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Whether a nonmetallic inclusion is detrimental to steel properties or not
depends on its size. The final size of an inclusion in steel is influenced by
several factors, including nucleation, growth, and aggregation. In the current
work, the thermodynamics for homogeneous nucleation of alumina was cal-
culated, and the three-dimensional alumina morphologies after Al deoxidation
were observed in laboratory. It is indicated by the calculation that, when the
interfacial tension between steel melt and alumina is higher or the nucleus
radius is larger, it is harder for alumina to nucleation. One minute after the
deoxidation, many single-alumina particles with different shapes, including
spherical, dendritic, flower, plate-like, and irregular, were observed. The for-
mation of various shapes is due to different growth mechanisms. During the
holding process after deoxidation, several types of aggregation morphologies
were observed, such as disorderly type and regular type. Owing to the effects
of sintering and Ostwald ripening, the aggregated inclusions changed from
angular shape to smooth coral shape.

INTRODUCTION

Nonmetallic inclusions, which are inevitable in
steel, have either a detrimental or a beneficial effect
on the quality of steels. For example, on the one
hand, large inclusions, especially alumina-based
inclusions, will deposit on the submerged entry
nozzle (SEN) of mold, which causes the unstable
casting and induces the crack defects on slab and the
sliver and scab defects on steel sheets.1–4 On the
other hand, some nonmetallic inclusions, especially
fine second-phase particles, act as grain-growth
inhibitors during the primary and secondary
recrystallization, and make fine grains of steel.5

Furthermore, in recent years, some small oxides
were used to induce the formation of intra-granular
ferrite (IGF), which is called ‘‘oxide metallurgy,’’ to
refine the grain and improve the strength of steel.6–8

Whether an inclusion is detrimental or not depends
on its size. The formation of inclusions is based on the
thermodynamics, andthose of sometypes of inclusions
have been studied in which the classic equilibrium
state was considered.9–11 The final size of an inclusion
in steel is influenced by several factors, including the
nucleation, the growth by element diffusion, and the
aggregation by collision. The behaviors mentioned

based on dynamics have been studied by many
researchers mainly using the method of numerical
simulation and calculation.12–14 For example, the
inclusion characteristic in forms of size, quantity,
and distribution in the ladle during secondary refin-
ing and in the tundish15 and mold16 during continu-
ous casting were well studied in recent years using
commercial software, such as CFX (ANSYS Inc.,
Canonsburg, PA), ANSYS (ANSYS Inc., Canonsburg,
PA), and Fluent (ANSYS Inc., Canonsburg, PA).
However, there is a lack of more practical and clear
evidence to present the details of the process.17,18

In this article, the alumina inclusion is taken as a
case. The thermodynamics for homogeneous nucle-
ation of alumina is calculated considering the
interfacial tension between the inclusion and steel
melts. Then several types of alumina morphologies
as a function of holding time after deoxidation
reaction by aluminum are presented based on the
laboratory experiments.

THERMODYNAMICS OF ALUMINA
NUCLEATION

In the classic thermodynamic theory of oxide
formation, it is assumed that the oxide inclusions
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can be formed at equilibrium state when the gen-
erated free energy change equals zero. However,
actually, a small amount of additional energy is
needed for the inclusion formation due to the
increased interfacial energy between the new phase
and the steel melt. Thus, the nucleation work is
considered to build the thermodynamics of homo-
geneous nucleation of alumina.

Effect of Interfacial Tension on the Nucleation
of Al2O3

The formation reaction of Al2O3 is described as10:

Al2O3ð Þ ¼ 2 Al½ � þ 3 O½ � (1)

log K ¼ 11:62� 45300=T (2)

K ¼ a2
Al � a3

O

aAl2O3

(3)

log K ¼ 2 log fAl þ 2 log½%Al� þ 3 log fO þ 3 log½%O�
þ log aAl2O3

(4)

where K is the equilibrium constant based on 1%
mass fraction of Henry’s standard state. aAl and
aO are the activities of Al and O in the melt based
on 1% mass fraction of Henry’s standard state.
aAl2O3

is the activity of Al2O3 whose standard state
is taken as pure solid, and the value is assumed to
be unity.[%i] is the mass percentage of element i.
fi is the activity coefficient of element i based on
1% mass fraction of Henry’s standard state. fi can
be calculated by the following equations where
both the first-order and the second-order activity
interaction coefficients listed in Table I are con-
sidered.

log fAl ¼ eAl
Al½%Al� þ eO

Al½%O� þ rO
Al½%O�2

þ rAl2O3

Al ½%Al�½%O�
(5)

log fO ¼ eAl
O ½%Al� þ eO

O½%O� þ rAl
O ½%Al�2

þ rAl2O3

O ½%Al�½%O�
(6)

Thus, the following equation can be derived from
Eqs. 4–6:

log K ¼ 2eAl
Al þ 3eAl

O

� �
½%Al� þ 2eO

Al þ 3eO
O

� �
½%O�

þ 2 log½%Al� þ 3 log½%O� þ 2rO
Al½%O�2

þ 3rAl
O ½%Al�2 þ 2rAl2O3

Al þ 3rAl2O3

O

� �
½%Al�½%O�

(7)

The [%O] in Eq. 7 is the equilibrium oxygen content for
Al2O3 formation without considering the nucleation.

As the nucleation of Al2O3 is considered, the Gibbs
free energy change of the system includes not only the

free energy change of the deoxidation reaction but
also the free energy change during the nucleation of
Al2O3. The nucleation would not occur until the
required supersaturation of the elements is achieved.
According to Elliott,19 with respect to the equilibrium
without considering the nucleation (r = 0), when the
effect of interfacial tension on the nucleation is con-
sidered, the critical supersaturation, that is, the
required Gibbs free energy change for nucleation, can
be represented by the following equation:

DGcrit
hom ¼ G�Geq ¼ �RT ln½ðfO½%O�Þ3ðfAl½%Al�Þ2�

� f�RT ln½ðfO½%O�Þ3eqðfAl½%Al�Þ2eq�g
(8)

The following equation can be arranged by substi-
tuting Eqs. 5 and 6:

DGcrit
hom ¼ �2:303RTf 2eAl

Al þ 3eAl
O

� �
ð½%Al� � ½%Al�eqÞ

þ 2eO
Al þ 3eO

O

� �
ð½%O� � ½%O�eqÞ þ 2ðlog½%Al�

� log½%Al�eqÞ þ 3ðlog½%O� � log½%O�eqÞ
þ 2rO

Alð½%O�2 � ½%O�2eqÞ þ 3rAl
O ð½%Al�2

� ½%Al�2eqÞ þ 2rAl2O3

Al þ 3rAl2O3

O

� �
ð½%Al�½%O�

� ½%Al�eq½%O�eqÞg
(9)

At a constant concentration of aluminum, the
equation above can be simplified as follows:

DGcrit
hom ¼ �2:303RTf 2eO

Al þ 3eO
O

� �
ð½%O� � ½%O�eqÞ

þ 3ðlog½%O� � log½%O�eqÞ þ 2rO
Alð½%O�2

� ½%O�2eqÞ þ 2rAl2O3

Al þ 3rAl2O3

O

� �
½%Al�ð½%O�

� ½%O�eqÞg
(10)

According to Elliott,19 the critical supersaturation
in terms of the free energy for homogeneous nucle-
ation is:

DGcrit
hom¼� 2:7Vðr3=kT log AÞ1=2 (11)

where DGcrit
hom is the critical supersaturation for

homogeneous nucleation;V is the molar volume of the
new phase and for Al2O3 the value is approximately

Table I. First- and second-order activity
interaction coefficients used in this work10

First order Second order

eO
O ¼ 0:76� 1750=T rO

Al ¼ �107þ 275; 000=T

eAl
Al ¼ 80:5=T rAl

O ¼ 0:0033� 25:0=T

eO
Al ¼ 3:21� 9720=T rAl2O3

Al ¼ �0:021� 13:78=T

eAl
O ¼ 1:90� 5750=T rAl2O3

O ¼ 127:3þ 327; 300=T
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25.6 9 10�6 m3/mol; r is the interfacial tension be-
tween the matrix and the new phase; k is Boltzmann’s
constant; T is the temperature (K); and A is the fre-
quency factor, the value of which for Al2O3 is 10.26

Combining Eqs. 2, 7, 10, and 11, the critical val-
ues of aluminum and oxygen in steel melt for the
nucleation of Al2O3 at different interfacial tensions
can be calculated, as shown in Fig. 1, where some
experimental data measured by other research-
ers20–24 are presented as well. It is indicated that
under a certain content of aluminum, higher oxygen
content is required for Al2O3 nucleation at higher
interfacial tension, which means it is more difficult
to achieve nucleation at higher interfacial tension.
Comparing the calculated curves with the measured
data, it is somehow confirmed that a supersatura-
tion is needed for the nucleation, and it is estimated
that the interfacial tension between liquid iron
and Al2O3 in the experiments is approximately
0.5–1.5 N/m. The scattered experimental data may
be due to the difference of experimental conditions
between the studies. There were also many experi-
mental results, which are not shown in the figure,
which were located near the curve of r = 0. Those
may be at the situation of heterogeneous nucleation.

Effect of Nucleus Radius on the Nucleation
of Al2O3

According to Wasai and Mukai,25,26 the relation-
ship between the interfacial tension between iron
and Al2O3 and the nucleus radius of Al2O3 can be
expressed as:

r0=r ¼ 1=Vð Þ= 2C=rð Þ þ 1=Vð Þð Þ (12)

where r0 is the interfacial tension of an alumina
particle with radius r; r is the interfacial tension
when r is infinity (in iron melts, r is 2.328 N/m); V is
the molar volume of alumina (m3/mol); and C is
the surface excess (mol/m2), C = N�1/3V�2/3 (N is
Avogadro’s number).

The change of interfacial tension between iron
and alumina as a function of radius of the alumina

particle is shown in Fig. 2, indicating that the
interfacial tension decreases with decreasing the
radius, especially when the radius is smaller than
10�8 m.
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Fig. 2. The change of interfacial tension between iron and alumina
as a function of the radius of the alumina particle.
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Fig. 3. Effect of nucleus radius on the nucleation of Al2O3.
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Fig. 1. Effect of interfacial tension on the nucleation of Al2O3. Fig. 4. Schematic of experimental apparatus.
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Similar to the derivation process in the previous
section, the Al-O equilibrium curve at a different
nucleus radius can be calculated and shown in
Fig. 3. Many experimental data reported20–24 are

included in the figure as well. It is indicated that
when the nucleation radius is larger, a higher con-
tent of oxygen and aluminum is required for the
nucleation of Al2O3; in other words, it is more
difficult to achieve nucleation at a larger nucleation
radius. On the other hand, the possible nucleus
radius could be estimated according to the concen-
tration of aluminum and oxygen. Comparing the
measured data with the calculated curves, it is
estimated that the nucleus radius during the
nucleation of Al2O3 is approximately 0.5–1.5 nm.
Since the nucleus radius is too small and the

Table II. Composition of steel before melting (wt.%)

C Si Mn P S

0.05 0.01 0.18 0.006 0.005

Fig. 5. Three-dimensional morphologies of extracted inclusions observed in the sample with a holding time of 1 min: (a) spherical, (b) dendritic,
(c) flower, (d) plate-like (marked by white arrows), and (e) irregular (faceted, stick-like, polyhedral, and cluster). White and gray inclusions located
on the dark gray filter.
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nucleation rate is extremely great, it is hard to
measure the nucleation process directly.

THREE-DIMENSIONAL OBSERVATION
OF GROWTH AND AGGREGATION

OF ALUMINA

After nucleation, the nuclei will grow by Ostwald
ripening and Brownian diffusion. Meanwhile, the
size increases from nano-scale to micron scale. Dur-
ing the growth, many different shapes of particles
will exist resulting from the difference of growing
conditions. When the size of particles increases to
micron scale, the growth of some inclusions will
change to aggregation. In the current work, the
growth and aggregation phenomena of alumina were
observed by laboratory experiment.

Experimental

Deoxidation experiments were carried out in a
silicon-molybdenum resistance furnace, as shown in
Fig. 4. Approximately 500 g of low-carbon steel with
its composition shown in Table II was melted in a
MgO crucible under a purified argon atmosphere at
101 kPa and 1873 K. Fe2O3 powders were added to
the melt to adjust oxygen activity to approximately
0.03% in Henry law’s standard.

After 10 min of stabilization of the melt, the
oxygen activity was measured using a zirconia-type
sensor. Then Al wires (/ = 0.7 mm) were added to
the bottom of the crucible to deoxidize the steel.
Immediately after the Al wire is inserted into the
crucible bottom, a molten steel sample was sucked
out using a quartz tube and quickly quenched in
cold water. After taking the first sample, the oxygen
activity of the melt was measured again. The oxy-
gen activities before and after Al addition were
297 ppm and 2.4 ppm, respectively. After that,
samples were taken at the crucible bottom with
specific time intervals and quenched in cold water.
The measured dissolved aluminum at crucible bot-
tom at the initial stage was 0.293%.

After surface being polished, about 1 gram of each
steel sample was dissolved in hydrochloric acid
solution (1:1 in volume) at 70�C. After the iron
matrix was completely dissolved, deionized water
was added to dilute the solution. Then, the inclu-
sions were filtered out using a polycarbonate filter
paper (0.2-lm pore size) propelled by a vacuum
pump. As alumina-based inclusions are insoluble to
HCl acid, they will be kept on the filter paper. The
extracted inclusions were then observed using SEM
after depositing carbon powder over the filter paper
under vacuum conditions.

Observation of Single-Alumina Particles

Due to the time-consuming sampling process, the
first sample is assumed to be taken 1 min after Al
deoxidation; in other words, the holding time is
1 min.

In this sample, a great number of single-alumina
particles with different shapes were observed, as
shown in Fig. 5. The spherical, dendritic, flower,
plate-like, and irregular (such as faceted, polyhedral,
cluster, and stick-like) particles were the dominant
morphologies. Spherical inclusions were the most
(Fig. 5a) and mostly were<2 lm in size, with many
of them in sub-micrometer. Singular larger spherical
inclusions (up to 3–5 lm in diameter) were also
found, and some of them had a faceted feature.
Several dendritic inclusions with a large size
(>50 lm) were also observed (Fig. 5b). The growth
direction of dendritic arms from the nucleus particle
was very clear. There are mainly two types of den-
dritic inclusions: one with only one main growth
direction and the other with several growth direc-
tions. Furthermore, many flower-shaped clusters
were observed (Fig. 5c). These inclusions were simi-
lar to the dendritic ones, such as the morphology of
arms, clear growth directions, and nucleus particle.
But this type of inclusion was with nonsole and more
uniform growth directions, nonuniform arm size, as
well as shorter and thinner arms and branches.
There were also plenty of plate-like inclusions
(Fig. 5d). Most of the plate-like inclusions were
semitransparent and their sizes were relatively
large. Overgrowth on the existing inclusions was
observed, which may be the result of a second growth
stage from the inclusions when another growth con-
dition was reached. Besides the mentioned inclusion
types above, irregular inclusions, including faceted,
polyhedral, cluster, and stick-like, were observed in a
vast range of sizes (Fig. 5e).

Similar morphologies of inclusions were reported
before,17,27–31 and formation mechanisms of the dif-
ferent-shaped inclusions in steel after deoxidation
were also proposed.28,30,31 Dekkers et al.28 summa-
rized three factors that had influences on the mor-
phology of inclusions from the point of view of grain
growth: supersaturation of the dissolved elements,
grain surface roughness, and impurity particles. A
mechanism about the transformation of inclusions
from polyhedron to dendritic and spherical was pro-

Fig. 6. Different inclusion growth mechanism as a function of gen-
eration element supersaturation.29

Nucleation, Growth, and Aggregation of Alumina Inclusions in Steel 1177



posed, as shown as Fig. 6.29,32 In the figure, VKS
means the Volmer–Kossel–Stranski model for two-
dimensional nucleation, and BCF is the Burton–
Cabrera–Frank model for spiral growth.32

The morphology of single-alumina particles after
deoxidation greatly depends on the supersaturation
of deoxidizing elements, calculated by Eq. 13.

S ¼
a3
½O� � a2

½Al�

a3
½O� � a2

½Al�

� �

eq

¼
a3
½O� � a2

½Al�

KAl2O3

(13)

where S is the supersaturation degree; a[O] and a[Al]

are the activities of dissolved oxygen and aluminum,

Fig. 7. Different aggregation morphologies before sintering: (a) aggregation of different-shaped single particles; (b) aggregation of polyhedral-
shaped particles; and (c) aggregation of spherical-shaped particles.

Fig. 8. Different aggregation morphologies after sintering: (a) aggregation of different-shaped particles; (b) aggregation of polyhedral-shaped
particles; and (c) aggregation of spherical-shaped particles.
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respectively; and KAl2O3
is the equilibrium constant

of Al2O3 generation.
In the current work, after Al addition, the dis-

solved oxygen and aluminum were 0.0297% and
0.293%, respectively, leading to a very high super-
saturation degree. Thus, with the decrease of
supersaturation caused by the deoxidation reaction
and the diffusion of the dissolved aluminum, the
generation order of alumina particles is spherical
first, and then dendrite, flower, plate-like, and
polyhedron subsequently. When the saturation
gradient is in one main direction or there is only one
suitable precipitation location on the nucleus, a one-
arm dendritic inclusion precipitate exists, while a
dendritic inclusion with a several-arms precipitate
when there are several saturation gradient direc-
tions around the nucleus and several suitable pre-
cipitation location exist simultaneously. When the
saturation gradient direction always changes dur-
ing the growth of the inclusion, clusters with an
irregular-shaped precipitate. Due to the decrease
and the uniformity of supersaturation, flower-
shaped inclusions existed with shorter arms and a
uniform growth direction precipitate. The plate-like
inclusions with angles or arms may be generated
during the transitional stage between the adhesive
growth and the layer growth.

Observation of Alumina Aggregation

As the holding time after deoxidation increased,
some of the alumina particles would be aggregated
owing to the collision with each other. As time

increased further, the morphology of the aggregated
clusters might be changed as well.

Figure 7 presents the different aggregation mor-
phologies before sintering, including aggregation of
several different-shaped particles, aggregation
of polyhedral-shaped particles, and aggregation of
spherical-shaped particles. It is worthy to note that
the aggregation of irregular-shaped inclusions was
disordered while the polyhedral-shaped and spher-
ical-shaped inclusions was aggregated one by one.
Before sintering, the single particles in the aggre-
gated inclusions touched each other by a limited
area, and retained their original morphologies.

After sintering, as shown in Fig. 8, the component
particles were sintered together with a larger con-
necting area and more curved boundary line. Some
shrinkage holes were found in the inclusion on the
lower left of the figure.

The typical morphologies of extracted inclusions in
the sample with holding time of 17 min are presented
in Fig. 9, indicating that the aggregating boundary
line almost disappears, and the surface of the inclu-
sions becomes denser and more smooth, which let
inclusions transform into a coral shape. The studies
by Zhang et al.14 reported that this morphology is
induced by the process of Ostwald ripening by which
small inclusions and the sharp edge of inclusions are
dissolved and larger inclusions grow.

CONCLUSIONS

The calculation of the thermodynamics for
homogeneous nucleation of alumina and the three-

Fig. 9. Morphology of coral-shaped inclusions: (a) aggregation of different-shaped particles and (b) aggregation of polyhedral- or spherical-
shaped particles.
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dimensional observation of alumina morphologies
after Al-O reaction were carried out. It is indicated
by the calculation that, when the interfacial tension
between steel melt and alumina is higher or the
nucleus radius is larger, it is harder for alumina to
nucleation. On the other hand, the possible nucleus
radius could be estimated according to the concen-
tration of aluminum and oxygen. One minute after
the deoxidation reaction in laboratory, a great
number of single-alumina particles with different
shapes, including spherical, dendritic, flower, plate-
like, and irregular, were observed. The formation of
various shapes is due to different growth mecha-
nisms. During the holding process after deoxidation,
several types of aggregation morphologies were
observed, such as disorderly type and regular type.
Owing to the effects of sintering and Ostwald rip-
ening, the aggregated inclusions changed from
angular shape to smooth coral shape.
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