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Abstract The engulfment and pushing (extrusion) of
inclusions during solidification play an important role in the
formation of a steel structure and, as a result, for the
mechanical properties of the final steel product. The aim of
this study is to gain knowledge about the behavior of non-
metallic inclusions at the interface between a growing solid
front and a liquid phase. The focus is on the effect of the
titanium and titanium oxide content on the inclusions and the
different phenomena, which occurs at the solid/liquid inter-
face. This was studied in samples of low-carbon steels
de-oxidized by different combinations of Al, Ca, and Ti. For
this purpose, each metal sample of 0.19 g was melted at a
temperature close to 1550 °C in an argon atmosphere and
solidified under different solidification rates. A direct
observation of inclusion behavior during solidification was
made using a confocal scanning laser microscope equipped
with an infrared gold image furnace. The alloying elements
in the sample varied between: C 0.002-0.044; Si 0.02-1.33;
Mn 0.12-1.33; P 0.003-0.016; S 0.003-0.01; Al 0.002-
0,033; Ni 0-0.28; Cr 0-0.25; Ti 0.008-0.065; Ca 0.0007—
0.002; O 0.002-0.0114 and N 0.0028-0.0056 (mass%).
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Several types of inclusions with different morphologies were
found within the sample. The morphology of the observed
inclusions on the molten steel surface varied from round
alumina and calcium-oxide-rich inclusion to needle-shaped
titanium oxide-rich inclusions. The observed motions of the
inclusions at the vicinity of the front of the solidifying steels
were classified. At a low solidifying velocity and a small
inclusion size, inclusions flowed away from the solidifying
front. Furthermore, they also or got pushed a distance and
thereafter flowed away from the interface. At a medium
velocity and a slightly bigger size, inclusions tend to get
pushed in front of the solidifying front. Another observation
was that at a high velocity and a large particle size, inclusions
tend to get engulfed or pushed and then engulfed by the
progressing front. The relationship among the morphology,
chemical composition of inclusions and the solidifying
velocity is discussed in this article.

Introduction

Today, inclusion behavior at solid/liquid (hereafter S/L)
interfaces represents a well-studied subject. However, it is
still an important subject to steel industry with respect to
cleanness and segregation in the final steel products. It is
known that the usage of Ti in the de-oxidation process of
steel increases the clogging in the so-called submerged
entry nozzle (SEN) during continuous casting of steels [1].
Also, Basu et al. [2] have investigated the formation of
inclusions during de-oxidation with titanium. They found
that with Ti de-oxidation, inclusions containing titanium
oxide were formed. These promoted a large-scale melt
freezing in the SEN, which led to that the SEN was
eventually clogged. This production disturbance represents
a big economical issue for steel producers.
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Kikuchi et al. [3], reported that with the addition of Ti
during de-oxidation, the final micro-structure and solidi-
fying micro-structure may be positively changed. From the
solidification aspect, there are a few phenomena connected
with the S/L interface, including the more known pushing
and engulfment of inclusions [4]. In addition, many
mathematical [5-8], computed [9, 10], and physical [11]
models have also been used previously to better understand
these phenomena. Moreover, in situ experiments have been
made to clarify the differences between solid and liquid
inclusion behaviors [12], at the S/L interface. Liquid
inclusions are liquid at the same or at a lowest temperature
than the melting temperature of the steel. The liquid phase
of these inclusions is insoluble in the steel and therefore
looks spherical while observed in a CSLM. Furthermore, to
determine the critical velocities [4] at which the inclusion
gets engulfed by the S/L interface.

In this study, three different steel samples were inves-
tigated with the focus on the effect of the titanium content
in the steel and the titanium oxide content in the inclusions
on the inclusion behavior at the S/L interface. The inclu-
sions observed were formed during the processing of the
steel. The in situ experimental work has been carried out
using a confocal scanning microscope (hereafter CSLM)
with a gold image furnace to investigate the effect of Ti
de-oxidation on the inclusion behavior at S/L interface of
steel and the critical velocity.

Experimental
Equipment

The experimental technique used in this study is a Confocal
Scanning Laser Microscope (CSLM), using a He—Ne laser
together with an infrared image furnace. The specifications
of this microscope can be found elsewhere [12]. The
infrared image furnace is directly mounted under the
CSLM apparatus. Furthermore, the focus of the laser will
hit a sample surface located inside the furnace, as seen in
Fig. 1. The figure also shows a schematic diagram of the
apparatus and its configuration. The infrared image furnace
can suppress oxidation of the sample from the surrounding
environment. During this study, the chamber was first
evacuated from air and then placed under a constant flow of
highly pure argon gas.

Experimental procedure
50 kg of pure iron was melted in an argon atmosphere in a
high-frequency induction furnace. The temperature was

kept at 1600-1620 °C. First, Al (0.002%) was added as
pre-de-oxidation of the molten iron. Then, a Fe-Ti alloy
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Fig. 1 Schematic picture of CSLM mounted together with an
infrared image furnace

was added and subsequently a CaSi alloy was added. After
8-10 min, the molten iron was cast into ingots with the
dimensions 100 x 150 x H350 mm. Then samples were
taken from positions 100 mm from the bottom and
20-25 mm from the surface of the cast sample. The
obtained sample compositions are given in Table 1. The
samples were ground and shaped into disks with a thick-
ness of 2 mm and a diameter of 4.3 mm. Thereafter, these
disks were placed in a high-purity aluminum oxide crucible
with a 5.5-mm outer diameter and a 4.5-mm inner diame-
ter. Then, they were placed inside the furnace and the
furnace was turned on. At the start of the experiment,
the sample was heated to 200 °C and kept for 20 min. The
heating was done by increasing the power to the infrared

Table 1 The chemical composition of samples A, B, and C in mass
percent

C S Al Ti Ca o
A 0.0110 0.010 0.002 0.065 0.0030 0.0053
B 0.0036 0.006 0.002 0.021 0.0016 0.0080
C 0.0052 0.007 0.002 0.008 0.0007 0.0114
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lamp. This, in turn, resulted in an increased temperature
inside the oven. At this stage, any unwanted moisture
inside the furnace or on the sample was evaporated.
Thereafter, the temperature of the furnace was increased to
the melting temperature of the steel. More specifically, the
temperature was initially increased by 100 °C/min. When
the temperature of the furnace was close to the melting
temperature of the steel, the heating of the furnace was
manually controlled. Thereafter, when the sample started to
melt, the temperature was slowly increased by controlling
the power to the infrared lamp so that the S/L interface
easily could be observed and kept under control. In addi-
tion, the temperature inside the furnace was slightly low-
ered to increase solidification velocity of the steel. The S/L
interface movement and the behavior of the inclusions at
the S/L interface were observed and recorded.

The recorded videos were carefully observed, and the
fragments with interesting phenomena were cut out of the
whole recording. The images were captured frame-by-
frame with the interval of 1/30 s. These fragments were
printed to measure the solidification velocity. In addition,
the morphology of the inclusions was also measured from
the printed frames.

Results and discussion

Engulfment, pushing, and flow of the inclusions in front
of the S/L interface

Three different basic phenomena related to the motion of
the inclusions were observed during the experiments:
pushing, flow, and engulfment. In addition, two different
combinations of these were also observed. The first of the
three basic phenomena is well known and could be
described as pushing [4] of an inclusion. This pushing
phenomenon occurs when the solidification velocity of the
steel is low enough to support pushing of the inclusion.
Pushing means that the inclusion is forced to move in front
of the progressing S/L interface. The second observed
phenomenon was flow of the inclusions. When the solidi-
fying interface progresses into the melt, the inclusion
located at the interface flows away from the interface. This
phenomenon has previously been studied by Nakajima
et al. [13]. The mechanisms of this phenomena is not yet
known, but one factor causing this behavior might be
marangoni flow, caused by concentration differences in the
melt.

The third phenomenon is the so called engulfment of the
inclusions [4]. This phenomenon occurs when the solidi-
fication velocity is too high to support the pushing of the
inclusion. What happens is that the inclusion gets stuck in
the solid interface while the steel is solidifying. This occurs

when the velocity of the interface reaches a so-called
critical velocity. This velocity is reached when a certain
inclusion with a specific morphology and composition gets
engulfed.

Different combinations of these phenomena may also
occur. One possible combination is that an inclusion is
pushed by the progressing S/L interface. Thereafter, the
solidification velocity increases due to a variation in tem-
perature inside the furnace and the inclusion gets engulfed.
However, when the same scenario occurs the solidification
velocity decreases. This might lead to that then the particle
may flow away from the solidifying interface. Overall, all
the three phenomena discussed above were observed in all
three samples. More specifically, they are illustrated in
Fig. 2 in form of in situ CSLM observations. The three
different phenomena are all the same scale and the photos
have been captured at three different times during the
observed inclusion behavior.

From Fig. 2 the phenomena of engulfment of the
inclusions on the sample B can be observed from parts (al)
to (a3). At position al, the inclusions shape was rectangular
with the dimensions 9 pm x 4 um. Furthermore, they
were present at the front of the interface. Thereafter, the
interface progressed from the righthand side of the figure to
the lefthand side, where it engulfed the inclusion more to
the part of (a2). At position (a3), the inclusion was almost
completely engulfed at a critical velocity of 11 pm/s. The
photos from (bl) to (b3) representing sample C show how
spherical liquid inclusions with a diameter of roughly
4-7 pm flow away from the progressing interface. At (bl)
the interface was not moving. However, in (b2) the inter-
face starts to move from the lower side to the upper side at
a velocity of 4.5 pm/s. Finally, at (b3) the inclusions flo-
wed away from the interface. Finally, the photos (c1) to
(c3) represent observations from sample B, in Fig. 2 the
pushing of an inclusion is illustrated. The interface moved
at a constant velocity of 7 um/s from the righthand side to
lefthand side in all the three photos. Also, the pushing of
the inclusion, with a rectangular shape (8§ pm x 3 pm) was
cleary observed.

Chemical composition and morphology
of the inclusions

The inclusion particles were observed by an Electron Probe
Micro Analysis (EPMA) microscope to identify the chem-
ical composition and morphology of the inclusions. Fig-
ure 3 shows photos taken of the sample surface that was
observed at a high temperature with the CSLM microscope.
It should be noted that the three different images are pre-
sented using a different scale. The image (a) shows the
inclusion engulfed in Fig. 2. Image (b) is an overview photo
of similar inclusions that showed the flow phenomena.
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Fig. 2 Photos from the left: engulfment (al-a3), flow (b1-b3), and pushing (c1-¢3); L liquid, S solid

Furthermore, image (c) is the inclusion that showed the
tendency of pushing.

Position (d) of Fig. 3 shows an inclusion containing a
very high amount of titanium, which has a similar com-
position as the inclusions with a high titanium oxide con-
tent in Fig. 4a. Also, Table 2 shows the composition of the
three different inclusions in terms of the contents of cal-
cium oxide, aluminum oxide, and titanium oxide.

The relationship between the size, morphology,
and chemical composition of the inclusions,
and the velocity of the S/L interface in steel

The measured velocity of the S/L interface, the measured
length of the inclusions with the observed morphology, and
the TiOy content of the inclusions are summarized in
Fig. 4a and b for sample C, in Fig. 5a and b for sample B,
and in Fig. 6 for sample A. In Fig. 4, the different phe-
nomena are illustrated by the shape of the plots. The hor-
izontal axis in Fig. 4 represents the length of the inclusions
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measured parallel to the S/L interface. Furthermore, this
length represents the size of the inclusions in this study. In
addition, a color or a dot in Fig. 4 shows the amount of
TiOy content inside the inclusion. Symbols with four dif-
ferent black shapes as illustrated in Fig. 4 symbolize a
rough shape of the inclusions with different TiOy compo-
sition ranges. Figure 4a and b shows the results for solid
and liquid inclusions, respectively. This is due to that dif-
ferent critical velocities were observed for different states
of the inclusions. The irregular shape of the symbol shows
the irregular shape of the inclusions with a 75-80 mass%
content of TiOy in Fig. 4a. The rectangular shape of the
symbol represents a rectangular shape of the inclusions
with an 85-90 mass% content of TiOx in Fig. 4a. The thin
long shape represents the needle shape of the inclusions
with an 88-96 mass% content of TiOy in Fig. 4a.
In Fig. 4b, the round shape of the symbol represents the
round shape of the inclusions with a 17-20 mass% content
of TiOx, which were in liquid state at the observed
temperatures.
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Fig. 3 Photos taken from the
EPMA microscope. a An
inclusion similar to the engulfed
inclusion in a of Fig. 2,

b similar inclusions as shown in
Fig. 2 which illustrated the flow
phenomena, ¢ a similar
inclusion getting pushed in

Fig. 2, d a needle-shaped
inclusion with a high TiOx
content

The solid lines show the estimated critical velocity of the
S/L interface. As seen in Fig. 4, the dotted lines from pre-
vious study [12], represents a higher critical velocity than
the results of this study for both the liquid and the solid
cases. The critical velocities in Ref. [12] were given as a
function of the inclusions radius. This was then re-calcu-
lated into an inclusion diameter, since the shape of many
inclusions in this study could not be assumed to be round.
For sample B, the critical velocities for both solid and liquid
inclusions were also estimated as shown in Fig. 5.

From Fig. 7, one can observe three different inclusions.
Figure 7a shows a liquid inclusion with its round shape that
was observed in sample B. Figure 7b shows a semi-solid
inclusion observed in sample A, where the center of the
inclusion has a rough shape consisting of an outer soft
(liquid) shell. Finally, Fig 7c shows a solid irregular-
shaped inclusion observed in sample C. The critical
velocity of sample A cannot be compared with the previous
results of samples B and C, since the inclusions observed in
sample A were in a semi-liquid state (Fig. 8).

In order to compare above-mentioned results with pre-
vious results, the solid lines with equations were compared
with previous work from Shibata et al. [12], which are
listed in Table 3. In previous work, the solid and liquid

inclusions were found to be alumina and 30%CaO-
30%Si0,—40%Al,05 inclusions, respectively. The critical
velocity for liquid inclusions is lower than for solid
inclusion, as previously shown by Shibata et al. [12]. The
critical velocities varied among the three different samples
A, B, and C. The critical velocities observed in sample B
for the liquid and solid inclusions are slightly lower than
those obtained in sample C; despite this, the chemical
compositions of the inclusions for both samples B and C
were similar for the solid and liquid inclusions. These
results imply that the critical velocity is affected by the
titanium content in the molten steel as well as by the TiOx
content in inclusions. For the inclusions which are semi-
solid, as in sample A, the critical velocity is slightly higher
than that for the inclusions containing TiOy in the liquid
state. Stefanescu and Catalina [14] derived theoretical
equation to describe the critical velocity as follows:

Vo= (L) 0
3nkR

To calculate Ayy, Eqs. 2 and/or 3 can be used.

Ayo = 7ps — VL — VsL (2)

Ayo = ps — VrL (3)
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Fig. 4 The plots over sample C inclusion behavior with specific sizes
and velocities. The size on the horizontal axis is the contact length of
the inclusion, or in case of a spherical inclusion, the diameter. a High
Ti content (solid inclusions), b low Ti content (liquid inclusions)

Table 2 The oxide compositions of the inclusions shown in Fig. 3
given in mass%

a b c d
CaO 0.6 30.7 0.6 0.1
Al,O4 9.3 42.3 34 1.6
TiO, 90.1 27.96 96 98.3

where 7ypg is the interfacial energy between particle and
solid steel, ypr is the interfacial energy between particle
and molten steel, ys is the interfacial energy between
the solid and liquid metal, k is the ratio of kp/k;, where
ky, is the conductivity for the particle and ki is the lig-
uids conductivity, R is the particle radius, # is the vis-
cosity of the molten steel, and a is the atomic distance.
However, due to the interest of thermodynamic calcula-
tions only Eq. 3 needs to be considered. Equation 2 can
be used when kinetics need to be accounted for, as
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Fig. 7 a Completely round inclusion in liquid state observed in
sample B, b semi-solid inclusion with solid parts in the middle and
liquid parts in the periphery observed in sample A, ¢ solid uneven-
shaped inclusion
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Fig. 8 The change of critical velocity with a change of the TiOy
content in the inclusion

Table 3 The different constants over the inclusion width (IW) (pm)
for their critical velocities (um/s) for samples A, B, and C

Sample Equation
A Semi-solid inclusions
47 [IW (pm)]
21% (Al,03) 35%
11% (CaO) 29%
37% (TiO,) 64%
B Solid inclusions Liquid inclusions
25/[IW (um)] 13/[IW (um)]
2% (Al,O3) 14% 54% (Al,03) 70%
0.5% (CaO) 5% 12% (CaO) 34%
80% (TiOy) 98% 18% (Ti0,)22%
C 60/[IW (um)] 30/[IW (um)]

Previous work [12]

8% (Al,03) 18%
0.6% (CaO) 12%
75% (TiO,) 96%
120/[TW (pm)]

44% (A1,03) 65%
24% (CaO) 36%

17% (TiO,) 20%

46/[IW (um)]

However, since only semi-solid inclusions were found in sample A,
only one equation could be calculated

described by Youssef et al. [15]. For samples B and C,
the titanium content in sample B is higher than that in
sample C. The resultant soluble oxygen content in

sample B is lower than that in sample C. The interfacial
energy between the observed inclusions and the molten
steel was not available from our best knowledge. How-
ever, the interfacial tension data between Fe-O and
Fe-Ti melts and alumina were summarized by Mukai
et al. [16] as shown below.

For Fe—O melts as follows:

e = 1.320 — 0.777 In(1 + 40Cy ). (4)

For Fe-Ti melts as follows;
vpr = 1.029 — 0.612 CL. (5)

where Cy is the soluble element content in the molten iron.
In the case of inclusions containing TiOy, the interfacial
tension between molten iron and the inclusions is assumed
to be of a similar magnitude as for alumina inclusions as
expressed by Eqgs. 4 and 5. To calculate the soluble element
content, Cy, one can use Eq. 6 from [16].

)

CL=Co|Kg+ (1 —Kg)e Pt (6)

where K% is the effective distribution coefficient, Vg is the
solidification velocity, x is the distance between the
solidification interface and the inclusion, ¢ is the thickness
of semi-solid layer between the solid at the liquid in the
interface, and the Dy _is the diffusion coefficient. To calculate
CL, one also needs to calculate the effective distribution
coefficient, Kg, as follows:

Kg = Ko (7)

—Vgd

Ko+ (1Ko

where K (equilibrium distribution coefficient) is the Cs/Cy,
ratio, Cg is the fraction of the concentration of solid metal
and C is the concentration of the liquid metal.

In Table 4, the values used for calculating yp; for
samples B and C are given. Using these values and
assuming that ybs = 75s, the values of Ay§ = yBs — 1.007
and Ayg = ygs — 1.024 can be calculated. This, in turn,
leads to the finding that Ay§ > Ay§. In addition, it also lead
to the finding that V& > V&, which is the opposite results
compared to the experimental results given in Table 3.
However, with an addition of Ti into the steel, the oxygen
content is also lowered, Thus, if the same calculations are
carried out with the same assumption of yps = 15 the
results show that Ay = 9B — 1.10 and Ay§ =
y5s — 1.02. This leads to the finding that Ays < Ay,
which also means that V‘fr < Vg These calculations cor-
respond with the experimental results. From the calculated
results, one can also see that the difference in Ay, for
samples B and C is bigger in the case of oxygen. This
indicates that oxygen has a stronger effect on the critical
velocity than titanium has.

@ Springer



2164 J Mater Sci (2010) 45:2157-2164

Table 4 The values used for calculating the surface tensions for samples B and sample C

d (m) [16] n (N*s/m?) [16] Ky [16] Dy (m?%/s) [16] x (m) [16] Cg [mass%] Cg [mass%] V, (m/s)

Fe-0O 1073 5% 1073 0.02 2.6 x 107° 1x107° 0.008 0.0114 8 x 107
Fe-Ti 1073 5% 1073 0.40 45 x 107° 1 x107° 0.021 0.008 8 x 107

The values for CE and C§ were taken from the sample composition and Vs was taken from the measured sample velocities
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