International Conference “ADVANCED METALLIC MATERIALS”
5 —7 November, 2003, Smolenice, Slovakia

CLASSIFICATION OF INTERFACIAL FORCES, ACTING ON SOLID
PARTICLES IN TECHNOLOGIES OF ADVANCED METALLIC MATERIALS

George Kaptay

University of Miskolc, Department of Physical Chemistry, Miskolc, Hungary

Abstract — The production of advanced metallic
materials is influenced by different interfacial forces, acting
on solid particles, situated in liquid metals. In the present
paper a classification of all possible interfacial forces is
given. The interfacial forces of different origin are derived
in a generic way. Equations are presented for the simplified
case of spherical particles.
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1. INTRODUCTION

Solid particles present in all technologies of producing
advanced metallic materials. In primary metallurgy and
metal casting the particles are usually unwanted inclusions,
to be effectively removed from the liquid metal to produce
‘clean metals’. In metal matrix composites (MMCs)
particles play a vital role of the reinforcement phase, while
in liquid metallic foams particles are responsible for foam
stabilization. In all these technologies particles can occur in
different situations under the influence of different types of
interfacial forces.

The goal of the present paper is to discuss all different
possible types of interfacial forces in a generic way.
Interfacial forces will be classified into six categories.
Therefore, if materials engineers want to understand each
other, the simple term ‘interfacial force’ is not sufficient. In
the present paper specific names will be suggested to be
used for different types of interfacial forces. Equations will
be derived for a simplest case of spherical solid particles.

2. THE GENERAL EQUATION FOR THE
INTERFACIAL FORCES

Imagine a system, consisting of any number of phases.
Let us consider the interfacial force, acting at an arbitrary
chosen solid phase in an arbitrary chosen direction, x. The
equation for the interfacial force can be obtained in the
following way. First, the total interfacial energy of the
system should be described as function of movement of the
chosen solid phase in direction x, with an infinitely low
velocity:
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where A and B are different phases, osp is the
interfacial energy between phases A and B (J/m?), Aasp is
the interfacial area between the phases A and B (m?) and G,
is the total interfacial energy of the system (J).

Then, following Newton and Gibbs, the interfacial force,
acting on the chosen phase in direction x can be obtained as
a derivative of G, by x, taken with a negative sign:
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The negative sign follows from the sign convention of
thermodynamics, saying that spontaneous processes take
place along paths with some negative change of the Gibbs
energy. When the interfacial force appears to be positive
from Eq.(2), its direction (as a vector) is the same as that of
X, and vice versa.

Substituting Eq.(1) into Eq.(2) and performing the
derivation, the following general equation can be obtained:
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As follows from Eq.(3), the interfacial force appears for
two reasons: due to the change of any interfacial energy, or
of any interfacial area in the system, while the studied solid
phase moves along the path x. If none of these quantities
change along the path of the solid phase, there is no
interfacial force, acting on this phase.

Eq.(3) is applicable only if along the considered path x
the interfacial Gibbs energy of the system is a continuous
function of x, i.e. if there is no break on G, as function of x.

An alternative way to derive the interfacial force is to
use the Young-Laplace method. However, this method is
complicated to use correctly, what leads to frequently
appearing incorrect results, published in the literature.

3. THE CURVATURE INDUCED INTERFACIAL FORCE
(THE LAPLACE EQUATION)

Let us consider a small, spherical phase A of radius x in
an infinitely large, homogeneous fluid phase B. Let the
radius of the sphere increase infinitely slowly, without
changing the bulk energies of the system. Then, the only
A/B interface of the system will have a constant interfacial
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energy, but a variable interfacial area. Therefore, Eq.(3) will
give: Fy. = -0y5(dA,5/dx). Substituting A p = 47x” for a
sphere, performing the derivation and dividing the
interfacial force by the same expression Aap = 4‘7t‘x2, the
following equation for the interfacial pressure is obtained:

P . = Fon = —2.0-‘”3 @
Ayp X

Eq.(4) is the classical Laplace equation for a sphere. The
minus sign indicates that the interfacial pressure acts from
outside towards the centre of the sphere, along the interface
of the small spherical phase. This “curvature induced
interfacial force” acts only because of the existence of the
curvature. Eq.(4) is derived here for two reasons. First, to
demonstrate that the well-known Laplace equation follows
from the general Eq.(3), so Eq.(4) partly validates Eq.(3).
Second, to show that the Laplace equation is not the basis
for all other interfacial forces, it is just one of the
consequences of a most general Eq.(3).

4. THE INTERFACIAL GRADIENT FORCE

Let us consider a small phase A of a constant size and
shape, moving inside a large, inhomogeneous phase B. The
temperature- and composition-inhomogeneities of phase B
cause the variation of the interfacial energy along path x:
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where x; is the mole fraction of component i in phase B. As
along the path of phase A its interfacial area 4, remains
constant, only the second term of Eq.(3) will be effective in
this case. Then, the “interfacial gradient force” will equal:

d
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The ‘minus’ sign in Eq.(6) indicates that the force is
pointed towards the region of phase B with lower interfacial
energy (usually of higher temperature and with higher
concentration of interface active components).

If the temperature gradient or the composition gradient is
not active along the whole interface of phase A, only that
part of the interfacial area A, should be taken into account
in Eq.(6), along which the gradients are active. For example,
behind a moving spherical particle A the eddies might mix
phase B, and thus the composition gradient is active only
along the first half of the sphere. When a particle of low heat
conductivity is placed in a temperature gradient, the
temperature gradient might be shielded behind the particle,
so again only half of the particle interface will be active.
Then, for spherical particle of radius » Eq.(6) becomes:

(6.2)

The interfacial gradient force was introduced into the
metallurgical literature by Mukai and Lin [1], who also
performed very precise experimental measurements [2]. Eq-
s.(6-6.a) were derived in [3, 4], although the same equation
was used in an implicit form much earlier [5, 6] (see also
experimental verification [7-9]).

5. THE INTERFACIAL CAPILLARY FORCE

Let us consider a small phase 3, situated at the interface
of two fluid phases 1 and 2, and transferring with an
infinitely small velocity from phase 2 into phase 1. Let us
consider the situation when phase 3 is situated at the depth
of immersion x into phase 1. During this process the three
interfaces will gradually change, hence Eq.(1) will include
three terms:

G, = Ay 0+ Ay 0+ Ay 0, = (7)
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where A/, is the initial fluid/fluid interface area, without

phase 3, AAx(x) is the x-dependent fluid/fluid interface
area, covered by phase 3, Aj; is the total surface area of
phase 3 and A,;5(x) is the x-dependent interfacial area
between phases 1 and 3.

Substituting Eq.(7) into Eq.(2) and performing the
derivation, the general equation can be derived for the
“interfacial capillary force”, acting on phase 3, in a
perpendicular direction to the fluid/fluid interface:
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Eq.(8) is generally valid for any shape of phase 3,
neglecting the effect of curvature of the fluid/fluid interface
along the surface of phase 3. When phase 3 is a solid
cylindrical capillary with an inner radius of r and constant
wall thickness, situated perpendicular to the fluid/fluid
interface, the geometrical relations are as follows: AA;, =
const, A; = 2rX. Substituting it into Eq.(8):

F,.=2r-m-(0,;-0y) (9-2)

In a particular case, when the fluid/fluid interface is a
liquid/gas interface, Eq.(9.a) can be written as follows, if the
Young equation is taken into account:

F, . =2-r-z-0,, cos® (9.b)

where oy, is the surface tension of the liquid metal, © is the
contact angle of the liquid metal on a solid ceramic (wall) in
a gas atmosphere. Combining Eq.(9.b) with a gravity force,
the classical equation of the capillary rise can be obtained.
That is why the interfacial forces in this sub-chapter are
called in a generic way as “interfacial capillary forces”.
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When phase 3 has a spherical shape, the following
geometrical relations are valid: A4, =2-r-7-x-7-x%,
A, =2-r-7-x. Substituting these equations into Eq.(8)

and performing the derivation, the following general
equation is obtained:

M_i} (10.)
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For the particular case when a solid particle 3 is situated
on the liquid/gas interface, Eq.(10.a) becomes:

F,x:2'V'7I-a,/g-(l+cos®—xj (10.b)

o
r

Eq.(10.b) was derived by different authors in an
independent way several times [10-12]. It should be
mentioned that during the same period there is a larger
amount of papers with different incorrect equations.

In the absence of other forces, the particle reaches its
equilibrium at the liquid/gas interface when F,x = 0.
Substituting this condition into Eq.(10.b), the equilibrium
depth of immersion of the particle equals:
=r-(1+cos®) (11)

Xy

As follows from Eq.(11), the contact angle defines solely
the equilibrium relative position of a small particle at the
liquid/gas interface, if 0° < ® < 180°. Substituting Eq.(11)
into Eq.(10.b), one can write:

F,. =270, -(xeq —x) (10.c)

As follows from Eq.(10.c), the interfacial (capillary)
force always tends to return the particle into its equilibrium
position, if its actual position is different from that.
Moreover, the interfacial force increases with the deviation
of the actual position of the particle from its equilibrium
position. In other words, the interfacial capillary force acts
as an “elastic stabilizer”, or as a “spring”. This unique
property of this force is what is behind the ability of small
solid particles to stabilize liquid (metallic) foams [13-17].

When a spherical solid particle of density p; is situated
on the liquid/gas interface of a liquid with lower density (p,
< ps), the particle will be detached from the interface above
a certain critical radius, r,. From the balance of the
interfacial capillary force (10.b) at x = 2T with the gravity
and buoyancy forces this critical size can be found [12]:

0, - (1—cos®)
(ps _pl)g

r,o=122- (12)

where g =9.81 m/s” (on Earth), the gravity constant. Eq.(12)
describes the critical radius better than the earlier equations
[18-19], as shown by comparison with experiments [20-21].

The equations derived above are based on the
assumption that the horizontal liquid/gas interface is not
disturbed by the solid particle. In reality, however, it is
usually not the case. Although the liquid meniscus along the
particle interface does not alter significantly the value of the
interfacial capillary force, it will lead to the so-called
interfacial meniscus force (see below). That is why the
condition of a horizontal meniscus around a spherical
particle should be found. It will take place, if the
equilibrium position of the particle due to the balance of the
gravity and buoyancy forces from one hand, and due to the
interfacial capillary force from the other hand, will equal.
Combining Eq.(11) with the well known equations for the
gravity and buoyancy forces, this equality will be ensured, if
the dimensionless density of the particle p* will equal a
certain value p*q,;, defined solely by the contact angle:

PF =%-(1+cos®)2~(2—cos®) (13)

where p* = (ps - pg) / (p1 - pe) = ps/p1 With p, — the density of
the gas.

6. THE INTERFACIAL ADHESION FORCE

Let us consider two, solid particles 2 and 3, within a
smallest distance x from each other, within a homogeneous
fluid phase 1. The two particles will attract or repulse each
other from a distance due to the so called “interfacial
adhesion force”. This force is mainly responsible for
agglomeration (clustering) of solid particles in liquid metals.

In this case the total interfacial energy G, contains two
terms, corresponding to the fluid/solid 1/2 and 1/3
interfaces. If the interfacial energies are treated as constants,
and the particles are considered rigid, G, will not be a
function of x, and thus the interfacial adhesion force will be
zero (see Eq.2). However, when the two particles appear
close to each other, they will influence the energy of the
surface atoms of each other, i.e. o;, and o3 become
functions of x, and thus the interfacial adhesion force will
appear. In this case, the effective surface areas of the two
particles, influenced by each other will always equal, i.e. A
= Ap* = Ajs*. Then, from the second term of Eq.(3):

dGl/z(x)+dO-1/3(x)j (14)

Fo‘x Z_A.
- dx dx

The distance-dependence of the interfacial energies can
be described as [22-23]:

P
01,(X) =0y, +(0,; _0'1/2)'(0,_'_)6) (15.2)

J
0,3(x) =05 +(0,;— 0'1/3)'(mj (15.b)

where d — is the diameter of the atom in the liquid metal.
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Now, for simplicity, let us apply Eq.(14) for two, flat
particles with parallel areas of A, facing each other. Then,
after substituting Eq-s (15.a-b) into Eq.(14) and performing
the derivation, the result is:

d2

F, =2-4-Ac-———
: (d +x)

(16.a)
with
Ac=2-0,;,-0,,-0; 17)
Eq.(16.a) has been well-known in the literature [24-26].
When two spherical particles with radii 1, and r; interact
from a distance, Eq.(16.a) transforms as [25-28]:

Fo=2.7.225 A d’

. o - . (16.b)
’ r, o+ (d+x)

Although the classical equations (16.a-b), derived in [24,
27, 28] remain valid, the equation for parameter Ac, derived
in [22-23] as shown in Eq.(17) is significantly different from
the classical result of Hamaker [28]. The validity of Eq.(17)
is confirmed by its comparison with the results of
pushing/engulfment experiments in liquid metallic systems
(see [23] and references thereof).

As follows from Eg-s (16-17), two, chemically identical
particles (phase 2 = phase 3, i.e. 6,3 =0, 61, = 0153), always
attract each other (Ac < 0), while two, chemically different
particles can attract, or repulse each other, depending on the
sign of parameter Ac. The coagulation of two solid particles
in liquid metals has been discussed in [29-30], based on Eg-
s (16.b, 17).

7. THE INTERFACIAL MENISCUS FORCE

Let us consider two spherical particles 3 and 4 at the
interface of two fluid phases 1 and 2 (see Fig. 1). When p* =
p*na (see Eq.(13)) for two, identical particles (see Fig.1.b),
the meniscus around both the particles is flat, and therefore
the interfacial energy G, of the system will not change as
function of their distance. Thus, as follows from Eq.(2),
there is no interfacial (meniscus) force between them
(however, at very small distance the interfacial adhesion
force will be active — see Eq-s (16-17)).

For the majority of particle/liquid combinations the
condition p* = p*p, is not fulfilled, and therefore the
meniscus around the particles is not flat (see Fig-s 1.a and
1.b). Therefore, the shape of the meniscus between two
neighbouring particles will be a function of their separation,
i.e. the total interfacial energy G, of the system will be also
the function of x. As a consequence, in all cases when p* #
p*na, the “interfacial meniscus force” will arise, being
responsible for the coagulation of particles on liquid metal
surfaces. From Eq.(3) the following equation can be written:

dA dA dA
F,. =0, ( djf €080, +$~COS®4/2” - d)lczj (18)

Fig.1. Two, spherical particles 3 and 4 at the interface of
two fluid phases 1 and 2 with identical particles (a), with
identical neutral particles (b) and with different particles (c)

In order to apply Eq.(18), first the interfacial areas A,;,
Ayy and A, should be derived as function of x. This
difficult task can be solved only numerically [31-33]. The
analytical solution exist only when certain approximations
are used. The approximated equation of [34] for the
interfacial meniscus force between particle 3 with mass m;
and particle 4 with mass m, can be re-written as:

oo 8lg myemy

o.x
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Eq.(19) is approximately valid only for small particles
(with radii smaller than 1 mm). From Eq.(19) one can see
that the sign of the interfacial meniscus force depends on the
signs of the two last terms. If the particles are identical, or
similar in a sense that for both of them (p* - p*g,) has the
same sign (see Fig.1.a), the force will be attractive. For
dissimilar particles, for which (p* - p*g,,) has different signs
(see Fig.1.c), the force will be repulsive.

For liquid metals the agglomeration of particles was
observed on liquid metals [35-40] and at the liquid
metal/slag interface [41]. From the velocity of the particles
the interfacial meniscus force was estimated and the results
have been found to be in good agreement with the theory.

8. THE LIQUID BRIDGE INDUCED
INTERFACIAL FORCE

In Fig.l small ceramic particles are situated on the
surface of a large fluid phase 2. When the amount of the
fluid phase 2 is smaller than that of the solid particles, this
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fluid will form a liquid bridge between the particles (see
Fig.2). Although Eq. (18) remains valid also for this case,
the particular solutions will be very much different. That is
why it has a sense to define this force by a different name:
the “liquid bridge induced interfacial force”. This force has a
major influence in liquid phase sintering [42-44].

The solution of Eq.(18) is possible only numerically,
obtained for equal spheres by [45-46] and for unequal-sized
spheres by [47-48]. An approximated solution exists only
for equal spheres of radii r, in the limit of /, > 0 andx 2 0
[45]. For the liquid bridge in gas environment [45]:

F, . =-2-m-r-0,, -cos® (20)

o,

From Eq.(20) one can see that the liquid bridge at the
limit ¥, = 0 and x = 0 will attract the particles only, if the
particles are wetted by the liquid with a contact angle below
90°. The liquid bridge induced interfacial force will be
weaker than that, written by Eq.(20) when the volume of the
liquid bridge and the distance between the particles increase.

The liquid bridge induced interfacial froce, measured
experimentally in liquid metallic systems [45, 49, 50] (see
also [42]) was found to be in good agreement with theory
[45]. Also, the relative shrinkage of the sintered sample was
found to be approximately proportional to the theoretically
calculated force [46], confirming the wvalidity of the
theoratical equations [45-46].

Fig.2. A liquid bridge (phase 2) between two solid particles
(phases 3 and 4) in the environment of phase 1

9. SUMMARY OF INTERFACIAL FORCES

Now, let us shortly summarize the six interfacial forces,
discussed in this paper. From the comparison of Eq-s (4,6.a,
10.b, 16.b-17, 19, 20) one can see that these forces are
indeed different. It is obvious that these different equations
will provide also different values for the interfacial forces.
For one combination of materials constants the values of
these six different interfacial forces are collected in Table 1.

Let us make this calculation for liquid steel at 1600 °C
(with oy, = 1,7 J/m* and p; = 7000 kg/m’) and for solid
alumina particles with 7 = 10 pm, oy, = 0,9 J/m*, p, = 3600
kg/m’, i.e. with mass of m = 1,510""" kg. Thus, a gravity
force of Fy, = mg = 1,510 N acts on each particle. The
contact angle of steel on alumina: ® = 120°. Then, from the
Young equation: o = 1,75 J/m?. Its derivatives by
temperature and oxygen-concentration: do./dT = 210"
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J/Km?, do.,/dCo = —10 J/m*t%. The temperature and oxygen
concentration gradients in liquid steel are taken as d7/dx =
10K/mm and dCp/dx = 0,01 t%/mm.

As one can see from Table 1, the majority of interfacial
froces is higher than the gravity force by many magnitudes,
the only exception being the interfacial meniscus force, what
acts perpendicular to the gravity vector.

Table 1. Comparison of different interfacial forces*

Interfacial force type Eq.(...) | x,um Fsy, N
curvature induced 4 - 4410
gradient (temperature) 5-6.a - 2.5107
gradient (concentration) 5-6.a - 1.37107
capillary 10.b 20 -1.610™
adhesion 16.b-17 0 -1.110™*

1 -1107"
meniscus 19 100 | -1.310"

liquid bridge induced 20 0 53107

* - physical data are given in the text
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