Characteristics of Non-metallic Inclusions in Steel
Obtained from Different-Sized Samplers
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To determine the effect of sampler size on the detection of inclusions in liquid steel, four
different-sized samplers were designed for industrial sampling from a continuous casting
tundish. The samples were evaluated via scanning electron microscopy and energy-dispersive
spectroscopy. With increasing sample size, the cooling rate of the sample and velocity for
particle engulfment decreased. The extent of encapsulation of complex inclusions increased from
0 pct with the smallest sampler to 48.2 pct with the largest sampler. In the samplers that cooled
at 41.2 and 26.7 K s, the major inclusions were calcium aluminates; in the larger samplers,
which cooled more slowly at 8.2 and 1.0 K s™', the complex inclusions predominately comprised
AlL,O; + (Ca, Mn)S and Al,O3 + CaS, respectively. The sizes of the sulfides gradually increased
with increasing sampler size; for example, the sulfide average diameter increased from 2.5 to 3.5
um when the sampler inner diameter increased from 50 to 70 mm. The main direction of

movement of the inclusions during the sampling process was upward.
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I. INTRODUCTION

IN steel production, analysis of molten steel is
essential for identifying sources of problems that occur
during the refining process or for determining its
elemental composition; however, there are many sizes
of samplers, the choice of which directly influences the
cooling rate of steel solidification.!'"”” The solidification
and cooling rates, in turn, affect the size and chemistry
of non-metallic inclusions and the accuracy of the
inclusion analysis. Selection of an appropriately sized
sampler is therefore vital to performing an accurate
study of inclusion characteristics.

Several previous studies have investigated the influ-
ence of sampler type on inclusion behavior during the
sampling process. Some studies found that the filling
velocity and solidification of liquid steel were dependent
on the sampler geometry and that the steel composition
affected the distribution and size of inclusions.!®"!
Compared with inclusions obtained by metal-cap-pro-
tected lollipop-shaped samplers, most inclusions in
argon-protected lollipop-shaped samplers were dis-
tributed more homogeneously which resulted in lower
and more even filling velocities.™ Zhang er al'” found
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that the predicted inclusion collisions due to turbulence
during sampling were much higher than those that
occurred in a ladle furnace during steelmaking. In
lollipop-shaped samplers, the bottom half is preferred
region for analysis, except for areas close to the bottom
surface.l'"! Barrel-type samplers are also used in indus-
trial experiments; these are not prone to the formation
of shrinkage voids in the sample because of a steady
filling velocity during the sampling process.!'*!?

Using current technologies, direct observation of
changes in inclusions during the solidification process
is impossible; factors affecting the characteristics of
inclusions during the solidification have therefore been
investigated using various analysis methods. Ma
et all™ ' ysed a segregation model and nucleation
theory to investigate the precipitation and growth of
inclusions during the solidification process. Goto
et al'®?% determined the characteristics of inclusions
during solidification by comparing the oxygen content
and cooling rate of different types of steels. In labora-
tory experiments, Ohta®" used the change in Ni content
of different regions of the steel sample to identify
different stages of solidification; in this way, the effects
of various elements on inclusion characteristics during
solidification were determined. In summary, most of the
aforementioned studies were based on laboratory exper-
iments and theoretical analyses to study the character-
istics of inclusions during solidification. Few studies of
the effects of different-sized samplers have been per-
formed on an industrial scale.

In the present work, four different-sized barrel-shaped
samplers with wooden covers were designed for
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industrial experiments in a continuous casting tundish.
The steel samples collected were evaluated via scanning
electron microscopy (SEM) and energy-dispersive spec-
troscopy (EDS). This allowed examination of
non-metallic inclusions in steel that had solidified and
cooled at different rates in the different-sized samplers.
The influence of cooling rate on the size of the sulfide
inclusions was determined by comparing the average
size of these inclusions in steel samples of different sizes.

II. MATERIALS AND EXPERIMENTAL
METHODS

A. Sampler Design

The shape of the sampler is shown in Figure 1. The
sampling mold was made of 1045 steel. A wooden cover
was placed on the top of each sampler to prevent slag
from entering the bottom of the sampler before sam-
pling. To ensure that the thicknesses at the bottom and
side were the same, the height of the sampler was
changed proportionally to the inner diameter to obtain
four samplers with distinct sizes. The parameters of the
different-sized samplers are listed in Table I.
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Fig.1—Schematic of sampler design and locations of steel samples
used for analysis.

B. Industrial Experiments

The chemical composition of the 42CrMo steel used
in this study is shown in Table II.

A total of three industrial experiments was performed
in the casting tundish (casting time: 20-25 minutes),
designated as 6E112, 6E113, and 6D112. The sampling
requirements were as follows: (1) each experiment was
performed with four groups of different-sized samplers;
(2) in each group, two samplers of the same size were
used to sample simultaneously; (3) to ensure that the
temperature of the molten steel was fixed, the four
groups of samplers were used to sample continuously
during each experiment; (4) all of the samples were
cooled in air. Figure 2 shows the samples after cooling.
Eight samples were obtained from each experiment.

Each barrel-shaped sampler was connected to a long
iron rod by welding; this was used to insert the sampler
into the tundish bath. The iron rod was about 1.5 m in
length to ensure that the sampling location was far
below the level of the slag. Each sampler was kept in the
tundish for about 2-3 seconds and then removed and
quenched in the air.

C. Sample Analysis

Samples of the cooled steel were taken at the top (1/4
height), center (1/2 height), bottom (3/4 height), and side
(1/2 height and 1/4 radial direction) positions of the
samplers with inner diameters of 50 and 70 mm (see
Figure 1). Because the volumes of liquid steel in the
samplers with inner diameters of 20 and 30 mm were
small, samples were not taken from the sides of the
samplers. The samples were machined into 15 x 15 x 15
mm- blocks and polished. The center samples were used
to determine the cooling rate by measuring the sec-
ondary dendrite arm spacing. The steel samples were
etched with picric acid solution at 333 K (60 °C) for 2-5
minutes prior to analysis.

Ten photogra _lphs of each steel sample were taken
using a Phenom™ ™ Pro X scanning electron microscope
(Netherlands) to reveal the dendritic structure of the
steel; the secondary dendrite arm spacing was measured
and a mean value calculated for each sample.’? In
addition, the inclusions present in the different steel
samples were evaluated by SEM and EDS to determine
their morphologies and compositions. The inclusions in

Table . P t f Different-Sized S /! . .

e Aramerers o7 Terentolzed Samprers 50 consecutive fields were observed at an SEM magni-

Group Inner Diameter/mm Height/mm fication of x 1500 and their size, type, and quantity were
determined. The encapsulation rate of duplex inclusions
; gg % is defined as x, which was calculated according to
3 50 134 N¢
4 70 182 X pCt = W X 100, [1]
Table II. Chemical Compositions of 42CrMo Steels from Three Heats (in Mass Percent)

Heat C Si Cr Mo S
6E112 0.43 0.2644 0.5720 0.9539 0.1705 0.0021
6E113 0.42 0.2465 0.5714 0.937 0.1666 0.0021
6D112 0.42 0.2391 0.5559 0.9367 0.1668 0.0022
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where Ny (mm?) is the total number of duplex inclu-
sions per unit area that were classified as encapsulated
inclusions and N (mm?) is the total number of inclu-
sions per unit area.

III. RESULTS AND DISCUSSION

A. Cooling Rate of Different-Sized Samples

When the carbon content in a steel is <0.53 pct, the
dependence of the secondary dendrite arm spacing on
the cooling rate of the steel is determined from!*’)

Jy = 148C"8, 2]

where A, (um) is the secondary dendrite arm spacing
and Cr (K s ) is the cooling rate.

The measured secondary dendrite arm spacing and
the calculated cooling rates of different-sized samples
are listed in Table III. The cooling rate gradually
decreased with increasing sample size. The cooling rates
for the samplers with inner diameters of 20, 30, 50, and
70 mm were, respectively, 41.2, 26.7, 8.2, and 1.0 K s L

B. Change in Extent of Encapsulation of Inclusions

Oxide—sulfide duplex inclusions, in which the oxide
was combined with a sulfide located at some or all of its
periphery, represented the major type of complex
inclusion found in this study. Figure 3 shows the
morphologies of inclusions in the different-sized steel
samples: oxide and sulfide inclusions occur in the dark
and light shades, respectively. The cooling rate of the
samples gradually decreased with increasing sample size

2pm 2um

(d)

2pm

) ) ) ) Fig.3—Morphology of inclusions in steel samples taken with sampler
Fig.2—Different-sized samples after cooling. diameters of (a) 20 mm, (b) 30 mm, (c) 50 mm, and (d) 70 mm.

Table III. Secondary Dendrite Arm Spacing, Cooling Rates, and Solidification Front Velocity of Different-Sized Samples

Average Secondary Solidification
Group Inner Diameter/mm Dendrite Arm Spacing/um Cooling Rate/K s~ ! (deg/s) Velocity/ K s~! (deg/s)
1 20 36.04 41.2 3.7
2 30 42.44 26.7 2.8
3 50 66.67 8.2 1.4
4 70 83.14 1.0 0.2
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Fig.4—Average encapsulation parameters x for oxide—sulfide duplex
inclusions in steel samples taken with different-sized samplers.

and the inclusions changed from oxide to oxide—sulfide
duplex-type inclusions. Moreover, the solidification time
of the steel increased with increasing sampler size, until a
critical S content was reached, thereby trig[%ering the
formation of sulfide precipitates. Ohta et al.>* % pro-
posed that most sulfides precipitated at the end of
solidification, which is in agreement with the results of
this study. As shown in Figure 4, the encapsulation rates
revealed that the amounts of oxide—sulfide duplex
inclusion increased with increasing sampler size. The
solidification velocity was calculated from the solidifi-
cation time and secondary dendrite arm spacing of the
steel®”! as follows:
)

where V' (um s™') is the velocity of the solidification
front, 2, (um) is the secondary dendrite arm spacing
of the steel, and ¢ (s) is the solidification time
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Fig. 5—Inclusion size distribution in steels obtained from barrel samplers with diameters of (a) 20 mm, (b) 30 mm, (¢) 50 mm, and (d) 70 mm.

Table IV. Parameters of Inclusion Used in this Study

Parameter Value ppr/mJ 572 ppr/mJ 572

ypL/mJ s

ap/m n/Pas™! K, /W m ' K™ Ki/Wm™ ' K™!

2290 2480 260

2.5 0.0043 5.5 45
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«4Fig.6—Scanning electron microscopy images and elemental
energy-dispersive spectroscopy maps of inclusions in steel sampled
by samplers with diameters of (a) 20 mm, (b) 30 mm, (¢) 50 mm,
and (d) 70 mm.
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Fig.7—Average size of sulfide inclusions in steel sampled by 50- and
70-mm-diameter samplers for of three heats.

(t = AT/Cg, where AT was 200 K (73 °C)P" and Cg
was obtained from Eq. [2]). The calculated values of V'
were 3.7 um s~ ' (Group 1), 2.8 um s~ ' (Group 2), 1.4
pum s~ (Group 3), and 0.2 um s~ (Group 4), respec-
tively, as shown in Table III.

The critical velocity for particle engulfment and the
pushing transition has been theoretically derived by
Stefanescu er al.?**” and is given as follows:

(Vps — VPL)a% 1/2
cr = _——— 5 4
v ( 3nkR ) [4

where V,, (um s~') is the critical velocity for 7particle
engulfment and pushing transition, ypg (mJ m™~) is the
interfacial energy between the particle and solid Fe,
ypr. (mJ m~?) is the interfacial energy between the par-
ticle and liquid Fe, gy (m) is the atomic distance, 5 (kg
m~ ' s7!) is the viscosity of liquid Fe, R (um) is the
particle radius, and k is the ratio of kp/k;, where kp
(Wm™' K™ and k, (W m~' K™') are thermal con-
ductivities of the oxide particle and liquid Fe,
respectively.

The inclusion size distribution in the steel obtained
from the bottoms of the different-sized samplers
(Figure 1) is shown in Figure 5. Most of the inclusions
in this study had sizes ranging from 1 to 2 um and
corresponding critical velocities of 2.8-3.9 um s,
which were obtained by substituting the parameters?®”
in Table IV into Eq. [4]. In the case of the Group 4
samples, the solidification velocity (0.2 um s~ ') of the
samples based on Eq. [3] was lower than the critical
value and, therefore, all oxides should theoretically be
encapsulated by sulfides; however, this group consisted
of many single-phase oxides and, hence, more studies
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Fig.8—Size distribution of inclusions in steel samples taken from different positions of 70-mm-diameter steel sampler for three heats at (a) top,

(b) center middle, (¢) bottom, and (d) side middle locations of the sampler.

are required to fully understand the precipitation of
sulfide on the oxides during solidification.

C. Inclusion Type in Different-Sized Steel Samples

Figure 6 shows SEM images of typical inclusions in
the steel samples. The cooling rate of the steel had a
strong influence on the compositions of inclusions.
The major inclusions in the steels with cooling rates of
41.2 and 26.7 K s~! were calcium aluminates, steel
with a cooling rate of 8.2 K s~ ' exhibited predom-
inantly Al,O; + (Ca, Mn)S complex inclusions, and
steel with a cooling rate of 1.0 K s™' gave AlLLO; +
CaS complex inclusions. The sulfides probably precip-
itated during the solidification process because of the
segregation of S. Hollppa®"! proposed that sulfides
were mainly precipitated during solidification and
Choudhary®? proposed that CaS formed from the
reaction between S and calcium aluminates during
solidification.
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D. Changes in Size of Sulfide Inclusions

In this study, industrial experiments were performed in
a tundish. Because of the low oxygen content, the
composition and size of the oxides remained almost
constant. This section therefore focused on the influence
of the sampler size on the size of the sulfide inclusions. It
was known from the aforementioned results that there
were few sulfide inclusions in steel samples taken using
samplers with diameters of 20 or 30 mm, so this section
focused only on the inclusions found in samples taken
with samples of 50 and 70 mm diameters. Figure 7 shows
the average size of sulfide inclusions in steel (diameters of
50 and 70 mm) for the three heats. An average size of 2.5
um was obtained from analysis of inclusions in the
50-mm-diameter samples; however, average sizes of 3.6,
3.2, and 3.8 um were obtained from the three heats
corresponding to the 70 mm-diameter sampler. The time
for sulfide precipitation during solidification therefore
increased with increasing sampler size, leading to an
increase in the size of the sulfide inclusions.

METALLURGICAL AND MATERIALS TRANSACTIONS B
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Fig.9—Auverage size of inclusions in steel samples taken from differ-
ent positions of steel sampler with diameters of 50 and 70 mm for
three heats.

E. Movement of Inclusions During Sampling Progress

To study the movement of inclusions during the
sampling progress, the size distribution of the inclusions
occurring at different positions of the steel samples was
investigated. Because the sizes of the steel samples with
diameters of 20 or 30 mm were too small, significant
movement of inclusions was not apparent; therefore,
this section focused on the movement of inclusions in
the samples with the larger diameters. Four positions
(top, bottom, center of the middle, and side of the
middle) of these steel samples were examined.

Figure 8 shows the size distribution of inclusions at
different positions of the 70-mm-diameter sample for the
three heats. Figure 9 shows the average sizes of inclu-
sions at the different positions of the steel sample (50
and 70 mm diameters) for the three heats. Figures 8 and
9 show that the size distribution of inclusions was
greater and more dispersed from bottom to top. This
may be attributed to the motion of liquid steel as it was
poured into sampler, which caused collision and aggre-
gation of the inclusions. In addition, the average sizes of
inclusions in samplers taken from the centers and sides
of the samplers showed no obvious differences, which
meant that the inclusions did not spread significantly
from the center to the surface of the sample. The main
direction of inclusion movement was therefore upward
during filling and solidification of the steel in the
sampler.

IV. CONCLUSIONS

To determine the effect of different-sized samplers on
the detection and analysis of inclusions in steel, four
different-sized samplers were designed for industrial
sampling from a tundish. The samples were evaluated
via scanning electron microscopy and energy-dispersive
spectroscopy. The results of this study are summarized
as follows:

METALLURGICAL AND MATERIALS TRANSACTIONS B

(1) With increasing sample size, the cooling rate de-
creased and the encapsulation rate of complex
inclusions increased from 0 to 48.2 pct. The velocity
(1.4 um s~') for particle engulfment and pushing
transition of samples in the fourth group (samplers
with diameter of 70 mm) was lower than the theo-
retically determined critical value, but not all oxides
were encapsulated by sulfides.

(2) The cooling rate of steel had a strong influence on
the inclusion composition. The major inclusions in
steels with cooling rates of 41.2 and 26.7 K s~ were
calcium aluminates, steel that cooled at 8.2 K s~
exhibited mainly AlL,O; + (Ca, Mn)S complex
inclusions, and steel produced at a cooling rate of
1.0 K s~! gave Al,O; + CaS complex inclusions.

(3) The average size of the sulfide inclusions increased
with increasing size of the sampler. For example, the
average sulfide diameter increased from 2.5 to 3.5
um as the samplers inner diameters increased from
50 to 70 mm. The main direction of movement of the
inclusions was upward during filling and solidifica-
tion of the samples.

(4) The inclusion size distribution, measured at different
positions in the steel samples, indicated that there
was no obvious difference between the average sizes
of inclusions located in the center and side (of the
middle), which meant that inclusions did not spread
significantly from the center to the surface of the
samples.
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