKIEJ JAKOCI MATERIAY OGNIOTRWAE
STOSOWANE W KADZIACH STALOWNICZYCH
Produkcja stali o wysokiej jakoci wymaga dugotrwaej obróbki stali w kadzi stalowniczej. Ma to niezwyky wpyw na materiay ogniotrwae
kadzi stalowniczej, np. na potrzeb wysokiej jakoci funkcjonalnych materiaów ogniotrwaych jak w przypadku korków spustowych. Zmiany
eksploatacyjne, takie jak zwikszone temperatury spustu, dusze czasy przetrzymywania i bardziej agresywna raﬁnacja pozapiecowa,
przekadaj si na zapotrzebowanie na bardziej cienkie wyoenia ogniotrwae i dusze czasy uytkowania materiaów ogniotrwaych. Te
poczone czynniki prowadz do pojawienia si na nowo zainteresowania surowcami spinelu magnezowo glinowego.
Spinele magnezowo-glinowe wykorzystywane s od wielu lat jak materia ogniotrway przy produkcji stali, w wielu rónych postaciach.
Artyku ten stanowi przegld sposobów wytwarzania, waciwoci i jakoci spineli. Przedyskutowano równie aktualny postp w wykorzystaniu spineli.
Sowa kluczowe: spinel, materiay ogniotrwae, kad stalownicza, korozja ulowa, waciwoci termo-mechaniczne

Introduction
This paper discusses the structure, properties and applications of magnesium aluminate spinels, with particular
reference to their advantages in formulating refractories for
clean-steel.
Magnesium aluminate spinels are increasingly being
used in refractories for steel-making due to their particular
combination of resistance to steel-making slag corrosion,
thermal shock resistance and excellent hot strength. Spinel
refractories were initially (mid-1960’s) produced by the in situ
reaction of alumina with periclase in magnesia bricks for
linings of cement kilns. The availability of high-quality prereacted spinels has opened the possibilities of developing
high purity refractories in both monolith and brick form.

Properties: Structure
Magnesium aluminate spinel is a member of a group
of oxides that have the same crystal structure, which is
named the spinel structure. The spinel group contains over
twenty members, but only a few are considered common.

The general formula of the spinel group is AB2O4, where
A represents a divalent metal ion such as magnesium, iron,
nickel, manganese and/or zinc, and B represents trivalent
metal ions such as aluminium, iron, chromium or manganese.
Unless otherwise described, the term “spinel” in this paper
will refer to MgAl2O4, the mineral spinel, which is the only
compound in the binary system MgO – Al2O3.
A strong feature of this group of minerals is the tendency
for substitutional solid-solutioning, where large percentages
of one or both of the spinel components may be substituted
by others of the group without modiﬁcation of the crystal
structure, or indeed any signiﬁcant strain on the crystal lattice.
Both magnesium and aluminium cations can be replaced by
others with similar size, keeping the electrochemical balance.
Thereby a wide range of solid solutions results for the spinel
group members. Additionally, the MgAl2O4 structure shows
an increasing phase region with increasing temperature,
especially towards higher alumina contents. Electrochemical
balance is achieved by vacancies at metal-cation and oxygen-anion sites in the structure. This feature will be discussed
later as playing a major factor in the advantage of spinel for
resistance to steel-making slags.
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Physical Properties
Magnesium aluminate spinel is a highly refractory
material, with a melting point of 2135°C. Table 1 shows
a comparison of the density, thermal expansion coefﬁcient
and thermal conductivity of the end-members (MgO, Al2O3)
compared to the spinel phase. The differences between these
phases in thermal expansion are responsible, in part, for the
superior thermal shock resistance of spinel. The decrease
in density or the increase in speciﬁc volume as spinel forms
from the end-members needs to be considered for technical
applications, e.g. in castables, where spinel is formed in situ
from MgO and Al2O3 components. These effects and their
inﬂuence on performance will be discussed in more detail
in a later section.
Table 1. Physical properties of spinel, MgO and Al2O3 [1].
Tabela 1. Waciwoci ﬁzyczne spinelu, MgO i Al2O3 [1].

Density
Thermal
conductivity
Thermal
Expansion
Coefﬁcient

g/cm³
W/m·K

dL/L·K·10

Spinel
MgAl2O4

Periclase
MgO

Corundum
Al2O3

3.58

3.58

3.99

5.9

6

7.6

7.1

13.5

6.3

8.8

Manufacturing
Natural sources for spinel as refractory raw material are
not known therefore spinels must be produced synthetically.
The two main routes for spinel production are sintering
and fusion. Most refractory grade spinels are made from
a combination of high-purity synthetic aluminium oxide and
chemical-grade magnesium oxide. Synthesis takes place
either in a shaft kiln for sintered spinel, or an electric arc
furnace for fusion. Very ﬁne and reactive raw materials are
required, as the formation of spinel in the solid state is kinetically difﬁcult. The advantage of sintered spinel is that this is
a continuous ceramic process, with controlled feed-rate and
uniform temperature distribution in the kiln, leading to a very
homogeneous product with crystal sizes of 30-80 m and low
porosity (<3%). On the other hand, production of spinel by
fusion is typically a batch process. The large ingots require
extended cooling time, which leads to inhomogeneities in the
microstructure as the poured ingot cools. At the outside, spinel crystals are smaller due to the faster cooling than towards
the inside. In the centre, the impurities are concentrated due
to the lowest melting point. Therefore, homogeneous fused
spinel materials can only be achieved by careful selection
of processed material.
The use of high-purity raw materials leads to another
advantage of spinel – typically, these aggregates are low in
impurities (MgO + Al2O3 > 99%), particularly silica content,
which contributes to the excellent high-temperature properties. Bauxite-based spinels have been evaluated by several
sources. Moore et al. [2] determined that experimental spinels based on bauxite and diaspore exhibited high-steadystate creep rates when compared to the synthetic alumina
based spinel. The creep rate is attributed to the high level of
glass formed in the aggregate by the impurities in the bauxite
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MR 66

AR 78

AR 90

%

32.0 - 33.5

22.0 - 23.0

9.0 - 10.0

Bulk Speciﬁc
Gravity (typical)

g/cm³

3.26 - 3.29

3.25 - 3.29

3.38 - 3.42

Apparent Porosity
(typical)

%

1.2 - 2.0

1.5 - 2.0

1.5 - 2.5

MgO content
(typical values)

Fig. 1. Alumina-magnesia phase diagram [3] and typical spinel
properties (Almatis).
Rys. 1. Diagram fazowy Al2O3-MgO [3] i typowe waciwoci spinelu
(Almatis).

(SiO2, TiO2, Fe2O3, alkalies). Bauxite spinels do not provide
the performance of synthetic alumina based spinels and can
be used only in areas where low resistance to erosion or low
hot strength is not a concern.

Product types
Commercial spinel products are split into two groups either
side of the stoichiometric ratio of 71.8% Al2O3/28.2% MgO
(Fig. 1). Magnesia rich MR 66 contains excess MgO, whereas
alumina rich AR 78 and AR 90 contain excess alumina. Due
to the spinel phase region, at high temperatures up to 1900°C
a spinel phase containing 90% Al2O3 can be produced and
maintained by rapid cooling. At lower temperatures, e.g.
1600°C during steel production, this high alumina content in
AR 90 becomes unstable and a mixture of spinel and free
corundum (Al2O3) is formed. The AR 78 spinel phase remains
stable at temperatures around 1600°C. Towards MgO, the
solid solutioning of the spinel phase is much less, so that MR
66 by purpose contains traces of periclase (MgO).

Magnesia-rich (MR) spinels
The properties and applications of magnesia-rich spinels
are controlled by the presence of traces of periclase. As MR
66 does not contain free alumina, no further spinel formation
and undesired volume expansion can occur when added to
magnesia bricks. MR 66 additions to magnesia bricks, e.g.
for cement rotary kilns, remarkably improve the thermal shock
resistance (TSR) and can replace chrome ore additions to
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overcome health concerns against chromium containing refractories in various regions worldwide. The
mechanism to improve the TSR is the lower thermal
expansion of spinel vs. periclase, which leads to the
formation of microcracks, acting as crack arrestors.
The MgO traces in MR 66 preclude the option
of using magnesia-rich spinel as a component of
aqueous systems such as castables, as hydration of
the periclase may lead to brucite (Mg(OH)2), and the
consequent volume change leads to cracking in cast
pieces. Magnesia-rich spinel is used in cement kiln applications, particularly in nose-rings and hot-zones.
Fig. 2. Hot modulus of rupture values for high alumina castables with spinel

Alumina-rich spinels

additives.
Rys. 2. Wartoci umownej wytrzymaoci na gorco w przypadku wysokoglinowych betonów ogniotrwaych z dodatkami spinelu.

Alumina-rich spinels are the largest volume of the refractory spinels, as they are used as components of refractories
for steel production. Their use is driven by two main sets of
properties; thermal characteristics, such as improvements
to hot strength and to thermal shock resistance; and resistance to corrosion by steel-making slag. Additions of high
purity alumina rich spinels to alumina castables remarkably
improve the hot strength as shown in Fig. 2.
Spinel content of 15-30 mass %, which corresponds to
MgO content of 4-10 mass %, is commonly used. Recent
developments as reported by Franken et al. [4] in the use of
ﬁred spinel refractories, e.g. in steel ladles, have indicated
up to a 60% reduction in lifetime when comparing low-silica
(<0.1% SiO2) to high silica (1.0% SiO2) spinel brick. This
demonstrated that optimal performance can only be expected
from high purity synthetic materials.
The slag resistance of alumina-rich spinels is one of the
most important properties, and the primary reason for the use
of spinel in steel-making refractories. Alumina rich spinels,
e.g. AR 78 and AR 90 with alumina contents of 78 and 90
mass %, respectively, incorporate into the spinel crystal structure (either at vacant lattice sizes or in substitution for MgO)
low-melting, low-viscosity components like MnO and FeO in
the inﬁltrated slag (Fig. 3). As the slag composition becomes
deﬁcient in FeO and MnO the slag viscosity increases, and
has a much lower tendency for penetration and erosion.
For a spinel that is more alumina-rich, such as AR 90,
the Al2O3 rich spinel solid solution becomes thermodynamically instable at the steel making temperatures and alumina
is released from the spinel (Fig. 4). The alumina reacts with
CaO from the slag to form an inter-granular phase, calcium
hexaluminate (CA6). CA6 is a very refractory phase (onset
of melting at 1875°C), and in addition the reaction exhibits
a volume expansion, causing a reduction in refractory surface
porosity and reducing the tendency for slag penetration.
Experimental tests of slag resistance were carried out
using basic (C/S = 2.3) and acid (C/S = 0.3) slags in an induction furnace at 1600°C. Refractory formulations with and
without spinel additions were developed, cast and placed as
the lining of induction furnace. Upon completion of the test
the experimental bars were sectioned for evaluation of slag
penetration and slag erosion. Results are shown in Fig. 5.
These demonstrate the superior performance of spinel-containing refractories under conditions of severe slag attack.
With spinel addition, slag inﬁltration as well as corrosion at
the metal/slag interface can be remarkably reduced.

Fig. 3. AR 78 grain composition and slag reaction.
Rys. 3. Skad ziarnowy AR 78 i reakcja z ulem.

Fig. 4. AR 90 grain composition and slag reaction.
Rys. 4. Skad ziarnowy AR 90 i reakcja z ulem.

Of particular relevance is the placement and type of
spinel addition to refractories for optimization of slag resistance. The presence of AR 78 spinel in the ﬁnes promotes
the resistance to slag corrosion most effectively and as well
improves the thermal properties such as hot strength. It is
informative to note that a similar weight percentage of spinel
in the coarser fractions does not impart the same level of
property enhancement. Therefore, AR 78 products with 45
and 20 m ﬁneness are of special interest. AR 90 spinel does
provide a further performance enhancement, if it replaces
e.g. tabular alumina in the coarse sizes of the formulation.
Extended market experience has conﬁrmed the beneﬁts
of AR 78 in the ﬁnes and AR 90 in the coarse fractions of
alumina castables.
Itose et al. [5] reported similar improvement in corrosion
and penetration resistance by adding ﬁne spinel powder to
alumina-spinel castables. They compared spinel castables
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Fig. 5. Slag corrosion tests – induction furnace.
Rys. 5. Badania korozji ulowej – piec indukcyjny.
Table 2. Effect of pre-reacted spinel vs in situ spinel on thermomechanical properties (RuL = refractoriness under load (0.2 MPa)).
Tabela 2. Wpyw spinelu przereagowanego wczeniej w zestawieniu ze spinelem in situ na waciwoci termomechaniczne (RuL = ogniotrwao pod obceniem (0,2 MPa)).

Chemistry

Self ﬂow LCC

Self ﬂow LCC

Self ﬂow LCC

Tabular alumina

Alumina-spinel

Spinel forming

98

93

92

5

6.4

<0.05

<0.05

0.5

Al2O3

wt%

MgO

wt%

SiO2

wt%

CaO

wt%

1.5

1.5

0.7

%

5.0

5.3

5.0

MPa

17

23

2

Mixing water
HMoR @ 1500°C
Max Def
(Dmax)
T @ Dmax
RuL
T 0.5%
T 2%

%

1.02

1.10

1.24

°C

1540

1700

1250

°C

1690

>1700

1360

°C

>1700

>1700

1655

with up to 20% addition of ﬁne spinel and observed a decrease in the corrosion and penetration indices of approximately 40-50%.

Advantages of pre-reacted spinel vs in situ
spinel forming

can be more dramatically seen graphically, as shown in
Fig. 6.
In a ladle sidewall, spinel-forming castables show beneﬁts. The volume expansion due to in situ spinel formation
is said to contribute to a densiﬁcation of the surface layer.
Also the liquid phase formation due to the silica additions
increases the mechanical ﬂexibility of the castable, which
can be beneﬁcial to avoid cracking of the lining during pickup and set-down of the hot ladle. In general, because ladle

There are several examples where in situ spinel formation
is formulated as part of the castable, possibly to reduce cost.
However, there are signiﬁcant disadvantages to this
approach. The formation of spinel from alumina and
magnesia leads to a remarkable volume expansion.
Theoretically, this volume expansion will be 13%,
based on a relative density calculation. In practice,
however, this expansion is around 5%, still excessive for the microstructure to accommodate without
cracking. Addition of ﬁne silica, such as microsilica,
is often utilized to promote liquid-phase sintering,
and to allow some local deformation to overcome
the volume expansion. However, the residual
glassy phase will have a signiﬁcant effect on the
hot strength, as seen in Table 2.
The effect of spinel addition and the use of Fig. 6. Refractoriness under load 0.2 MPa, pre-ﬁred at 1000°C.
microsilica on the thermomechanical properties Rys. 6. Ogniotrwao pod obcieniem 0,2 MPa, próbki wstpnie ogrzano w
1000°C.
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Table 3. Model cost calculation for a monolithic 200 t steel ladle bottom using 5 t high alumina castable.
Tabela 3. Modelowa kalkulacja kosztu w przypadku 200 t monolitycznej kadzi przy najniszym zuyciu wysokoglinowego betonu wynoszcym 5 t.
Bauxite

Brown Fused Alumina

Tabular Alumina

Tabular Alumina + Spinel

Castable price

Castable material
%

100

120

155

165

Lining life

heats

45

65

90

120

Steel produced

t

9,000

13,000

18,000

24,000

Speciﬁc refractory costs per t steel

%

100

85

77

62

sidewalls are less subjected to erosion than a ladle bottom,
the lower hot strength of the in situ castable is less of a factor.
However, poor tapping practices and/or extensive stirring can
cause signiﬁcant higher sidewall erosion, and spinel-forming
refractories with high silica contents will then exhibit higher
erosion rates.
For pre-cast shapes, spinel-forming formulations are not
preferred, due to hydration of the magnesia additive. Also,
many pre-cast shapes are used in areas of high erosion, such
as impact areas, purging plugs and well blocks. The reduced
erosion resistance of in situ spinel formulations would reduce
the life and increase operating cost.

become a solid mass. As the presence of silica, together with
other components of the pumpable castables, can signiﬁcantly
reduce the hot-strength of such products, there have been
many attempts to develop castables based on high-purity
systems that do not exhibit this dilatancy. Experiments on
ﬁne high-purity matrix materials have led to the development
of the new reactive alumina-spinel product E-SY 2000. This
new product can be used to replace the ﬁne components of
high-purity alumina-spinel refractories and allow them to be
pumped with low resistance to shear stresses.

Applications

High quality pre-reacted magnesium aluminate spinels
improve the performance of refractories in various applications. Magnesia rich spinels are primarily used for magnesia
based refractories and used extensively in cement kilns.
Since high purity alumina rich sintered spinels became available in the 1990´s, spinel additions to alumina refractories,
especially in monolithic refractories, are of increasing importance. Both the slag resistance in steel applications and
the thermomechanical properties are remarkably improved,
which contributes to more cost effective refractory solutions.
Spinel additions in the ﬁne fraction of the formulation show
the highest beneﬁt. Most recent developments are aimed at
developing low dilatancy, pumpable alumina-spinel castables, which do not require any fumed silica additions and
provide all advantages of high purity spinel refractories.
New application techniques, such as pumping and shotcreting, can be developed with high-purity alumina materials
using newly developed reactive alumina-spinel products
designed to reduce the tendency for dilatancy.

Spinel additions remarkably increase the performance
of alumina refractories and contribute to more cost effective
lining concepts. Typical spinel applications are steel ladle
linings, impact pads, purging cones and well blocks, nozzles,
wears and dams, lances, and slide gates. Other spinel applications to be mentioned are glass refractories. However,
here stoichiometric spinel compositions are preferred.
To illustrate the cost/beneﬁt considerations of high purity
synthetic raw materials and spinel refractories, the following
model cost calculation of a monolithic steel ladle bottom has
been set up as an example, which does not refer to a speciﬁc
steel plant. The ﬁgures are based on an estimation of typical
market prices of castables including the lining procedure services. The lining life of the different concepts is estimated based
on performance experiences with such types of refractories [6].
Although the price level of high purity, synthetic raw material
based refractories is higher when compared to natural raw
materials, their superior performance provides much higher
lining life and reduces the speciﬁc costs of the refractory per
ton of steel as shown in Table 3. A reduced maintenance effort
due to higher lining life has not been included in this model
calculation. Although the price of spinel refractories is higher,
the performance increase clearly overcomes that and even
more favourable speciﬁc costs can be achieved.

New Materials
Since the mid-1990’s, there has been extensive work
on the placement of refractory castables by pumping and/or
shotcreting. Both of these techniques rely on the ability of the
refractories manufacturer to formulate a mix that can resist
the high shear rate of a piston-type pump through a narrow
(75-100 mm) diameter hose. The vast majority of such mixes
utilizes the particular beneﬁts of microsilica to reduce the shear
stress and allow the castables to be pumped without exhibiting
the dilatant behaviour that can cause the material in the hose to

Conclusions
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