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A new approach for pre-dispersing MgO nanoparticles and adding them to molten steel during
continuous casting operations was established. The influence of different mass fractions of MgO
nanoparticles on inclusion characteristics, steel microstructure, and the ability of inclusions to
induce acicular ferrite (AF) formation, was investigated. The results revealed that after adding
different mass fractions of nanoparticles, the majority of inclusions contained MgO-Al2O3, and
the inclusion size was considerably refined. These inclusions promoted AF formation, and with
increasing inclusion size from 1.0 to 1.8 lm, the proportion of AF progressively increased. The
ability of inclusions to induce AF was greatly reduced when the inclusion size reached 7.0 lm.
This was primarily due to the relationship between the ferrite nucleation rate and inclusion size.
It was also found that the size of inclusions that functioned as pinning particles was larger than
that of inclusions that served as AF nucleation cores. When the mass fraction of MgO
nanoparticles reached 0.05 pct, the degree of interlocking of AF within the microstructure of
billet specimens was maximized and this was associated with optimal values for strength and
impact properties.
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I. INTRODUCTION

DURING recent years, there have been increasing
efforts[1–5] to develop steel materials with improved
mechanical properties to meet the strong demand from
many heavy industries. It is well known that refining of
the steel microstructure can significantly improve
mechanical properties, particularly strength, plasticity,
and toughness. The refining methods generally involve
retarding austenite grain growth and developing fine
acicular ferrite structure, thus improving the mechanical
properties primarily through impeding dislocation
movement within the microstructure when external
forces are applied. To obtain appropriate microstruc-
tures, precipitation strengthening and thermo-mechan-
ical processing are the most common methods.[6,7]

Generally, the latter can be achieved during actual
production through austenite non-recrystallization con-
trolled rolling,[8] strain-induced transformation, and

accelerated cooling.[9,10] However, the precise control
of important parameters such as micro-alloy content,
cooling, and rolling conditions must be specifically
investigated in order to satisfy the individual require-
ments of different steels, all of which increases the
complexity of process control. The precipitation
strengthening method was first proposed by Zener[11]

in 1949. This involves incorporating micro second phase
particles in the steel to retard the growth of austenite
grain and induce intragranular acicular ferrite (IAF) as
the nucleation cores of ferrites. These second phase
particles can be generated either by an internal precip-
itation method (IPM) or by an external addition method
(EAM).
Hitherto, the majority of researchers have focused on

an IPM to obtain small-sized, thermally stable, second
phases, generally less than or equal to 1 lm,[12] through
adjusting steel chemistry and steelmaking conditions.
This refinement mechanism is basically consistent with
‘‘oxide metallurgy’’ theory.[13,14] Many experiments have
been performed to study the ability of titanium oxides to
promote the formation of AF and it has been concluded
that Ti2O3 is superior to other species in this
regard.[15–20] Additional studies[21–23] indicate that inclu-
sions such as zirconium oxides, titanium, niobium and
vanadium carbonitrides, cerium sulfides, and high-melt-
ing titanium nitride also serve as heterogeneous nuclei
for fine ferrite. To obtain appropriate steelmaking
conditions, the precipitation temperature of the required
particles needs to be decreased and this demands higher
purity of the steel melt as well as a controlled casting
process.[24]
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EAM was first proposed in 1978 when Hasegawa
et al.[25] developed a new technique based on the
Spray-Dispersion Method[26–28] to produce a steel con-
taining homogeneously dispersed fine ZrO2 and Al2O3

particles which were sprayed into the molten steel. This
research was performed using a high-frequency induc-
tion furnace for an industrial test, and it was concluded
that mechanical properties including hardness, proof
strength and tensile strength, increased with the volume
fraction of oxide particles. Gregg et al.[29] also estab-
lished a method for the direct addition of titanium oxide
particles into a steel melt using a high-frequency
induction furnace and produced steel samples with
controlled contents of powdered mineral phases. Other
researchers[30,31] have carried out similar studies. In
contrast with IPM, EAM has no excessive requirements
for steel melt purity and is easier to control. Moreover,
by adding particles externally, they not only have an
effective influence on primary austenite grain behavior,
but they also have beneficial effects during the subse-
quent rolling and heat treatment processes. For these
reasons, EAM has several advantages compared with
IPM. However, reports related to EAM, and particu-
larly its application in actual production processes, are
limited and problems remain pertaining to experimental
design.

In the present study, an innovative pre-dispersion
approach for the addition of nanoparticles into a steel
melt during industrial operations is described. HPB300
steel was selected for test purposes. The chemical
composition of the steel is shown in Table I. Magnesium
oxide (MgO) nanoparticles were selected as the second
phase species because of the relatively weak affinity
between individual particles, minor lattice misfit with
ferrite, and other appropriate characteristics.[32] The
focus of this study involved investigation of the follow-
ing aspects: (i) the influence of the amount of added
MgO nanoparticles on inclusion characteristics, such as
composition, morphology, and size; (ii) the influence of
different mass fractions of MgO nanoparticles on the
microstructure of continuously cast billet, and in par-
ticular on the ability of inclusions to induce the
formation of AF; and (iii) the influence of different
mass fractions of MgO nanoparticles on mechanical
properties of the continuously cast billet.

II. PLANT TRIALS

A. Materials Preparation

To ensure that the MgO nanoparticles (15 to 25 nm)
were well dispersed before adding to the steel melt,
another nanoparticle material, AlSi alloy (50 to 70 nm,
Al-70 wt pct, Si-30 wt pct), was used as the pre-disper-
sion medium. Due to the fact that aluminum and silicon

are the most common deoxidant elements used in
steelmaking, their addition would not cause contamina-
tion of the steel melt.
The pre-dispersion process of MgO nanoparticles was

performed using a nano dispersing machine (IKN
Mechanical Equipment Co., Ltd, Germany) with a
weight ratio of MgO and AlSi alloy of 1:11. The rotation
speed was maintained at 6000 rpm during the 3 hours
process which was conducted under low oxygen and low
temperature conditions to avoid the risk of high
temperatures arising from particle collisions. Cast iron
pipes, 1500 mm in length, outer diameter 11 mm, and
wall thickness 1 mm, were used as carriers for up to
150 g of the mixed nanoparticles. The ends of the pipes
were sealed with wooden plugs as shown in Figure 1.
Figure 2 shows the micromorphology of mixed
nanoparticles after compaction. The white areas indi-
cated by arrows are MgO nanoparticles which have
undergone slight agglomeration. However, the average
size of the agglomerates is still less than 1 lm, a
necessary premise for MgO nanoparticles’ dispersion
after addition to the steel melt.

B. Plant Trials

The longer the residence time of MgO nanoparticles
in the steel melt, the greater the probability of collision
and float-out. The higher the stirring intensity of the
steel melt in the area where nanoparticles are added, the
better the dispersion effect of the additive. With these
considerations in mind, the vicinity of the submerged
nozzle outlet was chosen as the addition location. In this
region of the casting mold, there is relatively strong
stirring of the steel and a relatively short distance to the
end of billet solidification. Electromagnetic stirring in

Fig. 1—Schematic diagram of a cast iron pipe filled with compacted
nanoparticles.

Table I. Chemical Composition of the Test Steel (Weight Percent)

C Si Mn P S Fe

0.20 0.14 0.45 0.023 0.023 bal.
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this region could also further contribute to the disper-
sion of nanoparticles.

During this investigation, four different mass frac-
tions of MgO nanoparticles, 0.01, 0.03, 0.05, and
0.07 pct, were evaluated during the industrial trial.
The different mass fractions of MgO nanoparticles were
distributed within four sections of billets during the
continuous casting process. The mass fraction of MgO
nanoparticles in any one section of billet was controlled
by the addition speed of the cast iron pipes with the aid
of a thread feeding machine located nearby the mold on
the continuous casting platform. The casting speed was
maintained constant at 2 m min�1, and the length and
weight of each billet were 9 m and 1.5 t, respectively. To
ensure the MgO nanoparticles were distributed homo-
geneously within the billets, the feeding speed of the
pipes was maintained at a constant value for each
specific section of billet. Table II shows the addition
strategy. Selecting the case for the highest mass fraction
addition of nanoparticles, 0.07 pct, the addition to the
molten steel of carbon from the cast iron pipes and
aluminum and silicon from the AlSi nanoparticle alloy,
would increase the C, Al, and Si contents of the steel by
0.0016, 0.0431, and 0.0185 pct, respectively. This would
lower the liquidus temperature by less than half a
degree. The aluminum and to a lesser extent the silicon
will react with oxygen and participate in the formation
of inclusions.

Throughout this paper, the benchmark steel, i.e., steel
without the addition of MgO nanoparticles, is defined as
S0. Figure 3 shows a schematic diagram of the feeding
and dispersion process of nanoparticles.

C. Detection Methods

1. Inclusion detection
Three cubic samples of 15 mm in side length were

obtained every 2.5 m per section billet. After mechanical
grinding and polishing, the samples were examined with
scanning electron microscopy (SEM) and energy-dis-
persive spectrometry (EDS) to determine inclusion
morphology, size, and type.

2. Microstructure observation
After etching the polished surface of steel samples

with 4 pct nital for 15 seconds, the steel microstructure
as well as the three-dimensional morphology of inclu-
sions was examined with the aid of a metallographic
microscope and the SEM.

3. Mechanical properties
The influence of different mass fractions of MgO

nanoparticles on the steel microstructure is reflected by
the change in mechanical properties. With this in mind,
three standard test specimens for evaluating tensile
strength, yield strength, and impact toughness were
obtained from every 2.5 m per section billet.

Fig. 2—Micromorphology of nanoparticles after compaction.

Table II. Addition Scheme for Different Mass Fractions of MgO Nanoparticles

Plant Trial
Group

Mass Fraction
of MgO

Nanoparticles (Pct)

Number of
Added Cast
Iron Pipes

Feeding
Speed Per Cast Iron
Pipe (mm min�1)

S1 0.01 1 330
S2 0.03 3 1000
S3 0.05 5 1660
S4 0.07 7 2330

Fig. 3—Schematic diagram of nanoparticles addition and dispersion
process. A Thread feeding machine; B Cast iron pipe (full of
nanoparticles); C steel stream; D long nozzle; E mold; F mold pow-
der; G steel liquid circulation; H dispersed nanoparticles.
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III. RESULTS AND DISCUSSION

A. Inclusion Characteristics

The typical inclusion types in HPB300 steel without
adding MgO nanoparticles are shown in Figure 4. MnS
inclusions (gray fraction) always formed on the surface
of SiO2 or SiO2-MnO inclusions (black fraction), which
is in agreement with previous reports[33] that sulfide
inclusions generally precipitate on the surface of oxide
inclusions. In addition, there also existed many simple
SiO2-MnO hybrid inclusions. All of these inclusions
were globular in shape and the average size was about
7 lm.

After adding MgO nanoparticles to the steel, the main
inclusion type changed to MgO-Al2O3-MnO-MnS
hybrid inclusions, and the morphology and average size
of inclusions varied with different addition amounts of
nanoparticles as shown in Figure 5. When the mass
fraction of MgO nanoparticles was 0.01 or 0.03 pct, the
common inclusions in steel were MgO-Al2O3-M-
nO-MnS hybrid inclusions, and the separation between
sulfide and oxide was not obvious as illustrated in
Figure 5(S1) and Figure 5(S2). When the mass fraction
of MgO nanoparticles increased to 0.05 pct, in addition
to the inclusions already mentioned, there appeared
duplex inclusions consisting of MgO-Al2O3-MnO and
either MnS or MgS-MnS as shown in Figure 5(S3).
With increasing mass fraction of MgO nanoparticles to
0.07 pct, the proportion of duplex inclusions increased,
Figure 5(S4). The morphologies of these inclusions were
either globular or irregular.

The compositional change of inclusions as a function
of MgO addition and its impact on inclusion morphol-
ogy is shown in Figure 6. Based on this information, it
can be concluded that the oxide particles consist mainly
of MgO-Al2O3-MnO and the sulfide phase, MnS-MgS.
With increase in amount of added MgO nanoparticles,
the weight percentage of sulfide has an increasing trend
that mainly relates to the size of the oxide inclusions.
When low levels of MgO nanoparticles are added, for
example, 0.01 or 0.03 wt pct, the oxide inclusions
formed can be well dispersed under the strong stirring
effect in the mold and the inclusion size is relatively
small. This means that MnS and MgS can precipitate on
the surface of a mass of oxide inclusions and also be well
dispersed. The percentage of sulfide phase in the hybrid
inclusions is small, and the size of the hybrid inclusions

is also small. This makes it difficult to distinguish the
duplex nature of the inclusions. However, when the
addition amounts of MgO nanoparticles increase to 0.05
or 0.07 wt pct, the increased density of nanoparticles in
the melt leads to increased probability of collision
between adjacent particles. This results in a decrease in
the number of oxide inclusions, while the inclusion size
becomes larger, which makes observation of the mor-
phological structure much easier. Since the total content
of S and Mn in the melt is constant, the same amount of
sulfide forms on fewer oxide inclusions, which ultimately
leads to an increase in weight percentage of sulfide
product with increasing amount of added nanoparticles.
With increasing amounts of MgO addition from 0.01

to 0.07 wt pct, the average size of inclusions gradually
increased from 1.0, to 3.5 lm in samples S1 to S4,
respectively. Compared to the average inclusion size of
7.0 lm in the initial sample S0, the results shown in
Figure 7 indicate that the average size of inclusions was
decreased by 85.7, 82.9, 74.3, and 50.0 pct, respectively.

B. Microstructural Characteristics

Figure 8 shows the microstructural evolution of billet
samples with increasing mass fractions of MgO
nanoparticles. In the S0 sample, the microstructure
consisted of coarse banded ferrite (BF) and polygonal
ferrite (PF). With addition of 0.01 wt pct MgO
nanoparticles, some fine AF appeared, distributed
within the coarse PF which was still the primary
microstructural feature (Figure 8(S1)). When the mass
fraction of MgO nanoparticles increased to 0.03 pct, the
proportion of fine AF also increased and the average
size of the crystals decreased (Figure 8(S2)). With
0.05 wt pct MgO nanoparticles, fine AF became the
primary constituent and other types of ferrites were
rarely observed (Figure 8(S3)). The AF crystals grew in
different directions and improved the degree of inter-
locking. This type of microstructure hinders dislocation
movement and reinforces the mechanical properties of
the steel. However, when the added MgO nanoparticles
increased to 0.07 wt pct, in S4, large numbers of PF
grains were generated and the proportion of AF
declined compared with the S3 sample.
To further study the refinement mechanism of the

microstructure, some regions refined by AF in samples
with different mass fractions of MgO nanoparticles were

Fig. 4—Typical inclusion morphologies observed in steel S0.
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examined using SEM. In these refined zones, there
existed considerable IAF induced by inclusions as
shown in Figure 9. These inclusions consisted of
MgO-Al2O3-bearing constituents as illustrated in
Figure 5. It was also observed that some inclusions
were located on the PAGB as shown in Figure 10.
Judging from the relationship between these inclusions
and the growth direction of the primary austenite grains,
it can be concluded that the inclusions acted as pinning
particles to retard the growth of the austenite grains. In

addition, the average size of these pinning particles was
relatively larger than that of those inclusions inducing
IAF. All of these observations were characteristic of the
steel samples with different mass fractions of MgO
nanoparticles.

C. Mechanical Properties

The variations of yield strength, tensile strength, and
impact energy with increase in added amounts of MgO
nanoparticles, are shown in Figure 11. All of the

Fig. 5—Typical inclusion morphologies with different mass fractions
of MgO nanoparticles.

Fig. 6—Weight percentage of the constituent elements of typical
inclusions.
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mechanical property parameters increase to different
degrees with different mass fractions of MgO nanopar-
ticles. The variation of yield and tensile strengths with
mass fraction shows a complex dependence. With the
addition of 0.01 wt pct MgO nanoparticles, the yield
strength does not show much change, while tensile
strength shows significant increase. With higher mass
fractions, the yield strength increases, while the incre-
ment in tensile strength is not so much. This inconsistent
trend is contingency phenomena. Due to the restrictive
conditions that influence the production process, the
industrial trials were limited in duration. Considering
the instability associated with the addition during the
initial stage of the trials, it is quite possible that the

nanoparticles distribute non-homogeneously within the
billets, which ultimately leads to a relatively large error
in values of mechanical properties. After the method of
addition is stabilized, the uniform dispersion of
nanoparticles is much better. This explains why the
error values of yield strength and tensile strength
decrease gradually with increasing mass fractions of
MgO nanoparticles as shown in Figure 11(A). In
general, the tensile strength of billet specimens was
substantially improved compared with that in the
absence of nanoparticle additions. The difference in
strength values with different mass fractions of nanopar-
ticles is however, relatively small, from about 45.1 to
53.0 pct with additions of 0.01–0.05 pct, respectively.
Compared with the tensile strength, the variation in
yield strength of billet specimens is significantly more
dependent on the amount of added nanoparticles. With
the increase in mass fraction of nanoparticles, the yield
strength first increased and then decreased. The peak
value occurred at 0.05 wt pct. Based on these findings,
the optimal mass fraction is 0.05 pct as indicated by the
red frame in Figure 11(A). Figure 11(B) shows the
variation in impact energy of billet specimens containing
different mass fractions of MgO nanoparticles at test
temperatures of 253 K, 273 K, and 293 K (�20 �C,
0 �C, and 20 �C, normal room temperature). In all
cases, the impact energy first increased to a maximum at
the mass fraction of 0.05 pct as indicated by the red
frame and then decreased. The highest value of impact
energy occurred at room temperature and decreased
with decreasing temperature. From analysis of these
results, the optimal mass fraction of MgO nanoparticles
is 0.05 pct.

Fig. 7—Average inclusion size in different test groups.

Fig. 8—Microstructure of billet samples with increasing additions of MgO nanoparticles.
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IV. MECHANISTIC ANALYSIS

The development ofmicrostructure during solidification
of steel with and without the addition of nanoparticles is
illustrated schematically in Figure 12. As discussed in
Section III, all of the inclusions that can induce AF are
characterized by the presence of MgO-Al2O3.

A. Inclusion Characteristics

It is well known that MgO is a thermally stable inclu-
sion in molten steel. When the MgO nanoparticles
mixed with AlSi nanoparticles are added to the steel
melt, they are quickly dispersed within the liquid steel.
The Al and Si dissolve in the steel melt. Due to the
strong deoxidizing power of Al, it combines with

dissolved oxygen to generate Al2O3 inclusions. The
strong stirring effect within the steel in the mold
facilitates the formation of MgO-Al2O3 inclusions. As
the steel temperature decreases, MnO precipitates and
reacts with MgO-Al2O3 inclusions. When the liquid steel
temperature decreases below the precipitation tempera-
ture of sulfides, MgS and MnS inclusions begin forming
on the surface of the oxide inclusions. When these
duplex inclusions are observed with the SEM, the oxide
inclusions appear in dark color and the sulfide inclusions
in light color.
As shown in Figure 7, the average size of inclusions

increases with the increase in the amount of added
nanoparticles. This is mainly due to the different sizes of
particles which can act as the precipitation cores for
other inclusions. With increase in the number of

Fig. 9—Typical morphology of IAF induced by inclusions.

Fig. 10—Inclusions located on primary austenite grain boundaries (PAGB).
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nanoparticles in the steel melt, the space between adjacent
particles decreases and the probability of collision
between adjacent particles will increase. This ultimately
results in the aggregation and growth of particles acting as
the precipitation cores for other inclusions. The precip-
itation of sulfide reaction products on the surface of oxide
inclusions further increases the inclusion size.

B. Pinning Effect

Since the inclusions in S0 steel as shown in Figure 4
apparently do not serve as nucleation cores for inducing
IAF, nor do they retard the growth of austenite grains,
the influence of these kinds of inclusions on the
development of microstructure can be ignored.
Figure 12(A) shows a schematic of the microstructural
changes that take place during solidification of S0 steel.
When the temperature decreases below the liquidus
temperature, primary austenite grains start nucleating
and growing as described in the second step of
Figure 12(A). The main factors affecting grain size in
steel without added nanoparticles are heat treatment
conditions and steel composition, especially trace
amounts of alloying elements. However, in steel with
added nanoparticles, many fine inclusions can act as
pinning particles to retard the growth of austenite grains
as shown in the second step of Figure 12(B). Ultimately,
as shown in the third step in Figure 12, the average size
of austenite grains in the latter case is smaller than that
in the former.

Inclusion size is the predominant factor that determi-
nes whether or not a particular inclusion will cause a
pinning effect. This can be explained with the aid of
Zener’s theory[34] that the driving force for grain growth
due to curvature of the grain boundary can be counter-
acted by a pinning (drag) effect exerted by particles
located at the boundary. The pinning effect can be
described in terms of the following equation:

R ¼ 3

4
� r=f ½1�

where R is the Zener limit, r the radius of the pinning
particles, and f the volume fraction of particles. The
parameter f can be calculated from Eq. [2]:

f ¼ p
6
�NVr

3; ½2�

where NV is the quantity of inclusions per unit volume.
According to the above equations, it can be deduced

that by appropriately increasing the inclusion size, the
probability that it will serve as an effective pinning
particle is increased. Also increasing the number density
of inclusions will raise the effective quantity of pinning
particles. If the inclusion size is excessively large, it may
also cause billet defects. If the inclusion size is too small,
the austenite boundary would simply pass over these
inclusions until it meets pinning particles of appropriate
size, or collides with other austenite boundaries in the
process of grain growth. As represented in the third step
in Figure 12(B), some inclusions locate on the primary
austenite boundary and others reside within the primary
austenite.

C. Ferrite Nucleation

The main factors that determine whether or not
inclusions can act as nucleation cores to induce the
generation of IAF are inclusion type and inclusion size.
Different kinds of inclusions have a different inducing
ability for AF, which is mainly related to the value of the
contact angle h between ferrites and inclusions. Gener-
ally, different kinds of inclusions have different contact
angles. When two types of inclusions have similar size,
the one with a relatively small contact angle would have
the greater ability to induce AF. Based on nucleation
dynamics, Christian and Wang et al.[35,36] have devel-
oped a method for calculating the rate of ferrite
nucleation on the surface of an inclusion. The ferrite
nucleation rate is a parameter that quantifies the degree
of difficulty associated with nucleation. The greater the
ferrite nucleation rate, the easier it is for ferrite to
nucleate on the surface of an inclusion. Figure 13 shows
the variation in the ferrite nucleation rate as a function
of the inclusion size (R*) for a contact angle h of p/3. R*
is a non-dimensional parameter defined by the
expression:

R� ¼ RI=rC ½3�

RI represents the radius of curvature of the inclusions
and rc is the critical radius of inclusions that will
nucleate ferrite.

Fig. 11—Mechanical properties of steels with different additions of
MgO nanoparticles.
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It can be deduced that when the contact angle h is p/3,
there exists a special range for inclusion size as indicated
by the red loop in Figure 13 and only within this range,
do the inclusions have a relatively large ferrite nucle-
ation rate. It can be inferred that MgO-Al2O3-bearing
inclusions have a similar tendency and when the
inclusion size exceeds a certain value, the ability of
inclusions to induce AF formation will greatly decline.
This explains why after the average size of inclusions
increased to 3.5 lm, the proportion of AF in the
microstructure was lower than that found for the
optimum formation of AF when the average inclusion
size was 1.8 lm. It also explains the observation that the
average size of inclusions that function as pinning
particles is larger than that of inclusions that serve as
nucleation cores for inducing AF.

When the steel temperature decreases below the c–a
phase transformation temperature, the proeutectoid
ferrites first form along austenite grain boundaries.

These ferrites generally consist of a coarse banded
structure as depicted in the fourth step of Figure 12(A).
However, since the grain size of austenite in steel with
added nanoparticles is relatively small, the size of
proeutectoid ferrites is also smaller as shown in the
fourth step in Figure 12(B). Subsequently, other types of
ferrites also form. Generally, AF would grow perpen-
dicular to the grain boundaries of proeutectoid ferrite or
austenite. In steel containing nanoparticles, in addition
to the mechanisms mentioned above, ferrites also form
on the surface of MgO-Al2O3-bearing inclusions as
represented by the fifth step in Figure 12(B). In such
steels, the microstructure is finer and the degree of AF
interlocking is higher, both of which ultimately result in
improved mechanical properties as shown in Figure 11.

V. SUMMARY AND CONCLUSION

Adding second phase nanoparticles to molten steel
within the mold in the vicinity of the submerged nozzle
outlet ensures the particles are well dispersed within the
continuously cast billet. After adding MgO nanoparti-
cles pre-dispersed with AlSi alloy nanoparticles to
HPB300 steel, the majority of the reaction products
were MgO-Al2O3-bearing inclusions. With the mass
fraction of nanoparticles increasing from 0.01 to
0.03 pct, 0.05 and 0.07 pct, the average size of inclusions
was 1.0, 1.2, 1.8, and 3.5 lm, respectively. These
inclusions were significantly smaller than those found
in steel without addition of MgO nanoparticles, where
the average inclusion size was 7.0 lm.
The majority of the MgO-Al2O3-bearing inclusions

have a good ability for inducing AF formation. As the
mass fraction of nanoparticles increased from 0.01 to
0.05 pct, the proportion of AF in the microstructure

Fig. 12—Schematic diagram of microstructure evolution during solidification of steel. A Without addition of nanoparticles; B With addition of
nanoparticles.

Fig. 13—Relationship between ferrite nucleation rate and inclusion
size.
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progressively increased. When the mass fraction of
nanoparticles reached 0.07 pct, the ability of inclu-
sions to induce AF formation, greatly declined and
the proportion of AF was also diminished. This is
mainly attributed to the value of the ferrite nucleation
rate which is relatively high only within a small range
of inclusion sizes. The test results from this plant
study confirm that when the inclusion size is suffi-
ciently large, these inclusions can function as pinning
particles.

When the mass fraction of MgO nanoparticles is
0.05 pct, the degree of interlocking of AF within the
microstructure of billet specimens is optimized and this
is associated with peak values for mechanical properties,
specifically yield strength, tensile strength, and impact
energy.
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NOMENCLATURE

AF Acicular ferrite
BF Banded ferrite
EAM External addition method
EDS Energy-dispersive spectrometry
f Volume fraction of particles
IAF Intragranular acicular ferrite
IPM Internal precipitation method
NV Quantity of inclusions per unit volume
PAGB Primary austenite grain boundaries
PF Polygonal ferrite
r Radius of the pinning particles
R Zener limit
R* A non-dimensional parameter which is

proportional to the radius of curvature of the
inclusions

RI Radius of curvature of the inclusions
rC Critical radius of inclusions that will nucleate

ferrite
SEM Scanning electron microscopy
h Contact angle between ferrites and inclusions
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