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Abstract
This paper presents the results of calculating the phenomenon of the absorption of non-metallic precipitates in steel by
slag. Calculations are made for the forces acting on the non-metallic particles in steel during the flow-out into the slag,
depending on the particle radius and physicochemical properties of the liquid steel and slag. An analysis of the calculation
results of capillary force acting on a particle in the vicinity of the steel-slag interface at changing surface energy values
between the precipitates and slag shows that capillary force depends on the interfacial tension between the precipitates
and slag only to a small degree.
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1. INTRODUCTION

Non-metallic inclusions are assimilated by slag in the
tundish and CCS crystallizer during the refining process.
The following slag-phase elements participate in this process [1–15]:
•

_

• converter slag, which entered the ladle upon pouring,
• slag-forming mixtures in the form of synthetic slags or
mold powders purposefully introduced to the ladle,
• steel deoxidation products, which nucleate then flow out
and are assimilated by slag,
• elements of worn-out refractory lining of ladles and ceramic casing as well as the products of secondary steel
oxidation, a result of contact of the open metal surface
with atmosphere or oxidizing slag.

The mixing of a liquid metal bath with neutral gas or
its gravity-induced flow (between metallurgical aggregates) makes the non-metallic inclusions move and
flow out to the surface along with the steel. Steel in the
tundish moves up to the surface or parallel to it, and the
non-metallic inclusions follow the same direction. The
inclusions are formed in the crystallizer as a consequence
of the segregation of liquid steel components at the crystallization front. A number of processes take place there:
the inclusions are repelled or absorbed by the crystallization front, and at the same time, some of the particles flow out and are assimilated by the crytallizer slag
[1–7, 9, 11–12, 15].
https://journals.agh.edu.pl/jcme

2. PHYSICOCHEMICAL PARAMETERS
DETERMINING ASSIMILATION OF PARTICLES BY SLAG
When a non-metallic particle is close to the liquid steel-slag
interface, then the following effects may take place (depending on the physicochemical properties of the analyzed system) [1–7, 9, 11–12, 15]:

• non-metallic inclusions are assimilated by slag,
• non-metallic inclusions do not penetrate the liquid
steel-slag interface,
• non-metallic inclusion oscillate around the interface
to finally stay in the liquid steel.
The assimilation of non-metallic particles by slag is determined by such parameters as:
• viscosity of slag,
• density of non-metallic inclusion and of slag,
• interfacial tension:
ȇȇ non-metallic inclusion/slag σIS ,
ȇȇ non-metallic inclusion/metal σIM,
ȇȇ metal-slag σMS .

Based on interfacial tension values, the contact angle θ can
be calculated [1, 9]:

cosθ =

σ IM σ IS
σ MS

(1)

If cos θ < 0, then liquid steel wets the solid non-metallic
inclusion; if cosθ > 0, otherwise.
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The optimum conditions of the assimilation of solid particles of an oxide (e.g., Al2O3) are the following:

• high value of cos θ, which is typical of the low viscosity
and low wettability of steel,
• big non-metallic particles are assimilated by slag more
easily,
• big non-metallic inclusions oscillate more easily and,
thus, are entrained by the liquid steel.
Inclusion particles approach the liquid steel-slag interface at a rate that depends on two factors:

• outflow velocity (from Stokes law),
• velocity resulting from entrainment by the liquid steel
flow.
The process of non-metallic particle assimilation by slag
consists of three stages:
• outflow of inclusions at the liquid steel-slag interface,
• penetration of a particle of non-metallic inclusion
through the interface,
• solving of an inclusion in liquid slag.
3. BALANCE OF FORCES ACTING
ON NON-METALLIC PARTICLE

A system of forces is acting on a particle: gravity and capillary forces (which are oriented downward) and also
buoyancy (taking the opposite direction). The buoyancy
depends on the position of the inclusion particle against
the steel-slag interface. This position is determined by
coordinate Z, which is equal to zero, when the particle
touches a point of the interface. For a particle adsorbed by
slag, Z assumes positive values [1, 9].
Buoyancy force

4
FB = ⋅ π ⋅ R3 ⋅ ( ∆ b ⋅ ρS − ρI ) ⋅ g
3

(2)
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(3)

Parameter ∆ b accounts for the position of the inclusion
particle both in the steel and slag at the same time [1].
Capillary force

Fσ = ( −2 ⋅ π ⋅ R + 2 ⋅ π ⋅ Z ) ⋅ σ MS + 2 ⋅ π ⋅ R ⋅ σ IS − 2 ⋅ π ⋅ R ⋅ σ IM (4)

Parameter Fσ results from the cooperation of three
forces evoked by interfacial tension. Gradually, as the particle moves vertically, the force changes its sign. Usually,
σIM ≥ σIS σWM ≥ σWS , and then the particle is expelled by the
metal to the slag. After exceeding a certain value of the
surface wettability ratio by slag and metal, the capillary
force starts acting in the opposite direction, counteracting

the movement of the particle towards the slag. The value
of the capillary force depends on the chemical composition of the inclusion, steel, and slag [1].
Viscous drag force

FVIS = 6 ⋅ π ⋅ R ⋅ ηS ⋅ B ⋅

dZ
dT

(5)

Coefficient B defines the influence of the viscous drag
force in the steel and slag.
B = 1 for

For

Z
≥1
R

η
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η
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(7)

As a result of the operation of these forces, the particle
remains in the lowest layer of the slag, where it can be dissolved partially or completely, or it may be moved back to
the metal and entrained by the steel flow. A necessary condition for an inclusion to penetrate the slag is the appropriate energy resulting from the outflow velocity [1, 9].
When the distance between the particle and interface
is small, a thin metal film is assumed to exist through
which the particle has to pass to be assimilated by the
slag. Consequently, this elongates the time of the presence
of the particle in this area. The existence of an interfacial
metal film depends on the hydrodynamics of flow, characterized by the Reynolds number [2]:
Re =
where:
U
dp
ρm
ηM

–
–
–
–

U ⋅ dp ⋅ρm
ηM

(8)

elocity of particle vs. surface, m/s;
diameter of inclusion particle, m;
density of metal, kg/m3;
dynamic viscosity, kg/m·s.

According to [2], the interfacial metal film is formed
only when Re > 1. For low values of the Reynolds number,
the interfacial metal film is not formed, and the inclusion
particle has direct contact with the slag surface. Partial
exceeding of the interface by the particle does not suffice
to trigger out its assimilation. After the particle passes
through the interface, the surface energy changes with
the change of the inclusion-slag, inclusion-metal, and
steel-metal interface. The way in which the surface energy changes with the movement of the particle through the
interface has been illustrated with the equation below:

(

)

E = − π ⋅ 2 ⋅ R ⋅ Z − Z 2 ⋅ σ MS + 2 ⋅ π ⋅ R ⋅ Z ⋅ σ IS +
+ 2 ⋅ π ⋅ R ⋅ ( 2 ⋅ R − Z ) ⋅ σ IM

(9)
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Explanations to formula (9):

3.0E+00

R – radius of inclusion particle, m3;
Z – vertical coordinate;
σMS – metal-slag interfacial tension, J/m2;
σIS – inclusion-slag interfacial tension, J/m2;
σIM – inclusion-metal interfacial tension, J/m2.

2.5E+00

dE
Z

= 2 ⋅ π ⋅ R ⋅ σ MS ⋅  − 1 − cos θ 
dZ
R


(10)

4. CALCULATION OF FORCES ACTING
ON NON-METALLIC PARTICLES
The following assumptions were made to calculate forces
acting on the non-metallic particles near the liquid steel-slag interface:
ρM
ρI
ρS
ηM
ηS
σMS
σIM
σIS

–
–
–
–
–
–
–
–

density of steel 7000 kg/m3;
density of inclusion (Al2O3) 3990 kg/m3;
density of slag 2750 kg/m3;
viscosity of steel 0.006 Pa·s;
viscosity of slag 0.1 Pa·s;
steel-slag interfacial tension 1.2 N/m;
inclusion-steel interfacial tension 1.5 N/m;
slag-inclusion interfacial tension 0.1 N/m.

Figures 1 and 2 illustrate the calculated outflow velocity
of a spherical non-metallic particle and Reynolds number (9)
as a function of the inclusion's radius.
Figures 3 and 4 represent the results of calculating capillary force Fσ and buoyancy force FB for various positions
(determined by coordinate Z) of a spherical non-metallic
particle for inclusion radius r = 0.0001 m.
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Fig. 3. Calculated capillary force Fσ acting on non-metallic particle depending on coordinate Z for inclusion particle of radius
r = 0.0001 m
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Fig. 2. Calculated Reynolds number depending on radius of
inclusion
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Hence, the conclusion that a repulsive force exists,
which counteracts the assimilation of particles by the slag.
FR =
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Fig. 1. Calculated outflow velocity of a non-metallic particle (Al2O3)
depending on radius of inclusion
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Fig. 4. Calculated buoyancy force FB acting on non-metallic particle depending on coordinate Z for inclusion particle of radius
r = 0.0001 m
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The results of calculating the capillary force acting on
a non-metallic particle in the vicinity of the liquid steel-slag
interface and the inclusion's position are presented in
Figure 5 (for particles r = 100 µm) and Figure 6 (r = 10 µm).
-2.0E-04

Capillary force Fσ, N

σWS = 0.05, N/m

-1.4E-3
-1.6E-3

-1.0E-03
-1.2E-03

σMS = 1.0, N/m

-1.4E-03

σMS = 0.6, N/m

5.0E-05

9.0E-05

1.3E-04

Coordinate Z, m

σMS = 0.8, N/m

1.7E-04

Fig. 5. Calculated capillary force Fσ acting on inclusion particle of radius r = 0.0001 m in vicinity of interfaces for surface
energy values: σIS = 0.05 N/m, σIS = 0.1 N/m, σIS = 0.15 N/m, and
σIS = 0.2 N/m against coordinate Z
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Fig. 6. Calculated capillary force Fσ acting on inclusion particle of
radius r = 0.0001 m in vicinity of interfaces for surface energy:
σMS = 1.0 N/m, σMS = 0.8 N/m, and σMS = 0.6 N/m against coordinate Z

The simulations were made for various values of
surface energy on the liquid steel and slag contact at
a constant energy of the inclusion-slag and inclusion-liquid steel interfacial tension σIM = 1.5 N/m, slag-inclusion
interfacial tension σIS = 0.1 N/m, and three various values
of surface energy on the liquid steel and slag contact:
• variant 1: σMS = 0.8 N/m,
• variant 2: σMS = 0.6 N/m,
• variant 3: σMS = 1.0 N/m.

Figure 7 illustrates the calculated values of capillary force Fσ
acting on a non-metallic particle of radius r = 0.0001 m
depending on the particle's positions at various surface
energy values between the inclusion and slag σWS and
at the constant values of σMS = 1.2 N/m and σIM = 1.5 N/m.
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Fig. 7. Calculated capillary force Fσ acting on inclusion particle of
radius r = 0.00001 m in vicinity of interfaces for surface energy:
σMS = 1.0 N/m, σMS = 0.8 N/m, and σMS = 0.6 N/m against coordinate Z

5. CONCLUSIONS
An analysis of calculating the outflow velocity of a non-metallic inclusion U reveals that the larger particles flow out
faster. The aggregation of particles in bigger groups enhances the process of their removal from steel, thus increasing
the metallurgical purity and quality of the ready products.
Simultaneously, the size of the inclusions has an influence on
the Reynolds number. Low Reynolds values (at which metal
does not have any boundary film separating it from slag)
are obtained for Al2O3 particles of less than a 0.00007 m radius, and for the assumed viscosity and density of liquid steel
values. The main forces acting on the non-metallic particle
(i.e., capillary force and buoyancy) depend on the position and
size of the particle. The value of the capillary force acting on
the particle increases as the inclusion approaches the interface; the change of steel-slag surface energy does not change
this trend. An analysis of the calculation results of capillary
force acting on a particle in the vicinity of the steel-slag interface at changing surface energy values between the inclusion
and slag shows that capillary force depends on the interfacial
tension between the inclusion and slag only to a small degree.
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