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Post-mortem tundish skull samples of Ti-alloyed, Al-killed IF steel have been studied regarding
the formation of clogging. By using modern characterization equipment and applied methods,
we performed a detailed characterization of microstructures found in the tundish well. Aside
from the primary metallographic examination, newly developed methods of particle size
distribution analysis based on population density functions (PDF) and newly developed electron
microscope EDS template mapping have been applied, allowing differentiation of complex
particles according to phases and interphase contact relationships. Furthermore, detailed EDS
analyses of individual inclusions with complex substructure regarding minor and trace elements
within the alumina networks have been performed. These composite data on carefully selected
clog microstructures allowed us to observe the presence of layering microstructures throughout
the clog: ‘‘Coarse’’ layers (abundant microbubbles and internally complex alumina aggregates)
and ‘‘Fine’’ layers (no microbubbles and complex alumina aggregates). Two populations of
particles: Population I (2 to 5 lm) and a Population II (5 to 20 lm) build up the layers, both
having lognormal PDF, in contrast to power-law PDF of secondary metallurgy inclusions.
Coarse layers are further distinguished by selective concentrations of spinel with lognormal
PDF as well as the occurrence of complex alumina particles with metal sub-inclusions often with
elevated Cr, V, and Si content. Based on these observations, we derive a model for the origin
and accumulation of the inclusions making up the clog, which suggests that the NMI of the two
dominant populations do not come from the bulk steel, although secondary metallurgy-derived
inclusions can be traced in the clog. Overall, microstructures show that the clog behaves as a
coherent solid, and is able to displace and fracture.
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I. INTRODUCTION

IN the production of Al-killed steel grades,
non-metallic inclusions (overwhelmingly alumina
Al2O3) cause the impediment and ultimately blockage
of flow in critical places of the casting installation, which
is ubiquitously known as clogging phenomenon. While
research on causes and countermeasures to clogging is
ongoing since over 40 years,[1–5] still very little is known
about the actual formation and aggregation processes of
clogging deposits from observations in the industrial
practice.[6–8] Most current research on the formation of
clogging deposits assumes the operation of certain
physical processes and explores their development over

time using various types of modeling.[9–13] Overall, the
suggested mechanisms for the clogging origin fall into
two conflicting hypotheses:

1. attachment of particles existing in the steel bath to
the refractory or to pre-existing clogging deposit at
the location of the clogging growth (depositional
models[2,10,12–15]);

2. formation of new in situ particles at the location of
the clogging deposit, due to chemical reactions such
as reoxidation (sidewall reaction models[4,5,16–19]);

both eventually causing the termination of liquid steel
casting.
Clogging by alumina particles is known to occur in

two main structural types:

– in the form of alumina powder along refractories and
in powder-filled voids (gas bubbles[2,4,20,21]), most of-
ten in the Submerged Entry Nozzles;

– as alumina grain aggregations within the steel matrix,
which is often encountered in ladle or tundish nozzles
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and other surfaces of the casting installations, espe-
cially in the casting of Ti-alloyed steels.[1,2,7,14,16,22]

While the contrast between these two forms of
clogging deposits is well known in the industrial
practice, the reasons for their respective occurrence
and distribution in conventional casting systems are not
well understood. For loose or only slightly sintered
powder of alumina grains as often observed in SENs,
reference is often made to the non-wetting character of
the steel-to-alumina contact leading to phase separation
of inclusions from liquid metal especially as argon is
added as anti-clogging countermeasure through porous
nozzles. Yet, in the same casts, fully metal-penetrated,
aggregated alumina networks are found covering the
nozzles at which argon is injected. Given this continuing
lack of clarity on the microphysics underlying this
difference, there have been renewed efforts to study the
microstructures and formation of clogging deposits
from metallographic specimens either of experimental
samples[7] or of post-mortem samples directly from the
industrial process,[16,23] making use of the improved
capabilities of modern characterization tools compared
to the early research. Specifically, the formation of the
fully metal-infiltrated clogging deposits needs improved
understanding, as it is rich in detailed microstruc-
tures[1,2,7,14,15,23] that have not yet been adequately
explained in terms of a formation mechanism. In this
study, we want to contribute a new observational

dataset on the microstructures of these deposits, which
supports in our interpretation a very specific proposal
for the mechanism of the buildup of tundish clogging
deposits and for the origin of the non-metallic inclusions
(NMI) encountered in it.

A. The Samples

The steel is cast through a conventional caster, from
the ladle through a slide-gate regulated ladle shroud into
a 70-ton capacity tundish, feeding two casting strands
equipped with slide-gate-regulated tundish nozzles. For
the composition of the cast described here, see Table I.
From the industrial experience, it is known that this steel
tends to clog by the formation of clogging deposits in
the tundish nozzle, upstream of the regulating slide
gates. In order to sample a residual steel after casting, an
ordinary 10-heat cast series was terminated by leaving
approximately 7 tons of the steel in the tundish. For the
investigation of clogging phenomena, the steel skull has
been sampled at various locations. This study is focused
on the sampled steel skull filling the upper tundish
nozzle (Figure 1), which is known as a critical location
of clogging growth. The nozzle has an inner bore width
of 8 cm and is surrounded by a high-alumina porous
nozzle stone through which Ar is injected during cast as
a clogging countermeasure. The nozzle skull was cut
through and etched with Nital (5 pct) for visual
inspection, showing the occurrence of up to 2.8-cm-wide

Table I. Typical Composition of the Ti-Alloyed Al-Killed Steel Casts

Element C N S Al Si Ti Mn

Ppm 15 to 20 20 70 200 to 400 30 to 50 400 to 500 1100

Fig.1—A sketch of the tundish well combined with an image of the etched nozzle cross-section of the obtained skull, showing the details of
clogging deposit along the nozzle (darker gray areas). The nozzle orifice is 8 cm wide and the widest clogging thickness is 2.8 cm (upper right
corner). Numbers 1 and 2 indicate the locations of the samples taken for the present study (a vertical section along-flow and three horizontal
sections across-flow).
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clogging deposits along the margins of the nozzle. A
sketch of the tundish well, together with an image of the
etched tundish nozzle cross-section is shown in Figure 1.

Figure 1 shows the clogging deposit recognizable as
darker gray etched areas along the sides of the skull. The
deposit shows both of the above-mentioned forms of
clogging: large voids (bubbles) filled with loose alumina
grain powder, which appear black, and areas of metal
containing large numbers of NMI that form an inter-
connected network, giving the skull a dark gray appear-
ance after etching (detailed microscopic images of both
types of deposit are shown below). The general mor-
phology of the clog is similar to that described in
Reference 23 for this type of steel: the deposition
narrows down into the vertical part of the nozzle. In
detail, the clogging deposit is irregular in surface and
contains large powder-filled bubbles which appear to
align as if marking a specific transient surface. Addi-
tionally, irregular mixes of powder-filled voids and steel
containing NMI appear at the lower end of the nozzle
cross-section (Figure 1).

To investigate the clogging deposit in detail, sample
locations along the nozzle cross-section surface were
selected (Figure 1). While 16 samples along the overall
tundish skull were taken and analyzed in detail,[24] this
study concentrates on the most informative local
microstructures, shown by the two selected sample
locations (Figure 1). Three horizontal sections (1A,
1B, 1C from top to bottom) through the deposit were
made to analyze the appearance of the microstructure,
and to trace the 3D morphological shape of the clogging
deposit from the adjoining section cuts. The sections
were made with approximately 5 mm vertical distance.
Directly above, another sample was cut vertically
(parallel to the flow), where most of the various
microstructures could be observed (sample 2). All the
samples were prepared for metallographic observation
with 0.25 lm diamond finishing paste.

B. Methods

Standard reflected light optical examination has been
performed on polished samples, using Zeiss Axioplan
manual and Zeiss Z1 Imager automated microscopes
equipped with Zeiss AxioVision 4.8 software. Auto-
mated image mappings in plane-polarized reflected light,
at magnifications from 950 to 9500, have been used to
document the microstructures. Optical particle analysis
of clogging deposits has been conducted using the image
analysis functions—thresholding, segmentation, and
object measurement—in AxioVision 4.8 software. Elec-
tron imaging and microchemical analysis has been done
on a Jeol 7100F FEG SEM. Standard observations were
made under 15 kV acceleration voltage but depending
on the material supplemental observations were made
with accelerations ranging from 0.5 to 10 kV. Samples
were generally observed in BSE contrast mode showing
the chemistry (mean Z) as image contrast. Probe
currents ranged from 1 to 4 nA, depending on condi-
tions, and samples were mostly carbon coated against
charging. Horizontal spread of the excitation volume
under standard operation conditions was 1 to 1.5 lm.

Chemical analyses were performed by EDS with stan-
dardless ZAF correction using the Thermo Noran
System Six and Pathfinder analytical software. Standard
analytical counting time was 15 seconds, but prolonged
counting times up to 300 seconds were used for better
minor element detection. Automated Inclusion Analysis
(AIA) by SEM has been performed on the selected areas
of clogging deposits using Feature Sizing functions of
the Pathfinder analytical software. Particle population
data obtained by light-optical or electron-optical image
analysis, which are two-dimensional cross-section data,
were recalculated into modeled underlying three-dimen-
sional particle population data using the stereological
applet CSDCorrections (v. 1.40) obtainable at http://
www.uqac.ca/mhiggins/csdcorrections.html,[25,26] gener-
ally following procedures outlined in References 23, 27,
and 28. The stereology conversion assumes that each
particle cross-section seen in an image is the cross-sec-
tion of an individual particle, albeit not necessarily a
central section. For isolated particles in liquid steel, this
tends to be true. In the clogging deposits, the particle
volume fraction can exceed 10 vol pct, and the inter-
particle distances can be micrometers only, therefore, it
is well possible that complex-shaped clusters or den-
drites of particles intersect the observed section plane
multiple times, creating multiple independent 2D sec-
tions instead of the single particle. Conversely, it can be
observed that many ‘‘objects’’ that are treated as a single
section in image analysis, represent several originally
distinct grains in more or less advanced stage of
sintering. These effects are ignored in the applied
stereology applet, creating a systematic error in the
apparent PDFs found compared to actual 3D PDFs in
the clogging deposit. However, the direction of this
offset is known, as the coagulation and sintering of
particles is precisely the process that turns an original
lognormal size-distributed population of particles into a
power-law distributed one in the steel ladles (see
discussion in the results section). The effect of this
misrepresentation is to make the apparent observed
PDF more linear looking than the underlying real
PDF.[29] That this effect operates in this way has been
tested by experiments with manual separation of parti-
cles on selected images before image analysis, confirm-
ing that the sintering effect acts to linearize apparent
sectional PDFs (not shown in this study).

II. RESULTS

A. Horizontal Sample Set 1A, 1B, 1C

The successive microstructures of three horizontal
samples indicated in Figure 1 are shown in Figure 2 as a
set of 3 reflected light overview images. Along the
direction of the flow, the top sample is image 1A, middle
1B, and the last one is 1C. The set of microstructures in
Figure 2 represents a continuum of dynamically chang-
ing clogging deposit morphology along the nozzle bore.
The contact between deposits and edge of the nozzle
wall is indicated by the dashed line in Figure 2(1C). A
large pocket of loose alumina powder roughly follows
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the sidewall (white arrow in 1A), and the main mass of
the clogging deposit rests on this powder pocket, not on
the original refractory contact. A thin sheet of steel full
of Al2O3 inclusions lies along the original edge of the
nozzle. The main clogging deposit itself has a noticeable
content of voids (either empty or filled with alumina
powder). Further, the inner surface of the clogging
deposit to the free steel has an irregular shape, which is
particularly visible in section 1B. A remnant of a crack
in a surrounding of dense clogging deposit is visible in
section 1B (black arrow), just above a large segment of
missing clogging deposit (cf. 1C). Rounded alumina
complexes appear disconnected from the main deposit in
1B (black arrow), but must be three-dimensionally
connected with the clogging complex seen in 1A, since
they would have been transported away by the steel
flow, if disconnected. The remnant crack in sample 1B
shows that the clogging deposit behaves as a solid. Thus,
the alumina particles must be sintered together, forming
a coherent network of aggregated inclusions, which
therefore must be seen as a solid 3D structure. Our
further interpretation of these microstructures is that
there was a partial and sharp breakup of clogging
deposit (1A to 1C). Roughly 12.5 mm of clogging
material has been taken away by the stream of a liquid
steel over a distance of ~ 2 cm along the tundish nozzle.

1. Summary
The clogging deposit is an accumulation of inclusions

where the individual Al2O3 particles are strongly sintered
together forming a 3D structure. The clog therefore can
behave like a solid, evenwhen subjected to such a dynamic
steel flow in a tundish outlet. Moreover, at unknown time
during casting, the clog can fracture and potentially feed
large fragments back into the cast steel flow.

B. Sample 2: Parallel to the Tundish Nozzle Steel Flow

Sample 2 from the tundish nozzle seen in Figure 1
was cut along the flow direction. A reflected light
optical full-sample overview image is shown in
Figure 3. The inclusions embedded in the steel
matrix are not homogeneously distributed but show
a characteristic inner structural variety. The overall
clogging deposit is ~ 9 to 13 mm thick, but it is
interrupted by conspicuous areas of inclusion-free
steel, as well as large voids (bubbles). Many of these
microstructures have been seen already in the earliest
descriptions of such clogging deposits,[1,2,15] also in the
recent analysis of Reference 23 yet have not found
systematic attention. Thus, the following subchap-
ters focus on the details of the most informative
clogging structures regarding the question of origin
and formation of given networks. Areas of interest are
marked with black outlines on Figure 3 as region
1 and 2.

1. Region 1: the layering
A magnification of region 1 of sample 2 (Figure 4)

shows the alumina heterogeneity within this location.
The inclusions in this region have formed a very explicit
microstructure of regularly alternating layers. Such
layering was not only observed in Figures 2, 3 and 4
but also in other samples across the tundish skull. As
this phenomenon is barely described in the present
literature, yet has direct implications for the formation
of the clogging deposit as a whole, it is characterized
here in detail:

– the first type of layers contains coarse inclusions
accompanied with small microbubbles, (in brief we
will call it ‘‘Coarse layer’’);

Fig.2—A set of overview images of the samples taken horizontally from the tundish nozzle, where the sections 1A, 1B, and 1C represent the cuts
along the sidewall from the location indicated in Fig. 1. The scale bars have a length of 5 mm. The white dashed line in section 1C indicates the
location of the nozzle bore edge. White arrow in image 1A points out the pocket of loose alumina powder. Black arrows in image 1B indicate
remnant crack in clogging deposit as well as unconnected round alumina cluster (see discussion in the text).
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– the second type of layers contains fine, densely packed
inclusions and generally no microbubbles (in brief we
will call it ‘‘Fine layer’’).

There is an additional layer of relatively fine-grained
alumina particles running along the inner surface of the
described layering region, which discordantly cuts
across the layering structure (black arrows on Figure 4).
This part of the deposit must therefore have been
deposited later than the layered complex, and in brief we
will call it ‘‘Overgrowth layer.’’ From the observation of
this whole microstructure it can be concluded that
formation of this part of clog was clearly consecutive
during the process.

In order to quantify and compare the inclusions of
Coarse and Fine layers in this region, we performed
particle size distribution analyses on the fine-scale
microstructure shown in Figure 4. The layered complex
has been divided into 7 distinguishable layers, according
to their morphological characteristics (Figure 4): Layers
no. 2, 4, and 6 are Fine layers, whereas layers no. 1, 3, 5,
and 7 are Coarse layers. Particle sizes have been
measured directly from the optical images (see Methods)
at original magnification as seen in Figure 4 (insets).
Two areas from layers 2 and 4 were taken as

representatives for the Fine layers, and two areas of
layers 3 and 5 for the Coarse layers. Additionally, an
area of the Overgrowth layer was taken for comparison.
The measurement data are summarized in Table II.
The optically observed cross-sectional data have been

converted into population density functions (PDFs)
(Figure 5). Population density functions have been used
recently in analysis of NMI in steel as their properties
are directly controlled by the chemical and physical
processes shaping the particle populations. Previous
work on NMI distributions in liquid Al-killed steel has
shown that there are two different types of size distri-
butions frequently occurring, that are linked to two
different physical processes governing their develop-
ment.[27,30] The formation of new alumina particles in
steel, as happens during deoxidation, involves net
material transfer from the solution (steel) to the growing
particulate matter. Such net transfer growth leads to
lognormal size distributions, in which the logs of particle
sizes are normally distributed. Such lognormal size
distributions are recognizable on a double-log PDF
diagram (such as Figure 5) by their hump-shaped,
inverted parabolic form. In contrast, in a steel in
chemical equilibrium, the competition between physical
forces clustering alumina particles together (interfacial
tension/non-wetting behavior) and forces tending to
break clusters up (microturbulence of the steel) creates a
power-law size distribution, which is recognized on

Fig. 3—Full-sample reflected light overview image of sample 2.
Contact to the porous nozzle stone at right side, inner nozzle (free
steel) at left side. Flow direction (down towards the sliding gate) and
the region of interests are indicated with an arrow and squares 1 and
2, respectively.

Fig. 4—The layering structure of clogging deposit of region 1 in
Fig. 3, introducing the Coarse and the Fine layers. The layers are
outlined by dashed lines, and are numbered at the top of the image.
Exemplary microstructures at full resolution (9200 magnification)
are shown by small images below: left image represents the Coarse
layer and right image the Fine layer. An ‘‘Overgrowth layer’’ is
indicated by black arrows.
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double-log PDF plots such as Figure 5 as a linear
distribution type, in agreement with theoretical model-
ing.[29] A growing body of observations from liquid steel
within the ladle[28,30,31] indicates that alumina NMI in
liquid steel universally have such power-law, linear
appearing PDFs. If the NMI in clogging deposits were
simply a sample of the NMI inherent in the steel passing
by, this linear size distribution type would be expected to
reappear in the clog inclusions. Conversely, if the clog
were formed as the result of some form of local
reoxidation, e.g., by air ingress creating the clogging
inclusions freshly at the location where they are seen,
then a lognormal PDF would be expected, as this would
be a local net transfer reaction. This constitutes the
motivation for our application of particle characteriza-
tion by PDFs to the clogging deposit. The general types
of all the measured PDFs in Figure 5 are lognormal,
showing a unequivocal curvature over the size range
from 1 to 30 lm. This contrasts strongly to NMI
floating in the steel during secondary metal-
lurgy.[27,28,30,31] Figure 5 shows the Reference Line

defined by Reference 25 for such power-law PDFs of
the NMI from the secondary steel making for compar-
ison. The observation that the inclusions of clogging
deposit from the tundish nozzle generally have lognor-
mally distributed sizes is in agreement with the inclusion
measurements of Reference 23 on the same steel.
Further, the visually apparent Coarse and Fine layers

have systematic differences in size distributions (Fig-
ure 5). In the Coarse layers, there is significant amount
of very large objects (>30 lm), which on inspection tend
to be microbubbles, sometimes with attached alumina
grains along their surfaces. The Coarse layers also
display a higher amount of alumina particles than the
Fine layers at sizes > 10 lm. The occurrence of these
large complexes (both bubbles and large clusters) is
what creates the visible distinction between the two
kinds of layers.
Moreover, the Overgrowth layer shows the biggest

difference to both the Coarse and Fine layers by having
no large clusters above 20 lm at all. Further, it has the
highest amount of small inclusions and a lower amount
of inclusions in the range from 5 to 20 lm. These
characteristics imply that this layer is least affected by
possible Ostwald ripening effects which would decrease
the fine particle numbers in favor of bigger particles.
Thus, the Overgrowth layer seems to be the youngest of
the microstructures visible in Figure 4, which is also
consistent with its location at the inside of the layered
deposit as a whole. The lognormal type of the PDFs
observed throughout the layered complex suggests that
the inclusions captured there were formed by nucleation
and growth, but not subjected to PDF linearization
processes, such as collision/breakup in liquid steel. This
is shown by comparison to the power-law Reference
Line in Figure 5, which represents typical linearized
NMI PDF from the steel during secondary
metallurgy.[28]

2. Summary
Microscopy of the clogging deposit showing the

presence of layering has been introduced in this study
in detail. Two distinct types of layers have been found:

– the Fine, which contains densely and homogeneously
distributed alumina particles, with few bigger inclu-
sions and no microbubbles

– the Coarse, which is characterized by the higher
amount of the bigger inclusions and the presence of
microbubbles.

Table II. Basic Observational Data for the Optical Particle Size Measurements (Figure 5)

Layer 2 Fine Layer 4 Fine Layer 3 Coarse Layer 5 Coarse Overgrowth Layer

Observed Area mm2 3.6 2.2 1.9 1.7 0.75
N (Particles) 15,830 8920 8356 5545 3459
Av. Equ.
Diameter lm

4.7 4.9 5.3 5.6 4.1

N/mm2 4449 4124 4353 3342 4579

Fig. 5—Particle size distributions of alumina particles based on the
optical segmentation in region 1 (from Fig. 3) in sample 2, with the
distinction for two Coarse (filled symbols), Fine (open symbols) and
the Overgrowth layer (gray triangles). For comparison, the PDF of
alumina NMI in the same steel during steelmaking are also plotted
as gray lines (from Ref. [28], a selected exemplary heat). The heavy
gray line is the ‘‘reference line’’ for floating alumina, as defined by
Ref. [28]; light gray lines give an indication of the scatter of data in
a single heat (ladle and tundish).
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Those findings are illustrated by the PDFs of the
measured layers. Additionally the Overgrowth layer,
crosscutting the pre-existing layering complex, shows
the finest alumina particle population, which is consis-
tent with the microstructural age sequence.

3. Region 2: template mapping on the layering struc-
ture

The layering structure of region 1 shown in Figure 4
contains only a small fraction of sample 2 (Fig. 3), but
the same form of layered clogging microstructure has
been found in other parts of the clogging deposit.
Because the central part of sample 2 shows the thickest
continuous sequence of layers along the nozzle (Fig-
ure 6, region 2 in Fig. 3), it has been chosen to measure a
complete quantitative profile of the layering microstruc-
ture from the sidewall contact to inner clog surface. This
profile was quantified using EDS template mapping due
to the superior spatial resolution of the SEM compared
to optical microscopy, allowing more precise character-
ization of the particle populations. An overview of the
second layering clogging structure in sample 2 is given in
Figure 6, together with an outline of the layering visible
there. A repeating sequence of Coarse (1, 3, 5, 7) and
Fine layers (2, 4, 6, 8) counting from the refractory
inwards is present. The EDS template mapping has been
performed across the entirety of the layered clogging
deposit as it can be seen in Figure 6 (rectangles A, B, C).
In template mapping, the area of analysis is viewed
frame by frame under the SEM in back-scattered
electron (BSE) mode, in which inclusions appear dark
and steel bright. The frame is segmented by brightness
to define regions of interest (the NMI) and only these

regions are mapped by standard SEM EDS spectral
imaging, greatly increasing measurement efficiency. We
used a magnification of 91000 yielding an effective pixel
size of 0.245 lm. NMI populations in rectangles A, B, C
were morphologically characterized by standard image
analysis functions. The EDS net count intensities of Al,
Mg, and Ti, integrated by Pathfinder routines, were used
as R, G, B channels of multichannel images, and the
composition was measured as color in the image
analysis. The retention of compositional information
as maps has advantages over standard automated-SEM
composition measurement per particle as it allows
subdivisions of complex particles and morphological
operations such as analysis of interphase contact rela-
tionships. Population properties could then be measured
per phase (location, equivalent circular diameter, circu-
larity/aspect ratio, fiber length, and perimeter-to-area
ratio for complex-shaped clusters). To isolate the spread
of Ti contents in alumina particles, the occurrence of
TiN as an overgrowth phase on some NMI was removed
by re-segmenting the original BSE framesets excluding
the relatively bright TiN (which also removed the very
rare MnS or TiSx overgrowths). Due to the size of the
EDS excitation volume, some Ti signal from TiN can
overlap into real alumina particles, where the nitrogen
peak served as a marker for removal of such spots.
An exemplary template mapping BSE image is shown

in Figure 7 (rectangle A). Rectangle A contains the area
directly in contact with the porous nozzle stone, and
covers both types of already described layers: the
Coarse—layer 1 and the Fine—layer 2 (Figure 6). At
the irregular refractory contact there is a bubble filled
with loose, granular alumina. At the transition between
Coarse and Fine layers (1 and 2), the inclusion number
density sharply decreases and is followed by a more
massive but still fine-grained NMI microstructure.
Particle size distributions were calculated as PDFs
separately for each layer. For the Coarse layer 1, the
distance of 0.25 to 1 mm from sidewall contact was used,
and for the Fine layer 2, the distance of 1.5 to 2 mm (see
Figure 7). The basic observational data for this complex
are given in Table III. The PDF’s for both layers are

Fig. 6—Enlargement of region 2 of sample 2 shown in Fig. 3
(reflected light optical image). Coarse and Fine layers are outlined in
the upper part of the image. Rectangles A, B, and C indicate the
areas analyzed by EDS template mapping in detail.

Fig. 7—Rectangle A of the template mapping profile across the
clogging deposit (see Fig. 6) Scale bar is in mm at the bottom. The
contact to the nozzle is at right.
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shown in Figure 8(a). Data below 1 lm equivalent
diameter (below 4 9 4 pixels on the image) are
discarded as they can be affected by artifacts of the
image. Typical error of the PDF curves is ± 0.1 Ln
units at Ln PDF = � 8, and ± 0.5 Ln units at Ln
PDF = � 17. As spinels were segmented out based on
the Mg EDS signal, the same PDF analysis has also
been done for the spinels. The resultant PDFs are
shown in Figure 8(b).

The data shown in Figure 8 give a more precise view
of the morphological differences between the NMI in the
Coarse and Fine layers compared to the optical data
shown in Figure 5. As it was already broadly concluded
previously, all the measured NMI are lognormally
distributed in contrast with the power-law size distribu-
tions of NMI from the secondary steelmak-
ing.[23,27,28,30,31] Compared to the optically determined
PDFs, the SEM-derived data show more complex
differences between the two types of layers. As it can
be seen, the Coarse layer (1) has a higher frequency of
larger alumina particles in the range of 5 to 30 lm,
whereas the Fine layer (2) has higher frequencies of
small alumina particles in the range ~ 1 to 5 lm.

Moreover, the shape of both distributions appears to be
a stack of two separate populations both having the
characteristic curvature of lognormals, with a crossover
at ~ 5 lm equivalent grain size. The Fine layer shows the
visible kink in the distribution at 5 lm indicating that
the larger population is still present, but at a lower
frequency. The Coarse layer not only has more of the
larger particles, but also less fine alumina particles than
the Fine layer. We define the apparent subpopulation
with grains < 5 lm as Population I, and the other
lognormal PDF segment with grains > 5 lm as
Population II, both present in all layers. The contrast
between the Coarse and Fine layers is also visible in the
spinel PDFs: in both layers spinel PDFs are relatively
close to ideal lognormals but the Fine layer has
significantly smaller spinel grains and less of it. The
same treatment has been applied to the NMI data in
rectangles B and C (Figure 6). Rectangle B starts in Fine
layer 2 and extends up to the Coarse layer 7; rectangle C
runs across the innermost edge of the clogging deposit.
The results for all the observation areas together are
shown in Figure 9; basic observational data are given in
Table III.

Table III. Particle Measurement Data for the Template Mapping Transect

Layers
Coarse/Fine

Observation
(mm2)

Number of
Aluminas

Number of
Spinels

Area fraction
Alumina Pct

Area Fraction
Spinel Pct

Layer 1 C 1.13 4284 2188 10.2 0.80
Layer 2 F 0.75 3806 719 6.1 0.22
Layer 3 C 2.715 10,640 3067 6.76 0.57
Layer 4 F 1.43 6169 1702 6.69 0.30
Layer 5 C 1.49 6568 2372 7.34 1.00
Layer 6 F 0.63 2798 1204 7.08 0.60
Layer 7 C 0.47 4506 2645 9.43 1.67
Layer 8 F 0.475 5169 2134 9.45 0.95

Fig. 8—Size distributions of NMI particles within the Coarse layer 1 (filled symbols) and the Fine layer 2 (open symbols) of the layering profile
(rectangle A). (a) (Left) represents alumina grains, (b) (right) the spinel grains, based on the EDS template mapping segmentation. Dashed lines
in the alumina graph are lognormal fits to the data of Coarse layer 1, for the segments from 1.5 to 5 lm (Population I) and from 5 to 20 lm
(Population II), respectively, to illustrate the interpretation of the complex PDF shape as a superposition of two lognormal populations.
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For alumina, each PDF is based on between 1000 and
10,000 particles; for the less frequent spinel nearly all
datasets have over 1000 particles. Figure 9 shows that
the lognormal PDF shapes characterize the entire
deposit. In detail, however, the PDF curves of Coarse
and Fine layer microstructures vary significantly. Pop-
ulation II is consistently higher in the Coarse layers than
in the Fine layers. Conversely, Population I is higher in
the Fine layers than in the Coarse layers. The innermost
layer pair, L7 and L8 stands out by having markedly
higher particle frequencies at low sizes than all the
previous layers. This is comparable to the character of
the Overgrowth layer in the above-described layering
complex (region 1 of sample 2, Figure 3, 4 and 5). Close
inspection of the lognormals of Population I (2 to 5 lm)
in Figures 8 and 9 (layers L1 to L6) shows that the
curves are not symmetric lognormals but the small-size

limb is dropping far steeper than the large-size limb.
This is the characteristic feature of Ostwald ripening
acting on the size distribution, in which large numbers of
small inclusions dissolve for only an insignificant rise in
the amount of large inclusions, introducing a skewness
into the PDF (drop in variance[23,32]). The higher
frequencies in the fine grains of L7-L8 (similar to the
Overgrowth layer) suggest that these innermost layers
have been affected less by Ostwald ripening than the rest
of the clogging deposit, and have formed last, which is
consistent with its positions on the inner clog surface.
The mineralogical diversity of the Coarse/Fine layer

couples can also be shown by tracing specific composi-
tional types of inclusions (see also below, section EDS
analysis). Spinel, segmented out on basis of the Mg
signal, is shown in the PDF plots above (Figures 8 and
9), but the PDF curves do not show the relative
abruptness of the phase makeup variations across the
layers. In the EDS template mapping, the locations of
the compositionally distinct particles are identified, and
thus, number density profiles can be constructed across
the layers for each compositionally distinct particle type.
Figure 10 (right) shows an example for this. For
alumina, it was found that while most alumina grains
are chemically pure, a small number of alumina grains
have a distinct and well measurable content of Ti of ~ 2
wt pct if measured as TiO2. These Ti-enriched alumina
grains (noted also by References 23 and 33 in clogging
deposits of the given type of steel) occur throughout the
clogging deposit, and due to the Ti signal they can be
segmented out in the template mapping, as shown on the
example frame in Figure 10 (left). These grains can still
be distinguished from TiN-associated alumina based on
the absence of a N signal as described above. Figure 10
shows a number density profile (particles per square
mm) using the data of rectangle A, covering layers 1
(Coarse) and 2 (Fine) at the refractory contact. The data
show that the Ti-rich alumina fraction closely follows
the overall amount of alumina. Irrespective of layer

Fig. 9—Layer by layer particle size distributions as PDF curves of
rectangles A, B, and C. Black symbols are Coarse layers (L 1, 3, 5,
7); white symbols are Fine layers (L2, 4, 6, 8). L1 is the refractory
contact, L8 is the innermost edge of the clogging deposit.

Fig. 10—(a) exemplary frame of the template mapping showing the occurrence of the chemically distinct inclusion types. In this map, Red = N,
Blue = Ti, Green = Mg; Al is given as gray background color at half intensity to make the alumina grains visible. The spinel grains are visible
as green particles. TiN are visible as red-pink grains from overlapping Ti and N signal. Two compositional varieties of alumina can be
distinguished: chemically pure alumina appearing as gray; and Ti-rich alumina with a visible blue color due to minor Ti content (~ 2 wt pct TiO2

in spot analyses). (b): image shows the phase occurrence of alumina, spinel, and Ti-rich alumina in an example for the contrast between Coarse
and Fine layers. The profile shown is the data block of rectangle A, with the refractory contact at right side (refer to Fig. 7 for the refractory
border: up to—500 on the horizontal axis). Layers 1 (Coarse) and 2 (Fine) are visible. The number density shown is the number of particle
cross-sections per square mm from a moving window of 200 lm across the rectangle width.
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type, they constitute ~ 5 pct of all alumina grains. In
contrast, the spinel grains are highly enriched in the
Coarse layer 1, but much lower in the Fine layer 2: the
drop-off is from 34 pct of all particles in Coarse layer 1
to 16 pct of all particles in Fine layer 2 (due to the much
smaller size of the spinel grains, this is volumetrically a
drop from 7.3 to 3.4 vol pct of the inclusion volume;
Table III). Thus, the layers are not only distinct in their
overall population densities but also show phase
makeup variations from layer to layer (similar varia-
tions in spinel have been observed in the other layer
pairs, which is not shown).

4. Summary
Within the vertical clogging cross-section in the

tundish nozzle of sample 2, a layering microstructure
comprising eight distinct layers (alternating Coarse and
Fine pairs) has been found. These layers show consistent
patterns in their respective size distributions (PDFs).
The PDF curves of all the layers show two superim-
posed populations of particles, each having a lognormal
distribution, in contrast to power-law alumina in sec-
ondary steelmaking. Application of the superior-resolu-
tion SEM template mapping method allowed a precise
characterization of the particle PDFs of both types of
layers. Population I dominates inclusions from 1 to 5
lm and Population II upwards of 5 lm. The previously
described restriction of bubbles to Coarse layers implies
that the layering sequence is a repetition of four units,
each containing a single Coarse and a single Fine layer.
An EDS mapping of inclusions across the whole
sequence shows that the layering is also expressed in
variable phase fractions, with twice the amount of spinel
in the Coarse layers in comparison to the Fine layers. In
contrast, the Ti-enriched alumina particles are dis-
tributed equally across all layers and make up ~ 5 pct
of all alumina grains within the layering microstructure.

5. Minor element analysis of individual alumina grains
in the layering structure

To understand the origin of Coarse and Fine layers in
the clogging microstructure of sample 2, a detailed SEM
EDS analysis of inclusions within the layers of region 1
(Figure 4) was performed. It was found that high-res-
olution analysis of individual particles resulted in
observations which have direct implications for the
origins of the layering microstructure. The majority of
observed particles have a regular composition (pure
Al2O3) and familiar shapes: spherical, plate-like, clus-
tered, similar to the classification of Reference 34. An
exemplary, regular alumina observed in the layering
microstructure can be seen in Figure 11(a)). A signifi-
cant part of inclusions, however, showed an irregular
appearance characterized by metal or complex metal/
oxide sub-inclusions encapsulated within the alumina
grains. This phenomenon was observed most frequently
in particles belonging to the Coarse layers; however, a
few of these alumina inclusions with metal sub-inclu-
sions also were found in the Fine layers. Such an
irregular Al2O3 particle is shown in Figure 11(b). The
SEM EDS analyses, performed on encapsulated metal
sub-inclusions within particles of the Coarse layers,

show that the compositions of these sub-inclusions
contain distinct traces of Cr, V, and Si, which are absent
from the steel matrix. A representative EDS spectrum
from such a metal sub-inclusion displaying Si, Cr, and V
content (in addition to Al and O from the encapsulating
particle) can be seen in Figure 11(d)). Another feature
characteristic of these complex alumina inclusions is the
occurrence of empty voids within their microstructure.
These internally complex alumina particles with metal

sub-inclusions appear to form a distinct particle popu-
lation compared to the Ti-enriched aluminas that are
found to be homogeneously distributed throughout the
deposit in the EDS template mapping (see above). The
Ti-enriched aluminas have cores with enhanced TiO2

content, making them noticeably brighter in BSE
images, and can also have cores with complex inclusion
substructure, often in a crystallographically controlled
alignment. An example for this is shown in Figure 11(c).
These Ti-enriched grains often have very thin outer rims
in which the alumina is pure, without detectable Ti.
Characteristic for this inclusion variety is the absence of
traces of Cr, Si, and V.
SEM EDS chemical analyses of the observed metal

sub-inclusions in alumina grains have been done. To
increase detection limits for minor and trace elements, we
used enhanced acceleration voltage of up to 20 kV and
prolonged counting times of up to 300 seconds. In many
cases, minor element concentrations in the sub-inclusions
were high enough to be accurately measured within 30 to
40 seconds counting times. For the elements Cr, V, and Si
this resulted in effective detection limits (signal > 3 r
fluctuation from the background) of 0.025 wt pct Cr,
0.025 wt pct V, and 0.07 wt pct Si (309, 300, and 461, net
counts forCr,V, andSi, respectively—seeFigure 12). For
Si, this detection limit is largely givenby a small amount of
Si signal imprinted onto the measurements from the
Li-doped Si high-count-rate detectors.
In total, 104 analyses of metal sub-inclusions within

alumina particles belonging to the Coarse layers have
been performed. Some of the sub-inclusions were
smaller than the excitation volume of the electron beam
under the chosen conditions. Thus, the raw measure-
ment signal from the sub-inclusions is affected by the
relative amount of encapsulating alumina in the excita-
tion volume. To account for this, the intensity of Fe
signal from the sub-inclusions was used to indicate the
size of the sub-inclusion metal, affecting the intensity of
Cr, V, and Si that could be measured from the
sub-inclusions. The diagrams in Figure 12 display the
net counts of Fe vs Cr, V, and Si measured in the
sub-inclusions accordingly, showing all analyses from
the Coarse layers. The average 3 r detection limit has
been plotted in Figure 12 as well.
As it can be seen in Figure 12, Cr, V, and Si net counts

commonly exceed the 3 r fluctuation level of the back-
ground, and are a real part of the composition of these
sub-inclusions. Moreover, as is shown by the arrange-
ment of the measurements on the diagrams, metal
sub-inclusions seem to fall into two groups outlining
different trends. One group is characterized by elevated
Cr, but with relatively low Si net counts, whereas the
second group shows the reverse: elevated Si net counts,
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but relatively low Cr ones. However, the analyses of both
trends have been found in the close vicinity of each other.
As V is the hardest element to detect, its analyses stay
relatively scattered. This feature is displayed when these
analyses are plotted as (Cr/Fe) net counts vs (Si/Fe) net
counts ratios (i.e., as relative concentrations), by two
protruding arms enriched purely in Si or purely in Cr
separately (Figure 13(a)). Additionally, the analyses of
(Cr/Fe) net count ratios observed in the metal sub-inclu-
sions in some of the inclusions in the Fine layers have been
plotted, for comparison (Figure 13(b)). The result is that
analyses from the Fine layers show only a few composi-
tions with detectable Cr, V, and Si. Quantification of the
analyses shows that the average Cr content in sub-inclu-
sions inCoarse layers is 0.14 at. pct, while forFine layers it
is 0.03 at. pct, which is ~ 5 times less.

6. Summary
It has been found that the layering microstructure

from the tundish nozzle clogging sample 2 is not only
visible in the PDFs (Figures 5 and 8), but also can be
traced by the microchemical examination of the complex

alumina grains within the layers. This is found in the
distribution of individual inclusions with metal sub-in-
clusions enriched in Cr, V, and Si content, which occur
nearly exclusively in the Coarse layers.

III. DISCUSSION AND CONCLUSIONS

In the present study, a number of relevant observa-
tions of tundish nozzle clogging deposits sampled after
casting have been made. The observed microstructures
showed the following:

– Solid behavior of the clogging deposit as a unit and its
lateral breakup followed by removal during casting
(Section II–A);

– Presence of the layering microstructure (Coarse and
Fine layers), which implies its depositional character
during the casting process (the layers form an age
sequence) (Section II–B–1);

– Lognormal size distributions of all of the inclusions
found in the tundish nozzle deposit, in contrast to the

Fig. 11—Exemplary SEM BSE images of (a) regular Al2O3 particles devoid of substructure and chemically pure; (b) Al2O3 particle containing
metal sub-inclusions with Cr, V, and Si content and voids (black), from a Coarse layer; (c) Al2O3 particle rich in distinct Ti phases but without
traces of Cr, V, and Si; (d) EDS spectrum of a metal sub-inclusion in the particle shown in (b), showing explicit Cr, V, and Si peaks.
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power-law distributions of NMI in the ladle (sec-
ondary metallurgy) (Sections II–B–1 and II–B–2)

– Presence of two distinct lognormal particle popula-
tions within both Coarse and Fine layers, which can
be seen in PDFs: Population I (1 to 5 lm) and Pop-
ulation II (> 5 lm). Moreover, the PDFs of Coarse
layers showed more of the Population II than the Fine
layers. The two populations require distinct sources
for each of them. The layering is not caused by one
population gradually changing size (Section II–B–2).

– Spinel occurrence as a second phase in the clogging
deposit which is much more concentrated in the
Coarse layers, in contrast to the Fine layers (Sec-
tion II–B–2)

– Repetition of the microstructure after every two lay-
ers; Coarse and Fine layers constitute a pair (distin-
guished by microbubbles, spinel occurrence, and
relative abundance of the two alumina populations)
(Section II–B–2)

– Alumina particles with distinct Ti content. The Ti
appears as ~ 2 wt pct TiO2 homogeneously distributed
in the grain, or combined with distinct Ti-rich phases
(TiN, (Ti,Al)2O3). The Ti-enriched particles occur
evenly distributed across the whole deposit without
variation between Coarse and Fine layers (Sec-
tion II–B–2 and II–B–3)

– The Coarse layers almost exclusively contain alumina
particles encapsulating metal sub-inclusions. The
composition of these sub-inclusions shows significant
traces of Cr, V, and Si content. This type of alumina
grains is largely absent from the Fine layers (Sec-
tion II–B–3)

Microstructures such as alumina inclusions embedded
in the steel matrix, alumina powder, and microbubbles
filled with it have been observed already in 1968[1] and
1974[2] in the same form as observed in this work, and
can therefore be assumed to be widespread in the
continuous casting of Al-killed steel. Clustering of
alumina in liquid steel in the ladle has been analyzed
already in 1999[6] and has found recurring attention until
today[9,14,35] but not applied to clogging formation
understanding. With the significant improvement in
the technology used to examine the observed
microstructures since the early studies[1,2], it is now
possible to directly investigate the formation of observed
clogging microstructures (see also Reference 23).
The observations presented in this study provide a

new way of looking at the possible formation mecha-
nisms both for the clogging deposit grown in this
Ti-alloyed IF steel as well as at the origin of the
inclusions found within the clogging microstructures.
The most important finding is that all the inclusions in
the clog are conforming to lognormal size distributions,
in contrast to secondary metallurgy inclusions. Thus,
most of the inclusions making up the clog must have
formed by new processes of nucleation and growth,
which had not yet taken place when the steel was still in
the ladle (see Figure 14 for a proposed sketch of the
development of the inclusion PDFs).

Fig. 12—The scatter plots of the net counts of minor elements
present in the metal sub-inclusions in the Coarse layers: (a) Cr vs Fe,
(b) V vs Fe, and (c) Si vs Fe, where effective detection limits are
displayed (3 sigma levels at 309, 300, and 461, net counts for Cr, V,
and Si, respectively).

Fig. 13—Comparison of scatter plots of the metal sub-inclusions
analyses in two distinct groups of layers: (a) the (Cr/Fe) vs (Si/Fe)
net count ratios of the Coarse layers; (b) net counts of (Cr/Fe) vs
(Si/Fe) in the Fine layers.

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 50B, AUGUST 2019—1715



Further, based on the measured PDFs, we observe
that the inclusions can be grouped in two separate
lognormal populations: Population I (1 to 5 lm) and
Population II (>5 lm). This finding implies that except
the secondary steel making inclusions from the ladle,
there must have been at least two distinct origins of the
NMI (Figure 14. locations 2 and 5). The presence of
secondary metallurgy-derived inclusions has been traced
in the occurrence of Ti-enriched inclusions, which are
equally distributed throughout the clog. These inclu-
sions represent remnants of the Ti alloying stage in the
ladle (Figure 14 location 1).

Clear evidence has been found for the origin of
lognormal Population II. It occurs with the highest
population density in the Coarse layers, where it is
associated with microbubbles, elevated concentrations
of Spinel, and alumina clusters with sub-inclusions
containing Cr, V, and Si traces. The microchemical
characteristics of these inclusions point towards a
derivation from the interaction between well filler sand
and steel (a chromite-silica sand was used in the cast[24]):
During the reaction of the filler sand with the steel[36]

coming from the ladle, the liberated oxygen of the sand
combines with dissolved Al from the steel and forms a
new population of alumina grains. Those new grains
formed at the reaction interface, where the local steel
rich in Cr, V, and Si is captured and encapsulated in
them as observed sub-inclusions (it is the only possibility
along the liquid route of the steel where Cr, V, and Si

become available together). Simultaneously, the non-re-
ducible part of sand chromite remains behind as spinel,
which is entrained into the steel. Both features (metal
sub-inclusions and residual spinel) get formed together
and are observed to occur together in the Coarse layers
of the clog (see Figure 14: inclusions with lognormal
characteristics from locations 2 and 5 combine to form
the Coarse layers in location 6a).
In contrast, the origin of the Population I particles

dominating in the Fine layers is less clear. The lognor-
mal character of this population indicates that it does
not come from secondary metallurgy. The absence of
specific mineralogical or microchemical characteristics
makes it impossible at this point to narrow down their
source in the casting process. However, because it must
have formed by nucleation and growth, it is likely due to
some form of reoxidation of the bulk steel during
casting (Figure 14 location 5).
The main finding in the clog is the presence of layering

microstructures. The consistent repetition of Coarse and
Fine layers there directly proves that the clog as a
coherent feature has been built up by depositional
processes. Its growth is layer by layer. In fact, the
Coarse–Fine layer pairs, with evidence for the well filler
sand interaction in every Coarse layer, appear to
represent beginning and end of each new ladle cast in
the series (Figure 14 loc. 6a, 6b). Each new ladle brings a
new batch of well filler sand into the tundish, which is
reflected in the formation of a new Coarse layer, with

Fig. 14—Sketch of the proposed formation of the inclusion size distributions across the casting installation observed in the clogging deposits. At
the left side, a schematic steel-filled ladle is drawn (1), with well filler sand at the bottom (3) and a volume of steel reacting with it (2). Later, the
ladle is discharged during casting into the tundish (4) and the remains of zones 2 + 3 are moving over the tundish bottom (5). The clog (6) is
growing in the tundish nozzle. The two right-side columns are sketches of the PDF plots of the steel from the different zones (1 to 6).
Lognormal Populations I and II are formed in zones 5 and 2 and together build up the clog PDF (6) with a variation from early heat discharge
(6a, Coarse layers) to late heat discharge (6b, Fine layers) creating the observed layering contrast.
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microbubbles, enhanced spinel amounts, and Cr, Si, and
V traces. Coarse and Fine layers make up roughly equal
portions of the entire clog volume, which means that
about half of the clog grows specifically in the beginning
time of each new heat.

Once formed, the observed structures show that the
clog behaves as a coherent, semi-solid unit. This is
shown by the fractures and detached pieces of the clog
material in the three sequential samples (Section II–A).
It implies that relatively large blocks of already formed
clogging material can be re-entrained into the steel flow
and can eventually contaminate the final steel product.
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