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Abstract

Slip casted, carbon bonded nozzles with and without alumina based active coatings have been simultaneously tested in a novel casting

simulator according to their clogging behavior against endogenous as well as exogenous non-metallic inclusions. Computer tomography

images as well as SEM micrographs support the investigation of the clogging areas. The nozzle with the alumina active coating leads to

increased clogging phenomena based on endogenous and exogenous inclusions as well as steel clogged particles. Correlating the clogging

to a type of improved ‘‘filtration efficiency’’, a higher filtration of steel melts is expected with the application of alumina active coatings

on carbon bonded filters.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Non-metallic inclusions in metal decrease dramatically
the mechanical properties of castings [1], therefore ceramic
filters in different macro-structure geometries [2–5] are
successfully applied since several decades to remove non-
metallic inclusions from ferrous and non-ferrous melts [6].
Besides the filter geometry, the ceramic material has a
significant influence on the filtration efficiency particularly
with regard to the active filtration process.

In the past Uemura et al. [5], Janke and Raiber [3], Morales
et al. [7] and Hammerschmid and Janke [8] give an overview of
the filtration mechanisms, filtration efficiencies, filter materials
and filter structures for steel melts. According to Uemura et al.
entrapment of the solid non-metallic inclusions by ceramic
filters takes place in three steps: (a) the solid inclusions are
transported from the bulk melt to the filter surface, (b) the
inclusions are attached to the surface of the filter and (c) the
inclusions undergo solid state sintering with the filter medium.

In order to eliminate the influence of the filter geometry,
the filtration efficiency of the ceramic materials can be
investigated in terms of clogging phenomena, whereby the
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pronounced clogging implicates high filtration efficiency.
Clogging, an unrequested phenomenon in continuous
casting nozzles, is the build-up of material in the flow
passage between the tundish and the mold. Rackers and
Thomas present four general types of clogging, each from
a different origin.[9] Tuttle et al. [10] have studied clogging
phenomena of refractory model nozzles based on carbon
bonded alumina, calcium zirconate, calcium titanate and
mixtures of the two oxide materials.
Based on the theoretical fundamentals of Janiszewski and

Kudlinski [11], the application of active oxide coatings with
the same chemistry as the chemistry of the inclusions in the
melt is one very promising approach in order to collect
more efficient liquid—as well as solid-non-metallic inclusions.
In this study, two carbon bonded alumina nozzles – one
with an active alumina coating and one without – will be
simultaneously tested in a special steel casting simulator
according to their clogging behavior against exogenous
incorporated solid non-metallic inclusions.
2. Experimental

The functionality of the newly developed active carbon
bonded filters [12] was evaluated in a new metal-casting
ll rights reserved.
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Fig. 1. Steel casting simulator.

Fig. 2. Configuration of the testing nozzle area, test nozzle based on

carbon bonded compositions with or without active alumina coating,

adapter and nozzle above the testing nozzle based on spinel/alumina

composition SP1 (see Table 3).
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simulator (Systec, Karlstadt, Germany) located at the
Institute of Ceramic, Glass and Construction Materials
in Freiberg. The system (Fig. 1) consists of a separated
inductive-heated melting unit (150 kVA) and a tundish
unit (inductive-heated 100 kVA) with three nozzles in the
basement (two for tests and one for security reason) and
a stopper rod system for controlling the melt flow. The
melting crucible is based on zirconia/mullite (Colisit,
Großalmerode, Germany) and the tundish unit consists of
a carbon crucible in which an oxide crucible made from an
in situ spinel forming/alumina-spinel castable is fitted in.

Commercial available steel DIN EN 42CrMo4 (Mat. no.
1.7225, AISI 4142) in cylindrical shape (72.5 kg) is placed in
the melting crucible, heated up to 1650 1C in 90 min under
inert atmosphere. The oxygen content and the temperature of
the steel melt are measured with an oxygen/temperature-finger
sensor-system CELOX (Heraeus Electro-Nite, Houthalen,
Belgium). After melting, the steel melt is poured into the
tundish unit, which is in advance preheated to prevent major
heat loss of the melt and reduce also the thermal shock attack.
A short time after pouring (ca. 30 s), the stoppers rods are
lifted and the melt flows through the two test nozzles into the
cooled copper molds. The test zone with the test nozzles
(Fig. 2) is preheated by heating elements up to 1600 1C to
prevent freezing of the liquid metal and to adjust a constant
testing temperature in the nozzle area.

In Table 1 the composition of the slip casted carbon
bonded nozzles as well as the slurry for the Al2O3-active
coating on the carbon bonded alumina test nozzles are listed.
The raw materials used for the preparation of the carbon
bonded and the active carbon compositions were calcined
alumina (99.80 wt% Al2O3, r0.10 wt Na2O) with a d90r3.0
mm (Martinswerk, Bergheim, Germany), calcined alumina
CL370 with a d50 2.5 mm and a d90r9.0 mm (Almatis,
Ludwigshafen, Germany), modified coal tar pitch powder
0–400 mm Carboress P (Rütgers, Castrop Rauxel, Germany)
used as binder as well as a carbon source, fine natural graphite
grade AF 96/97 (99.8 wt%o40 mm) with 96.7 wt% carbon
content (Graphit Kropfmühl, Hauzenberg, Germany) and
carbon black powder with a primary particle size of 200–
500 nm (Lehmann & Voss & Co., Hamburg, Germany).
The slurry was prepared in a ball mill by stepwise
addition of above mentioned powders to the suspension
of deionised water and following additives Lignisulfonate
T11B (Otto Dille, Norderstedt, Germany), Castament VP
95L (BASF, Ludwigshafen, Germany) and Contraspum
K 1012 (Zschimmer & Schwarz, Lahnstein, Germany).
The carbon bonded test nozzles were slip casted in
gypsum molds (5 mm thickness in approximately 5 min).
After slip-casting and drying at 120 1C for 24 h, the test-

nozzles are fired at 800 1C in coke grit in order to inhibit the
oxidation. Additionally some carbon bonded nozzles are
coated with an alumina slurry (active coating, Table 1) by slip
casting. The porous carbon bonded nozzle removes the water
from the alumina slurry, i.e. it itself works like a gypsum mold.
The alumina slurry was prepared in a ball mill by stepwise
addition of alumina powders to the suspension of deionized
water and following additives Lignisulfonate T11B (Otto
Dille, Norderstedt, Germany), Dolapix PC75 (Zschimmer &
Schwarz, Lahnstein, Germany), Polypropylenglycol PPG400
(Merck, Darmstadt, Germany) and Contraspum K 1012
(Zschimmer & Schwarz, Lahnstein, Germany). After coating
and drying, the coated carbon bonded alumina nozzles were
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fired at 1400 1C for 2 h in coke grit. In order to guarantee the
same inner diameter of all test nozzles of 5 mm (tolerance
range of 50 mm), gypsum molds with different geometries for
the test nozzles with and without coating regarding the coating
thickness and firing shrinkage were used.

On the top of the test-nozzle a 10 ppi (pores per inch)
alumina carbon bonded filter is placed (composition listed
in Table 1). In case of the filter an impregnation as well as
a spray-coating slurry are used according to Emmel and
Aneziris [13]. After coking at 800 1C, the filter was spray-
coated with an alumina/spinel/mullite slurry (composition
listed in Table 2) and dried at 120 1C for 24 h. The only dried
spray-coated filter contributes as a source of exogenous solid
non-metallic inclusions (approximately 3.15 gr. exogenous
inclusions) during the steel casting.

The adapter system, the stoppers and the nozzles are
made from an in situ spinel forming/alumina-spinel
castable fired at 1600 1C. It is a self-flowing castable with
the size distribution modulus of 0.28 based on the Dinger
and Funk particle-packing equation [14].

The alumina carbon bonded slurry as well as the
alumina slurry for the active coating of the slip casted test
nozzles were characterized using a rheometer (RS 150,
Haake, Vreden, Germany) with a coaxial cylindrical
measurement system (DIN 53019) and Z40 DIN system.
The viscosity was determined in dependence of the shear
Table 1

Compositions of Al2O3-C spraying and impregnating slurries, and Al2O3-slip

Slurry types Filter recipe (wt%)

Impregnation-slurry 82 solids

Spray-coating 70 solids

Slurry for slip casting

Solids

Al2O3 Martoxid MR 70 66

Al2O3 CL370 –

Carboress P 20

Graphite AF 96/97 6.3

Carbon black MTN-991 7.7

Ligninsulfonatea T11B 1.5

Castament VP 95La 0.3

Contraspum K 1012a 0.1

Dolapix PC75a

Polypropylenglycol 400a

aRelated to the solids.

Table 2

Slurry composition of exogenous inclusions based on alumina, mullite and sp

Raw materials Composition of the

Solids 70.0

Al2O3 T 60/64 (Almatis, Ludwigshafen, Germany) 37.6

Mullite Fused (Treibacher, Villach, Austria) 34.0

Spinel AR 78 (Almatis, Ludwigshafen, Germany) 28.4
rate and the yield stress was measured. The measurement
of the viscosity starts after a relaxing time of 20 s when the
shear rate increases in 300 s to 1000 1/s. After a holding
time of 60 s at 1000 1/s, it decreases within 300 s to zero.
The test nozzles before and after pouring as well

as the adapter with the filter and nozzle after pouring
were analyzed with the aid of a microfocus X-ray com-
puted tomograph CT-ALPHA (ProCon X-Ray, Garbsen,
Germany). The CT is equipped with a 160 kV X-ray source
and a detector C7942SK-05 (Hamamatsu, Hamamatsu,
Japan) with 2024� 2024 active pixels. For the visualization
of CT-images the software VGStudio Max 2.1 (Volume
Graphics GmbH, Heidelberg, Germany) was used.
The microstructural phase evaluation of as coked sur-

faces as well as of fracture surfaces after firing and after
pouring were carried out by means of scanning electron
microscope ESEM (Philips, Germany) and SEM XL30
(Philips, Germany) with the implementation of electron
backscatter diffraction analyses EBSD system TSL (Edax/
Ametek, Wiesbaden, Germany) in combination with
energy dispersive spectrometer (EDS).
The surface characterization of the test nozzles was

supported by mercury porosimetry measurements with
the aid of porosimeter Pascal L 140 (Thermo Electron
Coop., Hofheim, Porotec). The chemical analysis of the
steel before melting and after casting was measured with
casting slurry.

Al2O3-C nozzle (wt%) Al2O3 active coating on Al2O3-C

nozzle (wt%)

60 solids 70 solids

66

– 100

20

6.3

7.7

1.5 1.5

0.3

0.1 0.1

0.5

0.8

inel.

slurry (wt%) Distribution (mm) D50 (mm) D90 (mm)

0–100 31.1 99

0–90 20 –



Fig. 3. Cross section of carbon bonded nozzle, fine alumina grains and graphite flakes embedded in carbon bonded matrix.

Fig. 4. Surface (left) and cross section (right) of alumina active coating on carbon bonded alumina nozzle after firing at 1400 1C.
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the aid of spark source spectrography MAXx (Spectro
Analytical Instruments/Ametek, Wiesbaden, Germany).
3. Results and discussion

The Al2O3-C-slurry described in Table 1 for manufac-
turing the carbon bonded nozzles with and without an
active coating shows a shear thinning behavior with a
dynamic viscosity of approx. 80 mPa s at a shear rate of
800 s�1. The Al2O3-slurry for the alumina active coating
presents less than 40 mPa s at a shear rate of 800 s�1. In
spite the fact that this slurry shows a shear thickening
behavior, it is possible to prepare fine, stabilized slurries
(no sedimentation of solids after 24 h) due to the low
viscosity under shearing conditions. The stabilized slurries
were used for the slip casting of the test nozzles with small
deviation of the inner diameters at the different sections
after firing. Based on CT-images the radius at the down
end of both nozzle types is lying in the range of
5.0570.05 mm after firing.

In Fig. 3 the microstructure of the carbon bonded
alumina material is demonstrated. Fine alumina grains
and graphite flakes are embedded in a carbon bonded
matrix generated due to firing of the binder Carbores P.
The residual carbon after firing Carbores P at 800 1C
reaches values in the range of approximately 85% and it
presents a graphitic-like structure with a high crystallinity
as it is described by Aneziris et al. [15] and Emmel and
Aneziris [13] after firing at 1400 1C.
In Fig. 4 the alumina layer deposited on the carbon

bonded alumina nozzle after firing at 1400 1C in reducing
atmosphere is presented. This layer does not have any
chemical bonding with the carbon bonded alumina sub-
strate, and due to mechanical interlocking it remains on
the carbon bonded alumina nozzle. In Fig. 5 the pore size
distribution of the carbon bonded alumina materials fired
at 800 1C and 1400 1C respectively are plotted. The total
porosity lies at 44 vol% for the carbon bonded material
fired at 800 1C and is decreased to 39.7 vol% for the
material fired at 1400 1C. In spite the fact that the total
porosity reaches lower values by firing at higher tempera-
tures, the average pore diameter lies for both firing
temperatures in the range of 190 nm. The alumina active
coating achieves lower values of the total porosity in the
range of 33.3 vol%, but in this case the average pore
diameter lies at 530 nm. Based on the pores size distribu-
tion in Fig. 6 also some bigger pores greater than 10 mm
are identified for the alumina active coating.
The oxygen amount of the steel-melt in the melting

crucible at 1650 1C just before pouring into the tundish
was 55 ppm. In Table 3 the compositions of the steel
before melting and after casting are listed. The Al-contents
in both steel ingots (of the nozzle with and without the
alumina active coating) are decreased, an indication of
possible generation of endogenous alumina inclusions.
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Fig. 5. Pore size distribution of carbon bonded nozzles fired at 800 1C

and 1400 1C without an alumina coating.
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Fig. 6. Pore size distribution of alumina active coating after firing at

1400 1C.

Table 3

Chemical composition of the steel (main elements) before melting and

after casting (average of three measurements).

Element Content (wt%)

Before melting After casting

With alumina-coating Without coating

Fe 96.65 96.93 96.95

Cr 1.03 1.09 1.09

C 0.43 0.34 0.34

Mn 0.78 0.66 0.66

Cu 0.29 0.28 0.29

Al 0.022 0.006 0.005

Si 0.26 0.26 0.24

Ni 0.22 0.16 0.16

Mo 0.19 0.18 0.18

S 0.041 0.015 0.018

Sn 0.016 0.015 0.014

P 0.016 o0.001 o0.001

N 0.008 0.006 0.006

V 0.006 0.006 0.006

Ti 0.002 o0.001 o0.001
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In Fig. 7 the changes of the flow rates of the two nozzle
types as a function of time are demonstrated. After 130 s
approximately 36.5470.1 kg steel passed through the
reference carbon bonded nozzle and 35.4970.1 kg
through the carbon bonded nozzle with the alumina active
coating (in spite the fact, that both nozzles had approxi-
mately the same starting inner geometry). A second trial
with the same arrangement showed a small deviation of
200 g casted more through the not functionalized nozzle.
Both trials presented a similar behavior of the flow. During
the first stage of the flow (approx. the first 60 s) a thermal
balance as well as balanced flow conditions are established.
Concerning the balanced flow conditions, a vortex genera-
tion in the tundish above the nozzles after lifting the
stopper is observed through a refractory glass port. It is
assumed, that this vortex contributes to lower flow rates
in the nozzles. After the first stage, the flow rates are
increasing, whereby a higher increase is registered in case
of the reference carbon bonded nozzle (second stage).
As a function of time, the flow rates of both nozzles are
decreased due to less steel melt in the tundish (lower
ferrostatic pressure), third stage. The lower total amount
of poured steel melt as well as the lower flow rates in case
of the nozzle with the alumina active coating are attributed
to clogging phenomena.
In Fig. 8 a cross section of the adapter with the carbon

bonded nozzle containing alumina active coating is pre-
sented. It is evident that a clogging preferred occurs in the
down area of the carbon bonded nozzle (20 mm from the
down end). Due to the resolution of the CT and the lower
thickness of the clogging layer of the reference carbon
bonded alumina nozzle, no clogging could be identified for
the reference nozzle with the aid of CT. In Fig. 9 the
changes in the thickness of the alumina coating due to the
clogging is registered. The thickness of the alumina active
coating before casting was 350720 mm at the voxel size of
23 mm. The highest absolute clogging values are registered
just before the end of the nozzle lying in the range of
170760 mm. In Fig. 10 the cross-section CT-images of the
clogged carbon bonded nozzle with alumina active coating
1.5 mm from the end of the nozzle is presented. Non-
metallic inclusions, clogged steel particles as well as non-
metallic inclusions on the top of the embedded steel
particles are registered. In accordance with Rackers and
Thomas [9] this clogging type correlates to steel qualities
with more than 0.1% C.
In Fig. 11 the clogging area approx. 8 mm from the

down end of the carbon bonded nozzle with the active
alumina coating is presented. Two main clogging areas are
identified, (a) a ‘‘denser clogging area’’ in the range of
35 mm, which is mostly fixed at the alumina active coating,
and (b) a ‘‘coral-like clogging area’’ in the range of 50 mm
as also described by Tuttle et al. [10]. The ‘‘denser clogging



Fig. 7. Flow rates as a function of time of the carbon bonded nozzle with alumina coating and the reference carbon bonded alumina without coating.

Fig. 8. CT-image of the adapter with carbon bonded nozzle with alumina

active coating after casting, on the top of the nozzle a carbon bonded filter

with exogenous inclusions.

Fig. 9. Down part (approx. 20.7 mm) of the carbon bonded nozzle with

alumina coating and, thickness variation due to clogging, 23 mm voxel

resolution.
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area’’ consists of steel clogged small and bigger particles,
especially the bigger ones in the range of 5–15 mm. These
bigger steel particles are surrounded by smaller alumina
particles in the range of 100–300 nm as well as bigger
alumina particles between 1 and 5 mm. Based on the grain
size distribution of the exogenous inclusions that have been
inserted in the melt flow with the aid of the filter above the
carbon bonded nozzle, the bigger alumina particles are
defined as exogenous inclusions. The smaller alumina
particles in the magnitude below 500 nm are identified as
endogenous inclusions similar to the observations of Wasai
et al. [2] in their contribution. Besides the alumina based
non-metallic inclusions also spinel exogenous inclusions in
the range of 1 to up to 8 mm are registered (Fig. 12). The
‘‘denser clogging area’’ consists of a dense network of
endogenous and exogenous non-metallic inclusions as
well as smaller and especially bigger steel clogged particles.
In Fig. 13 the clogging area approx. 20 mm from the down
end is presented. In this case, the magnitude of the denser
clogging area is lower in comparison to the clogging
microstructure of Fig. 11 (8 mm from the down end). On
the other hand a bigger ‘‘coral-like clogging area’’ in the
range of 80 mm is registered. According to the magnification of
Fig. 13 exogenous alumina inclusions are captured in the
‘‘coral-like clogging area’’ based mainly on endogenous inclu-
sions (in the range of 100–300 nm), Fig. 14. Further, sintering
effects between exogenous and endogenous inclusions are
registered as well as steel clogged particles surrounded by
exogenous and endogenous inclusions, Fig. 14.
The clogging phenomena of the reference nozzle without

an alumina active coating are also concentrated in the
down part, approximately 20 mm from the down end,
whereby again the highest clogging area is identified in
the range of 1–5 mm from the down end. In this case, the



Fig. 10. CT-image of the clogged carbon bonded nozzle with alumina coating 1.5 mm from the end of the nozzle.

(Al2O3 active coating)

denser clogging layer

coral-like layer

Fig. 11. Clogging area approx. 8 mm from the down end, two main

clogging areas (a) denser clogging area in the range of 35 mm and

(b) coral-like clogging area in the range of 60–80 mm.
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‘‘denser clogging area’’ as well as the ‘‘coral-like clogging
area’’ present lower thicknesses in comparison to the
nozzle with the alumina active coating lying in the range
of 30–20 mm respectively. The thin clogging layer could not
be identified using CT-images because of the voxel size of
23 mm (too low resolution for the detection of the layers in
the range of 20–30 mm). Nevertheless, clogged non-metallic
inclusions, steel particles and spinel as well as alumina
non-metallic inclusions were identified using BSE and
EDS-mapping and confirmed with the aid of EBSD. By
means of EDS no diffusion of iron and/or manganese was
registered, i.e. both, iron and manganese, are incorporated
in the spinel cell lattice.
In contradiction to these results, the spinel particle in the
carbon nozzle with the alumina active coating (Fig. 12) in
contact with the steel clogged particle presents much
higher amounts of iron and manganese at its grain
boundaries. In case of the non-metallic inclusions a very
high amount of iron and aluminum was registered, and the
formation of FeAl2O4 was identified with the aid of EDS
analysis. Kapilashrami and Seetharaman [16] have found
similar results (formation of a product layer based on
FeAl2O4 of approximately 80 mm between the alumina and
the iron) by studying the wetting characteristics of oxygen-
containing iron melts on alumina.
Comparing the clogging of the two nozzles according to

the thickness of the ‘‘denser clogging area’’ in a distance of
1–8 mm from the down end, the nozzle with the alumina
active coating presents an average clogging thickness of
approximately 90720 mm, whereby the nozzle without the
alumina coating an average clogging thickness of
20710 mm. Correlating these values to a type of ‘‘filtra-
tion efficiency’’ in means of more particles (endogenous
and exogenous non-metallic inclusions as well as clogged
steel particles with or without additional non-metallic
inclusions on their surface) to be deposited on the ceramic
collector surface (nozzle or filter), there is a first indication
that at least a double filtration efficiency is expected in case
of coated carbon bonded filters. This issue has to be
verified with the mechanical properties of the steel ingots
as well as transferred to real filter geometries.
According to Uemura et al. the sintering neck between

two alumina based non-metallic inclusions in the range of
2.5 mm is growing 0.1 mm in less than 0.03 s. Taking into
account that the shear stress working on the sintered part
of inclusions due to the drag force achieves values less than
1� 108 Pa and the strength of alumina is about 3� 108 Pa,
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Fig. 12. Clogging area approx. 8 mm from the down end, alumina and spinel inclusions with embedded iron particles.
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Fig. 13. Clogging area approx. 20 mm from the down end.
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the inclusions that are kept at the ceramic surface (in our
case the nozzle, in real application the filter surface) for
short time, they also stick to the surface. Based on the
SEM-micrographs of Figs. 12 and 14 sintering effects are
observed between alumina endogenous and/or exogenous
inclusions as well as between endogenous and exogenous
alumina inclusions with exogenous spinel inclusions.
Further, in case of the nozzles with the alumina active
coating a higher amount of clogged steel as well as bigger
steel clogged particles can be observed. The steel clogged
particles can contribute in addition as collectors for fine
and coarse alumina inclusions due to a product formation
layer based of hercynite (FeAl2O4), which lowers the
wetting angle between alumina and iron. According to
Kapilashrami and Seetharaman mullite could react with
iron in order to form product layers based on hercynite
and fayalite.

The higher clogging of the carbon bonded nozzle with
the alumina active coating results also to less passed steel
melt as a function of time (as it has been registered
in Fig. 7). Thereby, it is assumed that not only the change
of the thickness of the inner diameter of the nozzle, but
also the generated roughness is significant for the different
flow behavior.

4. Conclusions

Carbon bonded nozzles with and without alumina active
coatings have been simultaneously tested in a novel steel
casting simulator according to their clogging performance
against endogenous as well as exogenous non-metallic
inclusions. A ‘‘denser’’ as well as a ‘‘coral-like clogging
area’’ have been identified in both cases, whereby higher
clogging has been registered in the nozzles with the active
alumina coating. The ‘‘dense clogging layer’’ consisted of
endogenous and exogenous non-metallic inclusions as well
as steel clogged particles with inclusions on their surface.
Some of the non-metallic inclusions at the steel clogged
particles have reacted with the iron and hercynite was
formed. Endogenous and exogenous alumina inclusions as
well as spinel exogenous inclusions sinter together and
contribute to the formation of the two clogging areas.
The higher clogging of the carbon bonded alumina

nozzle with the active alumina coating led also to less pass
of the steel melt through the nozzle. The lower flow is
attributed to the clogging layer, especially to its roughness,
the smaller inner diameter of the nozzle and the new
chemistry of the layer in means of possible local Marangoni
flow phenomena.
Correlating these clogging values to a type of ‘‘filtration

efficiency’’ in means of more particles to be deposited on
the ceramic collector surface (nozzle or filter), there is a
first indication that at least a higher filtration efficiency is
expected in case that carbon bonded filters are coated with
an alumina active coating. The interactions of the above
mentioned issues on clogging as well as the possible higher
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filtration efficiency with the aid of active and/or reactive
coatings will be investigated in the future in more detail.
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