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To investigate the effect of Mg addition on the refinement and homogenized distribution of
inclusions, deoxidized experiments with different amounts of aluminum and magnesium
addition were carried out at 1873 K (1600 �C) under the condition of no fluid flow. The size
distribution of three-dimensional inclusions obtained by applying the modified
Schwartz–Saltykov transformation from the observed planar size distribution, and degree of
homogeneity in inclusion dispersion quantified by measuring the inter-surface distance of
inclusions, were studied as a function of the amount of Mg addition and holding time. The
nucleation and growth of inclusions based on homogeneous nucleation theory and Ostwald
ripening were discussed with the consideration of supersaturation degree and interfacial energy
between molten steel and inclusions. The average attractive force acted on inclusions in
experimental steels was estimated according to Paunov’s theory. The results showed that in
addition to increasing the Mg addition, increasing the oxygen activity at an early stage of
deoxidation and lowering the dissolved oxygen content are conductive to the increase of
nucleation rate as well as to the refinement of inclusions Moreover, it was found that the degree
of homogeneity in inclusion dispersion decreases with an increase of the attractive force acted on
inclusions, which is largely dependent on the inclusion composition and volume fraction of
inclusions.
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I. INTRODUCTION

NONMETALLIC inclusions are unavoidable during
the steelmaking process, and the residue inclusions are
frequently reported as the origins of steel performance
issues such as fracture and fatigability.[1–3] Although
much effort has been made in the utmost removal of
inclusions, they still exist in products.[4–9] In contrast,
the idea of using fine oxide inclusions as the heteroge-
neous nucleation sites has been brought to the forefront
with the development of oxide metallurgy. It is proposed
that the small oxide inclusions with homogenized
distribution can induce intragranular ferrite effectively,
which will improve the performance of steel.[10,11]

Aluminum is commonly applied as a deoxidizer in the
modern steelmaking process due to its strong deoxi-
dization ability and low price. Nevertheless, the gener-
ated Al2O3 inclusions tend to aggregate and form large
clusters in the molten steel. These inclusions are detri-
mental to the mechanical properties of products and
easily cause nozzle clogging.[12,13] Therefore, calcium

treatment is widely used to modify solid Al2O3 inclu-
sions into low-melting calcium aluminates, which is an
effective method to prevent the inclusions from clogging
the nozzles.[14–16] Yet, residual calcium aluminates with
a large size have been still detected in products.[17,18]

Hence, steelmakers were attempting to find new ways to
solve this problem,[19–21] and it is found that Mg
treatment has a remarkable improvement on the steel
performance.[22] Many scholars advocated that the
positive effects of Mg addition in the steel are
attributable to the evenly distributed MgO-containing
inclusions, and it can be concluded to three points: (1)
The generated MgO-containing inclusions present a
much weaker tendency to form clusters, and they can
prevent the aggregation of aluminum inclusions by
forming around their periphery.[23,24] (2) Numerous
inclusions with small size precipitate in the steel with
Mg treatment. Jiang et al. observed that inclusions
decreased from 1.91 to 1.29 lm and the number density
increased from 2.96 9 104 to 5.62 9 104 mm�3 in the
steel with the addition of Mg, compared with the steel
without Mg addition.[25] (3) The fine MgO-containing
inclusions have a facilitating effect on the formation of
equiaxed crystallization and refinement of microstruc-
ture.[26–28] The experimental research indicates that the
finer the inclusion particle is and the more the unit
volume number is, the stronger the pinning effect is and
the finer the grain is.[25] These studies indicate that it is
of crucial importance to obtain numerous
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MgO-containing inclusions with small size and uniform
distribution.

In the view of controlling size and number of
inclusions, the nucleation and growth of inclusions
during the deoxidation process in the steel must be
considered. The calculation results of Zhang et al.[29,30]

based on thermodynamic analysis and numerical simu-
lation indicate that the inclusion nuclei is predicted to be
about 10 to 20 Å in diameter and nucleation is very fast,
occurring predominantly between 1 and 10 milliseconds.
Suito and Ohta et al.[31–33] investigated the growth
mechanism of deoxidation products under the condition
of no melting stirring. They discussed the size and
number of inclusions as a function of time based on
diffusion growth, coagulation due to the difference in
ascending velocity, and the coagulation due to Brown
motion and the coarsening by Ostwald ripening, and
they concluded that Ostwald growth is the predominate
mechanism under the condition of no melting stir-
ring.[31] Moreover, it is found that the nucleation and
growth of inclusions are affected by the interfacial
energy between inclusions and steel, the amount and
kind of deoxidizer, and the content of oxygen.[31–33] On
the other hand, for controlling the dispersion of
inclusions in the steel, the behavior of inclusions was
mainly discussed in terms of the holding time, cooling
rate, and composition of inclusions.[34–36] Kimura
et al.[24] studied the aggregation of inclusions in the
molten steel and evaluated the attractive force acted on
inclusions semiquantitatively with the application of
Paunov’s theory and proposed that the attractive force
is dependent on the interfacial energy between inclusions
with steel and the distance between inclusions. It can be
concluded that the steel composition and chemistry of
inclusions have great influence on the behavior of
inclusions.

Considerable experimental research has been aimed at
the thermodynamics on the formation of magnesium
aluminate spinel in the liquid steel.[37–41] Nonetheless,
there are limited reports on the behavior of MgO-con-
taining inclusions in high-temperature molten steel,
especially the homogeneity of inclusion distribution,
which affects the pining effect directly. In the present
study, the effect of Mg addition on the size, number of
three-dimensional inclusions, distribution of area den-
sity of inclusions, and degree of homogeneity in inclu-
sion dispersion were studied systematically in the steel
with different Al contents. The influencing factors for
obtaining numerous fine and uniform dispersed inclu-
sions were analyzed based on homogeneous nucleation
theory, Ostwald ripening, and Paunov’s theory. The
current study will be helpful to solve the problems about
aggregation and coarsening of inclusions in the steel.

II. EXPERIMENTAL

A. Procedure

The Si-Mo heating electric resistance furnace was
used for melting experiments. A total of 600 g of steel
material as shown in Table I was enclosed in the Al2O3

crucible (56 mm OD 9 50 mm ID 9 100 mm HT) before
it was set at the even temperature zone of the Al2O3

reaction tube. The melt was heated to 1873 K (1600 �C)
and was held for 30 minutes under Ar gas flowing
atmosphere (5 L/min) to make the steel molten and
homogenized completely. Then, the Al powder (>99 pct
Al) and Ni-17 wt pct Mg alloy packed in iron foil were
added and immediately the melt was stirred by a
molybdenum rod for 10 s to disperse the primary
inclusions uniformly. To investigate the effect of Mg
addition on the behavior of inclusions in the steel with
different Al contents, [pct Mg]i = 0, 0.03, 0.1 (i
represents the initial addition of a deoxidant) was added
in the steel with [pct Al]i = 0.05, 0.25, and 0.55 as shown
in Table II.
The steel samples were taken by a quartz tube (6 mm

ID) at 120, 600, 1800, and 3900 seconds after deoxidizer
addition, followed by quenching in salt water. Before
being inserted into the molten steel, the quartz tube was
injected with Ar gas to prevent reoxidation of steel
samples. Considering the depth of liquid steel, which
was about 40 mm for 600 g of steel material reduced 2
mm at each sampling, the sampling location was set at
15 mm from the bottom of the crucible and the quartz
tube was marked with the red line to record the distance
from the bottom of crucible to the top of the Al2O3 tube.
The length of samples was controlled as 150 mm (33 g)
by connecting the quartz tube with a syringe. In
addition, to keep the same initial condition in all the
experiments, the oxygen content was measured before
deoxidizer addition and they were about 200 ± 20 mass
ppm (ppm represents mass ppm).

B. Chemical Analysis

The total oxygen content in the samples was deter-
mined by fusion-infrared absorption, and each sample
was measured three times. Soluble Al and total Mg
content in steel were analyzed by the ICP-AES method.
As the insoluble element presents as oxide inclusions in
the steel, it can be estimated as Eq. [1]. Furthermore,
FACTSAGE 7.0 was used to calculate the soluble
element content at equilibrium:

½pct OðMÞInsol:� ¼ fV �
qMxOy

qFe
� yMOðxMMÞ

MMxOy

� 106 ½1�

where fV is the total volume fraction of oxide inclu-
sions, qFe is the density of Fe, and qMxOy

is the density

of the oxide inclusions (qFe = 7.8 g/cm3, qAl2O3
=

3.97 g/cm�3, qMgO = 3.65 g/cm�3). qAl2O3�MgO =

XAl2O3
� qAl2O3

þ XMgO � qMgO. MMxOy
and XMxOy

is the

molecular weight of MxOy and the molar fraction of
MxOy.

[33]

C. Measurement and Estimation of Inclusions

The specimens were machined into a semicylinder
through their maximum longitudinal section to analyze
characteristics of inclusions at horizontal and vertical
directions, and a longitudinal section (F6 mm 915 mm)
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was wet grinding to 2000 grit followed by diamond
polishing. The chemical composition of oxide inclusions
was detected by SEM-EDS. The continuous 169 SEM
microphotographs were taken at a magnification of 1000
corresponding to the total area of 3.5 mm 9 3.5 mm.
Considering a larger observed area is needed for
inclusions with nonuniform distribution, before taking
the SEM microphotographs, the sample was scanned
entirely to see the distribution of inclusions. The
dividing line was marked between the region with
concentrated inclusions and that with dispersed inclu-
sions for nonuniform distributed inclusions. Successive
169 SEM microphotographs (13 9 13) were taken in
each region (total number of SEM microphotographs is
338 in the sample with nonuniform distributed inclu-
sions). In addition, the planar size, number, and central
coordinates of inclusions were analyzed by Image-Pro-
Plus software. As the limitation of resolution, there are
statistical and systematic measurement errors in the
detection of small inclusions; therefore, the inclusions no
more than 200 nm have not been analyzed.

1. Number and size of three-dimensional inclusions
Saltykov modified the Schwartz–Saltykov (SS)

method[42] by introducing the probability mass function
(PMF), which makes transformation from two-dimen-
sional spherical inclusions size distribution to

three-dimensional inclusions size distribution more
accurate. As shown in Figure 1, most inclusions in the
metallographic samples are not sectioned through their
maximum cross section and the probability of a cross
section with radius r (ri – Dr < r < ri) intersecting a
sphere with radius R is given by:[43]

Pðr=RÞ ¼ dz
R

¼ 1

R
ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðR2 � ðri � DrÞ2Þ
q

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2 � r2i

q

Þ ½2�

Based on the measured mean radius of inclusions in
two-dimensions, they were classified into 49 successive
groups from the largest inclusions (the diameter of
largest inclusions in all samples is no more than 19.6
lm) to the smallest ones and an interval of groups is 0.2
lm in this study. Therefore, the radium of inclusions in
group 1 denoted by r = 9.8 lm or by d = 19.6 lm is in

Table I. Chemical Composition of Steel Material (Weight Percent)

Element C Si Mn P S Cr Als Cu Ni Ti N

Content 0.0016 0.0033 0.01 0.0053 0.0017 0.0107 0.003 0.0037 0.0038 0.001 0.0020

Table II. Chemical Composition of Metal, Volume Fraction of Inclusions, and Average Minimum Intersurface Distance Between
Inclusions

Exp. No Deoxidant

Holding time
at 1873 K
(1600 �C) (s)

[O] [Al] [Mg]

Vf

(10�4) DA

Total
(Mass ppm)

Sol.
(Mass ppm)

Sol.
(Mass ppm)

Insol.
(Mass ppm)

Sol.
(Mass ppm)

Insol.
(Mass
ppm)

A1 0.05pctAl 3900 8.3 to 117.0 3.8* 220 208.9 — — 7.8 17
A1M1 0.05pctAl + 0.03pctMg 3900 37.3 to 40.6 3.4* 250 38.8 0.02* 9.9 1.8 51
A1M2 0.05pctAl + 0.1pctMg 3900 42.7 to 43.5 1.2* 230 32.2 0.05* 21.4 2.0 61
A2 0.25pctAl 120 186.9 to 188.9 1.5 to 4.4 1800 210.8 — — 7.9 12

600 128.8 to 130 0.9* to 5.6 1900 140.0 — — 5.2 19
1800 53 to 71.3 0.9* to 2.5 1800 77.4 — — 2.9 25
3900 23.9 to 24.6 0.9* 1800 31.3 — — 1.1 53

A2M1 0.25pctAl + 0.03pctMg 120 155.1 to 162.2 0.9 to 2.4 2100 174.2 7.5 2.5 6.8 12
600 119.0 to 119.3 0.8* 2200 148.0 8.4 6.8 5.7 17
1800 60.0 to 180.3 0.8* to 60 2100 115.8 0.1* 26.5 5.3 15
3900 38.0 to 93.5 0.8* 2100 93.0 0.1* 17.5 4.0 21

A2M2 0.25pctAl + 0.1pctMg 120 137.3 to 146.1 1.0 to 1.8 1400 117.6 11.1 33.9 7.1 10
600 110.6 to 179.9 0.4* to 8.9 1500 131.3 0.2* 103.6 7.9 12
1800 64.9 to 90.8 0.4* to 1.8 1400 50.9 0.2* 26.8 2.8 28
3900 34.6 0.4* to 3.1 1400 26.4 0.2* 12.0 1.4 60

A3 0.55pctAl 3900 20.6 to 21.9 0.4* 4900 25.6 — — 1.0 79
A3M1 0.55pctAl + 0.03pctMg 3900 48.9 to 50.9 0.4* 5200 49.9 0.2* 9.6 2.2 32
A3M2 0.55pctAl + 0.1pctMg 3900 36.3 0.2* 5300 31.8 0.5* 13.8 1.6 56

Vf presents volume fraction of inclusions.

Fig. 1—Intersecting cross section of spherical inclusion.
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the range of 9.7 to 9.9 lm, group 2 is denoted by r= 9.6
lm, and group 49 is denoted by r = 0.2 lm. According
to the literature of Saltykov[42] and Li,[43] the detected
two-dimensional inclusions in group j probably belongs
to the three-dimensional group i, which has larger
inclusions (i £ j) as expressed as Eq. [3], where NA and
NV are the number of inclusions in two-dimensional and
three-dimensional, respectively. The transformation
from two-dimensional spherical inclusions size distribu-
tion to three-dimensional inclusions size distribution can
be performed by Eqs. [4] and [5] is the P matrix (P�1 is
the inverse matrix of the P matrix):

NAðjÞ ¼
Xj

i¼1
diNVðiÞPðj; iÞ ½3�

d1NV 1ð Þ
d2NV 2ð Þ
d3NV 3ð Þ

..

.

dnNV nð Þ

2

6

6

6

6

6

6

6

4

3

7

7

7

7

7

7

7

5

¼P�1

NA 1ð Þ
NA 2ð Þ
NA 3ð Þ

..

.

NA nð Þ

2

6

6

6

6

6

6

6

4

3

7

7

7

7

7

7

7

5

½4�

P 1; 1ð Þ
P 2; 1ð Þ P 2; 2ð Þ
P 3; 1ð Þ P 3; 2ð Þ P 3; 3ð Þ
P 4; 1ð Þ P 4; 2ð Þ P 4; 3ð Þ P 4; 4ð Þ
P 5; 1ð Þ P 5; 2ð Þ P 5; 3ð Þ P 5; 4ð Þ P 5; 5ð Þ
� � � � � � � � � � � � � � � � � �

P n; 1ð Þ P n; 2ð Þ P n; 3ð Þ � � � . . . P n; n� 1ð Þ P n; nð Þ

2

6

6

6

6

6

6

6

6

4

3

7

7

7

7

7

7

7

7

5

½5�
To apply this method to the transformation of non-

spherical particles, Li[43] proposed that the PMF of
nonspherical particles can be obtained bymeasuring their
fractal dimension. Nevertheless, it is difficult to detect or
estimate the fractal dimension of each inclusion in this
study. The roundness of inclusions are measured by
Image-ProPlus, and they are mostly in the range of 1 to
1.7, indicating that inclusions in this study are near-spher-
ical. Therefore, the number, size, and volume fraction of
inclusions in three-dimensional were obtained by treating
the Al2O3 and Al2O3-MgO as a sphere with Eqs. [2] to [5],
and then the insoluble oxygen content can be calculated
based on Eq. [1]. The results of calculated oxygen content
and observed oxygen content are compared in Figure 2,
and the observed value is the average value of oxygen
content measured three times in each sample. There is a
good correspondence in the cases with homogenous
distribution of oxygen but not in the cases with nonuni-
formdistribution of oxygen. This finding suggests that the
measurement of inclusion size and number by SEM
microphotographs is well established and that the mod-
ified SS method is well applied.

D. Minimum Intersurface Distance

The intersurface distance between the two particles is
given by:

Dab ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðXb � XaÞ2 þ ðYb � YaÞ2
q

� ra � rb ½6�

where Xi and Yi are the central coordinates of inclu-
sions in the cross section, ri is the equivalent radius,
and Dab is the intersurface distance between two inclu-
sions. A minimum intersurface distance of a certain
inclusion is the intersurface distance between this
inclusion and its nearest inclusion, which can be
obtained by:

Dmi
¼ MINðDi1;Di2 � � �DikÞ ½7�

III. RESULTS

A. Inclusion Composition

It was confirmed from SEM-EDS analysis that the
compositions of deoxidation products with Al and
Al-Mg were Al2O3 and Al2O3-MgO complex inclusions,
respectively. According to the Al2O3-MgO phase dia-
gram at 1873 K (1600 �C),[44] inclusions exist as Al2O3

+ spinel, spinel, and spinel +MgO when MgO is below
16 pct, in the range 16 to 28 pct and above 28 pct,
respectively. Figure 3 presents the composition of inclu-
sions in the steel after Mg addition at 3900 seconds,
which indicates that the MgO content in the inclusions
increases with the increasing amount of Mg addition in
the steel. According to the inclusion composition, the
experiments can be classified into three groups, i.e.,
A2M1 and A3M1 with inclusions containing mainly
Al2O3 + spinel complex phases; A1M1, A2M2, and
A3M2 with inclusions mainly isolated spinel-only phase;
and A1M2 with inclusions mainly spinel + MgO
complex phases. There were also some spinel + MgO
containing inclusions left in Exp. A2M2 and Exp.
A3M2, and isolated MgO-only containing inclusions
were observed in Exp. A3M1.
The evolution of inclusion composition in the steel

with different Mg additions is shown in Figure 4. The
error bars represent the range between the maximum

0 40 80 120 160 200
0

40

80

120

160

200

Ocal.

O
ob

s.

homogeneous distribution
inhomogeneous distribution

Fig. 2—Comparison of observed oxygen content and calculated oxy-
gen content.
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and the minimum MgO content of inclusions. The
inclusions almost all precipitated as Al2O3 + spinel
phases in the experiment with initial deoxidant of [pct
Mg]i = 0.03 and the MgO content kept increasing
during the first 1800 seconds. In the case with an initial
deoxidant of [pct Mg]i = 0.1, the isolated MgO-only
inclusions generated during the first 600 seconds.

B. Inclusion Characteristics

1. Size distribution of three-dimensional inclusions
Figure 5 shows the size distribution of three-dimen-

sional inclusions in the steel containing different Al and
Mg contents at the holding time of 3900 seconds at 1873
K (1600 �C). Some points are deviated from the fitted
curve slightly due to the effect of inclusion shape or
division of the classes probably. The fitted curves as
shown in Figure 5 can reflect the distribution regulation
of the measurement data by performing an error
analysis. The shape of curves becomes narrower and
higher with the addition of Mg regularly, which

indicates more fine inclusions precipitated in the steel
with Mg treatment. The curves of Exp. A1M1, Exp.
A2M1, and Exp. A3M1 have the highest peak, suggest-
ing that there were a large number of inclusions in the
experiments with an initial deoxidant of [pct Mg]i =
0.03. When we compare all the experiments, it is
apparent that the experiments with an initial deoxidant
of [pct Mg]i = 0.03 contained the highest number of
inclusions in the range of 1 to 2 lm, and in the case with
an initial deoxidant of [pct Mg]i = 0.1, there were the
most inclusions in nanoscale. In addition, the inclusions
with 10 lm and even larger were observed in Exp. A1
and Exp. A2M1.
The experiments with the amount of initial deoxidant

[pct Al]i = 0.25 pct were chosen to study the change of
inclusion size distribution with the holding time at 1873
K (1600 �C). As shown in Figure 6, the curves tend to be
broader and lower with the holding time, indicating that
the inclusion size increases and the number of inclusions
decreases with the increasing holding time. Further-
more, the number of inclusions in the experiment with
an initial deoxidant amount of [pct Mg]i = 0.1 was
extremely large despite no information about inclusions
smaller than 200 nm and the shape of curve at 120
seconds indicates there were lots of inclusion in
nanoscale.

2. Number and size of three-dimensional inclusions
Figure 7 depicts the effect of Mg addition on number

and average diameter of three-dimensional inclusions at
holding time of 3900 seconds at 1873 K (1600 �C). It is
clear that the number of inclusions in the Al and Mg
complex deoxidation was higher, as compared with
those in Al-only addition experiments, and it was higher
relatively in the experiments with an initial deoxidant of
[pct Mg]i = 0.03. In addition, the inclusion number
increases with the decrease of the Al content. The
variation of the average diameter of inclusions shows
that with the increasing amount of Mg and Al addition,
the average diameter of inclusions decreases
significantly.
The change of inclusion number and average diameter

is shown in Figure 8, as a function of holding time. It is
found that the number of inclusions decreases and the
inclusion size increases greatly during the first 1800
seconds after deoxidation. Due to the underestimation
of small inclusions in A2-2 as shown in Figure 6, the
number of inclusions should be more than 14 9 108

cm�3. Combined with the volume fraction of inclusions
shown in Table II, the ascending velocity of inclusions is
lowest in Exp. A2M1. Furthermore, the slope of curves
in Figure 8 implies the coarsening rate decreases with
the holding time and increases in the order of A2-2,
A2-1, A2 at the early stage of deoxidation.

C. Homogeneity of Inclusion Dispersion

To observe the homogeneity of inclusion dispersion in
the steel directly, the area density of inclusions on the
cross section at 3900 seconds after deoxidation was
analyzed as displayed in Figure 9, which was obtained
by measuring the area of inclusion sections on each
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Fig. 3—Composition of inclusions in steel with Mg addition.
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Fig. 4—Change of MgO content of inclusions with holding time.
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SEM microphotograph (one SEM microphotograph
corresponding to the actual observed area of 0.073
mm2). It can be seen that the inclusions dispersed
nonuniformly in Exp. A1, Exp. A2M1, and Exp. A3M1,
where the volume fraction of inclusion was large and the
average MgO content of inclusion was less than 16 pct.
The inclusions segregated in a certain area in Exp. A1 in
which the largest area density of inclusions accounted
for 1.6 to 3.2 pct. In the case of Al ([pct Al]i = 0.25) and
Mg ([pct Mg]i = 0.03) deoxidation, the segregated
region of inclusions was large enough to about one third
of the total observed area. Furthermore, it is found that
the large inclusions detected in Exp. A1 and Exp. A2M1
as shown in Figure 6 may due to the sintering of
segregated inclusions.

To analyze the factors affecting the inclusion distri-
bution, it is necessary to quantify the homogeneity in
inclusion dispersion. As the area density of inclusions is
affected by not only the number of inclusions but also
the inclusion size, the intersurface distance was mea-
sured to describe the degree of homogeneity in inclusion
dispersion. A mean minimum intersurface distance of all
inclusions on each SEM microphotograph was calcu-
lated Dmk is the mean value of Dmi for each SEM
microphotograph and degree of homogeneity in

inclusion dispersion H is defined as the reciprocal of
the relative standard deviation of Dmk:

H ¼ DA
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Pn

i¼1
Dmk�DAð Þ
n�1

r ½8�

where DA is the arithmetic mean value of Dmk and the
value of n is 169 or 338 in this article. The effect of
Mg addition on degree of homogeneity in inclusion
dispersion at 3900 seconds was shown in Figure 10,
which agrees well with the results in Figure 9 and the
total oxygen content. It is found that the change of
degree of homogeneity in inclusion dispersion is not
regular with the increasing Mg addition but with the
inclusion composition. The degree of homogeneity in
inclusion dispersion increases in the order, groups with
inclusions containing Al2O3 + spinel ([pct Mg]i
=9500072881 0.03, [pct Al]i = 0.25 or 0.55), groups
with inclusions containing isolated spinel-only ([pct
Mg]i = 0.03, [pct Al]i = 0.05; [pct Mg]i = 0.1, [pct
Al]i = 0.25 or 0.55), groups with inclusions containing
spinel + MgO ([pct Mg]i = 0.1, [pct Al]i = 0.05), and
increases with Al content. These results indicate that
the degree of homogeneity in inclusion dispersion is

1 10
0

2

4

6

8

10

12

14
A1
A1M1
A1M2

N
V /

 c
m

-3

d / μm

3900 s

0.3 3

15×106

20

(a)

1 10
0

2

4

6

8

10

12

14 A2
A2M1
A2M2

N
V /

 c
m

-3

d / μm

3900 s

0.3

15×106

203

(b)

1 10
0

2

4

6

8

10

12

14
A3
A3M1
A3M2

N
V /

 c
m

-3

d / μm

3900 s

0.3 3

15×106

(c)

Fig. 5—Effect of Mg addition on the size distribution of three-dimensional inclusions in the steel with different Al contents: (a) [pct Al]i = 0.05
pct, (b) [pct Al]i = 0.25 pct, and (c) [pct Al]i = 0.55 pct.
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largely dependent on the composition and volume
fraction of inclusions.

As shown in Figure 11, the degree of homogeneity in
inclusion dispersion changed differently with holding
time in Exp. A2, Exp. A2M1, and Exp. A2M2. To
obtain homogenized distribution inclusions, the holding
time was expected to be more than 1800 seconds in Exp.
A2M2.

IV. DISCUSSION

A. Nucleation of Inclusions in Deoxidation

Based on classic homogeneous nucleation theory, the
critical size of nuclei,[32] rC, is given by:

rC ¼ � 2cSL
DGV

¼ 2cSL � VO

RT lnSO
½9�
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Fig. 6—Change of inclusion size distribution with holding time: (a) [pct Al]i = 0.25 pct, (b) [pct Al]i = 0.25 pct, [pct Mg]i = 0.03 pct, and (c)
[pct Al]i = 0.25 pct, [pct Mg]i = 0.1 pct.
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Fig. 7—Effect of Mg addition on the number and average diameter of three-dimensional inclusions: (a) number and (b) average diameter.
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where VO is the molar volume of oxide (m3/mol) and
SO is the supersaturation degree. R is the gas constant
(J mol�1 K), and T is the absolute temperature (K).
cSL is the interfacial energy between oxide and liquid
steel (J/m2), and it can be estimated as the following
relationship:

cSL ¼ cSV � cLV cos h ½10�

cLV ¼ co �
X

ciFe ½11�

co ¼ 2:858� 0:0051T ½12�

where cSV is the surface energy of solid inclusion, cLV
is the surface energy of the liquid steel, h is the contact
angle of liquid steel on solid oxide, co is the surface
energy of pure liquid iron, and ciFe is the effect of steel
composition on the surface energy of the liquid steel.
On substituting the relevant data in Table I, Table III,
and Eq. [12] into Eq. [11], the following relationship is
derived:[47]

cLV ¼ 1:75� 0:279 lnð1þ 140 � aOÞ ½13�

The nucleation rate,[32] I (cm�3 s�1), can be obtained
by:

ln I ¼ 16pc3SLV
2
O

3kBR2T3

1

ðlnS�
OÞ

2
� 1

ðlnSOÞ2

 !

½14�

where S�
O is the critical supersaturation degree, which

is value of SO at I = 1 (cm�3 s�1) and kB is the Boltz-
man constant (1.38 9 10�23 J K�1).

The calculated critical size of nuclei and nucleation
rate for oxide inclusions at 1873 K (1600 �C) are shown
in Figure 12 (Table IV and V), indicating that there is
little difference in the critical size of the nucleus for
Al2O3, MgAl2O4, and MgO, which are in the range of

0.1 to 2 nm. It can be said that the nucleation rate is
strongly dependent on the activity of oxygen when ao
exceeds a certain value and the nucleation rate for
Al2O3, and MgAl2O4 increases with the increasing ao. In
addition, the nucleation rate for MgO increases first and
then decreases with the increasing oxygen activity, and
ln I for MgO reaches the maximum about 1860 when ao
is 100 ppm.
The composition of steels was estimated without

considering the effect of dissolution and diffusion rate of
deoxidants as listed in Table VII, and the activity was
calculated by substituting relevant data in Tables VI
and VII to Wagner equation. The estimated results for
experimental samples in Figure 12 indicate that ao is
affected by the content of Al in the case with the same
initial oxygen, and hence, decreasing Al addition appro-
priately is conducive to the increase of the nucleation
rate. The total volume fraction of nucleuses in Exp. A2,
Exp. A2M1, and Exp. A2M2 can be estimated based on
the volume fraction of inclusions at 120 seconds and
oxygen change during the first 120 seconds of deoxida-
tion (the volume fraction of inclusions floating up to the
surface of steel can be estimated by substituting the
decreased amount of oxygen content in Tables II and
VII into Eq. [1]). The experimental nucleation rate can
be calculated by Eq. [15]. According to the study of
Lindberg,[55] Miyashita,[56] and G. Li,[57] the dissolved O
content decreased sharply and the deoxidation equilib-
rium establishes in a short time. The average nucleation
rate in Exp. A2, Exp. A2M1, and Exp. A2M2 was
estimated by considering the time for equilibrium of
nucleus volume was 0.2 seconds based on the report of
Lindberg.[55] It can be seen in Table VII that the average
nucleation rate increased in the order of Exp. A2, Exp.
A2M1, and Exp. A2M2, indicating a same change trend
with theoretical calculated results in Figure 12, and that
the nucleation rate increases with the increasing amount
of Mg addition:

I ¼ fV
4
3 pr

3
C � t

½15�
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Fig. 8—Change of inclusion number and average diameter with holding time: (a) number and (b) average diameter.
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B. Growth of Inclusions in the Deoxidant

Based on the research of Ohta,[31] the particle growth
by Ostwald ripening can be expressed by:

�r3 � �r3 ¼ ks � t ½16�

ks ¼ kd � a ½17�

with kd as:

kd ¼ 2cDOVOCO

RTðCP � COÞ
½18�

where �r and �r0 is the mean particle radius at time t (m)
and that at the start of Ostwald growth (m), a is the

coarsening coefficient (a = 0.47 in LSW theory and a
= 0.754fv

1/3 from communicating neighbor (CN)
model[31]), DO is the diffusion constant of oxygen (2.91
9 10�9 m2 s�1), CO is the dissolved oxygen concentra-
tion expressed by weight per unit volume (kg m�3),
and CP is the oxygen concentration in oxide expressed
by weight per unit volume (kg m�3).
The ks values for each experiment were calculated and

plotted as the observed values in Figure 13. It can be
seen that the change trend of ks(cal.) from these two ways
corresponds to ks(obs.), but LSW theory is more appli-
cable in which a is 0.47.
As a is a constant, the coarsening rate ks is propor-

tional to kd. The value of kd is plotted as a function of
oxygen content and amount of Mg addition in Fig-
ure 14, suggesting that the value of kd is mainly
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Fig. 9—Density distribution of inclusions on the cross section at 3900 s: (a) [pct Al]i = 0.05, (b) [pct Al]i = 0.05, [pct Mg]i = 0.03, (c) [pct Al]i
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dependent on the dissolved oxygen content and
increases with the increasing oxygen content. Combined
with the results of nucleation rate in Figure 12, the
control of oxygen content has a strong influence on the
size and number of inclusions. Therefore, increasing the
oxygen activity at an early stage of deoxidation and
lowering the dissolved oxygen content promote the
formation of numerous fine inclusions.
The steel composition affected by Mg addition at

equilibrium is calculated by FACTSAGE 7.0, as
shown in Figure 14(b), indicating that increasing the
Mg addition is favorable to the refinement of inclu-
sions. Furthermore, when the initial Mg addition is
0.0040 and 0.0100 pct, the value of kd decreases
significantly.

C. Attractive Force Acted on Inclusions

According to Paunov’s theory,[24] the average attrac-
tive force acted on inclusions in the experiment was
estimated with the measurement of minimum intersur-
face distance of inclusions and is plotted in Figure 15
with degree of homogeneity in inclusion dispersion.
The reasonable size range of inclusions by using
Paunov’s theory in this study is d < 46 lm. The
change trend of data indicates that the degree of
homogeneity of inclusion distribution decreases with
the increasing attractive force; i.e., the inclusions
disperse uniformly in the steel when the attractive
force between inclusions is small. There are some
deviation of data probably due to the error in
estimation of attractive force without considering the
effect of MgO content on the contact angle between
spinel and molten steel.
As shown in Figure 16, the attractive force acted on

inclusions decreases with the increasing MgO content
and the decreasing volume fraction of inclusions, and
this is the reason that the inclusions dispersed nonuni-
formly in Exp. A1, Exp. A2M1, and Exp. A3M1.
Moreover, it can be explained that the highest number
of inclusions left in the experiments with an initial

Table IV. Parameters Used in the Calculation of Critical Size of Nuclei and Nucleation Rate

Oxide Oxides/Fe at 1873 K (1600 �C) h (deg) cSV (J/m2) V0 (m
3/mol)

Al2O3 132 � 6.3ln(1 + 400[pct O]) � 0.63ln(1 + 640[pct S][47] 1.128 � 0.0001T[48] 8.6 9 10�6

MgO 117 � 7.4ln(1 + 1720aO)(–15<LogaO<� 9)[49] 0.86[50] 11 9 10�6

MgAl2O4 105[51] 2.270 � 0.0006T[52,53] 9.3 9 10�6

Fig. 10—Effect of Mg addition on degree of homogeneity in inclu-
sion dispersion at 3900 s.
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Fig. 11—Change of degree of homogeneity in inclusion dispersion
with holding time.

Table III. Effect of Steel Composition on Surface Energy of Liquid Steel (J/m
2
)

Element C Si Mn P N Al

ciFe 0.065[C pct][45] 0.026[Si pct][46] 0.050[Mn pct][46] 0.025[P pct][46] 5.585[N pct][46] 0.037[Al pct][46]

Element Cr Cu Ni S O

ciFe 0.008[Cr pct][46] 0.026[Cu pct][46] 0.002[Ni pct][46] 0.2ln(1 + 330[pct S])[47] 0.279ln(1 + 140[aO])
[48]
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deoxidant of [pct Mg]i = 0.03 is due to the large
attractive fore and low buoyancy acted on inclusions
(buoyancy decreases with a decrease of size and density
of inclusion).

V. SUMMARY AND CONCLUSION

In the experiments of the steel deoxidized with
different contents of aluminum and magnesium under
the condition of no fluid flow at 1873 K (1600 �C), the

10-5 10-4 10-3 10-2 10-1
10-3

10-2

10-1

100

aO

a A
l

1.5
1.0

0.70
0.50

0.38
0.30

 r, nm
 ln I,cm-3⋅s-1

 A1-0 s
 A2-0 s
 A3-0 s
 A1-120 s

-40

400

600
800

1100

1500
1800

(a)

10-5 10-4 10-3 10-2 10-1
10-4

10-3

10-2

10-1

 r, nm
 ln I,cm-3⋅s-1

 A1M1-0 s
 A1M2-0 s
 A2M1-0 s
 A2M2-0 s
 A3M1-0 s
 A3M2-0 s
 A2M1-120 s
 A2M2-120 s

a A
l

⋅a
0.

5
M

g

aO

1450

1350

1200

1100

1000

900700-40

0.25

0.3

0.4

0.6

1

2

(b)

10-5 10-4 10-3 10-2 10-1
10-5

10-4

10-3

10-2

10-1

1600

 r, nm
 ln I,cm-3⋅s-1

 A1M2-0 s
 A2M2-0 s
 A3M2-0 s
 A2M2-120 s

1.50 0.80
0.50 0.30 0.20

0.13
0.10

1200

1800

-40

500

600

700

900

1200

1600
1800

a M
g

aO

1860

(c)

Fig. 12—Calculated critical size of nuclei and nucleation rate for oxide inclusions at 1873 K (1600 �C): (a) Al2O3, (b) MgAl2O4, and (c) MgO.

Table V. Equilibrium Constants Used in this Study

Reaction log Keq.

Al2O3(s) = 2[Al] + 3[O] �12.57 = (�45300/T + 11.62)[54]

MgO(s) = [Mg] + [O] �7.86 = (�38059/T + 12.45)[54]

MgAl2O4(s) = [Mg] + 2[Al] + 4[O] �21.28 = (�84339/T + 23.75)[54]

Table VI. Interaction Coefficients of O, Al, and Mg at 1873 K (1600 �C)

eji(fi j) C Si Mn P S Cr Cu Ni Ti N O Al Mg

O �0.42 �0.066 �0.021 0.070 �0.13 �0.055 �0.013 0.006 �0.34 �0.14 �0.17 �1.17 �1.98

Al 0.091 0.056 �0.004 0.033 0.035 0.012 �0.013 �0.017 0.015 �1.98 0.043 �0.13

Mg �0.31 �0.088 0.047 �0.012 �0.64 �3 �0.12
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effect of Mg addition on the refinement and homoge-
nized distribution of inclusions has been studied sys-
tematically by the measurement of the composition, size,
number, area density of inclusions, degree of homo-
geneity in inclusion dispersion, and the estimation of the
nucleation, coarsening, and attractive force of Al2O3,

MgAl2O4, and MgO inclusions. The main findings are
summarized as follows:

1. Experimental results about the size and number of
inclusions indicate that numerous fine inclusions
precipitated in the steel with Mg addition at 1873 K

Table VII. Estimated Composition of Steels Before Deoxidation and Nucleation Rate (Weight Percent)

Composition [O] [Al] [Mg] a0 aAl aMg
�I, cm�3 s�1

A1 0.0208 0.0428 0 0.018272 0.03915 0 —
A1M1 0.0195 0.0428 0.002 0.016983 0.039359 0.001722 —
A1M2 0.0189 0.0428 0.0066 0.016123 0.039412 0.005706 —
A2 0.0214 0.2274 0.001 0.011378 0.211198 0.000808 1.02 9 1019

A2M1 0.0209 0.2011 0 0.011985 0.186767 0 2.06 9 1019

A2M2 0.0219 0.1518 0.0045 0.014046 0.139469 0.003698 2.09 9 1020

A3 0.0197 0.533 0 0.004622 0.514347 0 —
A3M1 0.0204 0.533 0.0015 0.004753 0.512479 0.001121 —
A3M2 0.0206 0.533 0.005 0.004723 0.511476 0.003731 —
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Fig. 13—Comparison of ks(cal.) from Ostwald growth and ks(obs.)
from inclusion size.
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(1600 �C) and there were still a large number of
inclusions in the range of 1 to 2 lm and nanoscale left
in the experiments with initial deoxidants of [pct Mg]i
= 0.03 and [pct Mg]i = 0.1, respectively. The num-
ber of inclusions was highest in the experiments with
an initial deoxidant of [pct Mg]i = 0.03, and the
average diameter of inclusions decreases generally
with the increasing amount of Mg and Al addition at
3900 seconds after deoxidation. In addition, it is
found that the number of inclusions decreases and
the inclusion size increases significantly during the
first 1800 seconds after deoxidation.

2. Experimental results about the dispersion of inclu-
sions show that the inclusions dispersed nonuni-
formly in the steel where the volume fraction of
inclusions was large and the average MgO content of
inclusions was less than 16 pct. The degree of
homogeneity in inclusion dispersion increases in the
order, groups with inclusions containing Al2O3 +
spinel ([pct Mg]i = 0.03, [pct Al]i = 0.25 or 0.55),
groups with inclusions containing isolated spine-
l-only ([pct Mg]i = 0.03, [pct Al]i = 0.05; [pct Mg]i =
0.1, [pct Al]i = 0.25 or 0.55), and groups with
inclusions containing spinel + MgO ([pct Mg]i =
0.1, [pct Al]i = 0.05). In addition, to obtain
homogenized distribution inclusions, the holding
time was expected to be more than 1800 seconds in
Exp. A2M2.

3. The estimation of nucleation and coarsening of
inclusions corresponds to the experimental results,
and it is found that increasing the oxygen activity at
an early stage of deoxidation and lowering the dis-
solved oxygen content promote the formation of
numerous fine inclusions. Furthermore, increasing
the initial Mg addition is conducive to the increase of
the nucleation rate as well as to the refinement of the
inclusion.

4. The calculated average attractive force of inclusions
in experimental steels according to Paunov’s theory
indicates that the degree of homogeneity in
Al2O3-MgO inclusion dispersion decreases with an
increase of attractive force acted on inclusions, which

decreases with the increasing MgO content and
decreasing volume fraction of inclusions.
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