A RCHIVES O F

METALLURGY A N D

M ATERTIALS

Volume 51

Z. KALICKA* , J. WYPARTOWICZ®

2006 Issue |

MODELLING OF INTERACTIONS BETWEEN OXIDE INCLUSION PARTICLES AT THE SLAG-METAL INTERFACE

MODELOWANIE ODDZIAEYWAN MIEDZY CZASTKAMI WYDZIELEN TLENKOWYCH NA POWIERZCHNI

MIEDZYFAZOWE]J ZUZEL-METAL

The values of attractive forces acting between two spherical oxide particles placed at interphase surface liquid metal —
liquid slag were calculated by means of the model of capillary interaction. The problem regards the particles of the dimensions
in the range between several um and several tens of pm, and is related to the mechanism of oxide precipitates coagulation in
liquid steel. It was found that in the case under consideration the attractive force is in the range 10~18 ~ 102 N and it depends
mainly on the particle dimensions and the surface properties in the system: solid particle — liquid metal — liquid slag, which
are represented with the contact angle.
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Przy pomocy modelu oddzialywania kapilamego wyznaczono wielko$¢ sily przyciagajacej dziatajace; pomiedzy dwoma
statymi czastkami tlenkowymi o ksztalcie kulistym, zlokalizowanymi na powierzchni migdzyfazowej ciekly metal — ciekly zuzel.
Problem dotyczy czgstek wielkosci kilku — kilkudziesigciu pm i odnosi si¢ do mechanizmu koagulacji wydzielesi tlenkowych
w cieklej stali. Stwierdzono, ze w takim przypadku wielkos¢ sily przyciagajacej jest rzgdu 10718 — 10 N i ze zalezy ona
w gléwnej mierze od wielkoSci czastek oraz wlasnosci powierzchniowych w ukladzie: stala czastka — ciekly metal — ciekly

zuzel, wyrazajacych si¢ katem kontaktu.
1. Introduction

Non-metallic inclusions in liquid steel, which are
predominantly the result of deoxidation are so far un-
avoidable in conventional technologies. Their amount in
1 kg of good quality steel is up to 10°. Due to their neg-
ative influence on mechanical properties and corrosion
susceptibility the operations of inclusions removal are
still intensely developed. Their flotation to the slag-metal
interface and formation of bigger agglomerates are the
main steps in steel refinement. Deeper insight into the
nature of agglomeration was possible only in recent
years, when appropriate experimental techniques, mainly
confocal scanning laser microscopy, became available.

The particles may form the aggregates as a results
of collisions in the bulk of liquid metals due to the:

e Brownian motions,

e Differences in the floating velocity (bigger parti-
cles float with higher rate),

* Turbulent collisions.

Another mechanism of aggregation is active at the
liquid steel surface. It is caused by the capillary attrac-
tion of particles. This phenomenon occurs not only at the
surface of steel bath, but also inside the bubbles of inert
(argon) or reductive (CO) gas, passing through the melt.
This case is even more important in inclusions removal.

Experimental observations of Yin et al. [1, 2] and
Nakajima and Mizoguchi [3] revealed that oxide parti-
cles floating on the molten steel surface may attract each
other from the distance which is much bigger than their
diameter. This promotes clustering and agglomeration.
The semi-quantitative analysis of Yin et al. [1, 2] leads
to the following conclusions:

¢ The attractive forces acting between solid alumina
inclusions are of the order 107! N and can operate at
the distance of 50 um. The values of such forces may
be estimated from the measurements of particles accel-
eration. :

¢ As a result of attraction the alumina agglomerates
of dimensions exceeding 100 um may be formed.
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¢ No attraction was observed within the couple
solid-liquid particles. The agglomeration occurs only, if
the particles are put into close contact due to steel flow.

¢ The liquid particles indicate weak attraction.

However, in the real steelmaking processes the liquid
steel is covered with oxide slag layer. The direct observa-
tions of inclusions agglomeration in such a case is very
difficult. Coletti et al. [4] as well as Vantilt
et al. [5] observed the actual behaviour of inclusions at
the metal-slag interface as well as their mutual positions
in the quenched samples. It is generally agreed that the
forces acting between inclusion particles are of capillary
character [1-5].

The particles deform the liquid steel surface, what
creates the attractive or repulsive force between parti-
cles. In order to strictly calculate this force, the shape
of surface in the vicinity of particles has to be deter-
mined, i.e. the Laplace equation solved. This is general-
ly a second-order non linear partial differential equation.
Procedure developed by Kralchevsky, Paunov
et al. [6, 7] offers the asymptotic solution to this equa-
tion. The original version of this procedure have been
adopted by Nakajima and Mizoguchi to the
case of the metal-gas surface [3]. Present work consid-
ers, however, the case of inclusions particles at the liquid
steel-liquid slag interface. Its aim is to determine the dif-
ference between both types of inter-particle interaction,
at the metal-gas and metal-slag interfaces.

2. Model of inter-particle capillary interaction

The system under consideration, similar to this dis-
cussed by Paunov etal [6] and Nakajima and
Mizoguchi [3], consists of two spherical particles
of radii R; with the fragment of neighbouring metal-slag
interface, as presented in Fig. 1. For convenience the par-
ticles are indexed k (k = 1 or 2). The particles are partly
immersed in metallic (m) phase, and partly in the slag
(s) phase. The inter-particle distance is L. In the system
under consideration the inclusions material density px is
higher than liquid slag density p; and lower than metal
density pn- The lines at which three phases meet are the
circles of radii ry, provided that the meniscus deforma-
tion is small. At some larger distance from the particles
the metal-slag interface is horizontal and flat.

The interaction between slag-metal interface and
the particles results in the deformation of the shape of
meniscus. The actual shape of meniscus may be de-
scribed with the z(x, y) function. The angle of meniscus
slope at the line of three phase contact is ¢;. If the
interface is deformed in upward direction, y; is given
a positive value; in opposite case ¥, is negative. The
three-phase contact angle ay is always positive.

Fig. 1. Schematic diagram of two particles attracting due to the cap-
illary forces

The total energy of the system under consideration
is a sum of three contributions: gravitational, wetting
and liquid meniscus:

W=W,+W,+W, 1)

Gravitational contribution W, is the potential energy
in the system containing the particles of mass my as well
as appropriate masses of metal (m,,) and slag (m;)

2
We=g > mp-2g+mp- g Zp+ms-g-7, (2
k=1

where z0, z3, and Z° denote the position of the centres of
corresponding masses along the coordinate, and g — the
acceleration of gravity. The choice of m,, and m; does
not affect the results of calculations.

The surface free energy is the sum of interactions
between particles and corresponding liquid phases:

2 2
Wy = Z Wi - Ak + Z Wi—s * Akss 3)
k=1 k=1

where wy_, and wy_¢ denote the surface energy density
for the interface between particle k and metallic and slag
phase, respectively, while A¢_,, and A, — the areas of
these interfaces.

The liquid meniscus energy is:

W =7y - AA @

where y denotes the slag-metal interfacial tension, and
AA is the difference between the area of actual metal-slag
interface and its projection on horizontal plane xy.

The energy of the system has to be expressed in
terms of materials properties and geometric dimensions
of the system, under the condition resulting from the ver-
tical forces balance. The force due to the surface tension
must balance the gravity force F' ,f (including buoyancy)

27r-y-rk -sim,bk ==Ff

&)



F/f=g'vl,cn'(pm_pk)+g'vz'(ps
- b o= p0)
where: V,:" — part of particle volume submerged in metal,
V; — part of particle volume submerged in slag,

hy — elevation of meniscus at three phase contact line.
Total volume of particle V; is:

—pPr)— ©

Vi=V'+ V] @)
Introducing the density factor D:
Dy = B"__ﬂ, ®)
Pm — Ps

one arrives at the relation:
Fi=y @ (Vi-Dc-Vi—m-rt-b), 9
where:

(10)

P [(Pm Ps) - g]

Y

The value of ¢! is termed the capillary length, as
it characterizes the range of capillary interaction. For
water—air system g~! = 2.7mm, while in the steel-slag
system ¢~! = 18mm. The calculations in the present
work are carried out under assumption of small particles
size: (q- Ry)? << 1.

The final results drawn from the balance of vertical
forces acting on single particle are presented with the use
of so called “capillary charge” of particle Q; (Paunov ez
al. [6]). It is defined as:

(11)

O = ry - sinyy

[b2 (R _lﬁ)_i.pk.

where b denotes the depth of particle immersion in
metallic phase.

From (12) the dependence of Q; on inter-particle
distance may be expressed through the change of menis-
cus elevation Ay:

4 _ 1 o o diy

dL ~ 27 e gL

The inter-particle attractive or repulsive force F re-
sults from the system energy:

1
Ok = =-¢*

5 R} -r,f-hk], (12)

(13)

_d(AW)
F = L (14)
AW =W - W, (15)
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Thus the energy is related to its value atinfinite inter-
particle distance, where the interaction force F is zero.
After necessary rearrangements Nakajima and M i -
zoguchi [3] arrive at the relations between particular
energy components and the elevation of meniscus A;:

d (AW)g dhk
= Zz O - (16)
d (AW
(dL Do =-7- ;[(q re)® - R - cosark] =% amn
LOW o gr Ry cosa].
aL —ﬂ-fy-;[Qk+(q rk) Rk COSClk] t(ilLs)
It follows from (1) and (16-18), that:
d(AW) Z O - dhk (19)

It should be noticed that the net value of
inter-particle force (19) is a half of the force resulting
from gravitational energy (16).

In order to calculate the inter-particle force the re-
lation is necessary between the elevation of meniscus
hy at three-phase line and the inter-particle distance L.
The approximate solution to this problem based on the
linearization of Laplace equation for (g - Ry)* << 1 was
givenby Paunow, Kralchevsky etal. [6, 7] and
is presented in equations (27-32). These dependences are
used in subsequent calculations.

Zz

n BT
\bk Oy

Fig. 2. Scheme for calculation of the radius of three-phase line r,
and immersion depth b;. Line a-b marks the section of metal-slag
interface

Basic geometric relations may be deduced from
Fig. 2. If the angle of meniscus slope is low, the
three-phase contact line may be assumed horizontal and
the radius of contact line as well as immersion depth
may be expressed as:
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ry = Ry - cosB, (20)
where: n
B =(ax +yi) - 3 (21)
Thus
ry = Rk - sin ((Zk + lﬁk) (22)

The depth of particle immersion in metal is deter-

mined as
by =Ry — Ry -sinf = R - (1 —sinB) = o3
=R, - [1 + COS(a/k + lﬁk)] )

Under assumption of small value of i, (cosyy = 1)
equation (22) may be presented as:
= Ry - si + =
i = Ry - sin (o .'/’k) - 24)
= Ry - cosay - siny, + Ry - sin ;.

Introduction of (11) leads to the quadratic equation:

r2—Rk-sinak-rk—Rk-Qk-cosak=0. (25)
k

From (25) the radius of three-phase contact line may
be expressed as:

1 1
e = ol [Rk - sinay +(R,f -sinax +4- Ok - Re 'COSGk)z]-

(26)

The elevation of contact line for small particles is
expressed as:

he=Qr-{vi+2-In[1—exp(-2-v)]}-
—(Q1+@2)-In(m-q-a)+(Q1 — Q) - k.

The meaning of m, a, u, vi is following:
m=1.781072418... In m is the Euler-Masceroni constant

27)

a= L. [L2 —(r + 72)2]% . [L2 -(r - rz)Z]% (28)
2-L
23l )
v =1In f-+[“—2+1)] (29)
Tk r

w=A-(-1-B (30)

_ 1 sinhn-(v; —w)
S ; n sinhn-(vy +v2) (31

B=Z:_2_.exp[—n-vk-smhn-vl]k,l= 1,2k #1 (32)
=ln

sinhn - (vi +vy)

3. Calculations procedure

The following iterative procedure, similar to this
presented in [3] and [6] was applied in the calculations:

1. Starting values (indexed *“0”) are calculated for in-
finite separation between particles (single particle) from
the following relations:

1
)

. (2 —4-Dy +3-cosay — (Cosak)3)

(33)

r,(co) = Iy is calculated from eqn. (26) using the

above value of cho).

With the above values of cho) and r,(co) s ,(co) = Yoo
is calculated from eqn. (11).

Next bio) = by is calculated from eqn. (23).

Contact line elevation at infinite separation is calcu-
lated by means of eqn. (34) from [3}:

hio) = Ao = Tkoo = SIN Yoo
4
m-q- i - (1 +COSYgoo)

(34)

-In

2. Substitution: Oy = Qz") and ry = r,((") and calcula-
tion of the value A from (27)~(32).

The next approximation of Q{*"" is obtained from
eqn. (13) in the form:

1
Qi"“) - Qin) = :2_ . q2 . rz ) [hinn) _ hin)] . (35)

Next the value of r,(c"“) is calculated from eqn. (26).

The procedure presented here is quickly converged.

It should be noted that calculations are initiated for
single (separated) particles. The link between both parti-
cles geometric parameters is obtained through eqn. (27).

3. Finally the inter-particle force is calculated from
eqn. (36)

F=27r.'y.9.i_Q_%,

(36)

which is the reduced form of (19) for (¢ - L)* << 1.
4. Results of calculations

The results of calculations are presented in Figs. 3-8.
Fig. 3 shows the comparison of the values of at-
tractive forces calculated for various radii of particles
placed at the metal-gas and metal-slag interfaces. The



forces obtained for steel surface without slag are at least
one order of magnitude higher than these for metal-slag
interface. The attractive force depends also on the value
of metal-slag interfacial tension and the dimensions of
particles. These trends may be summarized as follows:

— Higher metal-slag interfacial tension results in weak-
er attractive force.

— Bigger particles exert stronger interaction.

— Particles of equal dimensions act more strongly on
each other, than particles of different dimensions.

In all cases under consideration the typical shape of
attractive force vs. inter-particle distance is preserved.

1E-017 ————
1E-018 |

1E-019 "

Attractive force, N

1E-020

1E-021

0 20 40 60 80
Distance between particles, pm

Fig. 3. Calculated capillary forces acting between particles of differ-
ent radii at the surface of liquid steel with and without slag: p; = p,
= 3600 kg/m®, p,, = 7000 kg/m®, p, = 3000 kg/m?, @ = 135°

The calculated values of capillary forces acting at
different distances were presented in Fig. 4, for selected
values of contact angle. The force obviously decreases
with the inter-particle distance. However, the dependence
on contact angle is more complicated. For contact angle
125° the attraction is weaker by the factor of more than
10 in comparison with the angles 110 and 135°.
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Attractive force
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16021 L [ I 1 L 1 L
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Distance between particles, pm

Fig. 4. Calculated capillary forces for various inter-particle distances
and selected values of contact angle

Fig. 5 and 6 presents the influence of contact angle
on the capillary force for inter-particle separation 40 pm.
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Sharp minimum may be noticed for the contact angle
120° if the slag density is 3000 kg/m® and 110° if the
slag density is 2400 kg/m>. In both cases this minimum
is very deep (4-5 orders of magnitude).
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N
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=12 Nm

1E-021 4

Attractive force
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Contact angle, deg

Fig. 5. Influence of contact angle on capillary force for inter-particle
distance 40 um; slag density 3000 kg/m’
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Fig. 6. Influence of contact angle on capillary force for inter-particle
distance 40 um; slag density 2400 kg/m?

Fig. 7 shows, how the attractive force falls with in-
creasing density of slag. If the slag density approaches
this of solid particles, they are in fact suspended in the
slag and the metal-slag interface deformation is negligi-
ble.

1208 T 3
101 -!
z 3
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Density of slag, 102 kg/m3

Fig. 7. Influence of slag density on capillary force for inter-particle
distance 40 pm

Fig. 8 presents the variation of attraction force in the
hypothetical process, in which approaching the particles
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corresponds to the reduction of contact angle due to the
chemical reaction. The contact angle varies from 135° to
110° in 5° intervals, corresponding to equal time inter-
vals. It is evident, that transformation of Al,O3 particles
into Al,03-MgO or Al,03-Si0O, is accompanied with the
decrease of attractive force.
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P p1=ppm 3600 " 1
E puer 0002 5B e
1E-O19 | Pung = 2400 km? .
z E r12wm 3
u. 3
-3
’§ 1E-020 -4
> 3 E
£
2 [
1E-021 | b
ax110°
3 a=110P
1€02 ——7———T—
0 20 40 60 80

Distance between particles, um

Fig. 8. The variation of attraction force in the hypothetical process,
in which approaching of the particles corresponds to the reduction
of contact angle due to the chemical reaction. The contact angle
varies from 135° to 110° in 5° intervals, corresponding to equal time
intervals

5. Discussion

Studies on coagulation of non-metallic inclusions in
liquid steel are of rising importance, and rapid devel-
opment on experimental techniques and mathematical
modelling may be expected. Present work shows a sim-
plified approach to the problem. The model of particle
interactions adopted in the present work assumes, that
particles do not undergo external forces, what is not the
sase in the actual conditions in metallurgical reactors.
However, the dimensions of two-particle system under
consideration (ca 100 pm) are small in comparison to
the average size of turbulent vortices in steel, so it may
be assumed that the velocity field acts on both particles
in the same way.

The sign of interaction may be predicted from the
values of so called “capillary charge” Q, which is the
property analogous to the electric charge, and the equa-
tion analogous to Coulomb law determines the value
of acting force. Thus the attractive capillary forces act
between particles of the same kind (contrary to elec-
trostatic interaction): solid — solid, liquid - liquid, sol-
id — complex and complex — complex. In this case
Q1-02 > 0. The repulsion occurs between unlike par-
ticles (Q1-Q2 < 0). The liquid particles can attract each
other, but their merging is difficult, and very small liquid
particles do not merge at all.

Another assumption in the present calculations re-
gards the spherical shape of particles. In the course of
coagulation the cluster shapes with tips are frequent-
ly observed, especially in the case of alumina. To ex-

tend calculations on the particles of complex geometry
(network-like or coral-like) the shape conversion factor
has to be applied [3].

The calculations in the present work are based on
the selected typical values of density of slag and oxide
inclusions, the interface tension and contact angle. Due
to the lack of appropriate experimental data the values
used in calculations can not be attributed to any specific
temperature and combination of slag and inclusion com-
positions. However, these values locate in the range of
real materials properties.

It is clear from the presented results of calcula-
tions that contact angle is very important factor in
inter-particle attraction. Typical contact angle for alu-
mina is about 120°, while this for magnesia is 90°. This
explains the strong difference in interactions of various
particles. It should be added that the contact angle of alu-
mina (and other oxides) in steel decreases by 10-30° at
high oxygen concentrations. Another factor which should
be taken into account is the chemical reaction of oxide
particle with oxide slag, which apparently changes the
surface properties.

The effects mentioned above show, how complex the
problem is, and evidently further research in this field is
necessary.

List of symbols:

Ar-m — area of particle — metal contact surface,

Ayr_s — area of particle — slag contact surface,

by — the depth of particle immersion in metallic
phase,

Dy — density factor,

F — inter-particle attractive ore repulsive force,

F,f — the gravity force (including buoyancy)
acting on the particle,

g — acceleration of gravity,

hy — elevation of meniscus at threé-phase contact
line,

k — index of particle,

L — distance between the particle centres of
gravity,

my — mass of particle,

my, — mass of metal in the system,

my — mass of slag in the system,

Ry — radius of particle,

ry — horizontal radius of three-phase contact line,

Vi — part of particle volume submerged in metal,

Vi — part of particle volume submerged in slag,



Vi — total volume of particle,

2 ~ elevation of particle centre of gravity,

2 ~ elevation of metal centre of gravity,

2 — elevation of slag centre of gravity,

@ — three-phase contact angle,

0% — slag-metal interfacial tension,

Pk —~ density of particle material,

Pm — density of liquid metal (steel),

Ps — density of liquid slag,

1/ — angle of meniscus slope at the contact line,

wy-m — surface energy density (interfacial tension)

particle — metal,

wy—s — surface energy density particle — slag.
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