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Diﬀerent mathematical models were suggested to calculate the transport phenomena of
non-metallic inclusions during continuous casting of steel, but there are no experimental data at
the process scale available to evaluate the models. This paper is to provide an experimental
benchmark to evaluate those models. It includes the most necessary casting process parameters
for a heavy continuous-casting (CC) slab and the ﬁnal result on the spatial and size distribution
of macroscopic non-metallic inclusions (MNMIs) in the as-cast slab. The MNMIs with diameter
larger than 50 lm inside the CC slab were in situ detected through a fast-detection platform
(FDP). The casting sample (half width of the slab 1150 mm 9 300 mm of entire slab
thickness 9 75 mm in casting direction) were ground slice by slice with the maximum resolution
of 1 mm; the morphology of the MNMIs was metallographically analyzed and the number of
the MNMIs of diﬀerence size classes was counted; ﬁnally, the (3D) spatial distribution of
MNMIs of diﬀerence size classes in the casting sample was reconstructed. Further information
about the distribution of MNMIs was reported as well: (1) typical morphologies of independent
nearly spherical MNMIs, ‘‘bubble + NMIs,’’ irregular-shaped MNMIs, and cluster MNMIs;
(2) the size distribution of MNMIs along the thickness direction in both vertical section and
bending section; (3) a probability number density function of MNMI diameter.
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I.

INTRODUCTION

THE study of non-metallic inclusions (NMIs) is of
increasing importance since the properties of steel
products depend largely on the amount, size, distribution, composition, and morphology of NMI defects that
are mainly formed during continuous-casting (CC)
process.[1–4] It is generally believed that the transport
of NMIs and entrapment of them by the solidiﬁed steel
shell mainly depend on the turbulent ﬂow, solute
concentration, temperature, and solidiﬁcation of steel
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in the CC mold.[5–8] Progress in computational ﬂuid
dynamics (CFD) techniques allows for the simulation
and modeling of NMI transport in complex ﬂow
conﬁgurations of mold.
Extensive numerical studies of the transport of NMIs
inside the CC mold have been performed.[5–13] Pfeiler
et al.[6] established a general model to describe the
motion of particles during solidiﬁcation in a steel
continuous caster, considering the mushy zone morphology (columnar) and various forces acting on particles. Thomas et al.[7] considered normal and tangential
force balances involving ten diﬀerent forces acting on an
NMI in the solidiﬁed front, and the primary dendrite
arm spacing (PDAS) was considered for the NMI
entrapment. Lee et al.[9] studied the eﬀect of thermal
Marangoni force for the behavior of argon bubbles at
the solidifying interface, revealing that the thermal
Marangoni force could play an important role in the
entrapment of argon bubbles. Liu et al.[10–12] developed
a new criterion for particle entrapment in the solidiﬁcation front. The transient motions of single and cluster
NMIs in a vertical-bending caster were studied.
Recently, Barati et al.[13] established a numerical model
to study the transient clogging process of nozzle,
indicating that the clogging is a stochastic and
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self-accelerating process. Nevertheless, errors often
appear due to limited accuracy of diﬀerent numerical
methodologies and due to inevitable simpliﬁcations
introduced in the models. Hence, a direct experimental
veriﬁcation of the numerical models on the NMIs
distribution in the real steel billet has gained special
importance.
Many researchers have extensively investigated
the morphology, composition, and classiﬁcation of
NMIs in real steel billet through various direct detection
methods, including metallographic microscope observation (MMO),[2,14–16] scanning electron microscopy
(SEM),[4,17,18] ASPEX,[19,20] ultrasonic scanning
(US).[8,21] Owing to the cost, time requirements, and
sampling diﬃculties of direct detection methods, the
steel cleanliness is generally measured in the steel
industries using total oxygen content,[22] nitrogen
pick-up,[3] nozzle clogging,[18,23,24] and other indirect
methods. In addition, several experimental investigations were carried out to study the transport and
entrapment behaviors of NMI particles in hot steel
melts[25–28] or cold water.[29,30] Nevertheless, the
three-dimensional spatial distribution of NMIs in the
real billet, which is needed to evaluate the numerical
models, has not yet been reported. The aforementioned
capture mechanisms[6–13] of NMIs at the solid–liquid
interface cannot be validated.
In the present work, an in situ detection of macroscopic non-metallic inclusions (MNMIs) with diameter
larger than 50 lm inside a heavy CC slab was conducted
on a fast-detection platform. The study aimed to
provide an experimental benchmark of three-dimensional MNMI distribution inside the heavy slab for the
purpose of evaluation of future numerical models. Most
important casting process parameters necessary for
numerical models were provided in details.
Table I.

II.

PROCESS DETAILS OF CC PROCESS

The chemical composition of the steel is given in
Table I. The molten steel from ladle is poured into a
tundish and then ﬂows through a SEN into a watercooled copper mold. A slide gate system is used to
control the molten steel ﬂow rate at the upper nozzle, in
which an argon-blowing system is used to prevent
suction air and SEN clogging. Some small argon
bubbles are sometimes trapped by the solidiﬁed shell
forming pinhole defects,[8] which is also one of the
detection objects in the present work. Inside the CC
mold, molten steel freezes against the water-cooled
copper mold walls and forms a solidiﬁed shell, in which
those NMIs cannot escape safely from the mold would
be captured, forming various NMI defects. Slab samples
were obtained from a heavy slab caster with cross
section of 300 9 2300 mm2. The main speciﬁcations of
the caster are shown in Table II. The geometric constructions and reference cooling conditions of the
submerged entry nozzle (SEN) and the mold are shown
in Figures 1 and 2. These data are the basic data for
numerical simulations. More details of the process can
be found in previous publications.[10–12,31,32]

III. SAMPLING METHODOLOGY
AND METALLOGRAPHIC ANALYSIS
In order to obtain the three-dimensional spatial and size
distribution of MNMIs in the heavy slab, considering the
symmetry of the slab, a half width (~ 1150 mm) of the slab
was sampled, as shown in Figure 3. Four sub-samples with
the size of 300 mm (width direction) 9 300 mm (thickness
direction) 9 75 mm (casting direction) were cut along the
width direction of the slab on the left side of SEN. The

Chemical Composition of the Steel

Elements

C

Si

Mn

Cr

Al

Nb

Ti

Ca

Mass Pct

0.055

0.25

1.7

0.16

0.035

0.04

0.014

0.0019

Table II.
Parameter
Machine Type
Mold Length (m)
Vertical Length (m)
Machine Length (m)
Bending Radius (m)
Tundish Capacity (t)
Slab Size (mm)
Casting Speed (m/min)
SEN Submergence Depth (mm)
SEN Outport Angle (deg)
SEN Outport Sizes (mm)
Thickness of Liquid Slag (mm)

Main Speciﬁcations of the Slab Caster

Steel Caster

Parameter

Steel Caster

vertical bending
0.8
2.66
34.17
10
65
300 9 2300
0.6
175
15 downward
90 9 54
10

liquidus temperature (K)
solidus temperature (K)
pouring temperature (K)
argon flow rate (L/min)
molten steel density (kg/m3)
molten steel viscosity (Pa s)
molten slag density (kg/m3)
molten slag viscosity (Pa s)
inclusion density (kg/m3)
mold oscillation frequency (Hz)
mold oscillation amplitude (mm)

1796
1760
1821
9.5
7100
0.0056
3000
0.1
2700
0.5 to 5
± 1 to ± 6
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Fig. 1—Geometric constructions of the submerged entry nozzle.

MNMI distribution inside the samples was in situ detected
directly through a fast-detection platform (FDP), which
mainly consists of a vertical-spindle milling machine
(Type: X5036), a metallographic microscope, a steel chip
collector, etc. The steel sample was ﬁxed on the FDP
through a base plate, and then it was gradually shaved a
thin strip oﬀ the edge of the sample along the thickness
direction from the outer arc to the inner arc of the slab. In
general, the number of MNMIs gradually decreases from
the surface region to the inner region of the slab, so a
non-uniform shaving scheme was adopted. As shown in
Figure 3, for 0 to 15 and 286 to 299 mm from the top
wide-face cooling wall (outer arc), the shaving depth is
1 mm. For 16 to 75 and 226 to 285 mm, the shaving depth
is 2 mm. For 76 to 225 mm, the shaving depth is 3 mm.
The total sampling number for each sub-sample is 139.
The sampling area for each layer is 300 9 75 mm2. The
total sample volume reached 25,875 cubic centimeters, and
the total detection area was 125,100 square centimeters.
The samples were ﬁrst observed under an optical microscope with 9 500 scale to mark the locations of all
MNMIs larger than 50 lm in diameter. The MNMI
morphologies were photographed and transferred to a
computer automatically through the data wire. Then these
photographs were analyzed by the ImageJ software to get
the equivalent diameter of each MNMI.
A total of 2667 MNMIs were found based on the
above sampling methodology. Only one large gas bubble
with the size of 1930 lm was captured by a curved hook
within 0.32 mm beneath the surface of the slab. The
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formation of such a large bubble was an accidental
event, which was not considered in the following
statistics of MNMIs. Typical morphologies of MNMIs
detected by the optical microscope are shown in
Figures 4(a) through (h). A bubble with a shiny surface
was observed in Figure 4(a), with a size around 200 lm.
This kind of defects is closely related to argon injection
during CC process. During the movement of argon
bubbles in the liquid pool, the surfaces usually trap a lot
of ﬁne solid NMIs, forming typical ‘‘bubble + NMIs’’
defects with the feature that the NMIs are conﬁned in a
speciﬁc space on the surface of bubble, as shown in
Figure 4(b). Dominantly independent nearly spherical
MNMIs can be found in a small detection area of
samples, as shown in Figure 4(c), the size of MNMIs is
between 50 and 150 lm. Sometimes two relatively close
MNMIs would collide and aggregate together, forming
a bigger MNMI (Figures 4(c) and (e)). In addition, a
great deal of irregularly shaped MNMIs was found in
the samples, as shown in Figures 4(d) through (f). The
MNMI with the morphology shown in Figure 4(e) was
treated as a single MNMI, and with the morphology
shown in Figure 4(f) was treated as two single MNMIs.
A typical cluster NMI is shown in Figure 4(g). This
big-cluster NMI was identiﬁed as many NMIs with
diﬀerent sizes by the ImageJ software according to the
particle boundary. The research object of this work is to
identify the MNMIs larger than 50 lm, so two MNMIs
were counted. Some chain sulﬁde MNMIs related to
refractory was detected in the samples, as shown in
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Fig. 2—Geometric constructions and cooling conditions of the mold.

Figure 4(h), with a total length larger than 5 mm. In
addition, the shrinkage defects were found in the
thickness center of the slab, as shown in Figure 4(i),
which were not collected in the present work. Based on
the electron microprobe analysis, the typical compositions of MNMIs in the slab samples are alumina-based
clusters, silicon oxide spherical NMIs, and irregularly
shaped slag NMIs containing calcium oxide, calcium
sulﬁde, and manganese sulﬁde. It is important to note
that the main purpose of the current work is to detect
the MNMI distribution inside a slab and to provide an
experimental benchmark for evaluation of numerical
models. So the details of composition and classiﬁcation
of NMIs are not considered in this work.

Di ¼

8
>
>
>
>
<
>
>
>
>
:

D76

IV.

MNMI DISTRIBUTION

A. Spatial Distribution
In order to obtain the three-dimensional spatial
distribution of MNMIs in the slab samples with the
same sampling resolution, a simpliﬁed data analysis
method was adopted based on the assumption of local
same distribution of inclusions. Di refers to the MNMI
distribution at layer-i, including locations and sizes. i is
the distance from top wide-face cooling wall (outer arc)
with value from 1 to 299 mm. Details of data analysis
are as follows:

D1 ; D2 . . . D15
D16 ¼ D17 ; D18 ¼ D19 . . . D74 ¼ D75
¼ D77 ¼ D78 ; D79 ¼ D80 ¼ D81 . . . D223 ¼ D224 ¼ D225
D226 ¼ D227 ; D228 ¼ D229 . . . D284 ¼ D285
D286 ; D287 . . . D299
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1  i  15
16  i  75
76  i  225 ;
226  i  285
286  i  299

½1
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Fig. 3—Schematic diagram of sampling in slab.

where the leftmost value of each equal sign is the actual
detected MNMI distribution. For example, the D78 and
D77 have the same MNMI distribution with D76.
Considering the hypothetic distributions in some
layers, such as D17, D78, D227, a further sampling with
3 millimeters as the sample interval was carried out.
Then the MNMI distributions in D1, D4, D7 … D292,
D295, D298 were used to analyze the spatial distribution
of MNMIs in the slab samples with the same sampling
resolution, as shown in Figure 5. The X-coordinate in
the ﬁgure refers to the width of the slab, X = 0 mm is
the location of narrow face, and X = 1150 mm is the
center. The Y-coordinate refers to the casting direction.
The Z-coordinate refers to the thickness of the slab,
Z = 0 mm is the outer-arc wall and Z = 300 mm is the
inner-arc wall. It can be seen that the distribution of
MNMIs inside the samples was not uniform and not
symmetric. Most MNMIs were captured beneath the
wide faces of the slab; fewer MNMIs were captured
along the narrow faces and in the thickness center.
Several large MNMIs (> 500 lm) were found near the
inner-arc wall. One large MNMI (429 lm) was captured
at Z = 181 mm which is close to the thickness center.
In order to study the MNMI number density distribution in the slab sample, two parameters were deﬁned:
the area number density of MNMIs (NA[1/cm2]) and the
volume number density of MNMIs (NV[1/cm3]). The
total detection area in each layer was divided into ﬁfty
1374—VOLUME 50A, MARCH 2019

equal sub-regions along the width direction of the slab
with width of 23 mm. The detection area of every
sub-region was 75 9 23 mm2. Therefore, the area number density of MNMIs can be calculated by:
NA;j ¼

nj
½1=cm2 ;
7:5  2:3

½2

where nj is the number of MNMIs in No. j sub-region, j
represents the serial number of sub-regions with the
value of 1 to 50. The No. 1 sub-region is close to narrow
face, and No. 50 is close to width center.
Based on the assumption of uniform distribution of
MNMIs inside the sub-region along the thickness
direction, the volume number density of MNMIs can
be estimated as follows:
3=2

NV;j ¼ NA;j ½1=cm3 :

½3

The processed results with the same MNMI sampling
density shown in Figure 5 are used to analyze the
volume number density of MNMIs in the slab samples.
Figure 6 shows the volume number density contour of
MNMIs in the cross section of the slab, which is mapped
based on 50 9 99 measurement points. Typical banding
distributions of MNMIs along the wide direction of the
slab were found at diﬀerent thicknesses of the slab,
including 1/6 to 1/4 and the center of thickness. The
METALLURGICAL AND MATERIALS TRANSACTIONS A

Fig. 4—Typical morphologies of MNMIs: (a) bubble with a shiny surface, (b) bubble with NMIs attachment, (c) separate inclusions group, (d)
rectangular MNMI, (e) irregularly shaped MNMI, (f) irregularly shaped MNMIs treated as two single MNMIs, (g) NMI cluster, (h) chain
sulﬁde MNMIs, and (i) shrinkage defects.

Fig. 5—Spatial distribution of MNMIs in the slab samples (for visualization, NMI sizes are enlarged 50 times).
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Fig. 6—Volume number density of MNMIs in the cross section of the slab samples.

Fig. 7—Number percentage of MNMIs along the thickness direction
of the slab.

were found in the center. All the subsequent results were
analyzed based on the current processed results of the
same MNMI sampling resolution.
Figure 7 shows the number percentage of MNMIs
along the thickness direction of the slab. More MNMIs
were distributed beneath the wide faces. It can be clearly
found that the number percentage of MNMIs was
approximately 72 pct within 40 mm from the wide faces
(Z = 0 to 40 mm and Z = 260 to 300 mm) and 28 pct
in the center (Z = 40 to 260 mm) of the slab. Considering the MNMIs distribution within 20 mm from the
wide faces, more MNMIs (34.49 pct) were captured at
the outer arc of the caster than that at the inner arc
(21.54 pct).
Figure 8 shows the number percentage of MNMIs
along the width direction of the slab. Comparing with
the MNMI distribution along the thickness direction
(Figure 7), the MNMIs distribution along the width
direction was more uniform. More MNMIs (13.8 pct
within 92 mm from the narrow face) were captured
by the solidiﬁed shell near the narrow face than those
in the center (6.5 pct within 92 mm from the center).
In addition, an interesting ﬂuctuation behavior of
MNMI number percentage distribution from the SEN
to the narrow face can be found through the black
line.
B. Size Distribution

Fig. 8—Number percentage of MNMIs along the width direction of
the slab.

distribution of MNMIs in the cross section was not
uniform. Most MNMIs were captured by the solidiﬁed
shell close to the surfaces of wide faces, while fewer ones
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The size distribution of MNMIs in the entire slab
sample is shown in Figure 9. Fourteen MNMIs larger
than 410 lm were not counted in this ﬁgure. In general,
the number of MNMIs decreases with increasing the
MNMI size. Most MNMIs were in the size range of 50
and 210 lm, which occupies more than 95 pct of the
total number of MNMIs. The number of MNMIs larger
than 290 lm was quite rare, which was approximately
1.6 pct (including the fourteen MNMIs larger than
410 lm). Based on the current MNMI size distribution,
a probability number density function of MNMI diameter can be approximated based on the Farazdaghi–Harris equation, as follows:
nk
1
pct ¼ ð0:048 þ 1:425  1014  d5:78
k Þ ;
nTotal

½4
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Fig. 9—Size distribution of MNMIs in all the slab samples.

Fig. 10—Size distribution of MNMIs in vertical part of the caster.

where nk is the number of MNMI-k. nTotal is total
MNMI number in all the samples. dk is the mean
diameter of MNMI-k, the values ranging from 60 to
400 lm. The probability number density function can be
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used as the input source term of MNMIs at the inlet of
SEN for the numerical simulations.
The growth of shell thickness is very important in the
CC mold, because it controls the entrapment positions
of NMIs. According to the previous numerical simulation,[27] the thickness of solid shell at the end (2.66 m
below the top surface) of the vertical part of the caster
yielded an average value of 30 mm. Therefore, this value
of shell thickness was used as a criterion to distinguish
the vertical part and the curved part of the slab. In
another words, the initial 30-mm solid shell beneath the
slab surface was formed in the vertical part. Figure 10
shows the size distribution of MNMIs in vertical part,
from 0 to 30 mm thickness of the solidiﬁed shell,
considering the diﬀerence between inner-curved section
and outer-curved section of the slab. It is interesting to
note that more MNMIs would be captured at the
outer-curved section for various MNMI sizes.
Figure 11 shows the size distribution of MNMIs in
bending part of the slab from 30 mm to the center.
Compared with Figure 10, more MNMIs (over 66 pct)
were captured in the vertical part; fewer MNMIs (less
than 34 pct) were captured in the bending part. In
contrary with the MNMI distribution in vertical part,
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5.

source term of MNMIs at the inlet of SEN for the
numerical simulations.
Further information about the size distribution of
MNMIs along the thickness direction in both
vertical section and bending section of the slab
was reported.
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Fig. 11—Size distribution of MNMIs in bending part of the caster.

more MNMIs were captured at the inner-curved section
in the bending part, which occupies approximately 21.8
pct of the total MNMIs. Only 11.7 pct were captured at
the outer-curved section.
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