Contribution to Melt Refinement of Special Steels
with Calcium Aluminate in Open Induction Furnaces
P. Bartha, M. Markworth, J. Schadock, J. Södje, H. Diesing

A special investigation of cast ingots was carried out at temperatures of up to 1630 °C to monitor and especially to minimize nonmetallic inclusions including carbide formers in the structure of highalloy special steel castings of the type S 11-2-6-4. The purpose of the
trials is to develop a melt-refining treatment in which scrap metal
with largely divergent target compositions has to be used as basis,
resulting in difficult furnace operations due to a lack of homogenous
lumpiness. By using calcium aluminate, without high contents of oxidation susceptible elements, it is possible to beneficially influence
the size and distribution of non-metallic inclusions in the steel structure, and also to decrease the number of defects. The quantitative
metallographic evaluations of samples taken from four heats verify
these facts. On the refractory side, unshaped and shaped refractory
materials can be used for lining induction furnaces. Currently, corundum-spinel provides optimum durability and lifetime; the basis is presynthesized and/or in-situ spinel. An alumina-rich spinel is formed by
the addition of MgO and Al2O3 in an Al2O3-enriched environment.
This spinel type reveals a disordered crystal lattice with free atom
sites, and thus can incorporate elements with adequate ionic radius.
As in the case of calcium aluminate, the incorporation of undesirable
components in the refractory corundum-spinel lining could be also
verified. Additional works will deal with further developments of novel refractory materials.
1 Introduction
The suitability of scrap for the production
of ingots and shape castings is decreasing world-wide due to the increasing
enrichment of disadvantageous metals
in the castings, which cause non-metallic
inclusions in these products and have a
negative impact on the wear behaviour as
well as on the fatigue and corrosion resistance.
Generally, non-metallic inclusions in the microstructure of cast metals represent a significant source of defects leading to the following quality degradations:
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• Erosion = imprints on the rolling stock
• Fatigue = premature total loss due to fracture including further consequences
• Thermal shock = micro-cracks as starting
points for crack propagation
• Corrosion = premature wear in the presence of typical cooling water quality
• Mechanical characteristics [strength] =
partial abandonment of ductile metal
properties to adverse values of brittle ceramic materials
• Tempering = lack of tough martensite
structure
• Hot-working wear = lack of primary and
secondary carbides.
Especially when using casting materials for
cylindrical rotating bodies, for example
wheels and rolls, non-metallic inclusions
generally lead to premature material failures. If these defective rolls are overhauled
by turning or grinding, first a breakout may
occur and secondly the lathe tool may be
prematurely damaged due to the abrupt mechanical transition from metal to non-metal.
Therefore non-metal inclusions and their
negative influence on the final product
should be minimised as far as economically
possible. According to the current state of
the art, the entire elimination of these irregularities is industrially not possible, not even
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by using optimum secondary metallurgical
measures for purification.
Tests carried out in an open induction furnace show that the percentage of nonmetallic inclusions in high-alloy special
steels can be minimized by using a slag-former on the basis of calcium aluminate and a
refractory lining on the basis of a concrete
containing corundum spinel. Thus visible defects within the cast structure are completely excluded. The remaining inclusions with
an equivalent diameter of < 50 µm can be
also displaced by reducing the area of the
total defect.
These considerations and results are primarily of interest to highly specialised small
foundries producing ingots and shaped
castings, since the processing of small
batches (below 4 t) causes significant problems for the temperature control of the melt
in the induction furnace or ladle. Strong oxidation or re-oxidation during melting or
casting increases the formation of nonmetallic inclusions. In order to reduce these
influences, secondary metallurgical measures should be taken, e.g. the worldwide applied ESU/ESR procedure. By controlling the
slag formation during remelting, a minimisation of non-metallic impurities can be
achieved.
Such metallurgical procedures increase the
cost of the castings. Additionally, considerable investment in equipment will be necessary. In order to be able to melt and cast in
the presence of atmospheric air at all, metallurgical measures which would otherwise
be secondary now already have to be
applied during the melting process.
The described procedure can be characterised as a measure for integrating secondary metallurgical procedures into primary
metallurgy. This procedure offers lasting advantages, even when using individual
secondary metallurgical measures, as the
non-metallic inclusions can be already reduced in quantity, so that only a small number of inclusions remain for elimination during vacuum treatment in the holding furnace
and the electric arc treatment (LBO/VAR) or
electric slag treatment (ESU/ESR).
The described procedure is therefore not a
substitute for highly specialized secondary
metallurgy even in high-capacity melting
shops and foundries. The efficiency of
minimisation of non-metallic inclusions can
be significantly enhanced. Calcium alumi-
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nate makes refining in a one-slag procedure
possible.
A further source of the entry of adverse oxidic components is the installed refractory
material. Hence the problem does not exclusively concern the application of the developed technology, designed to improve slag
reactions in the open induction furnace according to DP 10 2004 025 779 [1], using a
technology based on the slag-former calcium aluminate and the related feeding practice as well as the output of the accumulated slag. It is also designed to reveal the thermochemical reaction of the calcium aluminate with the refractory lining.
Therefore the chemical and mineral modification of the installed refractory material
was also investigated, beside the metallurgical operating and laboratory tests.

2 Experimental procedure and
objective
The described tests in the open induction
furnace served to increase the quality of
melts and to minimise rejects. These melts,
which are cast into ingots of high-carbon
special steels, contain significant amounts
of elements prone to oxidation such as
vanadium, tungsten, molybdenum, niobium
and chromium. Typically, the tested alloy is
composed of 6 % vanadium, 11 % tungsten, 2 % molybdenum and 6 % chromium.
The slightly sub-stoichiometric carbon content is 2 %. Ledeburite dominates in the texture of the mainly dendritically solidified alloy.
An induction melting unit of the former
AEG-ELOTHERM company with a melt
volume of 2 t was used as the trial furnace.
The electrical values of this equipment
under melting conditions are: frequency
of approx. 1 kHz, and coil voltage of lower
than 2 kV. The thyristor-controlled frequency
converter has a mid frequency outlet with
1725 A.
Regarding the closed-loop control, the frequency converter is in load commutated parallel resonance to the furnace resonant circuit.
The maximum melting temperature for all
experiments was 1630 °C in order to ensure
quantitative comparability of the amount of
primary and secondary carbides formed by
transformation of the oxidising alloy metals
by influence of atmospheric oxygen. Deoxi-
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dation was carried out with a certain
amount of pure aluminium per ton of melt.
The objective of these investigations is still
to be able to carry out a real slag work with
calcium aluminate in an open induction furnace. This metallurgical method is an innovation, as the induction furnace is usually
utilized as the primary remelting unit.
The slag work is strenuous for the slag staff
and therefore every suitable means for
facilitating the slag separation is to be welcomed.
For the production of this kind of expensive
rolling alloy, small furnace units, and therefore only small ladles, will continue to be
used. In this context, a special problem
results from the fact that the temporal gradient of temperature reduction for small ladles is too steep. The slag former, in this case
calcium aluminate, can no longer optimally
fulfil its thermal function as a "binder" for
non-metallic inclusions.
Metallurgically, it would be ideal to combine
the work in the open induction furnace and
in the ladle in order to minimise the amount
of non-metallic inclusions, particularly those
of oxidic origin.
To be able to assess as exactly as possible
the influence of calcium aluminate on the required cleaning and the morphological
modification of non-metallic inclusions in
steel melts, a highly contaminated melt was
also produced ("reference melt").
Here it must be emphasized that according
to the state of the art, this melt is not a
saleable product. Its production required
lengthy preliminary annealing at 900 °C,
and lasted till the addition of fluxing agent
to the rising cast was melt avoiding the need
of inert gas flushing.

3 Type and behaviour of
non-metallic inclusions in cast
special steel alloys
Non-metallic inclusions in iron based alloys
are of oxidic and/or silicatic origin. They
rarely belong to the family of nitrides or
hydrides. "Frozen" carbon monoxide cavities
also belong to these surface defects and
mostly result from an insufficiently
controlled boiling reaction:
metal oxide + carbon → carbon monoxide
(CO) + metal.
CO formed by the boiling reaction escapes
over the surface of the melt and oxidises to
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Tab. 1 Selection of oxidic non-metallic inclusions with important properties, [1] room t.
= room temperature, [2] h.t. = high temperature
Name of oxide
main modification in melts
α-aluminium oxide
Al-sesqui-oxide
(corundum)

Oxide
(chemical)
Al2O3

Melt temperature of
the pure oxides [°C]
2054

Crystal shape lattice
constant [Å] (a,b,c)
trigonal
a: 4,7591
c: 12,984

Colour
(room t.[1])
white

CaO

2580

white

Cr2O3

2275

FeO

1380

Fe2O3

1570

cubic
a: 4,8108
hexagonal
a: 4,9591
h.t.[2] cubic
a: 4,310
ditrigonalscalenohedric
arh: 6,99 α: 85°42'

Fe3O4

1538

Co3O4

1810

MgO

2840

MnO2

1844

MoO2

2300

tetragonal
(also monocline)
a: 4,87
c: 2,80

grey

NiO

1957

black

α-niobium pentoxide

Nb2O5

1520

h.t.[2]: cubic
a: 4,1946
h.t.[2]: monocline
a: 21,34
b: 3.816
c: 19,47

Silicium dioxide
(β-cristobalite)
Vanadium pentoxide

SiO2

1723

white

V2O5

672

h.t.[2]: cubic
a: 7,1282
orthorhombic
a: 11,519
b: 3,559
c: 4,371

Tungsten oxide

WO2

1280

tetragonal
a: 4,87
c: 2,78

brownishyellow

Calcium oxide
(lime)
Chromium oxide
(escolaite)
Iron oxide
(wustite)
Iron oxide
(α-hematite)
Iron oxide
(magnetite)
Cobalt oxide
Magnesium oxide
(magnesia/periclase)
Manganese oxide
(polianite)
Molybdenum di-oxide

Nickel oxide

400
350

Si

300

Impulses

250
200
Al

150

Fe

100
O

50
0

0

Mo

2

Ca

V

V

4
keV

Fe
6

Fig. 1 Chemical composition of non-metallic
inclusions in iron cast ingots
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8

cubic (spinel type)
a: 8,3940
cubic (spinel type)
a: 8,084
cubic
a: 4,20
tetragonal
a: 4,395
c: 2,86

green
black
brownishred
black

white
black

black

red

CO2 with a yellowish flame. Especially when
slag formers are used, CO escapes from
high-carbon melts, even if the melt is covered with naturally grown iron oxide containing slag.
Finally, a deflagration reaction may occur, if
the viscosity of the slag blanket is high
(tough to compact).
Vanadium, tungsten, molybdenum and
chromium, being alloy metals for the formation of metal carbide, possess the disadvantageous property of oxidising at low
temperature (upwards of 400 °C). Cobalt
as an element for high-temperature
alloys also belongs to this group of metals,
as does nickel, which is increasingly found in
scrap.
The oxidation of pure metals and master alloys already begins in the solid state during
the heating-up of the melting furnace and

can increase depending on their shape and
dimensions.
If the exposed surface areas are very large,
as in the case of swarf in scrap arisings, the
oxidation and thus the initiation of nonmetallic inclusions are intensified. This
amount is significantly increased by nonmetallic inclusions from the scrap arisings
due to the annealing of cast ingots. A selection of oxidic non-metallic inclusions with
important properties is given in Tab. 1.
Tab. 1 shows that the melting point of some
oxides expected in oxygen-rich iron melts is
higher than the normally used temperature
for melting. For the above trial alloys, this is
in practice a maximum of 1630 °C.
These oxides, such as those of chromium and
nickel, float as solid non-metallic particles
together with high-melting pre-precipitates
in the region of the still liquid δ-iron and are
no longer involved in the polynary melting
process. In any case, given the still shaky evidence, it can be assumed that the oxides,
among themselves, form chemically differentiated solid solutions or crystallographically
defined and independent compounds up to
the point of ceramic bonding.
The raw data from electron-optical investigations of a similar alloy clearly show the
chemical complexity of relevant inclusions
(Fig. 1).
From the binary phase diagrams it is already
evident that high-melting oxides may also
have a tendency to eutectic reactions, depending on the oxygen content. Therefore, a
specific metallurgical control of non-metallic
inclusions is difficult. Experience has shown
that the accumulation of these defects in the
remaining melt of the solid-liquid interface
cannot be influenced.
Finally, the defects are found in different
amounts, depending on their position within
the cast ingot, i.e. diverse oxides build up
during their migration to the centre and to
the head of the cast ingot.
Initially, an exogenous-dendritic solidification of the melt takes place, developing an
ingot structure.
As the crystallisation front migrates towards
the centre of the forming ingot, contact between crystals leads to the formation of
closed interstices, which embed some of the
remaining melt, including non-metallic inclusions. The number of these interstices increases towards the centre of the ingot, particularly within the areas of late solidifica-
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tion, as indicated by primary and secondary
bubbles. Such defects cannot be avoided
even at the border of the ingot. Turbulent inflow, thermal convection and turbulences
cause further difficulties in predetermining
their distribution.
Generally, segregation and accumulation of
non-metallic inclusions, which depend on
the shape and the wall thickness of the
mould as well as on the casting temperature
and movements of dissolved gas within the
solidifying melt, are difficult to understand.
To date, there is no coherent theory of the
oxidation of melts for such complicated
alloys as S 11-2-6-4.
The affinity of the dissolved oxygen within
the melt is to be considered as a thermodynamic criterion for the temporal sequence,
indicated by the heat of formation. Calcium
and aluminium are particularly reactive and
therefore the proven deoxidizers.
Considering the formation of non-metallic
inclusions as described above, a technical
way to solve the problem of non-metallic defects points to a physical-chemical bonding
of the oxides in a single slag process by using suitable slag formers.
Calcium aluminate was chosen, as there are
currently no other appropriate fluorine-free
products on the market. Also, the wellknown ESU/ESR method was expected to
yield a positive effect.
Calcium aluminate has long been used as
slag former in steel metallurgy subsequent to
the blast furnace process, especially for its
beneficial influence on desulphurization [2,
3, 4, 5]. To prevent the access of components
like titanium, which are very prone to oxidation leading to the formation of non-metallic
inclusions, a calcium aluminate which was
available in sintered state was used for the
tests. It belongs to the REFRAFLUX® product
group of Refratechnik Casting GmbH.
In ceramic literature, calcium aluminate is
described as mayenite (C12A7). Its melting
point lies at 1455 °C, and it crystallizes cubically with a lattice constant of 11,95 Å [6].
This innovative procedure, using special slag
formers in an open induction furnace, is likely to gain in importance. By using these slag
formers, the charge make-up of scrap, which
determines the amount of impurities, can be
modified to yield special steel of adequate
quality.
The present paper is intended as a "pioneer
paper", suggesting a measure for open in-
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Sample slice,
head section, approx.
90 mm
from top

Centre

Middle

Edge

Sample slice,
vertical ingot centre

Sample slice, bottom
section approx.
30 mm from bottom
Ingot centre line

Fig. 2 Samples taken from the ingots for metallographic specimens; the average diameter of the sample was 343 mm

duction melts in melting pots with a basicneutral lining.
The experimentally tested innovative procedure is not suitable for the treatment of high
chromium melts, as, on the strength of past
experience, a hardly controllable foamed
slag is formed in the melting pot of an open
induction furnace.
Generally, calcium aluminate is also suitable
for breaking open slag crusts which can
temporarily form when the melt charges are
not monitored.

4 Procedure and operating mode
for refining the slag
The first to use synthetic slags in the ladle
metallurgy was Perrin, who, in the 1930s,
developed a process named after him [7].
This process achieves an appreciable reduction of dissolved oxygen and inclusions, especially oxidic inclusions.
One major type of suitable synthetic slag is
the so called "prefused slag", which is generated by sintering the granulated raw materials below their melting points.
A typical composition of such a slag would
be 34 – 48 % CaO and 42 – 52 % Al2O3
by mass. The SiO2 content should not
exceed 5 mass-% and the TiO2 content not
3 mass-%.
Furthermore, the porous structure of these
synthetic materials is an advantage for steel
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infiltration since a reactive slag is quickly
formed [8].
The REFRAFLUX® calcium aluminate used in
these tests fulfils the above requirements.
The main component of the mineral is the
mineral phase mayenite (C12A7). Due to the
melting temperature of the selected calcium
aluminate, low viscosity slag forms rapidly
on the steel bath.
This type of slag removes any inclusions
washed up to the interface in the liquid steel
bath by the thermally induced circulation [4].
Liquid inclusions coalesce as they move, become bigger and can thereby flow out of the
steel more easily. The described process is
also called "inclusion washing" [8].
The process effectively washes up the
melt at the synthetic slag former due to
the electro-dynamic forces in the electroinduction furnace. These forces are highly
dependent on the frequency, whereby
low frequencies would be an advantage. In
this respect the 2-t furnace with a frequency
of 1 kHz used for the experiments is suboptimal.
Thus the slag can absorb the washed up inclusions. Because of its unsaturated condition, huge quantities of e.g. Al2O3 inclusions
can be bonded without the danger of crystal
precipitation. The low viscous slag also reduces the interfacial tension of the liquid
steel and therefore the transfer of inclusions
from steel to slag is facilitated.

75

Classification particles
18
16
14
12

Fraction [%]

10
8
6
4
2
0
11

12 13

14 15

16 17

18 19

20 21

22 23

24

25 26

27 28

29 30

31 32

33 34

35 36

37

38 39

40 41

Equivalent diameter class [m]

Fig. 3 Detected inclusions in a steel cast (of a 1-t refining charge, ingot bottom, in the
middle), classified by size; each class is assigned a colour

100

Average field area fraction [%]
logarithmic scale

Ingot bottom

Ingot centre

Ingot head

10
Reference melt
1 t refining melt
2 t refining melt

1

0.1

Edge Middle Centre

Edge Middle Centre

Edge Middle Centre

Fig. 4 Area fraction of non-metallic inclusions (10 – 50 µm)

5 Experimental results
The results of the present experiments are
based on the analysis of metallographic
specimens which were taken systematically
from the structure of the solidified and
annealed ingots (Fig. 2). For this purpose
one of the two simultaneously, jointly
cast round ingots was sectioned. Slices approx. 10 mm thick were cut out from the
bottom section, the vertical ingot centre and
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the head section and divided in half diametrically.
Specimens with a minimum size of 10 x 10 x
10 mm3 were extracted from the radial cuts.
These were metallurgically processed on one
side to obtain metallographic specimens and
were finished with a 3 µm polish. For orientation, the specimens were labelled "edge",
"middle" (half radius) and "centre". Each
slice provided 3 specimens, each ingot 9

specimens. For the whole analysis 27 specimens were available for the investigation of
3 charges.
Unlike rolled material, cast steel has no
binding procedure with pertinent standards
assigned to it for the analysis of non-metallic inclusions. An image recognition program
(Leica QX Count, Leica Microsystems) was
used in conjunction with a greyscale CCD
camera. The microscope was a "Metallux"
with its attached lens. The smallest 5x internal magnification was employed to ensure a
maximum possible measurable area on
the specimens (in effect, however, only
3,25 mm²).
The lower counting threshold was set at
≤ 10 µm, in order to eliminate the wellknown pseudo-effects in metallographic
countings, caused by primary large-angle
grain boundaries and secondary structure inhomogeneities, e.g. from protruding metal
carbides in the polish. After prior initial
analyses, the upper counting threshold was
set at the equivalent diameter dimension, i.e.
50 µm.
For evaluation purposes, the inclusions
detected in a photograph were arranged in
40 classes and were coloured accordingly
(Fig. 3).
The extracted experimental results are represented in Fig. 4. The "average field area fractions" of opaque non-metallic inclusions,
captured at 50x total magnification, were
evaluated with the above mentioned counting parameters. The 1-t refining charge and
the 2-t refining charge were treated with
calcium aluminate, the reference charge was
not.
Whereas the 1-t refining melt is still highly
contaminated by non-metallic inclusions, especially towards the ingot centre, the metallographic specimens from the 2-t refining
melt show a distinctive decrease of relevant
defects compared with the reference charge,
most notably in the problematical centre
area.
Non-metallic inclusions greater than 50 µm
were separately recorded in this evaluation
routine.
However, this evaluation method cannot realize the counting, which is so important in
practice, of the non-metallic inclusions visible
to the human eye over the whole specimen
area of minimum 1 cm². According to toolmakers, defect visibility starts at 0,05 mm
upwards. Counting was done with the help
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Tab. 2 Chemical and mineral analyses of the corundum-spinel containing high alumina
concrete with adhering slag: h.f. = hot face, c.f. = cold face, - = not determined, ? = not
exactly determinable, ± = trace, + = determined, ++ = significant contents, +++ = considerable contents, ++++ = determined as main phase
Residual thickness [mm]

70 – 60
slag
zone A

60 – 48
h.f.
zone B

48 – 35/30
zone C

zone D

23 – 0
c.f.
zone E

bronze-like

light grey

dark bluish-grey

white/grey

white

SiO2
Al2O3
Fe2O3
Cr2O3
Mn2O3
TiO2
V2O5
P2O5
CaO
MgO
K2O
Na2O
SO3
ZrO2
NiO
CuO
ZnO
L.O.I.
G.O.I.

3,66
36,97
43,57
4,93
1,21
0,3
6,36
0,08
0,67
0,97
0,17
0,41
0,18
0,2
0,24
0,07
0,01

6,11
73,67
4,71
1,08
2,12
0,48
1,13
<0,01
0,66
9,15
0,16
0,24
<0,01
0,43
0,03

4,98
81,01
0,68
0,13
0,26
0,66
0,11
<0,01
0,68
10,59
0,15
0,4
<0,01
0,26

0,14
87,76
0,09
0,02
0,01
0,41

0,11
88,2
0,09
0,02
0,01
0,4

<0,01
0,2
10,96
0,02
0,25
<0,01
0,02

<0,01
0,18
10,55
0,04
0,3
<0,01
0,02

0,01

0,06

0,11
0,05

0,07
0,07

16,18

1,89

0,21

Corundum (A)
Spinel (MA)
Periclase (M)
ß-Al2O3 (NA11)
Hercynite (FeAl2O4)
Galaxite (MnAl2O4)
Magnesio ferrite (MgFe2O4)
Karelianite ([V, Cr)]O3)
Coulsonite (FeV2O4)
Magnetite (Fe3O4)
Hematite (Fe2O3)
Metallic iron
Pyrolusite (MnO2)
Cristobalite (SiO2)
Melilite (C4AMS3)

+++
+
++++
?
+
+
+
+
+
±
+

++++
++
++
±
±
?
±
?
+
+

++++
+++
+
±
?
±

++++
+++
+
±
-

++++
++
+
±
-

Colour appearance

integrated in the lattice, for example FeO,
MnO, ZnO, Fe2O3 and Cr2O3.
Due to the hazard of oxidic components release, high demands are placed on the purity of the refractory lining. Synthetic raw materials based on sintered corundum, fused
corundum and magnesia are therefore used.
Spinel is mostly formed in-situ and/or presynthesized. Consequently, purity degrees of
< 0,02 % for Fe2O3 and SiO2 can be
achieved in the refractory material.
Dry vibration compounds of the type of
85 mass-% Al2O3 and 15 mass-% MgO are
used as "endless lining" refractories. Further
details regarding furnace capacity and metallurgical tests have already been mentioned
above.
To evaluate the wear mechanism and slag
evolution after the addition of calcium alu-

78

35/30 – 23

minate, the corundum-spinel compound
with the adhering slag from the HDW
Diesing Walzwerktechnik company was analyzed post mortem (Tab. 2).
Additionally, fractured slag samples from a
slag sequence were subjected to mineralogical analysis (Tab. 3).
Fig. 7 and 8 show the zonal structure of the
sample taken from the open induction furnace. The installed refractory lining was infiltrated and thermochemically transformed up
to approximately 25 mm away from the hot
face side. The sample was divided into the
following sections:
• zone A: slag with metal inclusions
• zone B: light grey transition zone including slag and refractory compound
• zone C: dark grey-bluish concrete section
• zone D: almost unaffected area

• zone E: unaffected refractory compound.
On the cold face side, the installed compound is composed of fused corundum (main
phase, occurring over the entire fraction) and
in-situ formed spinel (MA) as well as residual
magnesia (fine grain fraction) (Tab. 2).
Under the effect of temperature, the compound matrix was further spinelized with coincidental transformation/dissolution of
fused corundum grains towards the hot face
side. Spinelization is desired, as spinel is
more resistant to slag attack [10].
The influence of slag infiltration and the associated thermochemical transformation of
the installed lining extend to a depth of
35/30 mm (Fig. 8).
Chemically, the slag infiltration is indicated
by significantly high SiO2 and Fe2O3 as well
as Cr2O3, V2O5, MnO2 and CaO contents
with a decreasing tendency towards the cold
face side (Tab. 2).
Mineralogically, this influence is determined
by the newly formed mixed spinels of mainly hercynitic composition (hercynite
(FeAl2O4), magnetite (Fe3O4), coulsonite
(FeV2O4), magnesio-ferrite (MgFe2O4)),
metallic iron, hematite (Fe2O3), pyrolusite
(MnO2), chrome containing karelianite
([V, Cr]2O3) as well as melilite (C4AMS3) and
cristobalite (SiO2).
The spinelization of the compound matrix
and the thermochemical transformation of
the spinel matrix to mixed spinels of hercynitic composition do not impair the refractoriness of the concrete lining.
Nevertheless, these transformations lead to
embrittlement on the hot face side which
may result in spalling of the thermochemically transformed layers under the effect of
thermal shock. This assumption is supported
by a horizontal crack on the hot face side
(Fig. 8).
Melilite and cristobalite were formed due to
the presence of significant SiO2 and CaO
contents (Tab. 2). This causes a deeper infiltration of slag components and more extensive thermochemical transformation of the
MA-spinel matrix. Melilite melts above
1390 °C, so the installed lining may suffer
local hot mechanical erosion in the case of
increased temperature loads.
The thermochemical transformation of the
corundum-spinel-containing high alumina
compound towards the adhering slag can
be schematically demonstrated by the
Al2O3–MgO–FeO1,5 phase system (Fig. 9).
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Fig. 9 Phase system of Al2O3–MgO–FeO1.5 at 1400 °C with schematically illustrated
thermochemical transformation of the corundum-spinel-containing high alumina
compound towards the adhering slag; SI = MgFe2O4, S2 = MgAl2O4, H = hematite
(Fe2O3), C = corundum (Al2O3), M = MgO, FA = hercynite (FeAl2O4), (W. Kwestroo: J. Inorg.
Nucl. Chem. 9 (1959) 67) [11]

O3
Al 2

A special investigation of cast ingot produced at temperatures of up to 1630 °C was
carried out to monitor and especially to minimize non-metallic inclusions, including
carbide formers, in the structure of highly
alloyed special steel castings of the type
S 11-2-6-4. The specific aim of the project
was the avoidance of visual defects in
machined surfaces of rotation symmetric
products, where the cut-out core sections of
such rolls are recycled as part of the scrap
arisings recycling.
The tests carried out are aimed at the
precautionary development of a melt
refining treatment in anticipation of the
difficult furnace operating conditions which
will result when, as is already occurring,
scrap metal of largely divergent compositions and a lack of homogenous lumpiness
has to be utilized as a base for furnace
charges.
By using calcium aluminate, which does not
include large amounts of elements susceptible to oxidation, it is possible to beneficially
influence the size and distribution of nonmetallic inclusions in the steel structure and
to reduce the number of defects. For this
purpose, a quantitative metallographic
analysis of samples from 4 heats was carried
out.
On the refractory side, unshaped or shaped
refractory materials can be used for lining
induction furnaces. Currently, corundumspinel is the optimum material for durability

mol-%

O[

7 Summary and outlook

spinel containing
high alumina concrete

Ca

Regarding slag development, the investigated slag sequence shows a distinct trend
from a primary slag with high amounts of
steel melt to a typical final slag of mainly
mayenitic-gehlenitic composition (secondary
slag 3) (Tab. 3, Fig. 10).
The primary slag is mineralogically composed of metallic iron (main phase) and pure
iron compounds (magnetite (Fe3O4),
wustite(f)) as well as compounds of vanadium, chromium, manganese, molybdenum and tungsten (karelianite ([V, Cr]O3),
vuorelainenite (Fe, Mn)(V, Cr)2O4, WO3,
W3O8, wolframite (FeWO4), manganosite
(MnO2), molybdite (MoO3)). These socalled steel bath components significantly
decrease in the secondary slags resulting
in a typical calcium-aluminium-containing
final slag.

Fe2O3 [mass-%]

Fig. 10 Phase system of Al2O3–CaO–FeOx with integrated secondary slag samples:
S1 (◆), S2 (◆) and S3 (◆), Table 3 (liquidus surface in the Al2O3–CaO–FeOx system in air
according to Dayal, Glasser and Lister, Glasser) [11]

and lifetime; it is based on presynthesized
and/or in-situ spinel. An alumina-rich spinel
is formed by the addition of MgO and Al2O3
in an Al2O3-enriched environment. This
spinel type reveals a disordered crystal lattice with free atom sites and can therefore

2 (2010) [1]]

incorporate elements with a suitable ionic
radius.
As in the case of calcium aluminate, the
integration of unwanted components in
the refractory corundum-spinel lining was
also verified. Future investigations will deal

79

Tab. 3 Chemical and mineral analyses of the slag composition from the primary slag towards the final slag of one slag sequence: n.d. = not determined, - = not determined,
? = not exactly determinable, ± = trace, + = determined, ++ = significant contents,
+++ = considerable contents, ++++ = determined as main phase
Chemistry
Mineralogy

Primary
slag

Secondary
slag S1

Secondary
slag S2

Secondary
slag S3

with further developments of new refractory
materials.
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