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The Washing Effect of Fluid Motion on the Segregation of

the Transitional Solidification Layers in Steel Ingots

By Tadayoshi TAKAHASHI,* Iwao HAGIWARA,"* and Kiyoshi ICHIKAWA*

Synopsis

The effect of the fluid motion of bulk liquid on the effective distribution
coefficient was studied in an Al—4 wit%Cu alloy, using a special apparalus.
The effective distribution coefficient is decreased with iricreasing the flow
velocity of bulk liguid, because micro- and macro-segregation are controlled
by the degree of washing against the region of partial solidification with
the fluid flow of bulk liguid.

I. Introduction

Fluid motion is caused by free convection, rimming
action with evolution of CO gases and so on during the
solidification of steel ingots, while the crystal growth
of steel ingots shows dendrite morphology. Thus the
relation between the fluid motion and dendrite mor-
phology should not be neglected on the discussion of
the segregation in steel ingots.  In order to understand
the phenomenon that the solute-rich liquid between
dendrites is washed out by the fluid motion of bulk
" liquid during solidification, the present investigation
will show quantitatively the degree of washing against
the transitional solidification layer which is composed
of dendrites and the interdendritic liquid. 'The results
will be applied to rimmed steel ingots.

II. Experimental Procedure

The method (1) of two concentric cylinders well-
known as Taylor’s vortex was used to change the flow
velocity of bulk liquid on the basis of hydrodynamics,
As the outer cylinder was at rest and the water-cooled
inner cylinder was rotating, the solidification proceeded
from the inner to the outer side. The specimen used
was an Al-4wt%,Cu alloy.

III. Experimental Results and the Analysis

Figure 1 shows the relation between the cffective
distribution coefficient, k*, the rate of solidification, ¥,
and the peripheral velocity, Us, of the solid/liquid in-
terface moving with the inner cylinder in Al-4wt%,Cu
alloy. It might be considered that k* was related to
V. However, the detailed examination showed clearly
that k* depended on Us, as shown in Fig. 2. Accord-
ing to the Taylor’s experiment,? the value of UXr is
half the value of Us Xry, where U is the flow velocity,
1o the radius of the inner cylinder and r the given radius
from the center of the inner cylinder to the fluid.
Therefore, the relation, Us=2U, should be obtained in
the vicinity of the solid/liquid interface. Thus A* is
expressed as follows : :

U< 80cmfsec: k*=1--6.86x10"3U ...... (1-a)
U>80cmfsec: k*=045 .............. v (1-b)

IV. Theoretical Consideration on the Transi-
tional Solidification Layer and the Effective
_Distribution Coefficient

1. Transitional Solidification Layer

The transitional solidification layer is divided into
two layers, p and ¢ on the basis of the authors’ observa-
tion.?» Both p and ¢ layers are composed of solid and
liquid. In the p layer the liquid is entrapped by the
solid. Thus the solute concentration of the player re-
mains unchanged after solidification. On the other
hand, in the ¢ layer the solids are existed within the
liquid and solute-rich liquid can diffuse towards bulk
liquid. Furthermore, the g layer is subdivided into g; and
g, layers. 1Intheg, layer the solid forms dendrite skele-
ton and the liquid can flow through the dendrite arm
spacings. The ¢, layer belongs to the so-called pasty
zone containing isolated solid particles.

Now let us consider the effective distribution coeffi-
cient of the transitional solidification layer, as shown
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Fig. 1. Relation between effective distribution coefficient &%
and rate of solidification V for 5 levels of Us in Al-
4 wt%, Gu alloy (Us is peripheral velocity of the rotat-
ing solid surface)

[ 50 60 150 560 750
Us(U=Usx I72) (emreec)
Fig. 2. Relation between effective distribution coefficient k*

and peripheral velocity of the rotating solid surface
Us in Al-4 wt%,Cu alloy
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Fig. 3. Schematic representation of temperature and con-

centration distribution near the solid/liquid inter-
face in binary alloys

T,—i: liquidus line

Ty—d: virtual solidus line

Ty—e: solidus line

in Fig. 3. Using the equilibrium distribution . coef-
ficient, k,, and the critical fraction of solid, Sp, above
which ¢ layer changes to p layer, the effective distribu-
tion coeflicient is expressed as follows :

B = 1—Sp(l—kg) orerrrernes )

It is then necessary to determine the value of Sp
when the solute-rich liquid between dendrites is com-
pletely washed out by the fluid motion of bulk liquid.
Inserting k,=0.174 and £%=0:45, which is the mini-
mum eflective distribution coefficient of Eq. (1-b),
into Eq. (2), Sp was calculated to be 679%,.

2. Ejffective Distribution Coefficient

In order to obtain the effective distribution coef-
ficient the mass balance and the temperature profile in
the ¢ layer were calculated theoretically.V Then, using
the relation that the turbulent diffusivity is propor-
tional to the turbulent flow velocity, U, and to the
width, 44, of the mixing zone,! the following equation
is introduced :

Bdho(Sp—sS)L U
g . Jeatad 56 2t sEdat il S (NN
-k oK 70

Where,
_ pL(Sp—a8S)/K
T pLoSIK +4T ]

a: liquidus slope (—dT/dC), K: thermal conduc-
tivity of the ¢ layer, L: latent heat of fusion, p: den-
sity of the ¢ layer, 4T, =T,~Tz+6T, (see Fig. 3),
T,: tapping temperature, Tg: equilibrium liquidus
temperature, 87,: degree of undercooling, a: ther-
mal diffusivity of bulk liquid and B: constant. 4§
is the fraction of solid which is formed initially at x=h
when undercooled by 8T..

It is estimated that 4k and 4 remain approximately
constant in Eq. (3) except either in the initial and final
stages of solidification, or in special conditions of slow
cooling. Assuming that they are constant, all the
factors but U in the right-hand side of Eq. (3) are con-

stant. Then, the effective distribution coefficient is
rewritten as follows:
F=1—EU .cccovvrrnrrrenen. ()

_ Bdhp(Sp—0S)L(1—5S)
= aCLKZ

where, E

According to the relation, £* decreases linearly with
increasing U. This agrees well with the experimental
result of Eq. (1-a).

V. Application of the Experimental Results to
Rimmed Steel Ingois

From the fact that the morphology and distribution
of dendrites in steel are similar to those in Al-Cu alloy,
the same critical fraction of solid as in Al-Cu alloy was
adopted to determine the minimum effective distribu-
tion coefficients of C, Mn, P and S in the rimming
ingots. They were obtained by substituting the frac-
tion of solid of 67%, and their equilibrium distribution
coefficients into Eq. (2). However, some error must
be considered in the determination of the minimum
effective distribution coefficients, since several investiga-
tors have presented different values of the equilibrium
distribution coefficients, Table ! shows the calculated
and observed values of the minimum effective distribu-
tion coefficients. It is recognized that these calculated
values are approximately equal to the minimum effec-
tive distribution coefficients which have been observed
in the rim-zone of rimming ingots.

VI. Conclusion
1t was found that micro- and macro-segregation are

.controlled by the degree of washing against the transi-

tional solidification layer with the fluid motion of bulk
liquid.
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COMMENT

1. Golikov (Central Iron and Steel Research Institute, Mos-
cow)s The subject is phenomina of dendritic segregation in
alloyed steels, Fe-Ni industrial ingots with additional elements
such as: Al, W, Mo, B, G, Ti, Nb, Si, Sn were used.. Next 5
main characteristics were determined;

(1) The degree of dendritic segregation development in hy-
poeutectic nickel-iron- and other élements base alloys is deter-
mined, under similar solidification conditions, with the type of
alloying element.

Elements, which form congruently melting compounds with the
alloy base or one with another, have the segregation coefficient
“K" perfectly higher than elements forming a solid solution or
incongruent compounds.

(2) Components segregation direction and degree in complex
alloys remains the same as in binary alloys, provided that alloy
elements do not form congruently melting compounds.

(3) Elements that form congruent compounds essentially in-
fluence other components segregation in complex alloys, and this
influence can be as strong as to cause the conversion of the segrega-
tion sign. Such elements in nickel-base alloys are: Ti, Ta, Nb,
Sn, Si.

(4) Carbon has the strongest effect on its phenorence.

(5) Non-uniformity of distribution for the freely diffusing
elements such as carbon, boron, nitrogen, is connected in the first
line with their chemical interaction with the atoms of alloying
additions,




