technology trends
Functionalized Systems for Monolithics and Prefabs
D. Cölle, N. Gerlach, C. G. Aneziris

For decades industrially established refractory monolithics typically

represent classically characterized, often hydraulically bonded mater
ial systems. Steadily rising technological requirements for pouringcapable refractory materials and their installation routines for the
realization of advanced monolithic material installations open new
action spaces and technical diversities within the scope of new material and procedure developments. Some well-selected examples are
responded and discussed which are also indicated within the triangle
between innovation, economic efficiency and competition. A central
pivot are essential main features and design elements of purely oxide-based or high-alumina materials, e.g. [CaO–MgO–Al2O3], as well
as castable systems derived by selected states of the binary phasesystem [SiO2–Al2O3] which allow to realize individual solutions for
a huge number of high temperature applications in the last consequence. The application of alumosilica phases derived from the system silica-alumina is suited excellently to the functionalizing of carbonaceous high temperature ceramics fundamentally.
1 Introduction
In recent years the rapid development of
high temperature processes, e.g. in metal
smelting processes, also stimulate the refractory industry in fundamental. Especially
in monolithic refractories owing to its spe
cified production processes and convenient
construction, the generally performance and
cost efficiency let increasingly responsible
users get the broad attention and recognition. How broadly observe, the production of
monolithic refractories output has reached
significantly increased values, and monolithic refractories related to novel material
technologies to involve both, monolithic installation routines and the pre-fabrication of
ready-to-use components, so called prefabs.

2 Scenarios and progresses of
“white refractory ceramics”

2.1 Innovative spinel castables
The monolithic lining of steel casting ladles
has been established in the recent years
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and is a standard technology today. The
trend has started in Japan in the 1970s and
obtained an even greater role in Europe
within the last 15 years [1]. The growing
interest in this lining method is related to a
decrease in personal costs and time as well
as shorter manufacturing times compared
to conventional ladle linings. The development of monolithic lining technique was
closely attached to the progress of the secondary metallurgical process. Over the last
years, the steel ladle has transformed from a
pure transportation vessel into a treatment
ladle, in which time-consuming processes
are carried out. It should be considered, that
the qualitative requirements for the steels
to be produced rise constantly.
In the beginning refractory castables based
on bauxite or corundum with aluminous cement as a binder were usually employed.
Today spinel-containing and spinel-forming
castables are preferred. This leads to higher
use rates of up to 120, depending on ladle
size, hang time, steel and slag quality. Es-
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pecially a smaller tendency to crack-forming
and subsequent infiltration can be seen.
The optimum spinel content should be
adjusted in the range of 15 mass-% to
30 mass-%, which is achieved by an MgOaddition of 5 mass-% to 7 mass-% in the
case of spinel-forming castables [2]. For
an improved wear resistance a high dens
ification is important, which is achieved by
an optimized grain size distribution and
reactions with increase in volume within
the refractory castable. Wöhrmeyer et al.
presented in 2011 a new cement type, Calcium Magnesium Aluminate, trade name
CMA 72, which consists of 72 mass-% spinel (Magnesium Aluminate, acronym MA) in
addition to CA and CA2 phases [3]. Micro
crystalline spinel is placed in the micro
structure in addition to the usual calcium
aluminate phase. This leads to a reduction
of the pore size due to their higher reactivity and structure. First investigations have
shown that the addition of MA-cement in
Al2O3-spinel castables improve their hightemperature properties and corrosion resistance against steel slags. In addition to
spinel containing castables another group
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of spinel castables was developed in the
1990s. These contain free fine-grained
MgO, which reacts in situ with Al2O3 during heating to form spinel [4]. Spinel cast
ables with prereacted or in situ spinel show
a similar chemical composition, but their
properties differ significantly. The spinelcontaining castables show a high volume
stability and good mechanical strength at
high temperatures, spinel-forming castables
incline to a higher corrosion resistance [5].
Furthermore, due to the formation of MAspinel (ρ = 3,55 g/cm3) from the raw materials MgO (periclase ρ = 3,58 g/cm3) and
α-Al2O3 (corundum ρ = 4,05 g/cm3) density
differences occur that lead to a theoretical
volume expansion of 8 %. The diffusion of
Mg ions in addition, leads to an increased
porosity and in practice a much higher volume expansion could be observed. In the
structure of spinel castables microcracks
were formed, which lead to improved thermal shock resistance [6]. With the addition
of CAC two other reactions with a volume
expansion are caused: CA + Al2O3 → CA2
(+13,6 %) and CA2 + 4 Al2O3 → CA6. If
boehmite is added, a more homogenous
microstructure can be obtained and in this
way the increase in volume, caused by the
in situ spinel formation, could be better
controlled [7].
Al2O3-spinel refractories are known for
good corrosion properties generally. Yamamura et al. investigated the influence of the
spinel content and the particle size of the
added spinel on the corrosion resistance of
Al2O3-spinel castables compared to a basic
LD slag [8]. According to this, rising spinel
contents lead to decrease corrosion. Furthermore, the slag penetration reduces by
adding 10 mass-% to 30 mass-% spinel.
With spinel contents above 30 mass-% the
penetration rises intense, because spinel
does not react with the components of the
infiltrating slag. However, studies have also
shown that a small content of the spinel
itself dissolves in basic slags and by that,
the further infiltration will be reduced [9].
Refractories with more than 50 mass-%
spinel may show spalling during corrosion.
Calcium aluminate cement (CAC) is usually
used with a CaO content of 1,0 mass-% to
2,5 mass-% as bond. In order to investigate
the influence of the cement content on the
corrosion resistance, Yamamura et al. varied
the content of CAC, starting with 30 mass-%


spinel [6]. On the one hand, the sintering effect is conveyed and the strength increases
by raising the cement content. On the other
hand the slag penetration decreases by the
addition of about 12 mass-% of CAC to a
minimum, but the noticeable corrosion in
the infiltration area increases slightly. The
reduction of the slag penetration can be explained by the formation of a dense barrier
layer of calcium aluminate phases such as
CaO · Al2O3 (CA), CaO · 2 Al2O3 (CA2) and
CaO · 6 Al2O3 (CA6), which has a porosity of
less than 10 % [10]. However, the formation of CA2 and CA6 is accompanied by a
volume expansion, leading to cracking. In
alumina spinel castables spinel is more effective against slagging, if it is present as
fine and medium fraction [11]. Spinel with
a coarse grain size could lead to the formation of low melting CA-phases and calcium
aluminate silicate phases (CAS). However,
corundum with a coarse grain size forms
high melting CA and CA2 phases. Based on
these observations, the idea of integrating
the spinel in the middle grain size as well as
in the ultrafine grain matrix was manifested.
In further investigations a spinel-rich binder
(MA-cement) was used in spinel containing
castables. These refractories reveal an excellent resistance to corrosive ashes during the
gasification of coal or renewable resources
[12]. Depending on the existing corrosion
medium the ideal spinel content could be
significantly higher than recommended in
alumina-spinel castables (to 65 mass-%)
up to now. Spinel refractory castables have
a high potential in terms of corrosion and
thermal shock resistance. But a higher
amount of spinel-forming components
also increases the volume expansion during heating. For safety reasons only a small
amount of in situ spinel content is used
in alumina-spinel castables and therefore
its full potential is not exploited. Recently
alumina spinel castables with high amounts
of spinel ingredients, which include a relatively new spinel-rich binder (MA-cement),
are presented. By determining the mechanical and thermo-mechanical properties and the corrosion resistance against
steel melt an impression of the developed
spinel materials is given, including an optimum spinel content and an ideal amount
of spinel-forming phase which has to be
determined. The advantages of the highly
spinel containing alumina refractory cast
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phases in the fine matrix should be evident,
and further without requiring a pure aluminium hydroxide phase as a binder. Thus
problems during the heating of the lining
are excluded.

2.2 Progressive setup and recent
experimental details

Fig. 1 Scheme of the pulse excitation measurement system
(RFDA HTVP 1600, IMCE Company)

Fig. 2 Tundish system

Fig. 3 Section through the simulator

Tab. 1 Mechanical and thermal mechanical properties of the samples
Composition

CMOR
[MPa]

HMOR
[MPa]

YM
[GPa]

TP
[%]

CMOR after
Thermal Shock [MPa]

SC

31,1 ± 1,93

7,04 ± 0,24

108

24

7,32 ± 0,36

SF

33,4 ± 1,60

7,06 ± 0,72

124

19

5,26 ± 0,46

ables compared to the state of the art lead
to two central postulates. First the providing
of a thermal shock resistant structure due to

Fig. 4 Continuous recording of the elastic
moduli as a function of temperature
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the formation of microcracks in the matrix
is concluded. Secondly a higher corrosion
resistance due to the lower content of CA-

Fig. 5 Corrosion bar of
the composition SC

Two compositions, a principally spinelcontaining (SC), with a spinel content of
15 mass-%, and a principally spinel-forming
(SF), with a spinel content of 10 mass-%,
have been investigated. As raw materials
tabular alumina T60/64 with a maximum
grain size of 10 mm, reactive alumina, spinel AR78 (all Almatis GmbH, Frankfurt/DE),
sintered magnesia (from Nedmag, Veendam/NL) and MA-spinel cement CMA 72
(from Kerneos SA, Neuilly sur Seine/FR)
were used. The mixtures were prepared in a
laboratory-mixing device (Toni Technik/DE).
The specimens were casted in metal forms
on a vibration table. For the research of the
specific properties for example total porosity
(TP), 3-point-bending strength at room temperature (CMOR) and at 1400 °C (HMOR)
as well as thermal shock resistance and the
Young’s modulus (YM) at room temperature
and up to 1600 °C, rectangular bars with
a dimension of 25 mm × 25 mm × 150 mm
were cast. After demoulding and drying
at 110 °C, the samples were sintered at
1600 °C for 4 h. The three-point bending
strength of the samples has been determined
according to EN 993-6 using a 200 kN testing machine type TIRA (Rauenstein/DE). Furthermore, HMOR was measured according
to EN 993-7 at 1400 °C. In order to analyse
the thermal shock resistance, the bars were
quenched from 950 °C into water at room
temperature according to EN 993-11. After
that treatment the retained strength was
measured. To determine the Young’s modulus at increasing temperature an impulse
excitation measurement was used (RFDA
HTVP 1600, IMCE Company). The excitation of the samples (150 mm × 25 mm ×
25 mm) is carried by a ballistic impact with
a ceramic projectile, which is moved by an
electromagnet. Both the Young’s modulus
and the damping curves, reflecting the internal friction, can be registered as a function
of temperature and the heating or cooling
rates in the range up to 40 K/min. Fig. 1
schematically shows the construction of the
device.
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Fig. 6 Transfer of a recently performed spinel-castable to a
practicability scenario for steel ladle application

The corrosion behaviour of the samples in
contact with molten slag has been investigated in an unique steel-casting simulator,
using similar condition as in the steel casting ladle. This unit consists of an inductive
melting unit, a tundish system with multiple
nozzles and moulds, where each is coupled
to a balance. Fig. 2 shows the tundish system during melting experiment at 1640 °C
with 20 ppm oxygen. In this picture the
monobloc stopper and the molten steel are
clearly visible. The thermal shock resistance
of prisms is investigated in a controlled atmosphere (vacuum or protective gas) by immersion tests in the steel-casting simulator
(Fig. 3). In contrast to standard test method,
thermomechanical stresses are generated
as in operating mode. This means the thermal shock, corrosion and erosion behaviour
of the refractory castable is studied simultaneously.
In the steel-casting simulator bars with a
dimension of 25 mm × 25 mm × 125 mm
were immerse in molten steel (42CrMo4) at
1600 °C for 1 min. Subsequently the samples are visually evaluated.

Fig. 7 Ready to use prefab for application in a specified bottom
area of a steel ladle (impact pad)

castables could not be detected until now. A
further variation of the content is affected.
The Young’s modulus curves as a function
of temperature are presented in Fig. 4. The
Young’s modulus decreases with increasing temperature. From about 1300 °C
fluctuations can be seen. These are due to
the measuring system. The spinel-forming
composition has a higher Young’s modulus.
After cooling, the spinal-containing mater
ial did not reach its initial value again, the
Young’s modulus is approximately 20 GPa
higher than before. A subsequent sintering
can be possible. Fig. 5 shows exemplarily a
corrosion bar of the spinel-containing refractory castables after testing in the steelcasting simulator. Up to the topical status
both compositions show a similar behaviour. There are cracks noticeable but they
did not lead to the fracture of the bar. These
cracks do not follow a straight propagation.
Rather the visible cracks extend in a semi-

circle. In addition, no infiltration of the melt
into the refractory was registered. Because
of the low immersion depth into the steel
melt of 5 cm, a measurement of the residual
strength of the specimen bars should be not
sensible relating the present setup.
These examinations can be seen as first
attempts to establish spinel-containing refractories. In further studies an optimization
of spinel-phases in relation to constituents
and differentiated amounts as well as the
particle size distribution will be introduced
and presented finally.

2.4 Application prefabs
Approximately ten years ago the first completely new spinel-containing refractory
castable launched in sensitive industrial
metallurgist's pouring furnaces for high alloyed cast iron [13]. At that time the demands of the refractory material were absolutely comparable even with the corrosive

2.3 Designated properties
In Tab. 1 the mechanical and thermal mechanical properties of the sintered samples
including the total porosity (TP), CMOR,
HMOR, Young’s modulus (YM) and the loss
of CMOR after thermal shock are displayed.
As expected, the primarily spinel-forming
material has as a lower porosity and thus a
higher CMOR. Also, the Young’s modulus is
anticipated higher. The improvement of the
thermal shock behaviour of spinel-forming
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Fig. 8 Schematic illustration of the functionalization of black refractory ceramics
focusing oxidative protection of carbonaceous ingredients
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Fig. 9 Exemplary macrograph of an environmentally friendly
black refractory for shaft furnaces. 4 cycles of 5 h in each case at
1550 °C and ambient atmosphere

mechanisms of steel alloys. Regarding the
present contemporary developments new
ideas of refractory concept for steel industry
application were created in order to generate technically key products and solutions
for the availability and the “ready for use”
stand-by of the metal production facilities.

Fig. 10 Exemplary macrograph of a black refractory, commercial
comparative material. 4 cycles of 5 h in each case at 1550 °C and
ambient atmosphere

In this context the application of primary
cementous refractory castables represent
advantageous and reliable materials focusing the reduction of downtime. The Figs. 6,
7 introduce a convenient construction produced by EKW which absolutely respectable
performance and potential energy-saving

advantages due to a well-conditioned pre
fab-state can be awarded in generally. In
particular a contribution to a significant
reduction of installation and maintenance
intervals of a steel ladle can be expected
which allows a stable and safe operating of
metallurgical aggregates.

Fig. 11 Setup of the rotary furnace experiment in a total scene

Fig. 12 Rotary furnace experiment in function, burner side

Fig. 13 Position of recent black refractory ceramics in a final state
after rotary furnace experiment

Fig. 14 Recent black refractory ceramics in a final state, only
covered with slag from shaft furnace. On the top right a typical
cross section of the specimen is illustrated
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Spinel-refractory castables dispose of adjusted rheological properties, which allows
a reliable installation technique for manufacturing even complicated geometric structures and higher wall thicknesses. Also it
can be emphasised an ideal suitability for
the engineering of both large and delicate
functional refractory products.

3 Scenarios and progresses of
“black refractory ceramics”
The development and industrial establishment of relatively robust and quickly
heatable systems can be interpreted as a
beginning of a new era in the application
of modern refractory castables. Focusing
classical installation routines of blast-furnace runners in the past [14, 15], which
can be also directly transferred on account
of the specific functionality to shaft-furnace
or cupola applications located in ferrous
foundries, today environmentally friendly
materials with comfortable installation
performance are state of the art. A speci-

fied established carbon composite with a
homo
geneous macro- and microstructure
followed also by flexible bonding were
intro
duced industrially and incorporated
into so called black refractory materials
for increased corrosive stresses [16]. The
structure is characterized with an effective
oxidation inhibition, which is illustrated in
Fig. 8. Furthermore, major factors to achieve
a high slag penetration resistance are to be
highlighted. Step by step it means: Better
workability in aqueous systems through
the fixation of a hydrophilic alumosilica
based surface-layer on carbon-particles.
The covered carbon-particles stick together
among each other through formation of an
increased density with rising temperatures
under retention of the necessary micro-por
osity. The expected plastic behaviour of softening alumosilica phases enables reduction
of inner tensions. A compaction through
infiltration of the porosity with low-viscous
alumosilica phases results in a reduction of
the permeability with rising temperature

to achieve the demanded oxidation inhibition.
Regarding the applications of synthetic
black refractory ceramic materials based
typically on alumina, silicon carbide and
carbon within the melting zone or iron and
slag peripheries the slag amount and slag
characteristics exert an important influence on the wear behaviour, ostentatiously
shown in Fig. 9–10, which were achieved by
known laboratory examinations (pure slag
from shaft furnace with a basicity of 0,9
and a clear portion of wüstite). Besides, the
essential criterion of functionalized systems
under incorporation of alumosilica phases
derived from the system silica-alumina is
hidden in the carbon structure which is protected against oxidation obviously.
Thermal stability is demanded up to tem
peratures near 1550 °C. By focussing the
well-known wear mechanism, mainly initialize by decompositions of anti-wedding
carbon structures and provoke through
slag-phases, the functionalization of black
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refractory systems with defined thermomechanically volume units and visco-elastic
peculiarities were also performed by applying an upscaling from laboratory state to a
semi-industrial set up to simulate and demonstrate long time conditions of corrosive
and oxidative influence.
In a well-controlled rotary furnace experiment (slag from shaft furnace, continuous
addition 1 kg/h), which was performed
with a continuous experimental duration
of 240 h (exclusive heating-up and cooling
down procedures) at 1540 °C under ambient conditions, four application oriented
black refractory materials, shaped into segments, with a total weight of just 500 kg
were installed (Figs. 11 to 14). It can be
accentuated that a low corrosion and oxidation sensitivity of the black functionalized
ceramics were confirmed by this test. The
evaluated black refractory ceramics represent industrial relevance not only for shaft
furnace applications with explanatory and
useful results.

4 Outlook
“The understanding of the mechanical,
thermal, chemical and functional properties as controlled by the material structure
at nano-, micro- and macro-levels followed
by chemical and physical interaction at interfaces/surfaces is an unlimited tool for the
continuous development and optimization
of refractory products” [17]. Barely something is to be added to this statement. In
recent years in particular environmentally
friendly material solutions have increasingly
become the focus of attention. The customers industry has to cope with ever changing
environmental regulations, e.g. limitation
of CO2 emissions. Therefore innovative refractory concepts and material solutions
are required in order to optimize the performance of industrial processes. An exactly
calculated lining enables the realization of
customer specific solutions, which take into
account a minimization of service intervals
under consideration of constant levelled re-
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fractory compositions. And last but not least
it is beneficial when considering the overall
energy efficiency. In general various installation and material concepts of EKW focus
a demonstrable flexibility for industrial applications.
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