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The agglomeration behavior of non-metallic inclusions in the steelmaking
process is important for controlling the cleanliness of the steel. In this work,
the observation of agglomeration behaviors of inclusions at steel/Ar and steel/
slag interfaces using a high-temperature confocal laser scanning microscope
(HT-CLSM) is summarized. This HT-CLSM technique has been applied to
observe phase transformation during solidification and heat treatment and
the engulfment and pushing behavior of inclusions in front of the solidified
interface. In the current work, the inclusion agglomeration behavior at steel/
Ar and steel/slag interfaces is summarized and discussed. Subsequently, the
development of the theoretical work investigating inclusion agglomeration at
steel/Ar and steel/slag interfaces including the initial capillary force model
and Kralchevsky–Paunov model is described. Finally, the Kralchevsky–Pau-
nov model is applied to investigating nitride inclusion agglomeration at high-
manganese steel/Ar interfaces. This work aims to give a critical review of the
application of HT-CLSM in secondary refining as well as a better control of
inclusion elimination for clean steel production.

INTRODUCTION

The cleanliness of steel is of vital importance in
meeting the increasing demands for high-quality
steel grades with superior mechanical properties.
To improve steel cleanliness, the agglomeration
behavior of inclusions in steel must be controlled
accurately. Steel plants aim to produce steels with
as much cleanliness as possible to avoid nozzle
clogging, improve mechanical properties, and
ensure economical production.1–3 Against this back-
ground, the field of ‘inclusion engineering’ has been
developed,4 which deals with control of the mor-
phology, size distribution, amount, and composition
of non-metallic inclusions formed in liquid steel
during refining and casting processes.

The agglomeration behavior of inclusions has
been investigated experimentally by using the
high-temperature confocal laser scanning micro-
scope (HT-CLSM). The pioneering work on the
application of HT-CLSM dates back to the work of
Emi’s group,5,6 with the observation of crystal

growth during the solidification of steel5 as well as
engulfment and pushing behaviors of inclusions in
steel the melt/solid interface.6 HT-CLSM has also
been used to observe the phase transformations in
solid steel during continuous cooling.7,8 Moreover,
previous HT-CLSM work focusing on the observa-
tion of inclusion agglomeration behavior at steel/Ar
and steel/slag interfaces has been reported in
Refs. 9–26.

In the current work, an overview of in situ
observation of non-metallic inclusion agglomeration
behavior is presented. Furthermore, the theoretical
attractive force for inclusion agglomeration was
initially calculated by Emi et al.9,10 and subse-
quently by Nakajima and Mizoguchi,11 Kimura
et al.,12 Wikström et al.,23,26 and Mu et al.13,14 using
the Kralchevsky–Paunov model.27,28 The calculated
results can provide a reasonable fit with the exper-
imental data of attractive force.11–14,23 Subse-
quently, the agglomeration potency of different
nitride inclusions at a high-manganese steel/Ar
interface is quantitatively evaluated, based on the
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calculation results of capillary force. The present
work aims to consolidate and rationalize the exten-
sive observations in the literature with the objective
of better control of inclusion elimination and
improve the steel quality in secondary refining
and casting, according to the concept of inclusion
engineering.

EXPERIMENTAL WORK OF IN SITU
OBSERVATION OF INCLUSION

AGGLOMERATION AT STEEL/AR
AND STEEL/SLAG INTERFACES

BY HT-CLSM

Inclusion Agglomeration at the Steel/Ar
Interface

Several researchers have investigated inclusion
agglomeration behaviors at steel/Ar9–22 and steel/
slag interfaces16,19,23–26 by HT-CLSM, as summa-
rized in Table I. Emi et al.9,10 observed the agglom-
eration behavior of solid inclusions (Al2O3, A80S,
CA80S, CAS95, CA80), semi-solid inclusion (CA60),
and liquid inclusions (CA60S, CA50S, CA50) at the
steel/Ar interface, where CaO is abbreviated as C,
Al2O3 as A, SiO2 as S, and MgO as M. The numerals
after the abbreviated letters represent the average
content in each inclusion, for example, CA60S
represents 60 mass%Al2O3-xCaO-ySiO2. They
reported that solid–solid inclusion pairs would form
as (1) intermediate aggregates, (2) loose structured
clusters, and (3) densified compact clusters more
easily than other types of inclusion pairs. The
attractive capillary force was in the range of
10�16–10�13 N. An illustration of the calculation of
the attractive force of inclusion agglomeration based
on the HT-CLSM video from previous studies9,10,12

is shown in Fig. 1.

ai ¼ Viþ1 � Við Þ=Dti ¼ diþ1=tiþ1 � di=tið ÞDti ð1Þ

Dti ¼ tiþ1 � ti ð2Þ

m2 ¼ q� V2 ð3Þ

FA;i ¼ m2 � a2 ð4Þ

F0
A;i ¼ m2 � ai �m1= m1 þm2ð Þ ð5Þ

Equations 1–4 show the calculation methods for
one inclusion (guest) moving toward a stagnant
inclusion (host) where m1 is the mass of the guest
inclusion and a is the acceleration of the guest
inclusion toward the host inclusion. Also, d1, d2, and
d3 are the distances between two inclusions at each
time. The time interval, Dt, equals 1/30 of a second.
Furthermore, if two inclusions approach each other,
a revised parameter of m2/(m1 + m2) was introduced
to replace m1. In that case, Eq. 5 was introduced. It
should be noted that the inclusion is assumed to

have a disk shape in Refs. 9, 10 and 12; it is also
assumed to have a spherical shape in Refs. 13
and 23. The volume of inclusions can be calculated
based on the different geometries.

It is reported that there is no collision between
the globular liquid–liquid inclusions. The strength
of the attraction force between two inclusions in
pairs at the steel/Ar interface can be listed as
follows: liquid/liquid pair< liquid/semi-liquid
pair< semi-liquid/semi-liquid pair< liquid/solid
pair< semi-liquid/solid pair< solid/solid pair.10

The detailed composition, attractive force, morphol-
ogy, and agglomeration characteristics of inclusions
are summarized in Table II. In addition, Yin et al.
claimed that strong long-range attraction extended
as far as 50 lm between Al2O3 inclusions and about
40 lm between 80%Al2O3Æ20%SiO2 inclusions.9

Subsequently, Nakajima et al.11,12 continued this
research work with reporting data for inclusion
agglomeration in 16Cr Al–Si-killed and 16 Cr Si-
killed stainless steel.11 They concluded that an
attractive force existed between pairs of inclusions
of a similar kind, such as solid/solid, solid/semi-
solid. Specifically, the solid/solid inclusion pair had
the strongest attraction, and the liquid/liquid inclu-
sion pair had the weakest. However, a repulsive
force exists between the complex-liquid inclusion
pair. This conclusion is similar but not identical to
that reported by Yin et al.9,10 Subsequently, these
researchers claimed that attractive forces between
93%Al2O3Æ7%MgO inclusions and those between
MgO inclusions were quite similar in the range of
5 9 10�18–5 9 10�16 N,12 approximately 1/10 of the
force between Al2O3 inclusion pairs reported by Yin
et al.9 The maximum acting length of the force for
93%Al2O3Æ7%MgO inclusion pairs and MgO inclu-
sion pairs was 21–22 lm,12 which is much shorter
than the maximum acting length for Al2O3 and
80%Al2O3Æ20%SiO2. This acting distance is affected
by the inclusion size. It is worth noting that the
aforementioned 93%Al2O3Æ7%MgO and MgO inclu-
sions, which have a small value of acting distance,
had a radius< 5 lm; however, this acting distance
can be over 150 lm for Al2O3 inclusions with a
radius > 40 lm.13–15

In situ observations of inclusion agglomeration
have been continuously reported in Refs. 16–19
and 23. Some researchers named ‘the steel/Ar
interface’ as ‘the molten steel surface,’ and these
two terms have the same meaning in the HT-CLSM
work. Vantilt et al.17 observed the agglomeration of
Al2O3ÆMnO (sol.), Al2O3ÆMnOÆSiO2 (liq.), and Al2O3

(sol.) inclusions at the (Mn,Si)-killed steel/Ar inter-
face and found that solid inclusions move freely to
form clusters and liquid inclusions are forced to
agglomerate, affected by the fluid flow, which is a
similar conclusion to that reported by Nakajima
et al.11,12 Also, Coletti et al.16 reported that the
clustering behavior of liquid CaOÆAl2O3 inclusions
(30%CaOÆ70%Al2O3 or 25%CaOÆ75%Al2O3) was not
found at the surface of Ca-treated Al-killed low-
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carbon steel.16 Similar phenomena regarding the
motion of complex Al2O3ÆSiO2ÆCaOÆMgO inclusions
at the molten steel surface and the d-ferrite/liquid
interface of AISI 304 stainless steel were reported
by Liang et al.18 Appelberg et al.19 reported the
agglomeration behavior of alumina and cerium
oxide (Al2O3ÆCe2O3) inclusions in liquid Fe-20%Cr
ferric stainless steel. Different types of alumina and
cerium oxide inclusions have been observed accord-
ing to the different ratios of [Ce]/[Al] in the steel.
However, all the types of Al2O3ÆCe2O3 inclusions
could form clusters with radii up to approximately
20 lm.19 Wikström et al.23 reported the agglomer-
ation behavior of two types of Ca–Al oxides, liquid
50%Al2O3Æ50%CaO (CA50) and semi-liquid
62%Al2O3Æ38%CaO (C38A62) inclusions, at the sur-
face of high-carbon Al-killed steel with Ca treat-
ment. They claimed that the collide type between
the semi-liquid C38A62 inclusion pair was ‘free’ and
that between the liquid–liquid CA50 inclusions was
both ‘free’ and ‘forced.’ This conclusion means that
the liquid–liquid inclusion pair could not collide as
freely as the liquid/semi-liquid inclusion pair, which
is similar to the conclusion reported in previous
studies.9–12 However, the liquid–liquid inclusion
pair can be forced to agglomerate at the steel/Ar
interface, driven by the steel flow when the tem-
perature increases. Besides, MgOÆAl2O3 is a tech-
nologically important inclusion type, which may
lead to nozzle clogging. Regarding this type of
inclusion, Kang et al.20 reported that Al2O3 inclu-
sions attracted each other and agglomerated. How-
ever, MgOÆAl2O3 spinel inclusions and solid calcium
aluminate inclusions did not show any sign of
attraction or agglomeration. Du et al.21 reported
Al2O3 and MgOÆAl2O3 spinel behaviors in Fe-0.4C-
1Si-0.3Mn-5Cr-1.2Mo-0.9V Al-killed steels with and
without Mg addition. They observed agglomerated
MgOÆAl2O3 spinel clusters of 20–60 lm; however,
their number and size were much smaller than the
Al2O3 clusters in the same steel grade without Mg
addition. To date, the exact reason for the different
agglomeration behaviors of MgOÆAl2O3 spinel inclu-
sions reported by different researchers20,21 is
unclear; it may be related to the different physical
properties of various steel grades or the number
density of the MgOÆAl2O3 spinel inclusions pre-
sented in the steels.

Inclusion Agglomeration Behavior
at the Steel/Slag Interface

The use of HT-CLSM to investigate the inclusion
agglomeration behavior at the steel/slag interface
dates back to the work of Sridhar’s group.16,17,24,25 A
schematic illustration of the steel/Ar and steel/slag
interfaces before in situ observation experiments is
shown in Fig. 2. To observe the inclusion agglomer-
ation behavior at the steel/slag interface, an opti-
cally transparent slag disc should be used.16,17,23,26

Another required condition is the melting point of
the slag should be lower than that of the steel.
According to these two requirements, a 50%
CaOÆ50% Al2O3 slag16,23 and several CAS slags with
or without MgO19,24–26 were selected in previous
studies.

Detailed information on the agglomeration behav-
ior of inclusions at the steel/slag interface is shown
in Table I. Misra et al.24 reported the agglomeration
behavior of different types of Al2O3ÆCaOÆSiO2 inclu-
sions at the interface created by a (Mn,Si)-killed
steel and a 50%CaOÆ50%Al2O3 slag. Irregular inclu-
sions (solid) with sizes< 10 lm would occasionally
attract and absorb irregular inclusions with smaller
size to form aggregates. This qualitative observation
is quite similar to the case of inclusion behavior at
the steel/Ar interface.9–11 Thereafter, the agglomer-
ation of different morphologies of TiN inclusions at
a molten stainless steel/CASM slag interface was
reported by the same authors.25 Loose clusters with
hexagonal-shaped TiN precipitates could be
observed at 1489�C. However, triangular-shaped
TiN precipitates were found to form clusters at
1589�C.25

Quantitative analysis of the attractive force of
inclusion agglomeration at the steel/slag interface
has been continuously reported.16,17,23,26 Coletti
et al.16 and Vantilt et al.17 reported that the same
types of 40%CaOÆ40%SiO2Æ20%Al2O3, 53.3%CaOÆ46.5%
Al2O3Æ0.1%SiO2, and 33%CaOÆ20%Al2O3Æ40%SiO2Æ6
7%MgO slags were used to create the steel/slag

interface. Moreover, (Mn,Si)-killed low-carbon
steel,17 abbreviated as LC-SMn steel, and Ca-
treated Al-killed low-carbon steel,16 abbreviated as
LC-CA steel, were chosen. For the case of LC-SMn
steel, complex liquid Al2O3ÆCaOÆMnOÆSiO2 inclu-
sions were found, and the agglomeration of this type
of inclusion was reported to be inhibited by a
counteracting force at the steel/slag interface. This
differs from the behavior of similar types of inclu-
sions at the steel/Ar interface, where solid inclu-
sions (Al2O3 and Al2O3ÆMnO) were observed to move
freely to form a cluster, and liquid inclusions
(Al2O3ÆMnOÆSiO2) were forced to agglomerate under
the influence of fluid flow.17 For the case of LC-CA
steel, the inclusion is identified as the solid Al2O3

and Al2O3-SiO2-containing phase.16 Wikström
et al.23,26 reported the clustering behavior of liquid
Al2O3ÆCaO inclusions at the interface between

Fig. 1. Schematic illustration to calculate the attractive force from
the HT-CLSM video, adapted from Refs. 9, 10, and 12.
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Ca-treated Al-killed high-carbon steel, abbreviated
as HC-CA steel, and the 40%CaOÆ20%Al2O3Æ40%-
SiO2 slag.

Even if the steel compositions are different,
several conclusions are still in agreement. First,
the steel would form a pronounced meniscus, pen-
etrating into the slag. A schematic illustration is
shown in Fig. 3. The inclusions could be driven
together at the top of the hemispherical meniscus
because of the buoyancy force. Second, there is an
attractive force working at relatively long distances

between inclusions or clusters to force them to
converge. Thereafter, a repulsive force seems to
exist holding back inclusions when they approach
within about 150 lm. However, the repulsive force
is quite weak, and the inclusions will finally
agglomerate at the steel/slag interface.16,17 Coletti
et al.16 and Vantilt et al.17 reported the repulsive
force could be observed at the interface between
low-carbon steel and 33%CaOÆ20%Al2O3Æ40%SiO2Æ6
7%MgO slag; see Fig. 4a. More specifically, Fig. 4b

indicates that the repulsive force is larger when the
size of the approaching inclusion is larger.17 Accord-
ing to these authors’ understanding, whether the
force is attractive or repulsive depends on the
wetting behavior between the inclusion and the
liquid steel and between the inclusion and slag at
the interface.

In the original Refs. 16 and 17, the repulsive force
was defined as positive and the attractive force as
negative. In this article, the attractive force is
defined as positive and the repulsive force as
negative; see Fig. 4b. The value of the repulsive
force is in the range of 1E�17 to 1E�16 N, which is
quite weak. In this case, the inclusions can finally
agglomerate, driven by the slag flow forces. Exper-
imental evidence is shown in Fig. 5. It is found that
the distance between inclusions decreases with
prolonged time. Moreover, Wikström et al.23,26

reported a similar phenomenon at the interface
between HC-CA steel and 40%CaO-20%Al2O3-
40%SiO2 slag. Figure 6 shows the distance between
pairs of liquid 50%CaOÆ50%Al2O3 inclusions as a
function of time. For convenience, each individual
inclusion is labeled I, II, and III, the resulting pairs
being I and II, I and III, and II and III. The free
attraction behavior can be seen between 0 s and
4.5 s for inclusions I and II. Thereafter, the inclu-
sions reach a neutral position until 16 s. After this,
the liquid inclusions are forced together by the slag
flow forces, as observed by Wikström et al.23 For the
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Fig. 4. Comparison of the attractive force and repulsive force between the inclusion and cluster in the low-carbon steel/33%CaOÆ20%A-
l2O3Æ40%SiO2Æ6 � 7%MgO slag interfaces.

Fig. 3. Illustration of the steel/slag interface after the HT-CLSM
experiment, adapted from Ref. 17.

Fig. 2. Schematic illustrations of the (a) steel/Ar and (b) steel/slag
interfaces, which were prepared before in situ observation, adapted
from Ref. 23.
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other pairs of inclusions, I-III and II-III, the forced
agglomeration is directly observed. By adjusting the
starting time of the inclusion agglomeration in
Fig. 5 to be the same as for inclusion pairs I-III
and II-III, the agglomeration in Fig. 5 can also be
considered the forced type because of the overlap-
ping data. It should be noted that the term ‘forced
agglomeration’ is used in Refs. 23 and 26, but not in
the Refs. 16 and 17. Finally, the inclusion compo-
sitions were reported to change because of the
reaction between the inclusion and the slag; how-
ever, no comment was made regarding the effect of
this change.

Summary of In Situ Observation Experiments
of Inclusion Agglomeration by HT-CLSM

In situ observations of inclusion agglomeration at
the steel/Ar interface can be summarized as follows:
Pairs of inclusions of like phases exhibit attraction,

and the solid/solid pair shows the strongest attrac-
tion followed by the semi-liquid/semi-liquid pair and
liquid/liquid pair. For the case of inclusion pairs
with different phases, both an attractive force and a
repulsive force exist. The difference depends on the
physical properties, especially the contact angle
between the inclusion and the liquid steel. For the
inclusion agglomeration at the steel/slag interface,
the force is more complicated. There is a long-
distance-range attractive force and a repulsive force
when the spacing is < 100–150 lm. Inclusions at
the steel/slag interface can be forced to agglomerate
by the slag flow.23 The range of distance for
different inclusion agglomerations at the steel/slag
interface is different, but no explanation for this has
been offered. This issue is worthy of detailed
investigation in future work.

Besides the case of the steel/Ar and steel/slag
interfaces, the inclusion agglomeration behavior in
slag was reported by Wikström et al.23 as well, and
they claimed that the agglomeration of liquid inclu-
sions was enhanced remarkably compared with
inclusion agglomeration behavior at the steel/slag
interface. However, dissolution of inclusions in the
slag was not observed by these researchers. This
may be due to the inclusion time because the
inclusion in the slag is too short for observation.
Lee et al.,29 Miao et al.,30 Monaghan et al.,31–33 and
Feichtinger et al.34 observed various inclusions
dissolved in the slag after it transferred across the
steel/slag interface by using CLSM. The more
systematic in situ observation work in combination
with the inclusion agglomeration and dissolution in
liquid slag can be considered in future work.

According to previous studies, the agglomeration
behavior of Al2O3, Al2O3ÆSiO2, different types of
Al2O3ÆCaO, MgO, Al2O3ÆMgO, Al2O3ÆCe2O3, and
complex inclusions containing Al, Si, Ca in low-/
high-carbon steels, and specific grades of stainless
steels (AISI304, 16Cr) have been reported. How-
ever, the agglomeration behavior of other types of
inclusions, such as Ti oxides and Ti–Al spinel, has
not been reported extensively. Moreover, inclusion
agglomeration behaviors in other kinds of high-alloy
steels, for instance, high-manganese steel, have not
been found in the open literature. In addition,
physical property data, especially the contact angle
for inclusions at the steel/Ar and steel/slag inter-
faces, are required to calculate the interaction force.

THEORETICAL STUDY OF INCLUSION
AGGLOMERATION AT THE STEEL/AR

AND STEEL/SLAG INTERFACES

To compare with the experimental evidence of
inclusion agglomeration at the steel/Ar and steel/
slag interfaces observed by HT-CLSM, a theoretical
study on summarizing the calculation methods of
the attractive capillary force is introduced in this
section. Subsequently, the coagulation coefficients
for inclusion agglomeration as well as the
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Kralchevsky–Paunov model applied in high-man-
ganese steel melts are calculated. The hybrid cal-
culations, combining attractive capillary force and
the coagulation coefficient, aim to give a quantita-
tive comparison of the agglomeration/dispersion
potencies of different inclusions in the steels.

Initial Theoretical Attractive Force Model

Yin et al.9,10 were the first to report that the
difference of capillary pressure between the inside
and outside of the inclusion pair can push the two
inclusions toward each other when they are suffi-
ciently closed; this is called capillary attraction. At
that time, a quantitative model to calculate the
capillary force between two inclusions at the steel/
Ar interface had not been developed, and Eqs. 6 and
7 were used as a preliminary estimation for the
capillary force calculation.

F ¼ 0:5g� qL � qGð Þ �w� Dh2 ð6Þ

Dh ¼ 2c� cos h=g� qL � qGð Þ � d ð7Þ

where Dh is the difference in the liquid surface
height between the inside and outside of the inclu-
sions, w is the width of the surface roughness of the
particles, h is the contact angle between the inclu-
sion and liquid metal, c is the surface tension, d is
the separation distance, and qL and qG are the
densities of the liquid metal and the gas; however,
qG is always negligible.

This model gives the first method to evaluate the
capillary force for inclusion agglomeration; how-
ever, it does not work properly. For instance, it is
reported that Dh is calculated to be 0.6 m if using
50 lm of d, 7000 kg/m3 of qL, 1.54 N/m of c, 133� of h,
and 1.25 of surface roughness of Al2O3. To get a
reasonable capillary force (3.5 9 10�14 N), 0.32 lm
of Dh is estimated.9 In this case, the model does not
provide a reasonable evaluation of the attraction
capillary force of different inclusions. To calculate
the capillary force more accurately, the Kral-
chevsky–Paunov model was introduced.27,28

Kralchevsky–Paunov model

According to the calculation of the attractive
capillary force, Kralchevsky et al.27 derived a gen-
eral mathematical model for the energy and force
balances between two spherical particles floating on
the surface of a liquid phase, and this model is used
at room temperature. Subsequently, Paunov et al.28

provided simplified equations to calculate the cap-
illary interaction between the two floating particles
at the interface between liquid metal and Ar.
Nakajima et al.11,12 were the first to apply this
model to process metallurgy, calculating the capil-
lary force for inclusion agglomeration at the liquid
steel/Ar interface. However, the inclusions in the
calculation are only defined as solid, liquid, and
complex particles. The quantitative analysis for

specific kinds of inclusion was not made. Subse-
quently, Mu et al.13,14 applied this model to compare
with experimental data from in situ observation of
large Al2O3 inclusions containing minor Ti-oxide
inclusions, and reasonable agreement was obtained.
Based on the agreement, parametric studies on the
effects on the capillary force, inclusion size, surface
tension of metal, inclusion density, and contact
angle between the inclusion and metal were carried
out, and finally the order of the capillary force for a
range of oxides (Ce2O3, Al2O3, Ti2O3, MgO, CaO,
TiO2, SiO2, different spinel oxides) at the interface
between Ar and pure iron and medium carbon steel
was evaluated quantitatively. In addition, this
model has been applied in the in situ dynamic study
of the bending deformation of an Al2O3 chain
aggregate. It was concluded that the capillary force
between two particles in an Al2O3 chain aggregate
is the main driving force for the aggregate bending
at the steel/Ar interface.15 The main equations for
the model derivation are summarized here, and the
details can also be found elsewhere.11–14 Figure 7
shows the schematic illustration of the interaction
force existing on a pair of spherical particles with
radii R1 and R2 floating at the steel/Ar interface.

Equation 8 shows the capillary interaction
energy, W, between spherical inclusions.

DW ¼ �pc
X2

k¼1

Qkhk �Qk1hk1ð Þ 1 þO q2R2
k

� �� �
ð8Þ

q ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qI � qIIð Þg

c

s

�
ffiffiffiffiffiffiffi
qIg

c

r
; where qI � qII ð9Þ

where qI and qII are the densities of liquid iron/
steel(I) and Ar(II). q is the capillary length, defined
by Eq. 9. g is acceleration due to gravity. c is the
surface tension of the liquid metal. The subscript k
represents inclusion 1 or 2 in a pair. O(x) is the zero
function of the approximation. Subsequently, the
capillary charges and height differences of the
meniscus (Qk and Qk1, and hk and hk1) can be
calculated using the following equations.

Qk ¼ 1

2
q2b2

k Rk �
1

3
bk

� �
� 4

3
DkR

3
k � r3

khk ð10Þ

Fig. 7. Schematic illustration of the capillary meniscus around two
spherical inclusions at the steel/Ar interface.
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hk ¼ sk þ 2 ln 1 � exp �2skð Þð Þð Þ � Q1 þQ2ð Þ ln ceqað Þ

þ Q1 �Q2ð Þ A� �1ð Þk
X1

n¼1

2

n

exp �nskð Þ sinhnsj
sinhn s1 þ s2ð Þ

 !

ð11Þ
where j and k = 1 and 2 and j 6¼ k; (qRk)

2 > 1.
According to Fig. 7, Rk is the radius of inclusion k, bk
is the immersion depth, rk is the capillary meniscus
radius, / is the angle according to the slope of the
meniscus, ak is the contact angle between the inclu-
sion and the liquid metal at the steel/Ar interface,
and L is the distance between the inclusions at the
interface. ce is the Euler–Masceroni constant and is
reported to equal 1.78.11,12,23 Dk is the density ratio.
The parameters A, sk, and a are used for the
simplification of Eq. 11. The calculation of each
parameter described above can be seen in Eqs. 12–17.

A ¼
X1

n¼1

1

n

sinhn s1 � s2ð Þ
sinhn s1 þ s2ð Þ ð12Þ

sk ¼ ln
a

rk
þ a2

r2
þ 1

� �0:5
 !

ð13Þ

a2 ¼ L2 � r1 þ r2ð Þ2
� �

L2 � r1 � r2ð Þ2
� �

= 2Lð Þ2 ð14Þ

Dk ¼ Rk 1 þ cos ak þ ukð Þð Þ ð15Þ

uk ¼ arc sin Qk=rkð Þ ð16Þ

rk ¼ 0:5 Rk sin ak þ R2
k sin2 ak þ 4QkRk cos ak

� �1=2
� �

ð17Þ

Equation 11 can be simplified as Eq. 18 for the
case of agglomeration of two inclusions with the
same composition and size.

h0
k ¼ Qk sk þ 2 ln 1 � exp �2skð Þð Þð Þ � Q1 þQ2ð Þ ln ceqað Þ

ð18Þ

When L approaches 1, Qk1 and hk1 become
Eqs. 19 and 20.

Qk1 ¼ 1

6
q2R3

k 2 � 4Dk þ 3 cos ak � cos3 ak
� �

ð19Þ

hk1 ¼ rk1 sin akuk1
4

ceq 1 þ cosuk1ð Þ ð20Þ

For the different values of L, the capillary force
can be calculated as follows.

F ¼ d DWð Þ
dL

ð21Þ

Here, the capillary interaction energy between two
inclusion particles (DW) is expressed by the wetting
contribution (DWw), meniscus surface tension

contribution (DWm), and gravity contribution
(DWg); see Eqs. 22–24. The detailed derivation has
been reported by Kralchevsky and Paunov.27,28

dDWw

dL
¼ �pc

X2

k¼1

qrkð Þ2Rk cos ak
dhk

dL
� 1 þO q2R2

k

� �	 


ð22Þ

dDWm

dL
¼ pc

X2

k¼1

Qk þ qrkð Þ2Rk cos ak
h idhk

dL
� 1 þO q2R2

k

� �	 


ð23Þ

dDWg

dL
¼ �pc

X2

k¼1

2Qk
dhk

dL
1 þO q2R2

k

� �	 

ð24Þ

F ¼ �pc
X2

k¼1

Qk
dhk

dL
1 þO q2R2

k

� �	 

ð25Þ

Here, a simplification has been made by Paunov
et al.28 The following Eq. 26 has been used.

hk ¼ hk1 þQjK0 qLð Þ ðj; k ¼ 1; 2; j 6¼ k; rk � LÞ
ð26Þ

where the function K0(x) represents the modified
Bessel function of zero order.35

By substituting Eq. 26 into Eq. 25, the expression
of Eq. 27 can be obtained.

F ¼ 2pQ1Q2qK1 qLð Þ 1 þO q2R2
k

� �	 

rk � Lð Þ ð27Þ

where K1(x) is the modified Bessel function of the
first order, and its analogous formula can be seen in
Eq. 28.35,36

K1 xð Þ ¼ 1

x
þO x ln xð Þ ðx ! 0Þ ð28Þ

By substituting Eq. 28 into Eq. 26, the simplifi-
cation of the attractive capillary force calculation
has been made. Paunov et al.28 reported the final
simplified equation can be expressed as Eq. 29;
more details can be found in Ref. 28. This equation
is made when the distance between two particles, L,
is between rk and q�1.

F ¼ 2pc
Q1Q2

L
rk � L � q�1
� �

ð29Þ

O x ln xð Þ � 0 ðx ! 0Þ ð30Þ

Here, the assumption defined by Eq. 30 has been used
in Ref. 28. Even if this is not directly reported, this
assumption can be judged from expression of Eq. 29.

Mu et al.13 reported a revised approximation
according to the L’Hôpital’s rule,37 and the expres-
sion of the capillary force can be seen in Eq. 31,
which is the most recently developed equation to
calculate the capillary force for inclusion agglomer-
ation at the steel/Ar interface.
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F ¼
2pQ1Q2 1 � q2L2

� �

L
rk � Lð Þ ð31Þ

Application of the Capillary Force Model
for Inclusion Agglomeration at the Interface
Between Ar and High-Manganese Steel

The above-mentioned Kralchevsky–Paunov capil-
lary force model has been applied to calculate
inclusion agglomeration in pure iron and medium

carbon steel.13,14 The agglomeration tendency of
different inclusions at the pure iron/Ar and medium
carbon steel/Ar interfaces seems to be similar
because of the similarity in the physical properties
of pure iron and medium carbon steel, including the
surface tension, density of liquid metal, and contact
angle and interfacial energy between inclusion and
liquid metal. Here, the capillary force model is
applied to calculate the inclusion agglomeration
behavior in high-alloy steel, and thus the agglom-
eration of nitride inclusions at the interface between
Ar and high-manganese steel is discussed in this
section, since nitride inclusions can be formed in the
liquid state of high-manganese steel, whereas gen-
erally nitrides only precipitate in solid-state low-
alloy steel. Specifically, AlN has been observed to be
one of the major inclusion types in solidified high-
manganese TWIP steel (Fe-16.83%Mn-0.58%C-
2.1%Al-0.0041%N).38 Moreover, equilibrium calcu-
lations show that AlN can form in the liquid state in
high-manganese steel.39 Park et al. reported the
morphology of agglomerated AlN inclusions.40 Also,
Kikuchi et al.41 claimed the existence of TiN in low-
carbon high-manganese steel. In this case, the
attractive capillary forces and coagulation coeffi-
cient representing the inclusion agglomeration
potency in the liquid metal matrix of AlN and TiN
are calculated, and the obtained results are shown
in Figs. 8 and 9. The physical parameters used for
this calculation were collected from the published
literature42–47 and are summarized in Table III.
The calculation method of coagulation coefficient
can be seen in Ref. 14. TiN was found to agglom-
erate more readily than AlN, and the calculation
result of attractive capillary forces is in agreement
with the result of the coagulation coefficient. The
agglomeration behavior of oxide inclusions in high-
manganese steel cannot be quantitatively discussed,
because the relevant physical properties are not
available in the open literature, which can be
considered in future work.

SUMMARY

High-temperature confocal laser scanning micro-
scope (HT-CLSM) is an effective technique to
observe inclusion agglomeration in situ at steel/Ar
and steel/slag interfaces. Previous studies focusing
on this topic have been summarized in this article.
The HT-CLSM methodology can be applied in a
comprehensive study of the behaviors of various
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Table III. Physical parameters used for the calculation of the capillary attractive force and the coagulation
coefficient of inclusions in high-manganese steel42–47

Inclusion q1 (kg/m3) q2 (kg/m3) a1(�) a2 (�) qiron (kg/m3) cM (J/m2) cI (J/m2) cIM (J/m2)

TiN 5400 5400 123 123 6600 1.686 1.29 2.221
AlN 3260 3260 132 132 6600 1.304 0.88 1.768
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types of inclusions at different steel/Ar and steel/
slag interfaces in the future work. Besides experi-
mental work, a modified agglomeration model pre-
viously proposed by the current authors is also used
to calculate the agglomeration behavior of nitride
inclusions at the high-manganese steel/Ar interface,
and the result shows that TiN agglomerates more
easily than AlN in high-manganese steel. Calcula-
tions for oxide inclusions in high-manganese steel
are not available because of the lack of physical
properties. The measurement of the contact angle
and interfacial energy between the inclusion and
liquid steel could assist in developing a comprehen-
sive understanding of inclusion agglomeration
behavior in different steel grades.
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