Refractory Demands on Inductive Melting of Cast Iron
E. Dötsch

The

medium frequency crucible furnace has become a standard
melting unit in iron foundries, particularly since it have reached the
state-of-the art with frequency converter power supplies [1]. The refractory lining is a major component of such induction crucible furnaces. It influences proper functioning, operational reliability and
safety, metallurgy and profitability. After defining the particular demands on the refractory crucible by the principle of the inductive energy transmission, this contribution first looks at the characteristics of
the acid silica lining as the best refractory material for induction crucible furnaces; then the different kinds of lining wear in dependence
on the operation conditions are discussed and finally the crucible
monitoring procedures described.
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Fig. 1 Diagramme of the induction crucible furnace,
Typ ABP-IFM

1 Particular requirements by
inductive energy transmission
The induction crucible (or coreless) furnace is
a simply constructed melting unit, which basically consists of the cylindrical refractory
crucible surrounded by the induction coil,
the transformer yokes and the steel bearing
structure (Fig. 1). The energy is transmitted
in such induction furnaces in that an alternating current is passed through the coil
which creates a magnetic field. Voltages are
induced in the feed material when it is introduced into this magnetic field, whereby eddy
currents are created due to the conductivity
of the metal. The inducted current heats the
charged material in accordance with Joule’s
law and it becomes molten after a certain
heating time.
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Figure 2 a

Figure 2 b

Fig. 2 Inductive energy transmission, a) field pattern of a crucible furnace, b) power
distribution and course of melt flow

This inductive energy transmission places
particular requirements on the refractory lining in a way that no other melting furnace
does; it should be explained by the illustration in Fig. 2. Fig. 2a shows the field line pattern in a medium frequency crucible furnace,
generally consisting of the induction coil,
magnetic yokes and melt. The magnetic flux
generated by the coil current partly runs
through the melt, although the greatest part
flows through the crucible wall between the
coil and the melt. The high field density in
the refractory wall leads to inductive heating
of metal which has penetrated into the wall.
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Furthermore, the inductive energy transmission creates electromagnetic forces by the
interplay of the eddy currents induced into
the melt and the magnetic field. These forces
are responsible for the characteristic bath
meniscus and melt flow in induction crucible
furnaces (Fig. 2b).
The described induction phenomena lead to
the special demands on the refractory lining
[2]:
• Smallest-possible wall thickness in order
to keep the capacitor bank's work for
compensating the reactive power low and
the electrical efficiency high
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Fig. 5 Wall structure of SiO2 dry mass with B2O3 as sintering agent

• High mechanical and chemical / metallurgical durability to withstand the loading
caused by bath agitation.

2 Quartzite – the best refractory
material for crucible furnaces
Fig. 3 Heat expansion of a) different refractory materials, b) quartzite with different percentages of boric acid

• Metal may not penetrate into the refractory wall towards the coil because substances, which conduct electricity, are inductively heated in the refractory lining;
this means that metal penetrations do not
come to a standstill by solidification, but
rather penetrate into the coil and cause a
short-circuit there

Fig. 4 Crystal transformation of quartz
into tridymite and cristobalite

100

The main material used is an acid silica dry
mass, which is characterized as follows:
• SiO2 content > 98 %
• Virtually free of water (< 0,2 % dampness)
• Granulation: 0 to 7 mm quartzite
• Sintering agent: 0,3 to 2 % boric acid
(H3BO3) or boron oxide (B2O3)
• Porosity after sintering: 12 to 18 %.
Apart from their relative cheapness, silica dry
masses are particularly well-suited to fulfill
the high requirements stated above for two
main reasons:
Firstly, quartz has an abnormal heat expansion behaviour, in that it expands in line with
the heat expansion curves in Fig. 3a strongly by 1,4 % up to around 700 °C, but then
retains a constant volume if the temperature
is raised further [3]. Thus, when operating an
acid lined crucible furnace and if one ensures that the crucible does not cool down
below 700 °C, the risk that temperature
fluctuations will cause cracks in the refractory can be more or less ignored.
Secondly, the natural crystal transformations
of the SiO2 make it especially suitable in the
following manner: In the first step of sintering the dry mass, a reaction is induced between the sintering agent, composed of
boric acid or boron oxide and SiO2, to produce boric silicate that, with an eutectic liquidus temperature of approx. 700 °C, forms

a melt phase on the surface of the quartzite
grains. As the sintering temperature is raised
further, the silica grains are sintered into a
monolithic structure. The sintering shrinkage
that occurs here (see Fig. 3b) is compensated by the crystal transformation described in
Fig. 4. According to this, the quartz crystal is
transformed from 870 °C into tridymite and
from around 1000 °C into cristobalite. Both
transformations are irreversible and associated with a volume increase of some 16 %
because of the densities of tridymite and
cristobalite at 2,23 g/cm3 compared to the
2,53 g/cm3 for quartz.
From a technical application viewpoint, the
transformation of quartz into cristobalite
from some 1450 °C is of particular interest
because the transformation of quartz into
tridymite is kinetically limited, and thus only
contributes towards crystal expansion as a
long-term effect. Experience in sintering a
newly lined crucible furnace with cast iron
melts at 1500 °C to 1550 °C has shown
that the crystal transformation from quartz
to cristobalite runs so quickly that the volume increase associated with the transformation of the quartz grains, together with
the molten boric silicate formed on the grain
surfaces, produces a sintered layer in contact
with the melt which is sufficiently dense to
ensure that the melt cannot penetrate into
the refractory wall.
Fig. 5 depicts the wall structure of a refractory crucible derived from the reactions described, as this forms when melting cast iron
due to the temperature progression over the
wall thickness of 120 mm. Assuming that
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the surface temperature of the coil's watercooled copper profile is some 100 °C, the
temperature in the 20 mm thick coil grouting rises by approx. 80 K. A foil 1 to 3 mm
thick is mounted on the coil grouting, thereby separating the refractory crucible from
the coil grouting. Its thermal effect is minor
and can therefore be ignored here. The highest possible temperature gradient in the crucible wall is strived for therefore thermal insulation is not installed in front of the coil
grouting. This makes the heat losses in high
power MF furnaces only slightly higher and
these are tolerated in favour of a better service life for the crucible.
The loose layer starting at approx. 180 °C is
some 35 mm thick and basically has the
properties which set in after mechanical
densification of the mass during lining and
subsequent, additional densification through
heat expansion when heating up the crucible. The reversible transformation of α into
β quartz starts to run in the loose layer from
575 °C. This is of subordinate importance for
the function of the SiO2 crucible. The boric
silicate starts to form from 700 °C, which
leads to the aforementioned first step of sintering, and thus to the so-called fritted layer
in the refractory. The thermodynamic transformation into tridymite then begins from
870 °C and that into cristobalite from
1000 °C, whereby the formation of cristobalite first starts to take a technical effect
from approx. 1300 °C for the aforesaid kinetic reasons. This second sintering step
forms the approx. 20 mm thick sintered layer in contact with the melt at a 1500 °C surface temperature.
Due to the properties described, silica in the
form of quartzite (fine grained quartz) is
generally used as refractory material in induction furnaces, insofar as allowed by the
limits of the application. This is the case, for
example, when melting cast iron, copper and
brass, where the tapping temperatures do
not exceed 1600 °C and 1250 °C respectively, and the acid lining has an adequate
chemical durability. If deployed for copper
materials, however, the quartzite mass must
be doped with catalytically active elements
to enable the aforesaid process of transformation from quartz to cristobalite to run sufficiently quickly, even at temperatures from
around 1100 °C.
If higher requirements are placed on the tapping temperature and chemical durability,
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Fig. 6 Equipment for compacting dry masses a) in the crucible wall, b) on the crucible
floor [4]

for instance for melting steel, the most suitable construction materials are spinel-forming dry masses on MgO- or Al2O3 basis.
Cr2O3 can also be added in case of specific
demands on the resistance to slag.
Apart from their good chemical durability
and the high temperature application limit
of around 1750 °C, such linings are characterized by a relatively favourable thermal
stability and a low infiltration tendency, thus
a physical behaviour similar to that of silica
refractory.
The latter named feature is based primarily
on the formation of spinel while the applied
mass is being sintered: The formation of
spinel (MgO·Al2O3) is associated with a volume increase of 7,9 %. This not only compensates for the shrinkage which occurs
from around 1200 °C during sintering without such reactions, but also leads to an additional densification of the mass, similar to
the transformation of quartzite into tridymite
and cristobalite while sintering the silica
mass.

3 Refractory technology for
crucible furnaces
Induction furnaces need to be lined with utmost care because defects in the refractory
are the main cause of premature refractory
wear. The refractory process is depicted in
Fig. 6 in diagramme form and proceeds as
follows [4]:
• The inner coil jacket is lined with mica foil
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• The dry mass for the crucible base is installed, it is mechanically compressed using the depicted base plate with vibrator
• A sinter cylinder (template) is inserted and
centered
• The intermediate space between the coil
and the sinter template is filled with a dry
mass, mechanical compression as illustrated in Fig. 6
• The lining is preheated from 1000 to
1200 °C, generally with a gas- or oil
burner; the heat-up speed is some 100 to
200 K/h
• The solid or liquid sinter charge is filled
and heated up to sintering temperature,
this temperature is kept steady for one or
two hours.
Alternatively, the refractory lining can be sintered solely by electricity, without using a
burner for preheating, in that the crucible
with the template fitted is charged with
melting stock and inductively heated up in
accordance with a specified temperature
programme. The permanent template
method has proved itself as another, particularly economical alternative. In this process,
the template and refractory material are preheated to around 400 °C before being
cooled down. The template is subsequently
disassembled and the pre-sintered crucible
is then filled with melt and sintered.
Another means of considerably simplifying
operational practice is the mechanized removal of used crucibles. As shown by the
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Fig. 7 Mechanism for hydraulic ejection of the used crucible [5]

diagramme in Fig. 7, after a cooling time of
6 to 8 h, an ejector mechanism is suspended
in an adapter on the furnace floor and the
worn crucible is hydraulically pressed out of
the furnace body [5]. A prerequisite is that
the coil grouting has a conical design, with a
thickness of 20 to 30 mm in the lower part
of the furnace tapering down to approx.
10 mm at the top, so that the abrasion of
the refractory material does not cause the
crucible to jam during ejection.
Ready-to-use crucibles are available for
small / medium sized crucible furnaces up to
some 5 t capacity. These are manufactured
from the refractory materials described
above, for example quartzite, using special
bonding agents. The crucibles are inserted
and centered in the furnace with expandable
suspension gear, then backfilled with a dry
mass fractionated by grain, which is compressed by vibration. The advantage here is
that the crucibles are manufactured in a reproducible manner with high densification,
which frequently provides a longer service
life. On the other hand, there is a higher risk
of crack formation in the works, or even during transport and handling.
Graphite crucibles, which consist of around
40 % carbon and have a capacity of some
750 l, are available for melting non-ferrous
metal alloys. They are either positioned freestanding in the induction furnace, for instance in lift-out crucible furnaces for rapid
alloy change to a new refractory lining, or
can also be backfilled with dry mass. Due to
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their relatively high electrical conductivity,
they absorb a part of the power transmitted
by induction during melting operations,
which is transmitted to the melting stock as
conducted heat.

4 Refractory lining behaviour
As described above the silica lining is the
standard refractory for melting cast iron in
crucible furnaces. The service lives of such
crucible linings are between 200 and
450 charges in dependence on the quality of
the input materials, their chemical composition, the temperature of the melt and the
slag and the method of furnace operation.
The wear behaviour is manifested in wall
thickness decrease, porosity or cracks and by
metal penetration.

4.1 Chemical erosion
The erosion of the refractory lining is generally due less to physical wear and rather
more to chemical abrasion, whereby a high
bath flow accelerates the high temperature
reactions. In a first type of reaction, this concerns the reduction of the silica in accordance with the equation below:
2 [X] + < SiO2 > = 2 < XO > + [Si]

(1)

Due to their high affinity to oxygen, magnesium and aluminium in particular attack the
SiO2 as per equation (1). The content of
these critical elements in the melt should
thus be kept low. When producing the basis

melt for nodular cast iron, this requirement
can only be partly observed because of the
unavoidable input of returns containing
magnesium. This means that higher crucible
wear must be accepted here, although it can
be kept with bounds by adapting the melting run and controlling the temperature.
Chemical attacks from carbon under the socalled crucible reaction occur at temperatures
above 1450 to 1480 °C, when the boiling
process sets in. During melting, the crucible
reaction accordingly runs with only low material turnover despite of high carbon content.
A second type of chemical abrasion reaction
is the formation of SiO2 mixed oxides with
relatively low melting points. Of relevance in
this context are (FeO)2 · SiO2, so-called fayalite with a melting point of 1180 °C, and
the manganese silicate MnO · SiO2 with
1250 °C as its melting temperature. Both
oxides are normally bonded into the slag at
contents of 10 to 30 % and 2 to 10 % respectively, which is saturated with 50 to
70 % SiO2 content, so that the silica refractory is not attacked. This is then no longer
the case if large proportions of rusty input
materials are used, as these lead to high oxide contents in the slag and therefore to
chemical attacks on the refractory.
Another two mechanism of heavier fayalite
formation could shorten the lining live.
The first causes premature crucible wear
above the level of the bath: Iron splashes
caused by scrap tumbling in or strong CO reactions are thrown against the silica wall
and oxidize there into FeO over a longer
time. This enables the fayalite to form and
clog up the crucible with slag, creating deep
channels in the upper wall of the furnace.
The second effect of dangerous fayalite formation could occur in the down part of the
crucible during holding in downtime periods
or during the cold start, when the crucible is
filled with melting material for the next
charge. The holding or preheating temperature should never be allowed to raise over
800 °C during longer times, otherwise
greater quantities of FeO would form and
cause spontaneous erosion of the refractory
crucible by fayalite formation.
The last critical formation of mixed silica oxide is the ternary system consisting of SiO2
together with the aforementioned Al2O3 and
MgO during melting of nodular cast iron. The
eutectic temperature of this ternary mixture
is 1365 °C. Thus, when silica dissolved suffi-
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4.2 Infiltration via the liquid or
vapour phase
Melt penetrating into cracks through to the
coil is generally due to the fact that the heat
up time for the crucible is insufficient when
started up from cold. This means that cooling cracks do not have enough time to close
as the melt is forming. The cold start-up programme then needs to be amended accordingly. Due to the temperature change in the
crucible's sintering zone, a network of fine
cracks and points of infiltration are created,
which eventually cause a more or less even
erosion of the crucible and mean the end of
the crucible campaign.
Substances penetrating in via the vapour
phase can likewise mean the end of the crucible campaign. Zinc vapour should firstly be
mentioned in this context, which becomes
importance by more and more melting of
zinc-coated scrap. Pure zinc has a melting
point of 420 °C and its vaporization temperature is 906 °C. Therefore the large majority
of the zinc coating of the scrap vaporizes
during melting and burns off into zinc oxide
above the liquid metal. Inside the melt exists
a high zinc vapour pressure which presents a
particular challenge for the density of the refractory lining to stop the penetration of zinc
vapours in order to avoid coil damages by
electric arcs between the copper windings
caused by condensed zinc.
The sufficient refractory lining density will be
reached by ensuring that the sinter charge
and approximately the next three melts are
charged without material containing zinc. The
same applies to the first two charges after
cold start-up because of the cooling cracks
that have appeared. Moreover, a high temperature drop is recommendable from the melt to
the coil to keep the zinc's condensation zone
as far away from the coil as possible. Coil
grouting with high heat conductivity and nonstick foil with a low thermal insulation capability should be used for this purpose.
Under these conditions, a zinc-content ends
up in the refractory wall as measured for the
12-t crucible furnace with walls 120 mm
thick at the end of a crucible campaign
shown in Fig. 8. This melted a charge ratio of
36 % zinc-coated sheet metal at a furnace
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Zinc content [%]

cient amounts of Al- and Mg oxides to lower the lining melting point below the tapping
temperature, lining wear will result particularly in the down part of the crucible [6].

Penetration depth [mm]
Fig. 8 Zinc content in the refractory material in dependence on the distance to the
crucible surface [7]

power of 7000 kW and at a frequency of
190 Hz [7]. It can be recognized that the majority of the zinc, which has penetrated into
the well-sintered wall is found in the center
of the wall at a 0,64 % zinc content. As the
zinc contents are reduced towards the
cooled coil, it can be assumed that only
small quantities of zinc found their way into
the coil grouting, this functioning as the final
filter to stop zinc penetrating into the coil.
Certain zinc enrichment will nevertheless occur there over a longer period of operation.
This should be counteracted by renewing the
coil grouting at the latest after one year of
melting operations.
The zinc content rises constantly in the noncooled crucible base through to the base
plate, reaching more than double the highest values for zinc content in the wall. Depending on the percentage of zinc-coated
scrap used, it is not possible to prevent zinc
plates forming on the base plates after a
longer period of operation, or to even stop
leaks of liquid zinc occurring.
Furthermore, carbon can be deposited
around the coil, in that CO penetrating into
the refractory wall near the coil decays into
CO2 and C as per the Boudouard reaction as
in equation (2). Together with sulfur occurring in vaporous form, for example from input materials containing oil or carburizing
agents, and together with dampness released from a newly lined crucible and/or repaired coil grouting, chemically aggressive
and electrically conductive substances can
form and damage the coil [8].
In detail, the following reactions run in this
context. A certain level of CO pressure initially builds up in accordance with the carbon/silicon equilibrium. CO penetrates into
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the wall and decomposes into CO2 and carbon in the cooled area around the coil:
2 CO = CO2 + C

(2)

Higher sulfur vapour pressure forms in the
wake of higher sulfur contents in the melt or
even from magnesium sulfides in recycled
nodular iron material, so that gaseous sulfur
penetrates into the wall and – together with
oxygen and dampness – forms sulfuric acid
around the coil.
S2 + 3 O2 + 2 H2O = 2 H2SO4

(3)

The sulfuric acid destroys the protective
coating of the coil's copper profile, so that
the copper is laid free for reactions with the
sulfur and oxygen.
2 Cu + ½ S = Cu2S

(4)

Cu2S + O2 = Cu2SO4

(5)

Copper sulfate conducts electricity and, together with the carbon from equation (2)

Fig. 9 Coil flashover caused by penetrations of carbon monoxide and vaporous
sulfur [8]
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Fig. 10 Frequency and power change during several lining campaigns (Source ABP)

and dampness, forms a black mass on the
copper profile, leading to increasing creep
currents and finally to an electric arc between the copper windings, which melt the
cooper at their base and thus destroy the
coil. Fig. 9 shows the interplays in diagramme form.
Such damage can be avoided by
• Keeping the sulfur contents in the melt
low by adding carburizing and alloying
agents with low sulfur content, charging
oil-free melting stock (at least sintering
with oil-free input materials) and charging
the nodular iron returns at the end of the
melting campaign
• Preventing intermediate superheating
and/or exceeding the stipulated tapping
temperature

Fig. 11 Insulation monitoring between contacted
melt and coil
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• Deploying foils with minimal gas permeability in front of coil grouting with minimum, preferably closed porosity
• Closing cracks in the coil grouting by regular maintenance.

5 Crucible monitoring
Monitoring of wear and tear on the crucible
is an important factor for trouble-free, reliable operation. This involves:
• Regular visual inspections after tapping
while the surface of the crucible wall is
dark red
• Measuring and evaluating power and frequency using the melting processor's "Integral" system
• Checking the resistance between contacted melt and coil ("Earth fault indicator").

As suggested by its name, the melting processor's "Integral" module serves the integral evaluation of wear in the crucible furnace's refractory lining. The physical background to the measuring method is the
change in the coil's inductivity when the distance to the melt changes. Frequency and
active power rise accordingly as the wall
thickness reduces. These values are measured continuously and compared to a limit
value determined beforehand.
The PRODAPT® monitor shows graphic representations of the percentage changes in
frequency and active power, and thus the
crucible wear during the furnace campaign
[9]. Taken together with visual inspections, a
reliable picture is obtained of the respective
state of the crucible (Fig. 10).
Fig. 11 depicts the circuit diagramme for insulation monitoring (also called the earth
fault indicator). The melt is electrically contacted with a base electrode consisting of
wires at least 3 to 4 mm thick, made of a
high-fusing austenitic alloy, which is installed in the refractory lining of the floor.
The melt is earthed via the base electrode,
the system therefore recognizes all earth
faults. If the earthed melt contacts with the
coil, a signal is triggered and the furnace
switched off. The first job is then to establish
whether the earth fault occurred due to contact between the melt and coil or due to the
other contacts of the coil with the furnace
structure (the magnetic yokes, for example),
or somewhere else in the furnace's voltage
supply. If no electrical damage of this kind is
found, the furnace's refractory lining needs
to be broken out to analyze the reason for
the melt / coil contact.

Fig. 12 Hedgehog coil, model ABP
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The reliability of the earth fault indicator is
improved by the so-called hedgehog coil
(Fig. 12). Pins some 10 mm long are soldered at distances of 30 to 40 cm onto the
copper profile, which are covered flush by
the coil grouting. They function as an early
warning system to indicate accumulations of
metal (caused by widening cracks or inadmissible porosity building up in front of the
coil grouting as the last insulation barrier)
before a damaging electrical contact can be
made between the penetrated metal and the
coil itself.
The Saveway system offers continuous, localizable monitoring of wear in the refractory crucible [10]. This requires sensor mats to
be installed on the coil grouting (Fig. 13).
Measurement of the refractory wear is based
on the electrical resistance of the refractory
material which changes sharply in dependence on the temperature.
If melt penetrates into the crucible wall towards the coil, the temperature of the refractory material positioned in front of the
sensor mats rises and thus its specific electrical resistance drops drastically. The measuring current fed in via the sensors increases
accordingly and flows from one sensor electrode via the hottest point to the second
sensor electrode. This enables even the
smallest tongues of metal penetrations at all
points of erosion to be indicated. The sensor
mats are parts subject to wear and tear and
are installed instead of the normal mica foil.
They are fitted each time a new lining is installed and connected to the monitoring device.
The OCP (Optical Coil Protection) sensor system likewise uses the temperature changes
induced by wear to monitor the crucible
[11]. The so-called Raman effect enables local temperatures to be determined precisely
to ± 5 K. Providing the sensors are arranged
in a sensible fashion, conclusions can be
drawn on the wear behaviour of the refractory lining.
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