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In Situ Observation of Aggregation of Calcium
Aluminate Inclusions at Steel/Ar Interface

JUNTAO BA, QIUYUE ZHOU, YING REN, and LIFENG ZHANG

In the current study, the aggregation of CaO-Al2O3 inclusions with different CaO contents at
the steel/Ar interface was in situ observed using the confocal laser scanning microscope. The
critical acceleration distance and attractive force during the inclusion aggregation process were
measured and calculated, and effects of inclusion composition and radius on the aggregation of
inclusions were analyzed. When the CaO content in CaO-Al2O3 inclusions in 16Mn steels
increased from 3 to 51 pct, inclusions gradually changed from solid to liquid. Solid and partial
liquid inclusions aggregated to form large clusters with a maximum diameter of 446.2 lm. When
the CaO content in inclusions increased from 3 to 26 pct, the critical acceleration distance
between inclusion pairs decreased from 104.9 to 62.1 lm, and the attractive force between
inclusion pairs decreased from 1.0 9 10�16 N~1.0 9 10�13 N to 1.0 9 10�18 N~1.0 9 10�15 N.
As the host inclusion radius increased from 5~15 to 25~35 lm, the critical acceleration distance
increased from 104.9 to 166.6 lm. For liquid inclusions, when the CaO content in inclusions
increased from 38 to 51 pct, the critical deceleration distance increased from 59.7 to 93.6 lm,
and the repulsive force increased from 1.0 9 10�17 N~5.0 9 10�15 N to 1.0 9 10�17

N~1.0 9 10�13 N. The liquid inclusion overcame the repulsive force and aggregated, when
the host inclusion radius was larger than 10 lm, and the initial velocity of the guest inclusion
was faster than 150 lm/s. The calculated attractive force between inclusions was larger than the
theoretical value calculated by Kralchevsky-Paunov model.
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I. INTRODUCTION

THE calcium treatment of the molten steel was used to
improve the castability of the molten steel during the
continuous casting process,[1,2] prevent the collision and
aggregation of inclusions,[3] and control the morphology of
sulfides in steel.[4–7] Inclusions of Al2O3 were modified into
CaOÆ6Al2O3, CaOÆ2Al2O3, and liquid calcium aluminate
after the calcium treatment of the Al-killed steel.[8,9] Zhang
et al.[10,11] proposed the precise calcium treatment tomodify
inclusions to the target composition. The contact angle
between liquid CaO-Al2O3 inclusions and the molten steel
was less than90deg,whichwasdifficult to be removedat the

interface of steel and slag.[12,13] Large CaO-Al2O3 inclusions
were detrimental to properties of pipeline steels and bearing
steels.[14–16] During the solidification process of the molten
steel, the convection of the molten steel and the density
difference between inclusions and the molten steel, caused
the collision between the inclusions. A part of inclusions
were difficult to remove due to the circulating flow, and
finally be captured by the solidification front to form
inclusion defects.[17–19] Especially for heavy ingots, the
longer solidification time of the molten steel resulted in
stronger collision of inclusions.[20]

Yin et al.[21] firstly observed the aggregation of Al2O3

inclusions at the steel/Ar interface using confocal laser
scanning microscopy(CLSM). Inclusions of Al2O3 were
easy to aggregated due to the capillary effect, and large
clusters with diameter larger than 200 lm were formed
within 120s. The attraction between solid inclusions was
larger than liquid ones. At the same time, the capillary
force also promoted the evolution of inclusion from
cluster to single.[22] The capillary force was influenced by
the size and shape of inclusions[23] and the contact angle
between inclusions and the molten steel.[24–26] Wang
et al.[27] found that the order of the attractive force
between the inclusions was Al2O3>CeAlO3, Ce2O3

>Ce2O2S in Ce-treated steels. Mu et al.[28] compared
the capillary force of different inclusions at the iron/Ar
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interface, and the order of the capillary force
was Ce2O3>Al2O3>Ti2O3>MgO>CaO>MgAl2O4>Al2O3Æ
FeO>MgOÆFeO>SiO2>TiO2. Wang et al.[29] found that
the larger radius of solid inclusions, the greater contact
angle between inclusions and the molten steel, promot-
ing the greater collision of inclusions. Duan et al.[30]

found that the critical aggregation distance between
solid inclusions was proportional to the radius of
inclusions. In addition, the Kralchevsky-Paunov model
was widely used to explain the capillary force between
inclusions, while the attractive force calculated by the
Kralchevski-Paunov model was smaller than the actual
value.[31] Qiu et al.[32,33] developed a sub-particle model
based on the Kralchevsky-Paunov model. The large
inclusion was considered to be a cluster of small
sub-particles. At present, many in situ observations
experiments were carried out to observe the collision of
solid inclusions, while the aggregation between semi-
solid and liquid inclusions was rarely studied.[34]

Three types of inclusions were detected in the molten
steel after the calcium treatment, including solid, par-
tial-liquid and liquid inclusion.[35] In the current study, in
order to study the effect of CaO content in calcium
aluminate inclusions on the aggregation of inclusions, the
aggregation process of different types of CaO-Al2O3

inclusions at the liquid steel/Ar interface was in situ
observed using confocal laser scanning microscopy. The
critical acceleration distance and attractive force of aggre-
gation process of inclusionsweremeasured and calculated.
Moreover, the effect of inclusion composition and radius
on the attractive force of inclusions was analyzed.

II. METHODOLOGY

The production route of the 16Mn steel was produced
by the EAF-LF-VD-Ingot casting. The calcium treat-
ment was conducted after the vacuum treatment in VD.
Steel samples were taken before and after the calcium
treatment, which was mentioned in the previous study.[6]

The composition and diameter of inclusions in the steel
were detected by scanning electron microscope(SEM).
The composition and parameters of CaO-Al2O3 inclu-
sions before the aggregation are summarized in Table I.
The average diameter of CaO-Al2O3 inclusions before
the aggregation was 3.1~3.7 lm, and the maximum
diameter of inclusions increased with the increase of
CaO content in inclusions. The inclusions in the region
upon the liquidus were fully liquid inclusions, while
100 pct alumina inclusions were pure solid inclusions.
Therefore, inclusions between those two states were
defined as partial-liquid inclusions in this study. With
the increase of CaO content in inclusions from 3.6 to
51.3 pct, the contact angle between inclusions and the
molten steel decreased from 124.9 to 61.4 deg, the
CaO-Al2O3 inclusions gradually changed from solid to
liquid. The contact angle of inclusions with different
contents was calculated using Eq. [1].[36]

a ¼ 47:689
wCaO

wAl2O3

� �2

�113:26
wCaO

wAl2O3

þ 128:58 ½1�

where a is the contact angle in deg and w is the mass
fraction.
The schematic of the inclusion aggregation mecha-

nism during CLSM experiment is shown in Figure 1. A
cylindrical sample with a diameter of 8 mm was taken
from the steel bucket sample along the axial direction,
and then a number of small samples with a size of u8
mm 9 4 mm were divided. Small steel samples were
polished and placed in an Al2O3 crucible. The density of
inclusions was smaller than that of the molten steel.
After the melting of steel, inclusions floated to the steel/
Ar interface.
The temperature curve of the current inclusion

aggregation experiment is shown in Figure 2. The steel
sample was heated to 1673 K at the rate of 300 K/min.
In order to prevent the sample from completely melting
due to the fast heating rate, the sample was then heated
to 1823 K at the rate of 100 K/min. Each steel sample
was observed for 20~30 min and the image of inclusion
aggregation was recorded every 0.02s. After the obser-
vation, the sample was cooled at the rate of 500 K/min.
The morphology of inclusions after the aggregation in
the solidified sample were observed using SEM.

III. COMPOSITION AND MORPHOLOGY
OF INCLUSIONS BEFORE AGGREGATION

The composition distribution of inclusions before
aggregation is shown in Figure 3. The original compo-
sition of inclusions in sample 1 is shown in Figure 3(a).
The average composition of inclusions was 3.6 pct
CaO-85.9 pct Al2O3-7.1 pct MgO-3.4 pct SiO2, and
inclusions were solid in the molten steel. The CaO
content of inclusions in samples was 16.5 and 26.1 pct
inclusions were partial liquid. Average compositions of
inclusions in sample 4 and 5 were 37.8 pct CaO-47.1 pct
Al2O3-8.6 pct MgO-6.5 pct SiO2 and 51.3 pct
CaO-30.5 pct Al2O3-7.8 pct MgO-10.4 pct SiO2, respec-
tively. Inclusions in sample 4 and 5 were pure liquid.
The morphology of CaO-Al2O3 inclusions with dif-

ferent CaO contents before aggregation is shown in
Figure 4. Solid inclusions were black and in irregular,
which were composed of the MgOÆAl2O3 spinel core and
the CaO-Al2O3 outer layer. Inclusions containing 16 pct
CaO were mainly irregular. As the CaO content in
inclusions increased to 26 pct, inclusions became dark
gray and spherical. Spherical inclusions containing
38 pct CaO and 51 pct CaO were liquid with homoge-
neous calcium aluminate inclusions.
The aggregation of CaO-Al2O3 inclusions with differ-

ent CaO contents observed using CLSM is shown in
Figure 5. The shooting frequency was 5 pictures per
second. Thus, there was ghost in the shot picture due to
the faster movement speed of the inclusion and high
shooting frequency. In the distance measurement based
on the picture, samples of inclusions with the maximum
moving speed are taken consistently before and after.
The aggregation process of solid inclusions containing
3 pct CaO is shown in Figure 5(a). Two small clusters
with the radius of 20.9 and 15.6 lm, began to accelerate
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at a distance of 113.1 lm, then aggregated into a large
cluster after 1.24s. The aggregation process of par-
tial-liquid inclusions containing 26 pct CaO is shown in
Figure 5(c). Two inclusions with equivalent radius of 7.0
and 4.7 lm began to accelerate at a distance of 66.7 lm
and aggregated into a large inclusion after 1.10 s. The
aggregation process of liquid inclusions containing
38 pct CaO is shown in Figure 5(d). Two inclusions
with the equivalent radius of 8.5 and 10.4 lm aggregated
within 0.2 s, forming a inclusion with the equivalent
radius of 11.2 lm. Subsequently, the formed inclusion
aggregated with another inclusion within 0.42s. The

aggregation process of liquid inclusions containing
51 pct CaO was similar to that of inclusions containing
38 pct CaO. When the radius of the main inclusion in
the liquid inclusion was larger than 10 lm and the speed
of the guest inclusion was greater than 150 lm/s, the
inclusion can overcome the repulsive force and aggre-
gated. The diameter of formed inclusions slightly
increased after the aggregation of liquid inclusions.
In situ observation of the repulsion process of liquid

CaO-Al2O3 inclusions is shown in Figure 6. When the
large spherical inclusions collided with each other, the
aggregation of inclusion can hardly observed, and then
inclusions were repulsed and gradually moved away
from each other. The aggregation or repulsion between
liquid inclusions was directly related to the state of
inclusions before collision. When inclusions moved
gently, liquid calcium aluminate inclusions can hardly
aggregated together.
The variation of the average radius of different

CaO-Al2O3 inclusions during the aggregation process
is shown in Figure 7. Through 10 min collision and
aggregation, the radius of solid inclusions containing
3 pct CaO increased from 8.9 to 24.0 lm, while the
radius of solid inclusions containing 51 pct CaO
increased from 6.5 to 10.4 lm. Due to the difference
of initial diameter in 16 pct CaO and 26 pct CaO, the
inclusion size formed after collisions was larger in 26 pct
CaO. Moreover, the inevitable error in the experimental
process may also lead to the above phenomenon.
Therefore, with the increase of CaO content in inclu-
sions, the increase of the inclusion radius in the
aggregation process became smaller.
The morphology of different CaO-Al2O3 inclusions in

solidified samples is shown in Figure 8. Large clusters
were formed after the aggregation of solid inclusions.
Partial liquid inclusions containing 16 pct CaO formed
small clusters. Inclusions containing 26 pct CaO were
irregular. The liquid inclusions containing 38 pct and
51 pct CaO were spherical.
The effect of CaO content on the maximum diameter

of inclusions after the aggregation is shown in Figure 9.
With the increase of CaO content in inclusions from 3 to
51 pct, the maximum diameter of inclusions formed
after the collision decreased from 446.2 to 46.3 lm.
When the CaO content in inclusions increased to larger
than 26 pct, the maximum diameter of inclusions
formed after the collision decreased.

Table I. The Composition and Parameters of CaO-Al2O3 Inclusions Before Aggregation

Sample

Average Composition (pct)
Number Density
(#/mm2)

Diameter
(lm)

Contact Angle
(o) StateCaO Al2O3 MgO SiO2

1 3.6 85.9 7.1 3.4 10.4 3.1 124.9 solid
2 16.5 77.4 5.0 1.1 16.0 3.1 107.6 partial-liquid
3 26.1 55.8 10.8 7.3 7.4 3.7 92.7 partial-liquid
4 37.8 47.1 8.6 6.5 9.5 3.3 74.3 liquid
5 51.3 30.5 7.8 10.4 8.43 3.3 61.4 solid

Fig. 1—Schematic of the CSLM experiment.

Fig. 2—The temperature curve of the inclusion aggregation
experiment.
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Fig. 3—The average composition of inclusions with various CaO contents before collision, (a) 3 pct, (b) 16 pct, (c) 26 pct, (d) 38 pct, and (e)
51 pct.
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IV. ATTRACTIVE FORCE BETWEEN
INCLUSIONS

Schematic of the distance between inclusions during
the collision process is shown in Figure 10. The larger
and stationary inclusion was defined as the host inclu-
sion with a radius of R1, and the smaller and moving
inclusion was defined as the guest inclusion with a radius
of R2. When the guest inclusion moved to the main
inclusion, the attractive force between inclusions was
calculated by Newton ‘s second law.

The irregular inclusion was assumed to be spherical,
and the equivalent diameter of the inclusion is calculated
by Eq. [2]. Velocities of the guest inclusions at time 1
and time 2 are calculated by Eqs. [3] through [4]. The
acceleration of the guest inclusion during the movement
is calculated by Eq. [5]. The mass of the guest inclusions
is calculated by Eq. [6]. The attractive force is calculated
using Newton’s second law by Eq. [7]. When two
inclusions moved close to each other, a modified
calculation formula is used, as shown in Eq. [8].

R2 ¼
ffiffiffiffiffiffiffiffiffiffi
Area

4p

r
½2�

Fig. 3—continued.

Fig. 4—The morphology of different CaO-Al2O3 inclusions with various CaO contents before collision (a) 3 pct, (b) 16 pct, (c) 26 pct, (d) 38 pct,
and (e) 51 pct.
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v1 ¼
L1 � L2

Dt
½3�

v2 ¼
L2 � L3

Dt
½4�

a2 ¼
v2 � v1
Dt

½5�

m2 ¼
4

3
pR3

2 � qinc ½6�

Fig. 5—In situ observation of the aggregation of CaO-Al2O3 inclusions with different CaO contents, (a) 3 pct, (b) 16 pct, (c) 26 pct, (d) 38 pct,
and (e) 51 pct.
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Fig. 5—continued.

Fig. 6—In situ observation of the repulsion process of liquid CaO-Al2O3 inclusions.
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Fig. 7—The variation of the average radius of different CaO-Al2O3

inclusions during the aggregation process.

Fig. 8—The morphology of different CaO-Al2O3 inclusions with various CaO contents, (a) 3 pct, (b) 16 pct, (c) 26 pct, (d) 38 pct, and (e) 51 pct.

Fig. 9—The effect of CaO content on the maximum diameter of
inclusions after the aggregation.
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F ¼ m2 � a2 ½7�

F ¼ a2 �
m1 �m2

m1 þm2
½8�

where R2 is the diameter of the guest inclusion, m;
Area is the area of the guest inclusion, m2; L1 is the
distance between the inclusion pairs at time 1, m; L2 is
the distance between the inclusion pairs at time 2, m;
L3 is the distance between the inclusions in time 3, m;
v1 is the average velocity of inclusions between time 1
and time 2, m/s; v2 is the average velocity of inclusions
between time 2 and time 3, m/s; a2 is the acceleration
of inclusions from time 1 to time 3, m/s2; m1 is the
mass of the host inclusion, kg; m2 is the mass of inclu-
sions, kg; F is the attractive force between two inclu-
sions, N ; qinc is the density of inclusions, kg/m3.

ImageJ software was used to measure the equivalent
radius of inclusions and the distance between inclusions
at different times observed using CLSM, as shown in
Figure 11. Solid inclusions containing 3 pct CaO began
to accelerate when the distance was less than 150 lm,
and inclusions collided and aggregated within 1.4s.
Partial liquid inclusions containing 16 pct CaO and
26 pct CaO began to accelerate when the distance was
less than 120 lm, and aggregated within 1.7s. The
variation of the distance between liquid calcium alumi-
nate inclusions with time during the collision process is
shown in Figures 11(d) through (e). The collision and
aggregation occurred when the radius of the host
inclusion was larger than 10 lm and the initial velocity
of the host inclusion was faster than 150 lm/s. Due to
the repulsion between liquid inclusions, the speed of
inclusions decreased with the decrease of the distance. In
addition, the smaller size of the guest inclusion, the
longer time required for the collision and aggregation.
With the increase of CaO content in inclusions, the
motion state between inclusion pairs changed from
acceleration to deceleration, inclusion pairs changed
from attraction to mutual exclusion.

The acceleration of CaO-Al2O3 inclusions varied with
the distance in the aggregation process is shown in
Figure 12. The acceleration increased gradually with the
decrease of the distance between inclusion pairs for solid
inclusions and half liquid inclusions. When the CaO
content in inclusions increased from 3 to 26 pct, the

average acceleration decreased from 3.9 9 10�5 mÆs�2 to
1.7 9 10�5 mÆs�2 with the distance between two inclu-
sions of 50 lm. For liquid inclusions, the acceleration
gradually decreased with the decrease of distance. The
acceleration of most inclusions was negative when the
distance between inclusions was less than 50 lm,
indicating inclusions were decelerated by repulsion.
For liquid inclusions containing 51 pctCaO, the accel-
eration decreased with the smaller distance of less than
80 lm. For liquid inclusions, collision and aggregation
occurred when the initial velocity of inclusions was
large.
The comparison of attractive and repulsive force

between different CaO-Al2O3 inclusions is shown in
Figure 13. The attractive force between solid inclusions
containing 3 pct CaO was 1.0 9 10-16 N~1.0 9 10-13 N.
The attractive force between the half liquid inclusions
containing 16 pct CaO and 26 pct CaO was 1.0 9 10�18

N~1.0 9 10�15 N. The repulsive force between liquid
inclusions also increased with the decrease of distance.
The repulsive force between liquid inclusions containing
38 pct CaO was 1.0 9 10�17 N~5.0 9 10�15 N, and it
was 1.0 9 10�17 N~1.0 9 10�13 N for liquid inclusions
containing 51 pct CaO. With the increase of CaO
content in inclusions, the attractive force decreased,
and when inclusions change into liquid calcium alumi-
nate, inclusions began to repel each other after inclu-
sions were modified to liquid.
The effect of the host inclusion radius on the

attractive force is shown in Figure 14. As the radius of
the host inclusion increased from 5~15 to 25~35 lm, the
attractive force between inclusions increased from
1.0910�16 N~1.0 9 10�14 N to 1.0 9 10�15

N~1.0 9 10�13 N. Therefore, for solid inclusions, the
larger size, the larger attractive force between two
inclusions.
The effect of the host inclusion radius on the average

critical acceleration distance is shown in Figure 15. The
critical acceleration distance of the aggregation of
inclusions was mainly related to the host inclusion size,
which was hardly influenced by the guest inclusion size.
As the radius of the host inclusion increased from 5~15
to 25~35 lm, the critical acceleration distance increased
from 104.9 to 166.6 lm. The larger size of inclusions,
and the faster size growth rate.
The effect of CaO content in inclusions on the critical

acceleration distance is shown in Figure 16. When the
CaO content in solid and half liquid inclusions increased
from 3 to 26 pct, the contact angle between inclusions
and the molten steel decreased from 124.9 to 92.7 deg,
and the critical acceleration distance decreased from
104.9 to 62.1 lm. When the CaO content in liquid
inclusions increased from 38 to 51 pct, the contact angle
between inclusions and the molten steel decreased from
74.3 to 61.4 deg, and the critical deceleration distance
increased from 59.7 to 93.6 lm.
The Kralchevsky-Paunov model[37] was used to

calculate the theoretical capillary attractive force
between two floating inclusions by Eqs. [9] through
[12]. The effect of CaO content of inclusions on the
attractive force is show in Figure 17. The attractive
force between inclusions calculated in the experiment

Fig. 10—The schematic of the variation of the distance between
inclusions during the collision process.
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was larger than the theoretical value, because the
inclusion changed the movement direction in the
aggregation process and the inclusion was also
attracted by other inclusions in steel.[38] For the radius
of both the host inclusion and the guest inclusion was
10 lm and the distance of 50 lm, the theoretical
attraction between inclusions decreased from
1.3 9 10�15 N to 2.3 9 10�17 N when the CaO content

increased from 3 to 26 pct. When the CaO content in
liquid inclusions increased from 38 to 51 pct, the
theoretical repulsive force between inclusions increased
from 2.2 9 10�16 N to 7.5 9 10�16 N. The CaO
content in liquid inclusions had little effect on the
repulsive force between inclusions. The repulsive force
between inclusions was in the same order of magni-
tude, which was consistent with experimental results.

Fig. 11—Variation of the distance between inclusions with various CaO contents with time during the collision process, (a) 3 pct, (b) 16 pct, (c)
26 pct, (d) 38 pct, and (e) 51 pct.
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F¼2pc
Q1Q2

L
; 2rc<L<q�1 ½9�

Q1 ¼
1

3
pq2R3

1 2� 4Sinc þ cos h� cos3 h
� �

½10�

q ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qsteel � qArð Þg

c

s
½11�

Sinc ¼
qinc � qAr
qsteel � qAr

½12�

Fig. 12—The acceleration rate of different CaO-Al2O3 inclusions with different contents varied with distance in aggregation process, (a) 3 pct, (b)
16 pct, (c) 26 pct, (d) 38 pct, and (e) 51 pct.
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Fig. 13—The comparison of forces between different CaO-Al2O3 inclusions, (a) the attractive force, (b) the repulsive force.

Fig. 14—The effect of the host inclusion radius on the attractive
force between inclusion pairs.

Fig. 15—The effect of the host inclusion radius on the average
critical acceleration distance.

Fig.16—The effect of CaO content in inclusions on the critical
acceleration or deceleration distance.

Fig. 17—The effect of the CaO content of inclusions on the
attractive force.
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where c is the interfacial tension, N/m; L is the dis-
tance between floating inclusion 1 and inclusion 2, m;
Q1 is the ‘capillary charge’ of inclusion 1, m; q is the
capillary action distance, m�1; R1 is the radius of
inclusion 1, m; h is the three-phase contact angle, deg;
qsteel is the density of the molten steel, kg/m3 ; qAr is
the density of argon, kg/m3; Sinc is the ratio of the
density difference between the inclusion and argon to
the density difference between the liquid steel and
argon.

V. CONCLUSIONS

The aggregation of calcium aluminum inclusions were
in situ observed to study the effect of the CaO content on
the aggregation of inclusions at the steel/Ar interface.
Following conclusions were obtained.

(1) Solid inclusions were easy to aggregate, and large
clusters with a maximum diameter of 446.2 lm can
be formed after the aggregation for 21 min. Half
liquid inclusions containing 16 pct CaO and 26 pct
CaO also aggregated, leading to the formation of
small cluster or irregular inclusion. Liquid inclusions
containing 38 pct CaO and 51 pct CaO repelled
each other. When the radius of the host inclusion
was larger than 10 lm, and the initial velocity of the
guest inclusion was faster than 150 lm/s, the inclu-
sion overcame the repulsive force and aggregated.

(2) For solid and half liquid inclusions, the increase of
radius of the inclusion in the aggregation process
decreased with the increase of CaO content. When
the CaO content in inclusions increased from 3 to
26 pct, the critical acceleration distance of the
aggregation decreased from 104.9 to 62.1 lm, and
the attraction range between inclusion pairs de-
creased from 1.0 9 10�16 N~1.0 9 10�13 N to
1.0 9 10�18 N~1.0 9 10�15 N. With the increase of
the radius of the host inclusion, the critical acceler-
ation distance increased.

(3) For liquid inclusions, when the CaO content in
inclusions increased from 38 to 51 pct, the critical
deceleration distance increased from 59.7 to 93.6
lm, and the range of the repulsive force between
inclusions increased from 1.0 9 10�17

N~5.0 9 10�15 N to 1.0 9 10�17 N~1.0 9 10�13 N.
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