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Agglomeration of alumina inclusions in the molten steel
is investigated through the free energy analysis of the
cavitation between inclusions. The mechanism of
agglomeration, the activation state, the stable state, the
equilibrium state, and the critical separation for the
cavitation are discussed. The equilibrium energy is
proportional to the square of the inclusion radius,
EEq = 0.710RP

2, while the critical separation is directly
proportional to the inclusion radius, dC = 0.146RP.
Agglomerates of micron inclusions are hardly broken up
by the turbulence in steelmaking practice.
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Agglomeration of solid particles in liquid is relevant
to numerous commercial products and industrial pro-
cesses,[1] such as metallurgical engineering,[2,3] materials
fabrication,[4,5] and pharmaceuticals.[6] During the steel-
making process, deoxidizer is added into the molten
steel and inclusions are generated during the deoxida-
tion production through the reaction between the
deoxidizer and the dissolved oxygen.[7] Fine inclusions
can grow rapidly through agglomeration and coales-
cence. Nevertheless, large clusters in the steel are
detrimental to the mechanical properties and can easily
deposit on the submerged entry nozzle, causing clog-
ging.[8,9] Thus, understanding the agglomeration mech-
anism of inclusions in molten steel is of great importance
for predicting and controlling inclusion behavior and
steel cleanness. Generally, solid inclusions are nonwet-
ted in the molten steel (the contact angle exceeds 90
deg), such as 136 deg for alumina inclusions[10] and 102
deg for silica inclusions.[11] Agglomeration easily
occurred among those inclusions to form clusters.

Figure 1 shows the example of the agglomeration of
alumina inclusions in interstitial-free (IF) steel.
Recently, the cavitation theory[12–15] that the liquid

spontaneously expelled from the gap between solid
particles to form a cavity as the solid particles approach
each other was used to explain the agglomeration of
inclusions in the molten steel. Sasai[16,17] established an
experimental method to directly measure the agglomer-
ation force exerted between alumina inclusions in
molten steel and to evaluate the formation and extinc-
tion behavior of cavity bridges between alumina inclu-
sions. It was demonstrated that the agglomeration force
is derived from the cavity bridge force. Zheng et al.[18]

investigated the effect of alumina morphology on the
clustering behavior by analyzing the attractive force
between two alumina inclusions with different shapes in
molten steel based on the cavitation theory.
Even though the agglomeration of solid inclusions in

the molten steel due to the cavitation was reported
previously,[16–18] many details regarding this phe-
nomenon still need to be further clarified. The current
study investigated the formation and the stability of the
cavity between solid inclusions from the view of free
energy analysis based on the bridge cavitation theory.
Several key parameters for the agglomeration, such as
the equilibrium energy and the critical separation, were
proposed and discussed. The agglomeration mechanism
was proposed through the free energy analysis of the
cavitation. Experimental results reported by Sasai[16,17]

were used for comparison to validate the model. The
effect of the turbulence on the agglomeration of inclu-
sions was discussed.
When two solid inclusions approach each other in the

molten steel with a narrow space, a gas cavity is formed
between inclusions due to the poor wettability, as shown
in Figure 2. The profile of the meniscus (gas–liquid
interface) can be approximated by a circular arc. The
curvature radius of the meniscus and the radius of the
cavity at its neck are obtained from the geometrical
relationship as a function of the filling angle, b:

RM ¼ �RP 1� cos bð Þ þ d=2

cos h� bð Þ ½1�

RN ¼ RP sin b� RM 1� sin h� bð Þ½ � ½2�

where RP, RM, and RN are the radius of inclusions,
the meniscus radius, and the neck radius, respectively;
d is the separation between inclusion surfaces along
their axis; and h is the contact angle between inclu-
sions and the molten steel.
Then, the areas of the inclusion-cavity interface and

the liquid-cavity interface are given by

SSC ¼ 2pR2
P 1� cos bð Þ ½3�
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SLC ¼ 4pRM

"
ðRM þ RNÞ arcsin

RP � RP cos bþ d=2

RN

�ðRP � RP cos bþ d=2Þ
#

½4�

The volume of the cavity is obtained by integrating
the following equation:

V ¼ 2p
Z RP�RP cos bþd=2

0

RM þ RNð Þ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2

M � x2
q� �2

dx

� 2p
3
R3

P cos3 b� 3 cos bþ 2
� �

½5�

Based on the theory of interfacial chemical interac-
tions, the free energy change during inclusion approach-
ing is considered to involve three parts:

DE ¼ 2SSC rS � rLSð Þ þ rLSLC þ DpV

¼ 2SSCrL cos hþ rLSLC þ DpV
½6�

where rLS, rS, and rL are the interface tensions
between the molten steel and inclusions, the surface
tension of inclusions, and the surface tension of the
molten steel, respectively, and Dp is the pressure differ-
ence across the meniscus. The first term is the free
energy change caused by the receding of the molten
steel from the gap between inclusion surfaces, which
drives the formation of the cavity. The second term is
the work spent on the formation of the liquid-cavity
interface, and the last is the vapor energy; both of the
latter two terms are the resistance of the cavity
formation.
Agglomeration of alumina inclusions in the molten

steel was taken as an example. The surface tension of the

Fig. 2—Schematic of cavitation between inclusions.

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

To
ta

l f
re

e 
en

er
gy

 c
ha

ng
e 

(1
0-1

2 J)

Neck radius ( m)

R
P
 = 1 m

150

200
d (nm)

100

50

0

μ

μ

Fig. 3—Total free energy change as a function of neck radius at
different separations for alumina inclusions of 1 lm in radius.

Equilibrium state

Stable state

 T
ot

al
 fr

ee
 e

ne
rg

y 
ch

an
ge

Neck radius

Activation state

ΔE = 0

d = 0

Fig. 4—Definition of activation state, stable state, and equilibrium
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Fig. 1—Agglomeration of alumina inclusions in IF steel.
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molten steel and the contact angle of that with alumina
inclusions were 1.80 N/m and 137 deg, respectively.[16]

Since the pressure inside the cavity is not accurately
known at this point,[14,19] the pressure deficiency in this
study was set as a constant of 3.869 103 Pa according to
the experimental results of Sasai.[16] The radius of the
alumina inclusions was assumed to be 1 lm. Commer-
cial software Matlab was employed to solve the numer-
ical equations. First, the curvature radius and the neck
radius were calculated by using Eqs. [1] and [2] as a
function of the filling angle. Then, the area of the
inclusion-cavity interface, the area of the liquid-cavity
interface, and the volume of the cavity were calculated
according to Eqs. [3] through [5]. Finally, the total free

energy change is estimated by Eq. [6]. Figure 3 shows
the total free energy change as a function of the neck
radius at different separations.
In order to clearly explain the cavitation between

inclusions, several definitions are proposed. Figure 4
illustrates the typical curve of total free energy change
with respect to the neck radius. First, the total free
energy change increases with the increase of the neck
radius until reaching a local maximum. At the maxi-
mum, the system reaches the activation state and the
maximum value represents the energy barrier for cav-
itation. Subsequently, the total free energy change starts
to decrease with the neck radius further increasing. The
stable state is achieved by minimizing the total free
energy with respect to the neck radius when the cavity
grows beyond the activation state, as shown in Figure 4.
For the case of inclusions contacting each other, the

stable energy reaches the minimum with respect to
separation. In the meantime, the system is also at the
lowest energy state and, thus, the cavity is at the most
stable state. Clearly, once the inclusions move close to a
critical separation and the cavity is formed, they will
approach each other spontaneously until they contact
due to the decrease of the free energy, as shown in
Figure 4. Consequently, the ultimate state of the system
is achieved as the inclusions contact each other, which
can be defined as the equilibrium state. The absolute
value of the stable energy is defined as the equilibrium
energy.
When a small gap appears between inclusions, the

stable energy shows a negative value, indicating that the
formation of the cavity is thermodynamically advanta-
geous. However, with further increase in the separation,
the stable energy increases beyond zero. At this moment,
the formation of the cavity is thermodynamically
disadvantageous. Thus, the critical separation is alsoFig. 5—Definition of critical separation.

Fig. 6—Agglomeration mechanism of inclusions in molten steel.
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achieved as the total free energy change turns into zero
during the cavitation between spherical inclusions, as
shown in Figure 5. Physically, the cavity can exist
between inclusions only for the separation below the
critical separation. It should be noticed that there still
exists an energy barrier at the critical state. Thus, for the
case of separation shorter than the critical separation,
the cavity sustains spontaneous growth when the energy
barrier has been overcome.

The agglomeration mechanism of solid inclusions in
molten steel is proposed according to the free energy
analysis, as shown in Figure 6. In the molten steel, the
dispersed inclusions approach each other due to their
random motion. Once the separation is shorter than the
critical separation, the cavity is formed between inclu-
sions when the energy barrier has been overcome. As
shown in Figure 3, the system energy decreases during
the approach process and the lowest energy state is
achieved when the inclusions contact each other. Thus,
the inclusions continue to move close to each other
spontaneously until contact to achieve the equilibrium
state, which is the ultimate state of the cavitation.
Sintering occurs between inclusions after the equilibrium
state. Future studies will focus on the sintering of solid
inclusions in the molten steel, which is the subsequent
step after agglomeration.

As discussed previously, two crucial states are
observed during cavitation: equilibrium state and crit-
ical state. The dependence of equilibrium energy and
critical separation on the radius of inclusions is numer-
ically calculated, as shown in Figure 7. It is novel for the
present study to find that the equilibrium energy is a
quadratic function of the inclusion radius and the
critical separation is directly proportional to the radius
of inclusions. The regression lines in Figure 7 give the
following equations for the equilibrium energy and the
critical separation:

EEq ¼ 0:710R2
P ½7�

dC ¼ 0:146RP ½8�

It can be seen from Figure 7 that numerical calcula-
tion results satisfy these equations. The equilibrium
energy can be used to judge the conditions for the break
up of agglomerates, and the critical separation can
provide a criterion for specifying the agglomeration
behavior between inclusions.

In order to validate the model, experimental results
reported by Sasai[16,17] are used for comparison. For two
isodiametric Al2O3 cylinders immersed in molten steel,
the problem could be simplified into a two-dimensional
section model due to the length of the cylinders (50 mm)
being much larger than the cylinder surface distance
(<1.0 mm). Therefore, the solid-cavity surface area, the
liquid-cavity surface area, and the volume of the cavity
can be obtained from the following equations,
respectively:

SSC ¼ 2bRP ½9�

SLC ¼ 4 h� b� p
2

� �
RP ½10�

V ¼ 2

Z RP�RP cos bþd=2

0

RM þ RNð Þ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2

M � x2
q� �

dx

� 2b� sin 2bð ÞR2
P

½11�

Similarly, the total free energy change of the cavity
formation is expressed as

DE ¼ 2SSCrL cos hþ rLSLC þ DpV ½12�

Figure 8(a) shows the measured cavitation in the
section of 8-mm alumina cylinders with different
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Fig. 7—(a) Equilibrium energy and (b) critical separation as a
function of inclusion radius.
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separations, and Figure 8(b) shows the calculated total
free energy change as a function of neck radius for
alumina cylinders at different separations. It should be
noted that the value of 152.6 deg was used as the contact
angle to validate the model since it was reported by
Sasai[16,17] in the experiment. Clearly, the cavity is
formed for separations below 0.4 mm, while the cavity
cannot be formed as the separation increases to 0.5 mm.
In Figure 8(b), the stable energy for the cavitation
shows a negative value as the separation is shorter than
0.4 mm, indicating that the formation of cavity is
thermodynamically advantageous. As the separation
increases to 0.5 mm, the stable energy is larger than zero
and the cavity hardly forms between cylinders.

Moreover, the stable radius decreases with the increase
of the separation, which also has been found in the
experiment, as shown in Figure 8(a).
The behavior of inclusions in the molten steel is

affected by the turbulent fluid flow. The contacted
inclusions may break up due to the random motion of
the turbulence. It is assumed that the energy induced by
the turbulence is the product of the inclusion mass and
the local turbulence kinetic energy:

Einc ¼ 2minck ¼ 8

3
pR3

Iqinck ½13�

where minc is the mass of the inclusion, k is the local
turbulence kinetic energy, qinc is the density of the
inclusion, and the value of 3500 kg/m3 is used for
alumina.
Physically, the equilibrium energy also represents the

lowest energy that should be overcome for the disappear-
ance of cavity between the contacted inclusions. Thus,
combining Eq. [13] with the equilibrium energy, the
relationship between the turbulence kinetic energy, which
could separate the contacted inclusion, and the radius of the
inclusions is obtained for Al2O3 inclusions, as shown in
Figure 9. Obviously, the smaller the inclusions are, the
higher the turbulence kinetic energy required to separate
them. For micron scale inclusions, the local turbulence
kinetic energy required to break up the already contacted
inclusions shouldbe larger than1 m2/s2,while formillimeter
scale inclusions, the value lies below 0.1 m2/s2. During the
steelmaking process, the local turbulence kinetic energy
hardly reaches 1.0 m2/s2 in the molten steel, as shown in
Figure 9.[20–22] Thus, the aggregation of the micron-sized
inclusions could exist in a stable state and the contacted
inclusions are hardly separated by the turbulence.

Fig. 8—Cavitation between two 8-mm alumina cylinders in molten steel: (a) experimental and (b) calculation.
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In the current study, the agglomeration of nonwetted
solid inclusions in the molten steel is investigated using
the free energy analysis based on the bridge cavitation
theory, and the following conclusions have been
reached.

(1) The agglomeration mechanism of solid inclusions in
the molten steel is proposed: the cavity is generated
between two inclusions as the separation reaches the
critical separation. After that, inclusions move close
to each other spontaneously as a result of the de-
crease of the free energy. The equilibrium state of
the cavitation is achieved when the inclusions con-
tact each other, after which sintering occurs.

(2) The equilibrium state is achieved when the inclu-
sions contact each other. The equilibrium energy is a
quadratic function of the inclusion radius. For the
agglomeration of alumina inclusions in the molten
steel, EEq = 0.710RP

2.
(3) The critical separation for the cavitation between

inclusions is derived, at which the total free energy
change turns into zero. The critical separation is
linearly proportional to the inclusion radius:
dC = 0.146RP.

(4) In practice, the micron-scaled contacted inclusions
can hardly be separated by the turbulence.
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