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A Review of Steel Processing Considerations
for Oxide Cleanliness

B.A. WEBLER and P.C. PISTORIUS

Control of non-metallic inclusions is essential for the production of high-quality steel. This
review summarizes processes that change inclusion compositions and concentrations during
secondary steelmaking—slower changes are limited by reaction between bulk steel and slag or
refractory, and faster changes involve direct additions to the steel bath. An example of the
former is conversion of alumina inclusions to spinels during ladle treatment, while reoxidation
and calcium treatment are typical exemplars of the fast changes. For the slower changes,
inclusions approach equilibrium with the liquid steel and conceptually simple kinetic models
correctly describe inclusion evolution during ladle treatment. Disequilibrium from faster
changes persists for several minutes under typical ladle conditions, with small-scale
inhomogeneity in the steel. Fast scanning electron microscopy with microanalysis has
facilitated detailed study of these inclusion evolution processes by providing information on
inclusion composition, size, and shape. Machine learning methods are likely to be increasingly
important in analysis of the results. Such methods have already shown promise to improve
classification of inclusions and recognizing inclusion clusters, from analyses of polished sections.
Several unresolved issues that require future study are noted.
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I. INTRODUCTION

THE detrimental effects of inclusions on the process-
ing and properties of steel have been well-documented.
During processing, solid inclusions can cause clogs that
impair flow of liquid steel.[1–3] In products, inclusions
affect surface quality[4] and mechanical performance.[5,6]

Specific effects on mechanical performance include
lower toughness and ductility,[7,8] poorer machinabil-
ity,[9] nucleation of fatigue cracks,[10] and stress corro-
sion cracking.[11] The severity of the effects depends on
the inclusion concentration (number per unit volume),
size, shape, and chemical composition.

There have been several reviews of the origin and
characterization of inclusions in steel, including rela-
tively recent ones by Cramb,[12] Zhang and Tho-
mas,[13,14] Kaushik et al.,[15] Pretorius et al.,[3]

O’Malley,[16] and da Costa e Silva.[17] In this paper, we
focus on the time scales at which the chemical

composition of micro-inclusions changes during ladle
processing of liquid steel. Understanding of the relevant
time scales aids in identifying the causes of observed
changes and formulating effective plant practices for
inclusion control. The three processes that affect inclu-
sion compositions at different time scales are illustrated
in Figure 1. The processes are (1) steel–slag reactions,
(2) steel homogenization, and (3) steel-inclusion reac-
tions. (This figure schematically shows an argon-stirred
ladle, with a plume of spherical-cap bubbles opening an
eye in the slag layer.)
The time constant for steel–slag reactions is given by

H=m, where m is the effective mass transfer coefficient
for steel–slag reaction and H is the depth of steel in the
ladle; the typical time constant is tens of minutes
(hundreds of seconds). The homogenization time
depends on the stirring rate (by argon bubbling for the
example shown in Figure 1) and is typically a few
minutes (tens of seconds).[18] Steel-inclusion reactions
are rapid, because of the large mass transfer coefficient
and large steel-inclusion contact area.[19]

These very different timescales for steel–slag and
steel-inclusion reactions are illustrated in Figure 2,
which shows the predicted change in inclusion compo-
sition during ladle processing (at 1873 K) of Al-killed
steel that initially contained 0.05 wt pct Al and 0.002 wt
pct O (total). For this case, the inclusion content would
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be 33 ppm by mass Al2O3. These Al2O3 inclusions would
be converted to spinel (a (MgO)Æ(Al2O3) solid solution)
by the transfer of Mg into the steel (Mg would form by
reduction of MgO from the slag by Al in the steel).[20, 21]

The reaction extent is expressed as the cationic molar
fraction of Mg in the oxide inclusions (a ratio of 1/3
corresponds to the stoichiometric spinel MgAl2O4).

The reaction progress is shown for two different
limiting reactions:

(a) reaction with CaO-Al2O3-MgO slag (10 kg/ton steel;
doubly-saturated with CaO and MgO;
m = 0.0048 m/s and H = 2.7 m; corresponding to
strong stirring for ladle desulfurization) with steel
that initially contained no Mg

(b) reaction of Al2O3 inclusions (assumed 2 lm in
diameter) with steel that initially contained 13 ppm
dissolved Mg (the equilibrium concentration for
0.05 pct Al steel in contact with the doubly-satu-
rated slag).

Calculations were performed using FactSage 7.3,[22]

using macros to link local equilibrium at the reaction
interface with mass transfer in the steel (using the
procedure as described before[19] and in Section II–B).
Figure 2 demonstrates how much longer it would take
for the steel–slag reaction to modify the inclusion
composition (limited by the rate at which Mg—reduced
from MgO in the slag by Al in the steel—would be
transferred into the bulk of the steel). In contrast, if the
steel already contained dissolved magnesium (Fig-
ure 2(b)), Al2O3 inclusions would be transformed to
spinels within seconds.

In general, of the three potentially rate-limiting steps
in Figure 1 only two practically affect inclusion reaction
kinetics: steel–slag reactions (taking hundreds of sec-
onds), and steel homogenization (taking tens of sec-
onds). The latter step would be limiting if the steel
composition were rapidly adjusted by additions made
directly to the liquid steel (intentionally or unintention-
ally); typical examples are reoxidation of steel, and

calcium treatment. In our work, no cases have been
found for which mass transfer at or solid-state diffusion
within the inclusion is limiting for micro-inclusions at
steelmaking temperatures. The absence of control by
solid-state diffusion does not imply that the inclusions
would be single-phased; the stable phases change as the
inclusions exchange elements with the liquid steel, for
example changing from single-phased alumina to spinel
+ alumina, or—during incomplete calcium treat-
ment—changing from single-phase spinel to a combina-
tion of spinel and liquid calcium aluminate. Limited
measurements are available of diffusion of relevant
species, but the measurements of Lind and Holappa[23]

did indeed show that solid-state diffusion in calcium
aluminates is not limiting during calcium modification.
These phenomena at different time scales are illus-

trated with several examples in this paper.

II. SLOWER INCLUSION CHANGES

This section focuses on the thermodynamic and
kinetic considerations associated with slower changes
(taking 100s of seconds) to inclusion composition caused
by steel–slag and steel–refractory reactions.

Fig. 2—Calculated change over time of alumina inclusions to spinel
inclusions, for rate control by (a) steel–slag reaction, and (b)
steel-inclusion reaction (procedure described in Reference 19; details
of conditions in text). Note the difference in x-axis scale.

Fig. 1—Schematic of the three main processes that affect inclusion
composition in liquid steel, at different time scales: 1—steel–slag
reaction (hundreds of seconds); 2—steel homogenization (tens of
seconds); 3—steel-inclusion reactions (seconds).
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A. Thermodynamics of Steel–Slag–Refractory Reactions

The composition of inclusions in slag-covered steel
tends to change over time because the inclusions are not
in equilibrium with the slag. This results in a driving
force for mass transfer between the slag and the steel
that can result in, e.g., Al modification of Si-Mn
inclusions[19,24,25] or the Mg modification of Al2O3

inclusions to spinels, as discussed below.
The activities in pure Al2O3 inclusions aAl2O3

¼ð
1; aMgO ¼ 0Þ differ from those in ladle slag aAl2O3

¼ð
0:0063; aMgO ¼ 0:99Þ for the doubly-saturated
CaO-MgO-Al2O3 slag considered earlier). This activity
difference is a driving force to transfer MgO from the
slag to the inclusions, and Al2O3 from the inclusions to
the slag. The overall reaction consists of two spatially
separated reactions, written below as Eqs. [1] and [2]. At
the steel–slag interface, [Al] (Al dissolved in steel)
reduces MgO from the slag, with the resulting [Mg]
dissolving in the steel:

2 Al½ � þ 3 MgOð Þslag¼ 3 Mg½ � þ Al2O3ð Þslag ½1�

The dissolved Mg is transported into the liquid steel
(by fluid flow) and reacts with inclusions:

3 Mg½ � þ Al2O3ð Þinclusion¼ 2 Al½ � þ 3 MgOð Þinclusion ½2�

The overall reaction, Eq. [3], is the sum of Eqs. [1] and
[2]:

Al2O3ð Þinclusionþ3 MgOð Þslag¼ Al2O3ð Þslagþ3 MgOð Þinclusion
½3�

Since the same species are present as products and
reactants Eq. [3] (albeit in different phases), the stan-
dard Gibbs energy change of Eq. [3] is zero and the
equilibrium constant is K ¼ 1. That is, Eqs. [1] and [2]
can continue until the ratios of the activities (raised to
the stoichiometric coefficients) are equal in the slag
and inclusions. This equilibrium state is given by
Eq. [4]:

aMgO

� �3
inclusion

aAl2O3
ð Þinclusion

¼
aMgO

� �3
slag

aAl2O3
ð Þslag

½4�

The dependence of activity on composition for bin-
ary Al2O3-MgO mixtures is shown in Figure 3(a)
(pure solid MgO and Al2O3 reference states). Fig-
ure 3(b) compares the ratio of activities—in the form
shown in Eq. [4]—with the activity ratio for the
ladle slag. The figure shows that the reaction of
Eq. [3] can continue until all Al2O3 has been
removed from the oxide inclusions, leaving MgO as
product. The expected stages in transformation of
the inclusion composition are conversion of Al2O3 to
spinel solid solution (as also illustrated by Figure 2),
followed by conversion of spinel to MgO. Transfor-
mation of oxide inclusions beyond spinel to MgO
has been confirmed in Al-killed steels with higher Al
concentrations (> 0.25 wt pct).[26,27]

Note in Eq. [3] that the liquid steel does not affect the
slag-inclusion equilibrium. That is, in a steel–slag–inclu-
sion system, equilibrium would be achieved if the
activity of every slag species is equal to the activity of
that species in the inclusion, whatever the steel compo-
sition. Of course, the concentrations of alloying elements
in the steel would directly affect the concentrations of
dissolved oxygen (and other minor elements) when
equilibrium is reached, and the composition of the steel
strongly affects the kinetics of slag–steel–inclusion
reactions. The steel serves as the mass transfer medium,
ferrying Mg and Al between the slag and inclusions (as
expressed by Eqs. [1] and [2]). While the composition of
the liquid steel does not affect the equilibrium state, it
strongly affects the rate at which the equilibrium is
approached: for higher-Al steel, the Mg concentration at

Fig. 3—Effect of the cationic fraction of Mg on activities in solid
MgO-Al2O3 mixtures at 1600 �C, calculated using FactSage: (a)
Activities of MgO and Al2O3. (b) Ratio of activities, expressed as
aMgO

� �3.
aAl2O3

, compared with this activity ratio in the ladle slag.
Stable phases are indicated with the labels ‘‘A’’ (Al2O3), ‘‘Spss’’
(spinel solid solution) and ‘‘M’’ (MgO).
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the steel–slag reaction (set by Eq. [1]) would be higher.
The higher Mg concentration at the steel–slag interface
would transfer Mg more rapidly into the steel, causing
faster transformation of the inclusions from Al2O3 to
spinel to MgO.

The formation of spinel inclusions has been frequently
observed in stainless steels and analyzed in the context
of slag/steel reactions, see the review by Park and
Todoroki.[28] Spinel formation has also been observed in
non-stainless grades that are in contact with a well-deox-
idized slag of high basicity, like those needed to promote
desulfurization.[29] The thermodynamic considerations
would be similar for reactions with refractory[30] and
ladle glaze.[31] However, the kinetics will differ, and
kinetic models are discussed in Section II–B.

Note also that reactions similar to Reactions [1] to [3]
can be written for transfer of CaO from the slag into the
inclusions, yet such CaO transfer is either not observed
at all, or occurs to a much smaller extent than MgO
transfer.[26,27] The reason for this difference is the much
lower concentration of Ca in the liquid steel than that of
Mg[32]—imposing a kinetic limitation on CaO transfer.
Possible sources of Ca besides slag/metal reactions are
discussed in Section V.

B. Kinetics of Steel–Slag–Refractory Reactions

There are numerous methods for simulation of the
liquid phase mass transfer kinetics that lead to inclusion
composition changes. The more recent models use two
approaches: (1) solve systems of rate equations and
equilibrium constant expressions,[33–38] or (2) use com-
putational thermodynamics software such as FactSage
to perform repeated equilibrium calculations.[19,21,39,40]

All models rely on thermodynamic data that comes in
the form of equilibrium constants and interaction
coefficients from handbooks or as Gibbs energy models
from FactSage databases. Modeling behavior of reactive
species such as Ca and Mg are key features of these
models since these species can modify inclusion
composition.

As discussed in Section I, the rate-limiting step for
modification of oxide inclusion composition by
steel–slag-inclusion reactions is the steel–slag reaction;
the inclusion composition is expected to equilibrate with
(and so track) the resulting changes in steel composition.
Similar considerations apply to reaction between liquid
steel and refractory (with or without a coating of ladle
glaze). The rate of the reactions is readily modeled using
the effective equilibrium reaction zone (EERZ)
model.[41,42] This approach requires a measured or
estimated mass transfer coefficient in the liquid steel
and in the slag, if mass transfer in the slag is potentially
rate-limiting, along with a suitable multicomponent
equilibrium calculator (such as FactSage) to find the
compositions at the steel–slag (or steel–refractory)
interface. In this approach, the mass transfer coefficient:
the mass transfer coefficient is calibrated using the rate
of reaction of one species (such as reduction of FeO
from ladle slag[21]; desulphurization[43]; or Al pick-up by
Si-killed steel from Al2O3-containing slag[19]).

The rate at which the inclusion composition changes
depends directly on the mass transfer coefficient and the
concentration of reaction products (dissolved in the
liquid steel) at the steel–slag interface: these two factors
control the rate at which elements enter the liquid steel,
to react with inclusions. The rate of transfer of a
dissolved element i into the steel is given by Eq. [5].

Rate kg=s½ � ¼ msteelAqsteel
Pct i½ �interface� Pct i½ �bulk

100
½5�

where msteel is the steel mass transfer coefficient, A is
the projected area of the steel–slag interface, qsteel is
the density of liquid steel, pct i½ �interface is the concentra-
tion (as a mass percentage) of the element at the
steel–slag interface (set by the local steel–slag equilib-
rium), and pct i½ �bulk its average concentration in the
steel. The implementation of this model is schemati-
cally illustrated in Figure 4.
In each time step, Dt, there are three calculation steps:

(1) Masses of steel and slag (proportional to the mass
transfer coefficient, m) are sampled;

(2) these masses are equilibrated;
(3) the metallic products are equilibrated with the bulk

steel composition and the non-metallic products are
equilibrated with the bulk slag composition.

In this way the steel and slag compositions evolve with
time. Oxide and sulfide phases (inclusions) in the steel
change based on the steel composition, as a result of
equilibration of the bulk steel (step 3). The rate of
change of the inclusion composition is also affected by
the total concentration (as a mass percentage) of
inclusions in the steel. For a given rate of transfer of
elements into the liquid steel, the rate of change of the
inclusion composition is inversely proportional to the
inclusion concentration: in cleaner steels (with a lower
concentration of oxide inclusions), the inclusion com-
position would change more rapidly.
The implication is that the change in inclusion

concentration needs to be considered when steel–slag-in-
clusion reactions are modeled. The same underlying
process—flow of steel to the slag—is responsible for
removal of micro-inclusions and for transfer of dis-
solved elements to and from the slag. For this reason,
the rate constant for inclusion removal is approximately
the same as for mass transfer of dissolved elements such

Metallic products

FactSage
Equilibrium
Calculation

Nonmetallic products

Bulk Steel

Bulk Slag

1

2

3

3

Fig. 4—Schematic illustration of the model used to simulate steel/
slag and steel/refractory reaction kinetics.
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as S.[44] Any large departure from this equality (of the
mass transfer coefficients for micro-inclusion removal
and steel–slag reactions) indicates a source (such as
reoxidation) of new inclusions, or retardation of
steel–slag reactions (for example, by solids in the slag).
Reactions (such a reoxidation) that cause rapid changes
in inclusion composition are discussed in Section III.
Here, surmised effects of solids at the reaction interface
are briefly considered.

It is well known that solids in slag can strongly retard
steel–slag reactions. As an example, the extent of ladle
desulfurization with calcium aluminate slags drastically
decreases if the slags are supersaturated with calcium
oxide.[45] One possible origin of the effect is that solids in
the slag increase the slag viscosity, and so retard mass
transfer in the slag. However, this explanation is
incomplete, for the following reasons: First, desulfur-
ization is normally controlled by mass transfer in the
steel, so the slag mass transfer coefficient would need to
decrease greatly to affect the observed rate. Second, the
effect of solids is strong—decreasing the desulfurization
extent by a factor of approximately two with only some
10 pct of solids in the slag. Assuming that the effect of
solids on the apparent viscosity follows the Ein-
stein–Roscoe relationship,[46] the increase in apparent
viscosity would be around 40 pct (at 10 pct solids).
Assuming further that diffusivity in the slag is inversely
proportional to viscosity, and the mass transfer coeffi-
cient is proportional to the square root of the diffusiv-
ity,[47] the resulting decrease in the slag mass transfer
coefficient would be approximately 20 pct. Although this
is an approximate analysis, the result suggests the effect
of solids on slag viscosity is not sufficient to explain the
observed decrease in desulfurization rate, even if slag
mass transfer were limiting in the case of fully liquid slag
(which it is not).

Instead, a likely contributing factor is that solid
oxides would collect in the slag at the slag–steel
interface, so decreasing the effective reaction interface
(A in Eq. [5]). Suppression of break-up of the steel–slag
interface would further decrease the reaction rate. Solids
would tend to collect at the steel–slag interface because
the solid oxides are significantly denser than the liquid
slag (Figure 5). This proposed effect is similar to what is

observed in some sulfide smelters, where denser oxides
that collect at the matte-slag interface stifle interaction
between matte and slag.[48]

Such an effect of retarded steel–slag reactions, slowing
down inclusion modification, was observed in plant
trials on aluminum-killed steel: the retarded kinetics due
to the presence of solids (evident in slow reduction of
FeO from the ladle slag) largely avoided transformation
of alumina inclusions to spinel. The effective mass
transfer coefficient for chemical reactions between steel
and slag was much smaller than expected from the rate
of argon stirring, even though the rate of inclusion
removal was as expected—evidence that solids in the
slag can effectively retard transformation of
inclusions.[21]

A related effect of slower reaction due to solids at the
reaction interface was observed for reaction between
aluminum-killed steel and MgO crucibles.[21] For this
steel-crucible reaction, the overall reaction is the same as
Eq. [3], with the difference that MgO (reactant) and
Al2O3 (product) are present at the crucible-steel inter-
face, instead of in slag. It was found that the rate of
MgO transfer to inclusions was greatly increased by the
presence of CaO and Al2O3 impurities in the crucible,
forming a layer of liquid calcium aluminate slag at the
steel-crucible interface. In the absence of the interlayer
of slag, transformation of alumina inclusions to spinel
was approximately an order of magnitude slower.

C. Inclusion Agglomeration and Removal to the Slag

One control strategy for non-metallic inclusions is to
remove them to the slag phase. The density difference
between inclusions and steel promotes flotation of
inclusions up to the slag. The rate at which this occurs
is characterized by Stokes’ velocity, the terminal velocity
for a sphere subjected to gravitational and viscous
forces. These velocities are too small for effective
removal of small inclusions by flotation alone. Gas
stirring can increase inclusion removal rates, with rates
similar to those for the mass transfer of dissolved
species,[44] as previously noted. The effective mass
transfer coefficient increases with specific stirring power.
More detailed consideration of inclusion removal

processes identify three stages for inclusion removal[49]:

(1) transport to the slag/steel interface
(2) separation across the slag/steel interface
(3) dissolution in the slag

The inclusion transport behavior is influenced by
clustering and agglomeration. The formation of inclu-
sion clusters, particularly of Al2O3, has been frequently
observed in samples taken from liquid steel soon after
deoxidation.[50,51] Clustering on the surface of liquid
steel or at slag/steel interfaces has been studied with
in situ confocal laser scanning microscopy.[52–55] Possible
physical mechanisms of cluster formation have been
identified,[56–58] but more study is needed to clarify these
mechanisms and examine effects of inclusion type on
clustering.

Fig. 5—Comparison of the density of doubly-saturated
CaO-Al2O3-MgO ladle slag (value from Reference 148) with
densities of typical solid phases in Al-killed steel and ladle slag
(calculated using the correlations of Reference 149), at 1873 K.
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The effect of fluid dynamics and collisions on cluster-
ing and inclusion size distributions has been ana-
lyzed.[59–61] Detailed models of inclusion flotation
processes demonstrate the importance of collisions,
turbulent fluid flow, and possibly attachment to argon
bubbles.[62–65] Several studies have addressed the forces
on an inclusion particle as it approaches the slag/metal
interface and the hydrodynamic phenomena occurring
there.[49,66–69]

The dissolution of inclusions in the slag is a critical
final step, as rapid dissolution prevents re-entrainment,
changes to slag viscosity, and prevents inclusions from
serving as nucleation sites in mold slags where crystal-
lization kinetics must be controlled.[70] As such, there
have been numerous studies on the dissolution of
inclusions in slags, most of which conclude dissolution
is controlled by mass transfer in the slag.[70–82] A few
mentions were made of possible surface reaction control
for MgO dissolution,[72,73] but the recent re-analysis
supported mass transfer control for dissolution of both
Al2O3 and MgO.[83]

Although in most cases the slag is considered to
absorb inclusions, there are times when it can be a
source. During Ar stirring, especially intense stirring, the
slag becomes emulsified in the steel.[84–87] The emulsifi-
cation occurs when the velocity at the slag/metal
interface exceeds a critical value. This can be beneficial
for the rate of slag–steel reactions like desulfurization,
but it also leads to entrained slag in the steel. According
to these previously mentioned studies, sizes of entrained
slag droplets are of sizes on the order of tens of lm to
mm. However, recent work has identified smaller
micron-sized slag inclusions in aluminum-killed steel
during ladle treatment.[21]

The slower changes considered here have the common
characteristic that modification of inclusion composi-
tion and concentration depends on bulk movement of
steel and slag—transporting dissolved elements to and
from the steel when it contacts slag and refractory, and
moving inclusions to the slag or refractory for removal
from the steel. The time scale of the resulting inclusion
changes is determined by the steel circulation rate. In
practical steel treatment, stirring (by Ar bubbling or
electromagnetic stirring) directly affects the rate of
change of inclusions. Control of solids in the slag is
another important process variable. In contrast with
these relatively slow changes, inclusions can form and
change much faster if reactants are introduced directly
into the steel. Examples of such rapid changes are
considered in the next section.

III. FASTER INCLUSION CHANGES

This section focuses on faster (on the order of
seconds) changes to inclusions due to nucleation and
growth (deoxidation, reoxidation) and Ca treatment.
The common theme is that the reactants are introduced
directly into the steel, rather than being transferred from
the slag.

A. Deoxidation and Reoxidation

The nucleation and growth of deoxidation inclusions
occurs in less than a second once the steel is exposed to a
deoxidizer.[59–61] This implies that the time needed to
achieve deoxidation of an entire melt is determined by
the time needed to homogenize the deoxidation addition
throughout the steel volume.
Along with analyses of the nucleation and growth

kinetics, there have been several studies on inclusion
morphologies produced after deoxidation, particularly
in Al-killed steel. A number of shapes have been
observed, e.g., spheres, plates, polyhedral, dendrites,
and clusters, depending in large part on the supersatu-
ration of O and Al.[88–90] Large dendritic Al2O3 inclu-
sions and large inclusion clusters will more rapidly float
to the slag and be removed. In aluminum-killed steel,
rapid removal of oxygen to a total oxygen content of
around 100 ppm is typically observed shortly after
deoxidation.[44] The remaining smaller inclusions can
still continue to agglomerate as described in Sec-
tion II–C. These inclusions can be modified by the
slower slag/steel reactions described in Section 2. They
can also be modified by intentional Ca addition, see
Section III–B.
Any inclusion control efforts, such as calcium treat-

ment, stirring and flotation, must be coupled with
strategies to avoid reoxidation, which occurs when steel
is exposed to sources of oxygen after refining but prior
to casting. Automated inclusion analysis methods have
enabled more detailed investigations of these changes.
The remainder of this section reviews some of the more
recent developments in quantifying the effect of reoxi-
dation on inclusion composition and size distribution.
Many previous studies have focused on the occurrence
of reoxidation events, less so the impacts on inclusion
populations. After a brief survey of reoxidation sources,
some recent results will be reviewed on the formation of
spinel inclusions on reoxidation, a chemical strategy for
controlling reoxidation, and the effect of reoxidation in
remelted grades due to slag/steel reactions.
Reoxidation is a concern during any ladle-to-tundish

transfer and is especially prevalent when a ladle is
tapped into an empty tundish during startup heats and
after ladle exchanges.[91,92] Frequently mentioned
sources of oxygen include: air exposure during gas
stirring, slag components such as FeO, SiO2, and MnO,
and refractories (both lining material and slag that has
penetrated into the lining).[13,44] Additions such as
ferroalloys[3] and chill scrap[93] can also reoxidize steel.
It has also long been understood that inert gas injection
in ladles can lead to open eyes, or areas where the gas
bubbles break through the slag layer, exposing steel to
air.[44,87,94,95] Formation of open eyes in the tundish has
also been studied.[96] Samples taken from tundish open
eyes have higher total oxygen levels and more
inclusions.[97]

Detailed studies have been conducted on reoxidation
of steel during transfer to and in the tundish. The
behavior in the tundish is critical as it represents one of
the last opportunities for inclusion control. The impor-
tance of tundish design and flow control has been
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discussed in a recent review.[98] The effect of gas stirring
on reoxidation was investigated by Sasai and Mizu-
kami[99] where on the laboratory scale they found gas
stirring disrupted oxide films on the surface of liquid
steel and caused more extensive reoxidation. The extent
of air reoxidation (quantified by increase in total
oxygen) through tundish cover powder and during
teeming was also studied.[100] The authors used these
results to predict the extent of air reoxidation in plant
samples.[101]

Reoxidation also results in consumption of deoxidizer
elements such as Al, Mn, and Si.[44,102] Most of the
attempts to model reoxidation phenomena have focused
on O uptake, e.g.[101] as previously mentioned. A similar
strategy was applied to reoxidation in static casting,[103]

but in this this study, Thermo-Calc was used to predict
the formation of stoichiometric, solid oxide phases.
More recently, the EERZ-type model approach was
used to predict inclusion compositions in the tundish
after reoxidation.[104]

The expansion of automated SEM methods for
inclusion analysis has provided useful experimental data
on the effects of reoxidation. An early use of the method
showed that higher levels of FeO + MnO in the slag
resulted in fewer spinel inclusions in Al-deoxidized
steels. This can be explained by slag/metal reactions[105]

(so this is an example of a reoxidation phenomenon that
follows slower slag–steel kinetics discussed in the previ-
ous section). As discussed above it is now clear that
dissolved Al reacts with slag components. Dissolved Al
will preferentially reduce FeO and MnO compared to
more stable components like MgO. The lower rate of
MgO reduction lowers the rate of spinel formation due
to slag/metal reaction.

In facilities where steel is desulfurized in the ladle,
basic slags containing low FeO + MnO are required. In
these cases, spinel inclusions are common after deoxi-
dation. Spinel inclusions can be modified to liquid after
Ca treatment and MgO in the inclusions increases the
range of compositions that are considered acceptably
modified by promoting liquid inclusions after calcium
modification. During Ca treatment, it has been sug-
gested that Ca displaces Mg from the spinels and the
dissolved Mg level of the steel increases.[106,107] The
higher Mg levels lead to reformation of spinels on
reoxidation. Figure 6 shows results from industrial
samples, where reoxidation occurred during initial filling
of the tundish.[29]

The reformation of spinel inclusions has also been
predicted from thermodynamic calculations[107] and
confirmed by laboratory experiments illustrating the
formation of spinels under controlled reoxidation addi-
tions (enough Fe2O3 to add 100 ppm O to the melt) as
shown in Figure 7.[108,109]

Recent studies on reoxidation have also identified a
possible chemical strategy to control reoxidation. The
presence of CaS has been shown to reduce the extent to
which solid oxides reform after reoxidation in industrial
samples.[3] This possibility can be illustrated with
equilibrium calculations as shown in Figure 8. Ca
addition beyond what is needed to modify the oxide
inclusions leads to CaS formation which keeps that

added Ca in the liquid steel (rather than it simply boiling
off). The CaS serves as a reservoir of Ca that can absorb
additional O upon reoxidation (by the Ca treatment
reactions that are discussed in Section III–B, see Eq. 7).
The trends in these equilibrium calculations were

supported by the industrial results noted above and also
laboratory experiments with controlled reoxidation
additions. Representative results are shown in
Figure 9.[108,109]

These results suggest ladle inclusion populations
could be designed to include excess CaS as a buffer
against reoxidation downstream. Doing this requires
precise control of several process variables, including
steel S content, total O at Ca treatment, Ca addition, Ca
yield, and extent of reoxidation after Ca treatment.
The discussion above has focused primarily on

chemical changes occurring to inclusions. There are
also changes to the size distribution that can be used to
diagnose the occurrence of reoxidation events. This can
be seen in changes to the population density func-
tion.[110,111] The PDF represents the size distribution
histogram in a way that is independent of bin size. Since
inclusion sizes are measured on a polished cross-section,
only 2D data is available. The PDF can be generated
with this data, or corrections can be applied to account
for the 3D nature of the actual distribution.[112] These
corrections must be carefully considered given the wide
range of inclusion shapes that may exist in a sample.
The inclusion size distribution is determined by the

following processes: nucleation, growth, coarsening, and
collisions.[60,61] Immediately after deoxidation or reox-
idation, nucleation, growth, and coarsening occur,
producing a lognormal size distribution. Such a distri-
bution has a parabolic curve on a plot of
ln PDFð Þvs: ln dð Þ. When the size distribution is deter-
mined by collisions, a power law size distribution is
expected which is represented by a line on a plot of
ln PDFð Þvs: ln dð Þ.
Reoxidation events lead to nucleation and growth of

new inclusions, with characteristic changes to the
inclusion populations. In an industrial study,[110,111]

the PDF was used to confirm the formation of Al2O3

inclusions on reoxidation due to an open eye at the
stirring station. The PDF has been used by References
109 and 113 to confirm nucleation and growth of new
inclusions due to reoxidation at the laboratory scale. An
example of changes to the PDF caused by reoxidation is
shown in Figure 10. There is a clear difference in PDF
just after reoxidation due to the nucleation and growth
of a new population of smaller inclusions. Changes in
size distributions are therefore a tool that can be used to
diagnose reoxidation events or the population of inclu-
sions resulting from reoxidation.
The discussion above has described some of the

changes reoxidation causes to inclusion composition
and size distribution. Reoxidation can also occur during
remelting processes that are employed during specialty
steel production to control solidification structure and
inclusions. The technologies were initially used to
produce steels with lower sulfur content and better
inclusion control than could be attained from conven-
tional steelmaking (air melt) processes. However,
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Reoxidation 
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Fig. 6—(a) Modified inclusions at the end of ladle treatment and (b) formation of spinel inclusions due to reoxidation in the tundish, adapted
from Reference 29.

Fig. 7—Laboratory-scale results showing inclusion formation after reoxidation for Ca-treated and non-Ca-treated heats. The new population just
after reoxidation was Al2O3 without Ca treatment and spinel with Ca treatment, adapted from Reference 109. The melt was reoxidized by
addition of Fe2O3.
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Fig. 8—FactSage calculation illustrating that excess Ca addition—leading to CaS formation—enabled liquid oxides to remain at higher total O
contents (i.e., greater extent of reoxidation). The solid oxide region includes calcium aluminates, calcium magnesium aluminates, and spinels.
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advances in ladle metallurgy and focused efforts on
inclusion control have greatly improved air melt steel
cleanliness. Figure 11 shows results from a recent
comparison of air melt, electroslag remelt (ESR), and
vacuum arc remelt (VAR) steel.[114] The air melt
material was the parent heat—ingots from this heat
were processed by both ESR and VAR. VAR was very
effective at removing oxides. ESR effectively reduced
sulfide amounts, but the amount of oxide inclusions
increased after ESR compared to the air melt parent.

Issues with control of oxide inclusions during ESR
processing have been recognized since initial develop-
ment of the technology, leading to the adoption of
protective gases and slag deoxidants.[115] However, some
ESR processes are conducted with air above the slag
layer, which can lead to oxidation of the electrode and
dissolution of easily reducible iron oxides into the slag.

Reoxidation occurs due to slag/metal reactions and new
inclusions form in the liquid pool. High temperatures in
the slag layer and liquid pool (approx. 2100 K)[116]

promote this reoxidation. Higher currents have also
been associated with lower cleanliness due to electrode
oxidation and shorter slag/metal reaction time.[117]

B. Calcium Treatment

Ca treatment of Al-killed steels is performed to
convert solid Al2O3 and spinel inclusions to liquid
calcium aluminates (for better castability), and for
control of sulfide shape. The reviews noted in Section I
discuss many different aspects of Ca treatment. This
section focuses on a proposed mechanism that can
explain the time scale for calcium treatment. Ca is a

Fig. 9—Results of laboratory-scale experiments illustrating that spinel formation on reoxidation was suppressed by excess CaS (formed by
Ca-treating a heat with 50 ppm S), adapted from Reference 109. The melt was reoxidized by addition of Fe2O3.
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with size distributions determined by collision and agglomeration,
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highly reactive element, with very low solubility in liquid
steel (as recently re-assessed[32]), and a boiling point that
is lower than liquid steel temperature. These character-
istics directly affect how the calcium reacts upon
addition to the steel, and subsequently approaches
equilibrium. Ca is added to liquid steel as elemental
Ca, Ca-Si compound, CaC2, or Ca-bearing ferrosilicon.

The yield depends on the addition method, but
typically about 20 pct of the Ca remains in the steel
(but close to 100 pct for Ca-containing ferrosilicon[118]);
the balance boils off as Ca vapor. The added Ca first
reacts with dissolved elements to form calcium sulfide or
calcium oxide.[119] These initial products subsequently
react with alumina (or spinels) to form calcium alumi-
nates. If the initial product is CaS, the subsequent
reaction to form calcium aluminate can be written as
follows:

3 CaSh i þ Al2O3h i ¼ 3 CaOð Þ þ 2 Al½ � þ 3 S½ � ½6�
In this reaction, the pointed parentheses indicate solid

phases, while the round brackets around CaO indicate
that it is dissolved in the liquid calcium aluminate, and
the square brackets denote elements dissolved in liquid
steel.

Although this formulation captures the overall
changes, it is an incomplete description of the reaction
steps. Recent examination of the oxide inclusion size
changes following calcium treatment[120] has shown that
existing Al2O3 and spinel inclusions are not just mod-
ified by calcium treatment, but are dissolved while a new
population of calcium aluminates grow, as indicated by
the large reduction in the average size of inclusions after
Ca treatment (Figure 12).

The proposed reaction mechanism is that Al2O3 and
spinel inclusions dissolve into the steel, and that
dissolved Al, O, and Mg react with the Ca-bearing
inclusions to form calcium aluminate (containing some
MgO). The overall driving force for this mechanism is
the lower activity of Al2O3 in the calcium aluminate
than in pure Al2O3 or in spinel. For the case where the

initial oxides are Al2O3 and the initial Ca-bearing
inclusions are CaS, the reaction steps can be written
(in part) as follows:

Al2O3h i ¼ 2 Al½ � þ 3 O½ � ½7a�

Reactions at the calcium sulfide inclusion:

CaSh i þ O½ � ¼ CaOð Þin calciumaluminateþ S½ � ½7b�

2 Al½ � þ 3 O½ � ¼ Al2O3ð Þin calcium aluminate ½7c�

In Eq. [7c], the Al2O3 product is shown in round
brackets to emphasize that it is in the calcium alumi-
nate oxide solution.
If the rates of these reactions were limited by diffusion

in liquid steel, the reactions would go to completion in
seconds or less (similar to the reaction between Al2O3

and dissolved Mg shown in Figure 2). However, reac-
tion intermediates persist for several minutes after
calcium addition,[119] indicating that mixing of the liquid
steel (step 2 in Figure 1) is the limiting step. When a
liquid steel sample is taken before the reaction is
complete, the sample would contain inclusions with
different non-equilibrium conditions, because the vol-
ume of the steel sample is much larger than smallest
eddies in the liquid steel. (The Kolmogorov length

scale—smallest eddy size—is given by m3=e
� �0:25

, where m
is the kinematic viscosity of liquid steel and e is the
turbulent dissipation rate; for a typical range of
0:002m2=s3 < e< 0:06m2=s3 in a gas-stirred ladle,[121]

this gives length scales of around 60 to 140 lm.)
The faster changes considered here have the common

characteristic that changes to the inclusions occur when
additions are made to the steel. Formation of inclusions
upon deoxidation and reoxidation is rapid and the size,
shape, and agglomeration behavior of the inclusions is
critical to their removal to the slag. Engineering ladle
inclusion populations to retain excess CaS may be a
strategy to minimize harmful effects of reoxidation
downstream. Upon Ca treatment, an entirely new
population of inclusions is expected, rather than direct
chemical reaction between added Ca and the deoxida-
tion products. The observations in both this section and
Section II were made possible by automated SEM/EDS
analysis of inclusions, which is discussed in the next
section.

IV. CHARACTERIZATION METHODS

A. Analytical Methods

Inclusion populations can be quantified by several
methods.[122,123] An indirect measure of the amount the
amount of inclusions is a total oxygen measurement,
with clean steels having approximately 10 to 20 ppm
total oxygen and lower values for fracture and
fatigue-critical applications.[12] Other techniques are
commonly used for acceptance testing of material and
are standardized in ASTM E45 and E2142. These
methods involve measurements of inclusion size, shape,

Fig. 12—Large difference in size between the spinel inclusions that
are present before calcium treatment (upper image) and the calcium
aluminates that formed after calcium addition (lower image, sample
taken 3 min after calcium addition), adapted from Reference 120
(Secondary electron micrograph; inclusions revealed by deep-etching
the steel matrix.).
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and chemistry via optical microscopy or scanning
electron microscopy with energy-dispersive X-ray spec-
troscopy (SEM/EDS), and the results are reduced to
ratings. In components subject to fatigue loading,
extreme value statistics has been used to estimate largest
inclusion sizes[124,125] and ASTM E2283. The above
methods are widely used and useful for ensuring steel
quality. They also produce the averaged measurements
that can be correlated to mechanical behavior. However,
they do not provide information about the distribution
of chemistry, shape, and size of inclusions.

The technology for measuring distributions of inclu-
sion quantities is automated SEM/EDS. This method
employs software that detects the location of inclusions
on backscattered electron (BSE) images and measures
their chemistry by EDS. The typical process is:

1. Contrast and brightness are standardized by adjust-
ing SEM image settings so that the brightness values
of the steel matrix and a lower-density reference
(typically metallic Al tape) are at standard values

2. A low-magnification BSE image is taken of a chosen
field of view

3. Features on the image darker than a set brightness
threshold value are identified. The threshold value is
a user-defined input.

4. For each detected feature, a higher-magnification
BSE image is acquired for determining feature size
and shape attributes (e.g., aspect ratio)

5. Feature composition is measured via EDS
6. Features are then classified based on measured

composition. Quantification can be online or off-line
by a set of composition rules

Another SEM-based method is manual analysis of much
smaller numbers of inclusions that were exposed by
dissolving the steel matrix around inclusions (deep-etch-
ing).[126] This method provides better imaging of the
three-dimensional morphology of inclusions (rather
than 2D sections), at a higher resolution (using sec-
ondary electron imaging), but with much more time
needed to image one inclusion.

The main advantage of the automated SEM-based
method is that hundreds of measurements of micro-in-
clusion section size (and shape) and chemical composi-
tion can be obtained in tens of minutes, when using a
fast EDS detector. The method relies on detection of
possible inclusions (‘‘features’’) based on their bright-
ness in BSE images, followed by analysis of the detected
features by EDS. The oxides and sulfides generally have
lower BSE brightness than the steel matrix because of
their lower average atomic number.[127] Figure 12 is an
example of the brightness difference that can be
obtained, clearly showing the presence of separate oxide
and sulfide phases, both appearing darker than the steel
matrix in the BSE image. (Note that the inclusion in
Figure 13 appears to be an entrained slag droplet: it is
much larger than the typical micron-sized oxide inclu-
sions that are remnant deoxidation products or that
form during calcium treatment.)

Two main limitations of the automated SEM/EDS
method are spatial resolution—the smallest quantifiable
inclusion size is around 0.5 lm—and analysis accuracy.
The analysis accuracy is affected by overlap of EDS
peaks, and by differences in the extent to which
characteristic X-rays with different energies are
absorbed by the steel and inclusion phases. The latter
effect is strongest when the electron interaction volume
is similar in size to the depth of the inclusion and it can
cause large errors when the inclusions contain elements
with significantly different atomic numbers (such as Ca
and Al, or Mn and Si). This error can be minimized by
using a lower acceleration voltage.[127]

Use of 10 kV (rather than 20 kV) improves the BSE
spatial resolution (since the depth of the interaction
volume approximately scales with the accelerating
voltage raise to the power 1.7) and gives more accurate
EDX analyses. Compared with 20 kV, the EDX count
rate is lower at 10 kV, requiring longer EDX acquisi-
tion. However, in many cases when analyzing clean
steels, the rate-limiting step is finding the features (by
BSE imaging), and EDX acquisition times of the order
of one second per feature are often adequate. Reference
[127] showed examples of estimating the required
analysis time.
Some steel plants use automated inclusion analysis to

analyze several steel samples from every heat, as part of
the process to control and improve steel cleanliness.[3]

However, the total time to obtain a set of inclusion
analyses is too long to allow feedback control during
production of the heat. The main limits to faster analysis
are the time required for metallographic preparation of
the steel sample, and—for relatively clean steels—find-
ing the features by BSE imaging during automated
analysis.

B. Data Analysis and Applications of Machine Learning

Visualization of inclusion compositions is frequently
accomplished with Gibbs triangle ternary diagrams. The
diagram axes are cation or anion mole fraction or mass
fraction. An example plot is shown in Figure 14(a),
where the composition of each inclusion is represented

Fig. 13—Example of the contrast obtained between oxide and sulfide
phases and the steel matrix, for an inclusion observed by
backscattered electron (BSE) imaging: (a) BSE image. (b) Line scan
along the broken line in (a) Reference 150.
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by a single data point. A proportional symbol plot,
Figure 14(b), shows the same data but with the symbol
size proportional to the number fraction of inclusions
with the indicated composition.[128] Symbol size can also
be proportional to area fraction. These plots give some
information about the density of inclusions of a partic-
ular composition. The assumption is frequently made
that there is little chemistry change during solidification,
so the phases that comprise an inclusion in the liquid
steel can be inferred from its composition by overlaying
the ternary phase boundaries for the system at steel-
making temperatures, as shown in Figure 14(c).

Representing inclusion chemistry by a ternary dia-
gram provides an easily interpretable view of inclusion
composition distribution. However, such diagrams are
limited to only three composition variables. If a plot
with Al-Mg-Ca axes is produced, Ca-containing oxides
and sulfides cannot always be distinguished. Interpreta-
tion can sometimes be aided by joining multiple ternary
diagrams with a common axis.[129] Since one or more
diagrams are necessary to fully characterize a popula-
tion, ternary diagrams are also not amenable to com-
parisons of many samples (e.g., looking at trends in
behavior over many heats of steel or sequential sam-
ples). Trends are more often analyzed by simplifying
inclusion populations into a few composition classes
using user-defined classification rules.[93] This requires
assumptions about the expected inclusion compositions
and they must be consistently applied.

In addition to the challenges of visualizing and
summarizing inclusion compositions, automated SEM/
EDS produces much more data than composition,
including multiple variables describing inclusion size
and shape. The BSE images taken of each inclusion
contain information about spatial variations in compo-
sitions, as well as size and shape information. The most
commonly used outputs from automated SEM/EDS
analyses are chemical composition data and size, with
size typically quantified by equivalent circle diameter
(the diameter of a circle with equal area to the actual
inclusion).

Extracting a greater amount of useful information
from automated SEM/EDS data can be accomplished
with machine learning methods. These methods have
become mainstream in recent years and there are many
relatively user-friendly ways to implement them. In
general, machine learning algorithms automate data
analysis tasks such as classification, regression, anomaly
detection, and clustering. They are efficient and can be
used with data sets that are large in both number of
variables and number of observations.
Studies that have applied machine learning methods

to inclusion data have focused on clustering and
classification tasks. Clustering is an unsupervised
machine learning method, where groups of points are
automatically identified (to be distinguished from phys-
ical clusters of inclusion particles). This has been applied
to automate composition grouping.[130] Rather than
user-defined rules based on EDS composition measure-
ments, a clustering algorithm could automatically iden-
tify groups of oxide and sulfide inclusions. One
advantage of this method is its flexibility—no input
information is needed about the expected types of
inclusions in a sample.
Another potential use of clustering algorithms is in

the identification of physical clusters of inclusions.
Inclusion clusters are generally the most harmful to
the process and product, so a method to identify them is
desirable. This has been attempted in one of the current
authors’ groups.[131] Automated SEM/EDS scans were
taken from steel sampled in a ladle and tundish. The x–y
coordinates of the individual inclusions were clustered
using the DBSCAN algorithm.[132] This algorithm
attempts to automatically assign individual observations
as part of a cluster or noise. No information about the
number of possible clusters is needed.
This method was applied to inclusion analysis data

from two steel samples, one from a ladle and one from a
tundish (same heat). Seven large clusters of inclusions
were identified in the ladle sample and zero clusters were
identified in the tundish sample. These results are shown
in Figure 15. DBSCAN identified 146 features as the

CaO

Liq

(a) (b) (c)
CaO CaOMgO MgO MgO

AlO1.5 AlO1.5 AlO1.5

Fig. 14—Two representations of the same inclusion chemistry distribution—(a) each measured chemistry (cation fraction) plotted as one data
point, (b) the same data with symbol size proportional to the number of inclusions with that chemistry, (c) the ternary phase diagram of the
MgO-CaO-Al2O3 system at 1873 K (1600 �C), adapted from Reference 130.
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cluster in Figure 15(c). The BSE SEM images clearly
show the clusters are large and irregularly shaped
groups of inclusions. Although there is still much more
work needed to assess this approach, such methods
could potentially be used for rapid, automatic identifi-
cation of undesirable inclusion clusters in samples.

Another machine learning method with potential
application to inclusion analysis is classification. This
is an example of a supervised machine learning task,
where an algorithm identifies features that group inputs
based on training data. Once trained, the algorithm can
classify new observations. A recent study found inclu-
sions could be classified as liquid or solid (at steelmaking
temperatures) based on their aspect ratio, equivalent
circle diameter, and average grayscale value with rea-
sonable accuracy.[133] Further development of these
methods will enable more detailed and more rapid
evaluation of inclusion populations.

The widespread adoption of automated SEM/EDS
analysis has enabled many advances in inclusion anal-
ysis. Although the method is well-established, consider-
ation of the electron beam-sample interactions can help
reveal sources of error and can help improve scan
speeds. Machine learning methods are powerful data
analysis tools that are just beginning to be applied to
extract more information from inclusion data sets.
Improved automated SEM/EDS measurements and
data analysis methods will be necessary to address some
of the unresolved issues presented in the next section.

V. FUTURE RESEARCH DIRECTIONS

This paper has reviewed mostly recent developments
in efforts to characterize and model changes to
non-metallic inclusions in steels. These changes can be
distinguished by time scale. Many of the advances
discussed here were enabled by automated SEM/EDS

methods. Despite these recent advances, there are still a
number of unresolved issues that will require more
research in the future. Several of these are briefly
mentioned in this section.

A. Detailed Flow Effects

Inclusion changes that result from the slower pro-
cesses (such as steel–slag reactions) can be modeled
without taking the detail of steel flow into account—a
single mass transfer coefficient is a sufficiently accurate
description. The faster processes require detailed flow
modeling for full understanding, but it is not currently
possible to model multiphase flow for a full-size ladle
while also explicitly considering effects at the scale of
microns. Such small-scale effects are clearly important,
as indicated by the presence of micron-size entrapped
slag droplets as a source of inclusions. Improved flow
modeling is also needed to clarify the detail of reoxida-
tion that occur even at low gas flow rates, possibly
because of fluctuations in the size of the slag eye. A
practically important target of such modeling is quan-
tification of the limits of gentle gas stirring: As an
example of an unexplained observation, very low gas
flow rates (around 0.5 Ndm3/ton min) are needed for
optimal inclusion removal, with slower removal of
inclusions at higher gas flow rates[134]—not an effect
that would be predicted if inclusion removal (rather
than reoxidation) were the only limiting factor.

B. Uncertainties in Thermodynamic Models

In Section II–B the importance of thermodynamic
calculations to kinetic models was noted. Accurate
solution models are needed for these calculations and
these are difficult to develop because of the challenging
nature of high temperature equilibrium experiments.
Even the thermodynamics of the Al-O system was

Fig. 15—Automated identification of inclusion clusters in (a) a ladle sample and (b) a tundish sample. Seven clusters (in color) were identified in
(a) and zero clusters were identified in (b). Gray points are inclusions not part of a cluster. A BSE-SEM image of a cluster is shown in (c), along
with the number of individual features (identified by the automated analysis) that comprise the cluster (Color figure online).
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subject to relatively recent reassessments,[135–137] with
rather different behavior predicted at higher Al levels
compared to prior modeling attempts. Accurate predic-
tions at increasing Al levels are becoming more impor-
tant as Al contents in steel increase. The scarcity of
quality data for Ca and Mg has been noted[138] and the
current FactSage models overpredict Ca solubility in
steel.[32] Additional experimental data is particularly
needed to ensure the accuracy of the solution models.

C. Other Sources of Reactants

An experimental challenge, particularly for industrial
samples, is the possibility of other reactant sources
beyond those considered in models. This may be
particularly important for Ca. The partial modification
of inclusions by Ca impurities in ferrosilicon has been
documented.[3,139] The possibility of Ca as an impurity
should be considered whenever comparing kinetic model
calculations to experimental results. As noted earlier,
another possible Ca source is small droplets of entrained
slag.

D. Faster Inclusion Analysis

Automated SEM/EDS methods have provided a
wealth of useful information to metallurgists. However,
they are still too slow for online process control. Faster
sample preparation and evaluation methods are needed.
It seems likely that machine learning and computer
vision methods could be useful in accelerating auto-
mated inclusion analysis methods.

E. Solidification and Heat Treatment

Inclusions in the final product have been subjected to
liquid state processing, solidification, and heat treat-
ment. Solidification can lead to a new population of
inclusions. Most analyses have focused on sulfide
inclusions,[140,141] with some changes to oxides also
noted.[142] Recent work has also indicated that solid-
state diffusion can lead to inclusion changes on heat
treatment.[143,144] The extent of the changes and their
potential impacts need to be further explored.

F. Inclusions in Other Processes

Metal additive manufacturing (AM) technologies are
maturing to the point of large-scale, industrial produc-
tion. Laser power bed fusion AM uses a laser to create a
small molten pool that traces the part shape. The molten
pool is small (approximately 100 lm wide) and cooling
rates are on the order of 106 K/s, so solidification is
rapid. There are numerous processing and property
issues with AM processing and the presence and impact
of non-metallic inclusions is just beginning to be
examined.[145,146] One important question is the source
of inclusions in AM-processed materials. It is well
known that metal powders contain much higher O
levels, but it is not yet clear if these lead to formation of
endogenous inclusions, as in steels. A second important
factor is spatter—ejection of molten material that

oxidizes in the build chamber environment (e.g., Ar
with some impurities, including O2, for laser powder bed
fusion).[147] These oxides can fall back to the part
surface and will be incorporated into the part when
future layers are deposited. There is much more work
needed to better understand inclusions during AM
processes, especially given the variety of AM processes
and process phenomena.

VI. CONCLUSIONS

The combination of fast SEM-based inclusion char-
acterization and rapid multiphase thermodynamic cal-
culations has elucidated the underlying mechanisms by
which the composition and concentration of inclusions
change during secondary steelmaking. Part of the
resulting understanding is that changes in inclusions
result from processes that occur at quite different time
scales: For slower reactions between steel and slag (and
refractory), the inclusions approach equilibrium with
the bulk steel. Faster reactions occur when intentional
or unintentional additions are made directly to the steel,
resulting in inhomogeneity in the steel and non-equilib-
rium inclusions. The slower reactions have been readily
modeled by characterizing mass transfer with a single
mass transfer coefficient, with local equilibrium at the
reaction interfaces. Quantification of the faster reactions
would require detailed small-scale flow modeling. These
and other inclusion-related phenomena will continue to
be explored with automated SEM/EDS analysis and
increasingly sophisticated data analysis methods.
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65. M. Söder, P. Jönsson, and L. Jonsson: Steel Res. Int., 2004,

vol. 75, pp. 128–38.
66. D. Bouris and G. Bergeles: Metall. Mater. Trans. B, 1998,

vol. 29B, pp. 641–49.
67. J. Strandh, K. Nakajima, R. Eriksson, and P. Jönsson: ISIJ Int.,

2005, vol. 45, pp. 1597–606.
68. G.N. Shannon and S. Sridhar: Scand. J. Metall., 2005, vol. 34,

pp. 353–62.
69. G. Shannon, L. White, and S. Sridhar: Mater. Sci. Eng. A, 2008,

vol. 495, pp. 310–15.
70. S.H. Lee, C. Tse, K.W. Yi, P. Misra, V. Chevrier, C. Orrling, S.

Sridhar, and A.W. Cramb: J. Non. Cryst. Solids, 2001, vol. 282,
pp. 41–48.

71. S. Sridhar and A.W. Cramb: Metall. Mater. Trans. B, 2000,
vol. 31B, pp. 406–10.

72. K.W. Yi, C. Tse, J.-H. Park, M. Valdez, A.W. Cramb, and S.
Sridhar: Scand. J. Metall., 2003, vol. 32, pp. 177–84.

73. A.B. Fox, M.E. Valdez, J. Gisby, R.C. Atwood, P.D. Lee, and S.
Sridhar: ISIJ Int., 2004, vol. 44, pp. 836–45.

74. B.J. Monaghan and L. Chen: J. Non. Cryst. Solids, 2004,
vol. 347, pp. 254–61.

75. B.J. Monaghan, L. Chen, and J. Sorbe: Ironmak. Steelmak., 2005,
vol. 32, pp. 258–64.

76. J. Liu, F. Verhaeghe, M. Guo, B. Blanpain, and P. Wollants: J.
Am. Ceram. Soc., 2007, vol. 90, pp. 3818–24.

77. D. Wang, X. Li, H. Wang, Y. Mi, M. Jiang, and Y. Zhang: J.
Non. Cryst. Solids, 2012, vol. 358, pp. 1196–201.

78. S. Michelic, J. Goriupp, S. Feichtinger, Y.-B. Kang, C. Bernhard,
and J. Schenk: Steel Res. Int., 2016, vol. 87, pp. 57–67.

79. J.S. Park and J.H. Park: Metall. Mater. Trans. B, 2016, vol. 47B,
pp. 3225–30.

80. K. Miao, A. Haas, M. Sharma, W. Mu, and N. Dogan: Metall.
Mater. Trans. B, 2018, vol. 49B, pp. 1612–23.

81. M. Sharma and N. Dogan: Metall. Mater. Trans. B, 2020,
vol. 51B, pp. 570–80.

82. Y. Park, Y. Cho, W. Cha, and Y. Kang: J. Am. Ceram. Soc.,
2020, vol. 103, pp. 2210–24.

83. P. Yan, B.A. Webler, P.C. Pistorius, and R.J. Fruehan: Metall.
Mater. Trans. B, 2015, vol. 46B, pp. 2414–18.

84. T. Wei and F. Oeters: Steel Res., 1992, vol. 63, pp. 60–8.
85. H. Lachmund, Y. Xie, T. Buhles, and W. Pluschkell: Steel Res.

Int., 2003, vol. 74, pp. 77–85.

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 51B, DECEMBER 2020—2451



86. F. Fuhr, G. Torga, F. Medina, and C. Cicutti: Ironmak.
Steelmak., 2007, vol. 34, pp. 463–70.

87. P. Valentin, C. Bruch, Y. Kyrylenko, H. Köchner, and C.
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