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The nucleation, growth, transport, and entrapment of nonmetallic inclusions
during the steel casting process are briefly reviewed in this article. The cur-
rent main research accomplishments as well as future topics that should be
focused on in this field are summarized.

NONMETALLIC INCLUSIONS DURING THE
STEEL REFINING AND CASTING PROCESS

Steel produced in a basic oxygen furnace or elec-
tric furnace is tapped into a ladle for alloying and
refining prior to casting. As shown in Fig. 1, the first
refining step is to deoxidize the steel by adding
aluminum or silicon, or other elements with a
thermodynamic affinity for oxygen in the form of a
ferroalloy, in an argon-stirred vessel, sometimes in
vacuum. Inclusions form by elements reacting with
the dissolved oxygen in the steel according to the
thermodynamic stability of the elemental reactions,
and their ability to nucleate. Nucleation can be
homogeneous if it takes place in a pure liquid melt,
or heterogeneous if there are solid particles with
surface energies that favor nucleation. The inclu-
sions grow according to collisions with other parti-
cles, precipitation from the molten steel, and other
mechanisms. In the continuous casting process, the
molten steel in the ladle is positioned above the
tundish and the bottom slide gate is opened starting
the steel flow into the tundish. Steel from the tun-
dish exits down through a ceramic submerged entry
nozzle (SEN) and enters the mold. Reoxidation is
likely during nozzle transfer operations, depending
on the flow relative to nozzle geometry, the presence
of leaks, breaking off of partial nozzle clogs, and
other factors. New inclusions, such as alumina, will
nucleate and precipitate by the reaction between
the absorbed oxygen from the air and the dissolved
elements, such as dissolved aluminum. In the mold
cavity itself, molten steel flows within the solidifying

steel shell. The flow pattern in the mold region is
controlled by the nozzle or in-gate geometry, the
casting speed, the mold geometry, and argon gas
injection rate. This flow pattern in turn controls the
entrapment of inclusions and other defects that
determine the steel quality. The flow pattern can
either encourage inclusion removal, by bringing
flow to the top surface slag layer, or by sending the
inclusions deeper to be entrapped in the solidifica-
tion front.1–5

Inclusion-related phenomena in the continuous
casting mold region are shown in Fig. 2, and the
inclusion-related phenomena are summarized in
Table I. The current project is to quantify the con-
tribution of these phenomena on inclusions in final
products using models combining the macroscale
fluid flow models and nano- and microscale inclu-
sion models.

Inclusions in molten steel control its ‘‘cleanliness’’
and cause many different quality problems. Steel
cleanliness depends not only on the number of
inclusions but also on their morphology and size
distribution. The inclusion size distribution is par-
ticularly important because large macro-inclusions
are the most harmful to mechanical properties.
Large inclusions, including clusters, cause the most
damage. Too many smaller inclusions are detri-
mental as well, particularly discrete spinels or ni-
tride inclusions in high-alloy steels. Tough, hard
inclusions are more damaging than soft or brittle
ones that can deform or break up during subsequent
working operations. Entrapped inclusions lead to
internal cracks, slivers, and blisters in the final
rolled product.6 For example, the ‘‘pencil pipe’’7 is
caused when small argon gas bubbles surrounded
by inclusions are caught in the solidifying shell.
During rolling, the inclusion clusters elongate to
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create long slivers in the final product. These
intermittent defects are particularly costly because
they are often not detected until after painting the
finished part. Thus, there is great incentive to
understand how inclusions arise, and to control the
flow pattern in each vessel in order to minimize
particle entrapment and the associated quality

problems. Methods to minimize inclusions depend
on their source. These methods include control of
the compositions of steel, slag, and refractory; con-
trol of the fluid flow pattern in each vessel; injection
of gas bubbles; and minimization of exposure to air.
The relative effectiveness depends on proper iden-
tification of the source, and it is still not well

Fig. 1. Steelmaking, refining, and casting process.

Fig. 2. Phenomena in steel continuous casting tundish and strand.
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understood. Large inclusions are suspected to be
easier to remove, but the effectiveness in the con-
tinuous casting mold region for a given particle size
has not been well quantified. The optimal strategies
to remove inclusions cannot be found until the for-
mation and removal mechanisms can be properly
quantified and compared.

RELEVANT REPORTED STUDIES
ON THE PHENOMENA OF INCLUSIONS

Plant Experiments

Significant insight into inclusion entrapment has
been obtained in the past through conducting trials
in steel plants, collecting samples, performing met-
allurgical analysis, and gathering statistical data.
The current author has reviewed methods to detect
inclusions and operating practices to improve steel
cleanliness at the ladle, tundish, and continuous
caster.5,8–20 Inclusions arise from many sources,
including deoxidation, reoxidation, nitride forma-
tion, slag entrapment, chemical reactions, and other
exogenous sources. Clues to the mechanism of their
origin can be discerned from their composition and
shape in the final product. The morphology of
inclusions is shown in Fig. 3. Large dendritic alu-
mina is caused by rapid growth in an oxygen-rich
environment such as caused by reoxidation (Fig. 3a)
and alumina clusters grow by collisions between
smaller particles (Fig. 3b21) in Al-killed steels.
Bubbles can become entrapped in the solidified steel
and are often covered with attached inclusions
(Fig. 3c22). Solid inclusions can agglomerate on any
surface with favorable surface tension effects,
including refractory walls.22 Clogs forming on the
surface of the nozzle wall can change the flow pat-
tern or dislodge,22 causing defects such as TiN
clusters in continuous cast Ti-stabilized stainless
steel (Fig. 3d23). Large spheres of complex oxides
form when surface slag is entrained, and remains
liquid while the steel solidifies (Fig. 3e21). Finally,
large irregular exogenous inclusions arise from
broken refractory dislodged from the vessel or noz-
zle walls (Fig. 3f21). As inclusion content steadily
decreases, the cost of improvements obtained by
detecting inclusions through measurements is
becoming prohibitive. With so many variables to
consider, industrial trails can no longer afford this
approach.

Macroscale Flow Pattern and Inclusion
Transport (1023–10+1 m)

Understanding of the fundamental flow in the
vessel is a critical step in understanding inclusion
entrapment because inclusion removal is controlled
mainly by transport through the liquid flow field.
Previous research, including that of the current au-
thor, has developed computational models to predict
transient fluid flow behavior in various metallurgical
vessels, including turbulent, three-dimensional flowT
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in the ladle,14,25,26 tundish,27–39 and continuous-
casting mold.11,24,28,30,34,35,39–52 Some of these
macroscale models have been augmented to predict
the transport and removal of inclusions within the
macroscopic fluid. Although encouraging, these pre-
vious modeling studies need further validation and
extension to incorporate recent fundamental models
of inclusion behavior on the nano- and microscales,
which are discussed next.

Nano- and Microscale Inclusion Phenomena
(1029–1023 m)

Many very important phenomena governing inclu-
sion behavior occur at very small size and time scales
and occur within interfacial regions that measure only
a few atoms in thickness. The formation and growth of
inclusions in steel was studied extensively 25–
40 years ago by different researchers, such as Elliott
and coworkers,53,54 Flemings and co-workers,54

Turkdogan,55,56 Olette and coworkers,57–59 Fruehan
and coworkers,60 Szekely and coworkers,61–64 Cramb
and coworkers,65–68 Thomas and coworkers,69,70 and
Zhang.3,4,24,25,27,71–73 As shown in Fig. 4,74 nucleation
occurs at nanoscales in both time and length and is
governed by diffusion of the deoxidization elements
and oxygen,71,72,75,76 Brownian collision,27,72,75,76 and
Ostwald ripening.72,75–79 Particle growth occurs at
microscales depending on the microscale phenomena
of bubble attachment, turbulent collisions,27,72,75,76

interface reactions, reoxidation, and local thermody-
namics.20,80–83 Finally, inclusion transport and re-
moval at the slag or by bubble flotation24,26,84,85 and
particle entrapment in solidifying dendritic inter-
faces3–5,73 depend on flow transport and on the nature

of the flow pattern and shape of the metallurgical
vessel. Different nano- and microscale models have
been used to predict important specific phenomena.
The current author considered bubble flotation as one
of several inclusion removal methods, and he com-
puted the attachment probability of inclusions to
bubbles and matched water model experiments,
showing that this probability depends on bubble size,
particle size, turbulent dissipation, and gas flow
rate.24,51,84–87

FUTURE FOCUS ON THE STUDIES
OF THE NUCLEATION, GROWTH,
TRANSPORT, AND ENTRAPMENT

OF INCLUSIONS IN STEEL

The summarized work in this article has enabled
the development of improved modeling tools and has
led to improved fundamental insights into the pro-
cess. However, this previous work also has the fol-
lowing disadvantages:

– The nano- and microscopic nucleation and growth
of inclusions were not really coupled with the local
macroscopic fluid flow, and the evolution of size
distribution was rarely investigated. The models
for the nucleation and growth of inclusions were
mostly analytically but not numerically solved.

– It was difficult to apply the previous models to
industrial practice because the complex funda-
mental relationships among the macroscale flow
pattern, the nano- and microscale inclusion phe-
nomena, and the relative importance of different
mechanisms for inclusion formation and entrap-
ment have not yet been quantified.

Fig. 3. Morphologies of typical inclusions: (a) dendritic alumina, (b) alumina clusters,21 (c) bubble with attached inclusions,24 (d) TiN inclusions at
SEN clog,23 (e) silicate inclusion,22 and (f) irregular exogenous inclusions.21
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– The computational models have been developed
for specific processes, or for specific phenomena,
but to date have never included enough of the
phenomena and processes together to be useful in
overall process design and control.The future
work on the nucleation and growth of inclusions
should include the following innovative items:

– Combining the nano- and microscale phenomena
(inclusion nucleation and growth, and the entrap-
ment of inclusions to the solidifying shell, slag,
and bubble surface) with macroscale fluid flow in
the molten steel.

– Numerically but not analytically solving the
nucleation, collision, and growth of inclusions
with pseudo-molecules as starting points.

– Predicting the composition, quantity, and size
distribution evolution of inclusions during steel
casting processes, and predicting the final distri-
bution location of inclusions in casting products.

– Considering the newly generated inclusions from
air absorption, the reaction between molten steel
and slag and lining refractory, and from the
precipitation during cooling process.

– Applying the proposed model to optimize the
refining and casting operation to improve the
removal of inclusions and achieve the high clean
steel.Having developed models to capture the
microscale phenomena important to inclusion
behavior, the next step is to incorporate them
into the macroscale fluid flow models. This model
will be incorporated into the macroflow model. By
accurately adding size groups that feature con-
tinuous doubling of size, this model can span the
complete range of inclusion sizes encountered and
track size distribution evolution within a macro-
scale flow model without becoming computationally

prohibitive. The local pseudo-molecule concentra-
tion and the inclusion size distribution will be
used as state variables to communicate between
the model scales.

The methodology to combine the nano- and micro-
scale inclusion models with the macroscale fluid
flow models is schematically shown in Fig. 5. After
the calculation of macroscale 3D fluid flow, the
trajectory of bubbles and inclusions will be calcu-
lated by solving Lagrangian transport equations as
a postprocessing step. The attachment probability of
inclusions to bubbles will be calculated through the
trajectory calculation. Then the macroscale 3D
concentration of inclusions with different sizes will
be calculated, nano- and microscale nucleation and
growth models of inclusions will be reviewed, and
the microscale bubble–inclusion interaction will be
added into the inclusion concentration as a source
term. Every size of inclusions will have a concen-
tration field. The microscale attachment model of
inclusions to the solidifying shell, to the SEN lining,
and to the slag layer will be the boundary conditions
for the inclusion concentration calculation and
inclusion trajectory calculation.

The concentration equation of inclusions with
different sizes in the flow is

@

@t
Nj

� �
þ @

@xi
ui þ VT;i

� �
Nj

� �
� @

@xi
Deff

@Nj

@xi

� �
¼ Sj;

(1)

where Nj is i, VT is the terminal rising velocity of
inclusions, and Deff is the effective diffusion coeffi-
cient. The source term at the right-hand side in-
clude the growth of inclusions by diffusion,
Brownian collision, and turbulent collision.

Fig. 4. Scale and control mechanisms during inclusion nucleation, growth, and removal.74
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THE CURRENT JOM TOPIC

The current JOM topic concerns the modeling of
the nucleation and growth of particles in metals.
This topic focuses on the nucleation, growth (by
diffusion, collision, etc.), motion, and removal of
second-phase particles in metals, such as the non-
metallic inclusions in metals, the precipitates in
metals during cooling, solidification and heat
treatment, and bubbles in metals. Four articles
were collected for this topic. B. Rheingans and E.J.
Mittemeijer proposed a generalized modular model
for phase transformation kinetics and investigated
the crystallization of a Fe-Ni-B metallic glass, the
allotropic hcp-fcc transformation in cobalt, and the
precipitation kinetics in a supersaturated CuCo al-
loy. H. Ling and L. Zhang studied the growth and
removal of nonmetallic inclusion particles in a steel
continuous casting tundish using mathematical
modeling. J.P. Bellot et al. studied the growth of
inclusions by diffusion and collision in metals using
numerical modeling and focused on inclusions in the
Ti VAR remelting process, TiN inclusions in the
melt of a maraging steel, and inclusions in the liquid
steel of a gas-stirred ladle. W. Yang et al. performed
thermodynamic calculation on the nucleation of
alumina inclusions in steel and observed the
aggregate morphology of alumina inclusions in
steel.
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