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Effect of Selenium on the Interaction Between

Refractory and Steel
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The presence of surface-active selenium in liquid steel has an obvious effect on the wettability
between steel and inclusions, significantly affecting inclusion behaviors in liquid steel. In the
current study, the influence of surfactant on the interaction between the refractory and liquid
iron was investigated. The contact angles between the refractory and liquid iron with and
without the selenium addition were measured using the sessile drop method at 1873 K. Besides,
the interfacial reaction layer between the iron and refractory was investigated using scanning
electron microscopy. It was found that the addition of selenium increased the contact angle
between the iron and the refractory and affected the penetration behavior of liquid iron into the

refractory.
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I. INTRODUCTION

REFRACTORIES are widely used in the steel
industry, such as the blast furnace lining, steel ladle
lining, and tundish lining,''! due to its high corrosion
resistance, low thermal expansion, and good thermal
conductivity. In the steel production process, the refrac-
tory as the vessel lining material directly contacts with
the molten steel. The interaction between the refractory
and steel has a significant influence on the service life of
the ladle lining, the steel quality,” and the production
safety. The corrosion resistance to the molten steel is one
of the major issues for the production of the high-qual-
ity steel. Recently, with the increase of demands for the
advanced refractory in the metallurgical industry, more
and more attention is focused on the interaction
between the refractory and steel.*'" Huang er al
investigated the effect of the alumina-magnesia refrac-
tories and the molten steel interaction on the steel
cleanliness during the smelting process. It was indicated
that alumina-magnesia carbon-free castable can be used
as the lining material for the production of high-quality
alloy steel. Wei er all'” studied the reaction mechanism
of the alumina carbon refractory and Fe system by the
thermal gravity experiment with different temperatures
and soaking times. It was concluded that carbonaceous
materials played a key role in the interaction of the
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refractory and steel. The presence of refractory in iron
was mainly caused by the carbothermic reduction of
Al,O3; and carbonaceous materials, instead of the
dissolution of AlLO; in iron. Fruhstorfer er all'!
investigated the corrosion of alumina refractory by
alloyed steels. It was proposed that interactions between
the steel alloy and the refractory can increase the
corrosivity of steel.

The interaction between steel and refractory is mainly
caused by the chemical reaction and the molten metal
penetration. The interfacial phenomenon at the refrac-
tory/steel interface has a huge influence on the
microstructure evolution of the contact area of the solid
refractory material and the molten steel. Zhukovskaya
et al'? proved that the molten iron penetration depth
into the refractory was closely related to the wettability
between the molten steel and the refractory, which was
usually represented as the contact angle. Therefore, it is
meaningful to investigate the wetting behavior between
the molten steel and the refractory to improve their
interaction. Ogino and co-workers!'*'¥ reviewed the
contact angle between the alumina substrate and the
molten steel containing the surface-active elements, such
as oxygen, sulfur, selenium, or tellurium. However, the
effect of wettability on the interaction between the
refractory and the molten steel was neglected.

As a surface-active element, selenium is widely used as
an additive in steel to improve machinability in the steel
production.!'>' However, most of the previous studies
on the effect of selenium in steel mainly focused on the
inclusion behavior!” ' and surface segregation.l?*-"
The effect of selenium on the interaction of steel and
refractory was rarely reported. In the current study, the
effect of the surface-active element selenium on the
interaction between the refractory and the steel was
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investigated through laboratory experiments. The sele-
nium was added in the liquid iron to change the
interfacial properties of the refractory and the liquid
iron.

II. EXPERIMENTAL PROCEDURE

In the current study, the measurement schematic of
the wettability between the iron and an alumina-mag-
nesia substrate using the sessile drop apparatus is shown
in Figure 1. The used contact angle device is DataPhy-
sics OCA 20, made in Germany. The alumina-magnesia
substrates were prepared by pressing a mixture of pure
MgO and pure Al,O; powders with the molar ratio of
I:1 into a thin substrate with 3-mm height and 30-mm
diameter under a pressure of 20 tons, and then they were
sintered for 2 hours at 1873 K in air. Also, the surface of
the sintered substrate was polished by abrasive paper
and diamond paste. In order to prevent small particles
in the refractory from falling off, the polishing rota-
tional speed was chosen to have a relatively slow value
of 150 rev/min. The iron sample was cut into a cylinder
with 5.5-mm height and 3-mm diameter to ensure the
formation of the forward contact angle during the
experiment. And then the iron sample was polished to
remove impurities on the sample surface and cleaned in
ethanol by usin% an ultrasonic cleaner. Based on our
previous study,' when the Al content in iron was over
300 ppm, there was an obvious interfacial reaction of the

Oxygen sensor

iron sample and magnesia refractory. The formation of
magnesia-alumina spinel on the iron sample surface
obviously influenced the accuracy of the contact angle
measurement. Therefore, the Al content in the iron
sample was controlled as 250 ppm in current experi-
ments. The detailed experimental conditions and oxygen
partial pressures are listed in Tables I and II, respec-
tively. First, the iron sample was placed in the center of
the alumina-magnesia refractory substrate, which was
supported by an alumina plate. Then, the standard
accessory for placing sample was used to put the
assembly in the same position in the constant temper-
ature zone of the high-temperature contact angle device,
and the temperature of the constant temperature zone
was calibrated by a special standard thermocouple. The
assembly was heated from room temperature to the
desired temperature of 1873 K at a heating rate of 5 °C/
min and held for 40 minutes. The experiment was
conducted under a reducing atmosphere of Ar mixed
with 10 pct H, in volume fraction. For the high-tem-
perature contact angle device, both sides of the alumina
tube were sealed by flange plates and the terminal was
fixed with quartz glass. During the experiment, the
image of the sample was recorded by a CCD camera at a
frame rate of 20 frames per minute, and the drop profile
can be marked by the software SCA 20 using the
Young-Laplace fitting to automatically calculate the
contact angle between the iron and the refractory after
setting up the demarcation line between the iron and
refractory.
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Fig. 1-—Schematic of the sessile drop apparatus.
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Table I. Composition, Size, and Weight of the Iron Samples

Iron
Number Substrate Se (ppm) Al (ppm) Atmosphere Holding Time (1873 K) Size (mm) Weight (g)
1 50 pct AlL,O; + 50 pct MgO 0 250 Ar + 10 pct H, 40 min D3 x 355 0.1465
2 50 pct Al,O; + 50 pct MgO 250 250 Ar + 10 pct H, 40 min Dd3 x5 0.1315
Table II. Experimental Oxygen Partial Pressures
Number Oxygen Partial Pressures (ppm) (Measured at 1023 K) Oxygen Partial Pressures (ppm) (Calculated at 1823 K)
1 8.8 x 107 to 1.5 x 107" 9.8 x 107 to 1.7 x 10°°

79 x 1072 t0 1.9 x 107"

8.8 x 10°to 2.1 x 1078
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III. RESULTS AND DISCUSSION

A. Contact Angle Measurement Results

The contact angle (0) reflects wetting behaviors
between the liquid iron and the refractory. It is defined
as ‘“‘wetting” at contact angles less than 90 deg and
“nonwetting” at contact angles more than 90 deg. As
shown in Figure 2, the iron samples with and without
the addition of selenium were both nonwetting on
alumina-magnesia refractory substrates. They kept their
original spherical shape with the average apparent
contact angles of 133.5 and 142.6 deg, respectively.
The selenium addition in iron increases the measured
contact angle.

Figure 3 shows the measured contact angles between
the refractory substrate and the liquid iron with and
without the addition of selenium. In our previous study,
it was concluded that the contact angle between the
liquid iron and the alumina-magnesia refractory picked

Without selenium addition

008

With selenium addition

up with an increase of the alumina content in the iron."
The dissolved oxygen decreased with the increase of Al
content in steel with the same T.O. content, leading to
the increase of the contact angle.'*'¥ As shown in
Figure 3(a), the measured contact angle was compared
with the results reported in the literature. The contact
angles were all very stable at both the temperature rising
stage and the constant temperature stage. As selenium
was added in iron, the initial contact angle increased
from 134.7 to 144.1 deg, indicating that the selenium
addition obviously affected the contact angle between
the liquid iron and the refractory. In Figure 3(b), the
variation of the contact angle between the alumina-mag-
nesia refractory and the liquid iron with the selenium
addition was similar to that between the liquid iron and
the alumina refractory,!'>'¥ indicating that the effect of
selenium addition on the contact angle between iron and
various refractories was similar.

) O 0. 0. 6

Contact angle left: 133.2°
Contact angle right: 133.8°
Contact angle average: 133.5°

Contact angle left: 142.8°
Contact angle right: 142 .4°
Contact angle average: 142.6°

Fig. 2—Morphological variations of liquid iron with and without the addition of selenium on alumina-magnesia substrates at 1873 K.
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Fig. 3—Variation of the contact angle between liquid iron with and without the addition of selenium on refractory substrates: («) variation with

time and () variation with selenium content.
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B. Effect of Surface-Active Element on the Contact
Angle between Iron and Refractory

The interfacial tension of the liquid iron with the
surface-active element and the refractory can be
described by the Belton equation,”? which is a combi-
nation of Gibbs and Langmuir adsorption isotherms, as
shown in Eq. [1]. When surface-active element was
added into iron, the dissolved surface-active element
segregated to a surface site in order to occupy a vacant
site on the metal surface, as shown in Figure 4. It is
described by the following reaction in Eq. [2]. Thus, on
the condition of single site occupancy, the equilibrium
constant K can be defined as Eq. [3]. Considering the
effect of temperature on the surface tension of the pure
metal, the surface tension of iron-solute (i) alloys can be
obtained from the following Eq. [4].*%

" —9 = RTTIn(1 + Ka;) 1]
i+ =7 2]

K= ef(AGO/RT) _ klef(AHO/RT) 3]

Ng = ygq — A(T - T,) — RTT ln(l +k1a,-ef(AH0/RT))
(4]

where 7° and 7 are the interfacial tension without and
with the surface-active elements N/m; y,, is the surface
tension of iron, N/m; 7%, is the surface tension of the
pure iron at the melting point, N/m; Iy is the surface
excess at saturation, mol/cm?; K is the adsorption coef-
ficient; a; is the act1v1ty of species i in solution; i is the
dissolved species I; R is the gas constant J/(mol K); v*
is a vacant site on the metal surface; * is a site occu-
pied by species i; AG" is the Gibbs free energy for
Eq. [2], J/mol; k; is a constant relating to the entropy
of Eq. [2]: AH" is the standard heat of the adsorption,
J/mol; and A4 is the negative of dy/dT for the pure iron,
N/(m K).

Without selenium
in iron

Wlth selenlurn; oo
in iron

Specially, the surface tension in the Fe-Se system was
investigated by Ogino e al.l'* and Sahoo er al.,*? y?,
1.843 N/m at 1823 K, the surface excess of selenlum F Se
is 12.8 x 10 mol/cm Ais 4.3 x 107* N/(m K), AH®
is — 1.098 x 10° J/mol, and k, is 0.857. It is assumed
that the activity of selenium is the selenium content in
iron.*?

Figure 5 shows the basic geometry of a liquid iron
drop on a smooth solid surface. In Figure 5(a), y; is the
interfacial tension between the liquid and the solid
surfaces and 7y, is the surface tension of the solid
surface. The radius of the liquid iron drop is denoted by
r, and the radius of the three-phase contact line is ;. The
geometr§/ can be shown in Eq. [5] Using a spherical cap
model,”! the droplet volume V is calculated, as shown
in Eq. [6]. In order to calculate the total energy
conservation of the liquid drop system, the areas of
the cap and liquid-solid interfaces can be obtained as
follows in Egs. [7] and [8].

rp=rsind 5]
Vzgl‘3(2— 3cos 0 + cos’ 0) [6]
Ajg = 2mr*(1 — cos 0) (7]

Ag = mr} = w?sin® 0 8]

where 0 is the contact angle between the molten iron
and the solid substrate, larger than 90 deg due to the
nonwetted property, deg; r is the radius of the liquid
iron drop, meters; r is the radius of the three-phase
contact 11ne meters; V' is the volume of the liquid
drop, m’; ; Ajg is the area of the liquid cap, m?; and Ag
is the area of the liquid-solid interfaces, m”.

When a liquid drop is stationary on a surface, the
total energy of the liquid drop system is considered to
include three parts. First is the free surface energy of the
liquid (E;), as shown in Eq. [9]. The second part is the
free surface energy of the area between the liquid and

N the dissolved selenium

59 & O a vacant site on the metal surface
e e ug Liquid 1ronC a site occupied by selenium
b /
\\ /l N V2
Refractory ~.__ ..~ |:> Refractory ~—~

Fig. 4—Effect of selenium in iron on the iron surface.
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(a) Force balance along the x axis

(b) Two-dimensional
geometry of a drop on a
surface

(¢) Three-dimensional
geometry of a drop on a
surface

Fig. 5—Geometrical illustration of the cavity between two isodiametric spherical inclusions in molten steel: (a) force balance along the x-axis, (b)
two-dimensional geometry of a drop on a surface, and (c¢) three-dimensional geometry of a drop on a surface.
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Fig. 6—Effect of selenium on the wettability of iron and refractory.

the surface (£5), as shown in Eq. [10]. The last part is the
vapor energy (E3), as given in Eq. [11]. The effect of
gravity is ignored since the liquid drop is small enough.
Thus, the total free energy of the system (E) is expressed

as Eq. [12]:
E; = Ay 9]
Ey = (79 — 7s) 441 [10]
Es = ApV [11]
E= Ay, + (ysl — ysg)Asl + ApV [12]

where E; is the free surface energy of the liquid,
Joules; E, is the free surface energy of the area
between the liquid and the surface, Joules; Ej is the
vapor energy, Joules; E is the total free energy of the
system, Joules; 7y is the interfacial tension between the
liquid and the solid surface, N/m; 7, is the surface
tension of the solid surface, N/m; and Ap is the pres-
sure deficiency across the meniscus, Pascals.

Figure 6 shows the effect of selenium on the wetta-

Casc 2: after reaching stable

is reported that the partial pressure of selenium is at
parts per million level with a parts per million level
selenium in iron.** Compared with the atmosphere
pressure, it has little effect on the pressure. Thus, the
pressure deficiency across the meniscus is assumed to be
constant. The addition of selenium can hardly lead to an
obvious change in the atmospheric pressure of 1 bar.
Thus, it is assumed that the pressure deficiency across
the meniscus is a constant. Then, the shape of the liquid
drop is unchanged. The interfacial tension and contact
angle are still ygl and 0,, and the surface tension is yj,. At
that moment, the forces along the horizontal axis are in
an unsteady state, leading to the change of the shape of
the liquid drop. When the system reaches a new force
balance in case 2, the interfacial tension and the contact
angle change to y;, and 0, respectively, and the radius of
the liquid drop is r.

Based on the experimental results, the contact angle
between the pure iron and the refractory changes little
with time. It is assumed that the selenium has little effect
on the iron density. Adding selenium in the iron sample
can hardly change the mass of the iron sample in each
case. Then, the droplet volume is constant. Thus,
Eq. [13] is obtained from Eq. [6]. Equation [14] is based
on the energy conservation. Equations [15] and [16] are
obtained according to Eq. [12]. On the basis of the
Young equation, the force balances for cases 0 and 2 are

bility of iron and refractory. In case 0, there is no
selenium addition in the iron and the liquid drop is
stable. The radius of the liquid drop is ry; the contact
angle is 6y; and the surface tension and interfacial
tension are y?g and pY, respectively. In the current
experiments, every experimental condition is the same.
Also, the atmosphere pressure is about 1 bar pressure. It

METALLURGICAL AND MATERIALS TRANSACTIONS B

expressed in Eqs. [17] and [18], respectively. Substituting
Eqgs. [7] and [8] and Egs. [15] through [18] into Eqgs. [14]

and [19] can be deduced.

§r3(2 —3cos 0 + cos’ 0):§r(3)(2 — 3 cos O + cos” )
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Ecasel = Ecase2 [14]

Ecasel = A?g?lg + (Vgl - ng)A(s)l +ApV [15]
Ecaser = Aigig + (751 — ng)Asl +ApV [16]
y?g cos Oy + 7% — Vse =0 [17]
1 €08 0 + 74 — 75 = 0 [18]

[19]

r\?  27(1 —cos ) — 1y, cos O sin” 0
(Vo) 2y)4(1 — cos 0) — yj, cos 0 sin” 0
where Ecge 1 and Ec.s » are the total free energy of
the system Cases 1 and 2, Joules.

Coupling Egs. [13] and [19], the variation of the
contact angle with the surface tension affected by the
selenium addition in iron can be calculated. Then, the
calculated relationship between the initial contact angle
and selenium content in iron is shown in Figure 7. In
order to validate the calculation model, first, the effect of
selenium on the Fe/Al,0O3 system is calculated, as shown
by the solid line in Figure 7, which is in good agreement
with the measured results obtained from Ogino,!'*!¥
indicating that the current calculation can be used to
predict the wettability between Fe-Se alloy and refrac-
tory. Further, based on the calculation model, the
variation of the contact angle between the iron

170 s
Calculation results '
Fe/ALO, U
1
- - -Fel50% Mg0-50% Al,O, ’
160 - Measurement results I
°_ @ Ogino et al [13,14] 9
o © Current study .7
[=)] P
3 .
®©
©
8
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T
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Fig. 7—Variation of contact angle with the selenium addition.
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containing 250 ppm Al and the alumina-magnesia
refractory with selenium in iron is obtained, as shown
by the dashed line in Figure 7, which agrees well with
the current measured results.

C. Effect of Selenium Addition on the Penetration
of the Liquid Iron into the Refractory Substrate

Figure 8 shows the cross-sectional morphology of
samples after the contact angle measurement experi-
ments obtained by scanning electron microscopy (SEM).
Figure 8(a) is the schematic diagram of the analyzed
areas using SEM. As shown in Figure 8(b), the small
white spots in the refractory were the iron particles,
which existed in the whole refractory. The iron particles
away from the iron and refractory interface showed a
relatively uniform distribution, which was caused by
impurity. On the other hand, more iron particles were
gathered close to the iron and refractory interface,
which should come from the penetration of the liquid
iron drop through the pores in the iron and refractory
interface. According to the previous study, when the
liquid phase in the substrate was formed, it filled in most
of the pores and prevented the further penetration of the
liquid iron.® In order to investigate the influence of
selenium on the iron penetration in the refractory, the
penetration depth of the liquid iron in each area was
measured. For the penetration depth measurement, the
iron particle enrichment region was chosen to measure
the maximum distance between the iron particle and
iron/refractory interface. Also, in order to improve the
measurement precision, multiple measurements at many
fields using SEM were averaged.

Figure 9(a) is a schematic of the penetration depth
measurement. More than ten pictures for the interface of
the iron and refractory substrate were obtained using
SEM. In each picture, the maximum iron penetration
depth was measured and defined as the depth of the iron
penetration. The average measurement results are
shown in Figure 9(b). The average penetration depth
of the iron without selenium into the refractory was
96 um. With the addition of selenium in iron, the
average penetration depth of the liquid iron was reduced
to approximately 80 um.

It can be seen from Figure 8(b) that there were many
pores in the substrate in the micron scale. As reported in
previous studies,”>* the liquid drop on the porous
media would go into the pores because of the gravity
(Fg), the Laplace pressure force (Fp), and the surface
tension (F,,) of a meniscus in a pore. The gravity and
the Laplace pressure force were always downward,
promoting the liquid penetration, while the direction of
the meniscus was determined by the angle (0,,) between
the meniscus and the pore. The three forces can be
calculated by Egs. [20] through [22],%°! and the balance
force F is expressed as in Eq. [23].

METALLURGICAL AND MATERIALS TRANSACTIONS B



Liquid iron

(With selenium addi’tion) :

(b) Cross section of the substrate in different areas

Fig. 8—Cross section of samples after experiment: (a) schematic diagram of the cross section and () cross section of the substrate in different
areas.
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Fig. 9—Iron penetration depth into the refractory: (a) schematic of the penetration depth measurement and (b) measured average penetration
depth of iron.
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Liquid iron
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(a) Initial time

(b) Final moment

Fig. 10—Schematics of a liquid iron drop on the refractory surface: () initial time and (b) final moment.

(b) With selenium addition

Fig. 11-—Measurement of the angles between the meniscus and the pore: () without selenium addition and (b) with selenium addition.
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where Fg is the gravity, Newtons; Fp is the Laplace
pressure force, Newtons; F), is the surface tension of a
meniscus in a pore, Newtons; d is the pore size, meters;
and 0, is the angle between the meniscus and the pore,
deg.

On the basis of Eq. [22], when the 0,, is larger than
90 deg, the force Fy, is less than 0. This means that the
surface force Fj, is in the upward direction, preventing
the penetration of the liquid iron in the pores. As shown
in Figure 10, at the initial time after melting of the iron
sample, the 0,, is equal to 90 deg, leading to F;,= 0. At
the final time of the experiment, the 0,, is larger than
90 deg due to the nonwetting between the iron and the
refractory, which is measured using SEM, as shown in
Figure 11. Table III presents the measured results.
There was no obvious interfacial reaction layer observed
between the iron and the refractory, as shown in

METALLURGICAL AND MATERIALS TRANSACTIONS B



Table III. Measurement Results of the Angles Between the Meniscus and the Pore
Without Selenium Addition With Selenium Addition
Number 1 2 3 4 Average 1 2 3 4 Average
Measured Angle (deg) 89.0 95.8 59.5 78.5 80.7 68.3 72.5 70.7 65.6 69.3
Meniscus Angle (deg) 91 110.4 115.7 101.5 99.3 111.7 107.5 110.3 114.4 110.7

Figure 8(b). In Figures 2 and 3(a), the contact angle
hardly changed with time, indicating that the interfacial
reaction had little effect on the change of interfacial
geometry. Therefore, the influence of interfacial reaction
kinetics on 60,, was not considered. After the selenium
addition, the meniscus angle increases from 99.3 to
110.7 deg, the radius of iron drop decreases from 4.3 to
3.8 um, and the surface tension calculated by Eq. [4] at
1873 K decreases from 1.82 to 1.15 N/m. It is assumed
that the pore size for the two experiments is 10 um
according to the measured average size. Based on
Eq. [21], after adding selenium, the calculated balance
force F decreases from 1.06 x 107°® N to 8.53 x 10°* N
at the initial time after melting and from —8.98 x 10~°
N to — 1.26 x 107> N at the final time. This finding
indicates that the selenium addition can prevent the iron
penetration, which is consistent with the experimental
results.

IV. CONCLUSIONS

In the current study, laboratory experiments were
performed to investigate the effect of the addition of
selenium in iron on the interaction between refractory
and steel. The following conclusions were obtained.

1. In the current experimental condition, the addition of
selenium increased the contact angle between molten
steel and the alumina-magnesia refractory.

2. The relationship between the initial contact angle and
selenium content in iron was calculated, agreeing well
with the measured results. The calculation can be
used to predict the wettability between Fe-Se alloy
and refractory.

3. The liquid iron penetrated into the refractory
through pores. The liquid iron in pores can prevent
the further penetration of the liquid iron. The liquid
iron penetration depth decreased with the addition of
selenium in iron.
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