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ABSTRACT

This report describes research on macrosegregation in ingots produced
by the electroslag remelting (ESR) process. The work is on determining the
severity of segregation in small experimental ingots, and comparing the

segregation with calculations using macrosegregation theory.

Most experimental ingots were produced in an apparatus which simulates
the solidification of an ESR ingot but does not employ slag. The unit
comprises a source of melt droplets, a cooled mold, and a heat source to
simulate the heat input of the ESR process. This apparatus was also modified
so that rotation occurred during ingot solidification. In these studies
ingots of Sn-15% Pb and Sn-12% Pb with a diameter of 8 cm were studied. 1In
addition, results of experiments on an apparatus used to produce ingots of
Al-4% Cu with a diameter of 7 cm are given. This apparatus consisted of a DC
power source, a water cooled mold, consumable electrodes, and a slag layer

as in conventional ESR processing.

Equations for predicting flow of interdendritic liquid and
macrosegregation in ESR ingots are given and used in a computer model to
numerically calculate the macrosegregation. Agreement between calculations
and the experimental ESR ingots of Al-Cu and Sn-Pb alloys, described above,
is excellent. The influence of important parameters such as the shape and
depth of the mushy zone and the local solidification time on the

macrosegregation across the ESR ingots is quantitatively demonstrated. The




important effect of the dimensionless group, (33VT)/£, on the different types

of macrosegregation observed is also discussed.

The most important finding is that the computer model can be modified
to predict the effect of rotation on macrosegregation in ESR ingots and that

prediction agrees with experiment.

i Microsegregation theory and macrosegregation theory are applied to a
multicomponent commercial steel. In this work, an ESR ingot of maraging

steel of a cross-section, 20 cm x 20 cm, with rounded corners was studied.

BRE L ol den ) i

- -
S " . o AP




S e

Chapter I

INTRODUCTION

Background

The Casting and Solidification Research Group at the Massachusetts

Institute of Technology has studied solidification of steel under Army

(1-13). Since 1973 the casting work

under Army Sponsorship has been directed to electroslag refining.(12’13)

Sponsorship for about seventeen years

(13)

Under this contract, an interim technical report described a
small scale ESR unit which was used to study macrosegregation in Al-47% Cu
alloy. Results showed that severe-localized segregates, sometimes called
"freckles" in large commercial ingots, could not be produced using this
alloy cast in the small-scale ESR molds. Modest segregation in the form

of surface to center compositional variations were produced, however,
enabling a comparison of experiment and calculations using macrosegregation
theory. In order to study more severe segregation, a simulated ESR
apparatus was built and used to cast Pb-15% Sn alloy. The interim report
described initial experiments which were very successful. In these initial
experiments, it was shown that not only a wide variation in surface to
center composition could be produced on a laboratory scale but also
"freckles" were readily formed. There was also excellent agreement between
calculations of macrosegregation and the macrosegregation in these
experimental ingots. With these encouraging results, work continued using

tin-lead alloys as a model alloy which was cast in the simulated ESR

apparatus.
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This final report summarizes that work presented in the interim
report(l3) along with the results on subsequent small-scale ingots including
a number of ingots which were rotated during solidification. In addition to
the experiments, a number of computer calculations were carried out which
1) enabled comparison of experiment and theory and 2) predicted the effects
of rotation, alloy density variations, and thermal parameters on
macrosegregation and minimizing macrosegregation. All of these results are
described in Chapters II and III of this report which are comprised of two

papers to be published individually, elsewhere.(la’ls)

This report also includes a third phase of our macrosegregation
studies which is reported in Chapter IV. In Chapter IV, the structure
of an ESR ingot of maraging steel produced at AMMRC is studied with emphasis
on segregation. Macrosegregation theory is extended to treat the
multicomponent alloy to demonstrate the application of macrosegregation
theory to a larger size ingot than could be produced in the laboratories at

the Massachusetts Institute of Technology.

Overview of Experimental Work

Subsequent chapters give details of each of the various types of
experimental ingots produced under this contract. Here we discuss only one

of the apparati employed as an example of the basic approach throughout the

program,




An apparatus employed is one which simulated solidification behavior
of the ESR process but did so without a consumable electrode or slag. This
unit was comprised of a source of molten metal droplets, a cooled mold, and a
heat source to simulate ESR heat input, Figure 1. This unit was used for 1

experimental work on a Sn-15% Pb alloy.

In this apparatus, liquidus and solidus shape and movement could be 3

varied significantly and made to closely simulate the behavior of actual
ESR ingots. For example, Figure 2a shows the shapes of isotherms during
solidification of an ingot of Sn-15% Pb. In the ingot, significant
segregation was found. Figure 2c shows that the segregation varied from
about 11% at the surface to 28% in the center. In other ingots of Sn-15% Pb
the segregation was significantly severe that gross segregation, commonly

called "freckles" formed.

Overview of Analytical Work

An underlying concept of this work is that macrosegregation, such
as that shown in Figure 2c¢, can be understood and quantitatively analyzed

(16-22) The cause

using theories developed at M.I.T. over the last decade.
of the segregation is the slow creeping flow of liquid between dendrite
arms; that flow is driven primarily by 1) gravity induced convection, and

2) solidification shrinkage.

In this work, the basic equations, developed earlier, were applied to

the ESR process and computer analyses developed to solve for the fluid




flow and resulting segregation behavior in ESR ingots. As examples of the

computer output, Figure 2b shows the calculated interdendritic fluid flow

in the ingot referred to earlier. With flow curves such as those of
Figure 2b, calculations of macrosegregation were readily made. Figure 2c
compares the experimental results of the Sn-15% Pb ingot with theory.
Agreement is excellent considering the large number of variables in the

L complex segregation process. Detailed discussion is given in this report

of comparison between experiment and theory, as well as of the choice of

the adjustable parameter, the "permeability', of the mushy zone.

In addition to the comparison of theory with experiment described
above, it should be noted that the macrosegregation theory predicts when
"freckles'" appear, and this theory correctly predicts the presence of the
freckles in several ingots which are discussed in Chapters II and III of

this report.
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Chapter II

MACROSEGREGATION IN ELECTROSLAG REMELTED INGOTS

This Chapter will be published as part of the Proceedings of the

Electric Furnace Conference, Iron and Steel Society of AIME, December 1977.

Abstract

Equations for predicting flow of interdendritic liquid and
macrosegregation in ESR ingots are derived, and a computer model based on ;:
these equations is used to numerically calculate the macrosegregation.
Agreement between calculations and experimental results is excellent.
Experiments are on simulated ESR ingots of Al-Cu and Sn-Pb alloys. The

influence of the important solidification parameters such as the shape and

depth of the mushy zone and the local solidification time on the

macrosegregation across the ESR ingots is quantitatively demonstrated.

The important effect of the dimensionless group, (¥-VT) /e, on the different

types of macrosegregation observed is also discussed.
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INTRODUCTION

Theoretical heat flow models have been developed to relate the
operating parameters in the ESR process to solidification parameters
such as shape and depth of the mushy zone and the solidification rate(1-3).
However, quantitative studies have not been done for ESR ingots on how
these solidification parameters in turn affect macrosegregation. In this
paper, we derive equations for quantitatively predicting macrosegregation

in ESR ingots. Based on these equations, a computer model is then employed

to predict macrosegregation from measured solidification parameters.

The basic concept employed is that macrosegregation in ESR
ingots' is caused by interdendritic fluid flow, as described earlier for

other types of ingots by Flemings and Nereo(k)

, and by Mehrabian, Keane
and Flemings(s). In the latter work, equations were derived for the
pressure distribution, and hence interdendritic flow, inside the planar
mushy zone of a unidirectionally solidifying ingot, using D'Arcy's Law for
the interdendritic fluid flow, and taking both gravity and solidification
shrinkage as driving forces for the flow. A simplified, and somewhat
approximate method was used for solving these interdependent equations.

In this paper, we (1) simultaneously solve the relevant equations more
exactly, and (2) describe the pressure distribution, flow behavior, and

macrosegregation in cylindrical coordinates for the conditions of

solidifying ESR ingots.
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A schematic summary of the analytic work to be described herein
is given in Figure 1. Figure la shows an ESR ingot during solidification.
Liquidhs and solidus isotherms are presumed known by calculation, or by
thermal measurement. Properties of the semisolid alloy are known
(density, solidification shrinkage, etc.) so interdendritic flow behavior
can be calculated, as shown in Figure 1lb. Solidification theory is then
employed to calculate macrosegregation, as shown in Figure lc. More
precisely, as noted in the previous paragraph, the equations for flow

behavior and segregation must be.solved simultaneously.

Finally, it should be emphasized that although macrosegregation
in the ESR processes is analyzed in this study, the basic equations can
be equally applied to other casting processes such as continuous casting,

VAR process, etc.
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ANALYSIS OF MACROSEGREGATION .

Within the mushy zone, we apply the local solute redistribution
equation, previously given by Flemings and Neteo(‘). to account for the
partitioning of solute which takes place during dendritic freezing of a

volume element of alloy in the mushy zone. That equation is:

- - (2D 6+ 50 (6D @

where B is the solidification shrinkage, k is the equilibrium partition
ratio, € is the cooling rate, CL is the 1liquid composition, T is the
temperature, ; is the velocity of interdendritic liquid, gL is volume
fraction liquid, and t is time. The convection of the interdendritic
liquid is according to D'Arcy's Law, as applied to a dendritic structure

by Mehrabian et al(s), with the specific permeability, K, given as

K = v ©)

where Y 1is a constant. The cquation of continuity in the mushy zone

combined with D'Arcy's Law is

2 >
lch Kpng agL apL
v ( VP + ™ ) = <pL "s) (a +8 \3¢ (3) 4

where ps and pL are the densities of solid and 1liquid, P is pressure, -4

p is viscosity of the interdendritic liquid, g is acceleration due




e

=R =

to gravity, and Z 1s the unit vector in the vertical direction. In
Equation (3) ps is assumed constant and, for the alloys considered herein,

this assumption is reasonable (e.g., see Figure 2).

In the "local solute redistribution equation", it is assumed
that equilibrium exists at the interface between the interdendritic liquid
and the solid phase(a). Therefore, the temperature of a solidifying
alloy is dictated by the liquidus line on the corresponding phase diagram,

and the composition of interdendritic liquid is a function of temperature

only, so

%)

Blm

2 L[ (o
ot dT ot
- ) - () ®
ot ch ot ch m

where m is the slope of the liquidus on the phase diagram.

and

[l

Substituting Equations (1), (2), (4) and (5) into Equation (3),
and then expanding it into cylindrical coordinates, we get the following

equation for pressure distribution:

2 2
3P ,9°P P oP &
—2+—2+A—+B~az+c 0 (6)

or 0z

or

SIS S
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where A, B and C are defined as follows:

9 9p. aC
A = _1.+2_;‘L.+L._I‘.+a ._l'. "
r g or L or r
g

with i

Q- k)CL

The boundary conditions are shown in Figure 3. Since the mold
wall is impermeable, L 0 at the wall, and at the centerline, V.- 0 because

of symmetry. At the solidus isotherm the boundary condition satisfies

465,

continuity of the solidifying eutectic liqui 3 V. and v, are the

r

velocity components of the eutectic liquid, UEr and U, are the velocity

Ez

components of the solidus isotherm (eutectic temperature), and QSE and pLE
are the densities of eutectic solid and 1liquid, respectively. Within the

bulk liquid pool, we assume no convection; P_ is the pressure at the top of

(o}

the liquid pool is the density of the bulk liquid, and h is the height

’ pLo
of the liquid pool.

Calculation of Macrosegregation

From the measured shape of mushy zone, temperature distribution

in the mushy zone, solidification rate and cooling rate, all the unknown
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variables (except gL) involved in A, B and C of Equation (6) can be
determined with the help of a phase diagram and a density versus liquid
composition diagram (e.g., Figure 2). To initiate calculations g is
approximated using the Scheil Equation (i.e., Equation (1) with B and v
equal to zero). Now, with the boundary conditions given in Figure 3,
Equation (6) can be solved for the pressure distribution in the mushy zone.
Once the pressure distribution is known, the velocity of interdendritic
liquid in the mushy zone is calcylated using D'Arcy's Law. With the
Sbtained velocity distribution, we integrate Equation (1) to obtain new
;alues of gL which are substituted into A, B and C to recalculate a new
pressure and velocity distribution. This procedure is repeated until g,
stops changing. This final g, distribution is the correct one. Finally,
with tﬁis correct gL distribution in the mushy zone, the local'average
composition, ES’ can be calculated by using Equation (25) presen?ed in

Flemings and Nereo(a).

Results of calculations using this procedure are compared with

experiments on laboratory-scale ESR apparati which are described below.
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APPARATUS AND EXPERIMENTAL PROCEDURE

Two different types of experimental apparatus were employed and
these are each described below. The first (employed for Al-4Z Cu alloy)
is a small scale ESR unit. This unit is comprised of a DC power source,
a water cooled nola, a consumable electrode, and slag layer as in

conventional ESR, Figure 4.

The second type of apparatus employed is one which simulates
the solidification behavior of the ESR process, but does not employ slag.

This unit, used for Sn-15Z Pb alloy, comprises a source of molten alloy i

drops, a cooled mold, and a heat source to simulate the heat input of the

ESR process, Figure 5.

Small Scale ESR Units

A sketch of the apparatus is shown in Figure 4. The powver supply
is a D.C. arc-welder capable of providing up to 1600 amp and 40 volts for
a total power of 55 KW. The electrode mount is connected to a feed screw
about 6 fecet long whic': is driven by one of tvo.gear reduction boxes in
series with an electric motor. The driving speed of the electrode can
be controlled and operated with a speed in the range of 0.2 - 14 cm/min.
The electrodes used were aluminum alloy 2024, 1 inch in diameter by 6 feet

long.
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The dimensions of the copper mold were 3 inches tm diameter by
9 inches high. A thin wash of gfaphite powder or alumina powder was
applied to the mold wall in order to avoid the attack of the mold by the
slag (457 LiCl - 55% KCl). Two mold designs were used; the better of the
two is shown in Figure 6. With this design it was easy to replace the
mold wall whenever the mold failed due to the slag attack. It was also

convenient to insert up to 5 thermocouples into the ingot during a runm.

About 250 c.c. of liqu;d slag of eutectic composition (45 wt
LiCl and 55 wtZ KCl) was poured into the mold, and melting was initiated
with a power of 10 KW. The cooling water was turned on, and then the
power was lowered to between 2 and 4 KW. The amperage was kept constant
by adjusting the driving speed of the electrode, and the electrode
position was recorded during a run. When thermal data were obtained,
five chromel-alumel thermocouples were inserted into the mold and pushed
to predetermined positions (shown as X's in Figure 6) immediately after

the electrode passed these positionms.

Cooling curves were used to determine the shape of mushy zone,
temperature distribution, cooling rates and solidification rates.
Thermal data for two ingots (Nos. 1 and 2) were obtained with the mold

shown in Figure 6.

Ingot No. 3 was made in a mold in which cooling water ran

through an annulus. No thermal data were measured, but instead this
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ingot was doped with about five grams of Al1-50% Cu to reveal the liquid

pool shape.

Simulated ESR Apparatus

A sketch of the apparatus is shown in Figure 5. The stainless
steel mold is 3-1/4 inches in diameter and 13 inches long. The metal
pool inside the mold is heated with six, 3 inch long, resistance heaters
connected in parallel. These heaters are positioned inside héles drilled
into a 3 inches long by 1-1/4 inches diameter stainless steel bar. Power

input 18 controlled with a transformer.

Cooling water runs through a movable cooling jacket surrounding
the m&ld. Both the resistance heaters and the cooler are fixed to the
same system used for driving the electrodes in making the Al-4% Cu ingots.
Thermal measurements are made with three chraﬁel—alumel thermocouples
located inside three vertical stainless steel tubes. The tubes are fixed,
but the position of the thermocouples is varied during a run by sliding

them up and down inside the tubes.

Flow of 1iquid from the top container is controlled by an
adjustable valve. Heating of the melt in the top container is done with
two 1.5 inch wide band heaters which are controlled by a thermocouple
hooked up with a temperature controller. A stirrer was used to insure

uniform temperature and composition in the liquid supply.
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Tin (99.92) and lead (99.92) were melted and well stirred in
a crucible furnace. About one-fourth of the charge was poured into the
stainless steel mold until the liquid level rose to almost the top of
the resistance heaters (about 3.5 inches from the bottom of the mold).
The remaining alloy was then poured into the top container. With the
resistance heaters and the cooling jacket fixed, the initial position
and the shape of the mushy zone were determined by moving the three
thermocouples up and down and locating the positions of the liquidus
and solidus temperatures of the.alloy. Power input to the heaters and
the position of the cooling jacket were adjusted until the desired

position and shape of mushy zone were obtained.

Chemical Analysis ;

Chemical analysis of macrosegregation in the ingots was by 2/

X-ray fluorescence. A General Electric X-ray diffraction unit (Model
XRD 3, Type 1) was used with a Mo tube. The primary white radiation

from the tube fluoresced the samples on an area of 0.32 cm. diameter.

This area covered many dendrite arms (secondary dendrite arm spacing is
about 30 - 70u) and, .herefore, the compositions measured were local

average compositions.

The secondary radiation from the sample was received by a

S1i (Li) X-ray detector and the intensity of the characteristic line (Ku

g ' for Cu and La for Pb) was compared with a standard intensity versus

composition curve to determine the composition.
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Standards were prepared from rapidly cooled thin sections of
known compositions. The Al-Cu standards used were those prepared by
(6)

Nereo' “. The Pb-Sn standards were prepared by melting lead and tin
together in a graphite crucible. About 5 gra;s of the liquid alloy was
quickly removed from the crucible and dropped 1.5 feet onto a copper
chill; the alloy solidified very rapidly as a splat. The central portion
of the splat was similar to a thin disk (about 0.8 mm thick and 2 inches
in diameter) with a very smooth and flat bottom surface. A rectangular

plate (0.8 inch x 1.2 inches) was cut from the disk and polished with

600 grit metallographic paper for x-ray fluorescence. The remainder of

the disk was analyzed by wet chemical analysis to serve as a standard.
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RESULTS
Results of experiments and calculations are given first for
the Al-4Z Cu ingots as a group and then for the Sn-15% Pb ingots. It will

be seen that considerably more segregation was achieved in the Sn-Pb

ingots, and severe localized segregates (freckles) were readily obtained.

Aluminum-4% Copper Ingots

In Ingot 1, cooling curves were obtained from five
thermocouples and used to construct the shape of the mushy zone at
various times. After 6 minutes an approximate steady state was achieved,
and the isotherms moved with a vertical speed of 0.053 cm/s; the liquidus
and solidus are shown in Figure 7a at a time of 7 minutes after starting.
Cooling rate did not vary with radius, and so the isotherms are parallel.
This was also verified by measurements of dendrite cell size, d, across
the ingot; d is 61 microns with no variation. Figure 7c shows the
macrosegregation; the overall analysis of the ingot is 4.42 Cu with
positive segregation at the surface (4.6%Z Cu) and negative segregation at
the centerline (4.25% Cu). Macroetching showed no evidence of localized

segregates, such as "freckles" or "V'"-segregates.

Calculations of flow lines (Figure 7b) and macrosegregation
(Figure 7c) were donc using the phase diagram and density data for the

aluminum-copper system as given in Mehrabian et al(s). The value of
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viscosity used was 1.3 centipoise(7'8). The value of Y used is 5 x 10'7
cnz. This value of Y is of the same magnitude used by Mehrabian et al.(s)
- to obtain the best fit between their theoretical and experimental results

of macrosegregation in Al-4.5% Cu ingots.

Flow is predominantly down and outwards, Figure 7b, and so
segregation, calculated and observed, is negative at the center,

Figure 7c.

Ingot 2 was cast in the same manner as Ingot 1 with the
exception that an unusually thick (about 3 mm) coating of mold wash
(graphite and powdered zirconia) was applied to the inside mold wall.
As a Fesult, cooling curves showed that isotherms were flat, and so
solidification was unidirectional. Cooling rate during solidification
was about equal to that observed in Ingot 1, and consequently dendrite
cell size is also equal (61u). Since solidification was unidirectional,
no macrosegregation was detected in this ingot; nor was there any

evidence of localized segregates found in an etched macrosection.

Thermal data for Ingot 3 were not measured, but with isotherm
shape obtained by doping, as described earlier, the thermal history was
constructed with a knowledge of the clectrode melting rate and cooling
rate (calculated from dendrite cell sizes) as shown by Mellberg and

(20)

Sandberg « The isotherm was not exactly symmetrical because the

electrode was not centered exactly; however for calculations we assume
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a lfunettical mushy zone (Figure 8a). The width of the mushy zone
(vertical distance between the solidus and liquidus) is constant since
cooling rate was also independent of radius as indicated by a constant

dendrite cell size (61 microns) across the inéot.

The degree of macrosegregation for Ingot 3 is showmn in
Figure 8b. The extent of segregation is less than that of Ingot 1.
Calculations withY = 3 x 10'-7 cm2 agree remarkably well with
experiment except that the wminimum point in the experimental curve is

off-center.

Sn~15Z Pb Ingots

Ingots 4, 5 and 6 were produced in the apparatus shown in
Figure 5. Figure 9a shows the shape of the mushy zone at 25 minutes in
Ingot 4. At steady state, the isotherms moved with a vertical speed of
4.0 x 10-3 cm/s (about one order of magnitude less than that obtained

in the Al-4% Cu ingots).

Macrosegregation is pronounced, Figure 9c. Composition varies
from 112 Pb at the surface to 287 Pb at the center of the ingot.
Although segregation is severe, microstructures show no evidence of

freckles.
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In this ingot, as well as ia Ingots S and 6, the width of the
mushy zone and the cooling rate vary from center to surface. This 4s seen
in Yigure 10 vhich shows a decrease im the secondary dendrite arm spacing
from the center to the surface. Our calculations take into account this
variation by making peme;nbility (and, hence, Y) a function of the

secondary dendrite arm spacing. Data of Streat and Heinberg(n) 8

how
that permeability varies with square of secondary dendrite arm spacing,
d, for 25 < d < 60 microns. Accordingly, we select a value of y at the

.centerline (Yo) and vary Y according to
YW, = @ma)? . m

Calculations of flow lines and mctonegxegatidn are shown in
Figures 9b and 9c, respectively. For calculations, the value of viscosity
used was 2.2 centipoises.(m) With b 3.7 x 10.6 “2.' the calculated
result of macrosegrecgation agrees reasonably well with experiment.
Since permeability in lead-rich Pb-Sa auoys(n) is reported to be
10® - 102 greater than the value of permeability for aluminum

6

alloys{11+12) ¢ 15 reasonable that y 1s on the order of 10~ cm?

assuming similar behavior of tin-rich and lead-rich Sn-Pb alloys.

The calculated flow patterm, shown im Figure 9b, shows ‘that
gravity has a very strong effect on the flow, causing the interdendritic

liquid to flow from the surface towards the ingot center and up mear the




~ 27

center resulting in positive segregation in the center of the ingot. It
will be seen that such flow (from "cold" to "hot" regions in the mushy
zone), when sufficiently strong, leads to localized channels of

increased flow and the formation of freckles.

For Ingot 5, the shape of the mushy zone at 14 minutes is
constructed in Figure lla. After 4 minutes steady state was achieved,
and the isotherms moved with a vertical speed of 7.0 x 10‘-3 cm/sec.

In this ingot the resulting macrosegregation across the ingot
is pronounced (Figure 1llc). The composition ranges from 82 Pb at mid-
radius to 28% Pb at the center of the ingot. Microstructures are shown

in Figure 12; "freckles" are evident in Figurcs 12b and c.

A value of Y, was selected by using the best value determined

6

for Ingot 4 (Yo = 3.7 x 10 cmz) and adjusting for the decrease in

secondary arm spacing at the centerline (Figure 10). This gives

Yo = 2.4 x 10-6 cmz. Flow calculations show that (3- VT/e) < -1 in
equgtion (1), and hence (BgL/BCL) > 0 in these regions of the ingot.
This phenomenon is discussed in more detail below. Essential points are

that, when v . Vr/e < -1, (a) "freckles" can form, and (b) our method

of quantitatively calculating macrosegregation is no longer valid.

Figure 11b shows calculated flow lines with permeability

decreased to the polnt that their directions are observed just at the
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onset of developing a flow instability. With Y, = 2.0x 10”7 cnz,

(; * VT/€e) > -1 throughout the entire mushy zone. With permeability
decreased by almost one order of wmagnitude, the flow is still towards
the centerline and upwards at the center. Flow is strongly enhanced in
Ingot 5 over that in Ingot 4, because the isotherms in the mushy zone
are significantly deeper; this difference is apparent in Figures 9a and

2

la. Withy > 2.0 x 10 | cw’, the Flow 1s stzonger then indicatad in

Figure 11b, and the formation of freckles is predicted as observed in

Figure 12.

In Ingot 6, steady state solidification was achieved after 21
minutes, when the isotherms moved with a vertical speed of 6.3 x 10‘-3
cm/s8.. Secondary dendrite arm spacings are shown in Figure 10 where it 1

is seen that this ingot solidified with the slowest cooling rate among

the three Sn-15% Pb ingots.

The shape of mushy zone at 23 minutes is plotted in Figﬁre
13a. Macrosegregation is shown in Figure 13c. As in Ingots 4 and 5
the extent of macroscgregation across the ingbt is severe; composiéion
varies from 11.5% Pb at the edge of the ingot to 387 Pb (eutectic j
composition) at thc center of the ingot. The general region of the

center-line comprises a big channel or "freckle"; other areas show no

evidence of freckling.
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As with Ingot 5, when permeability is selected to correspond

to the dendrite arm spacing in Figure 10 (Yo = 4.4 x 10-6 cnz).
calculations indicate (Vv ° VT/e) < -1 in the central regions of the ingot
predicting the formation of a freckle. The flow lines shown in Figure

13b are calculated using Y_ = 8 x 10”7 cm?; vitg greater values, the
instability develops. Figure 13b, however, does indicate that the overall
interdendritic flow is similar to that observed in Ingots 4 and 5.

Macrosegregation in Ingot 6 is more severe than in Ingot 5 because the

local solidification time is significantly greater (Figure 10).
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DISCUSSION

Both the Al-Cu and Sn-Pb alloy studied (1) have a segregation
ratio k less than one and (2) have an interdendritic liquid that increases
progressively in density during solidification. Hence, in ingots with a
concave mushy zone, both exhibit negative segregation at the ingot
centerline when interdendritic fluid flow is primarily influenced by
feeding, and both exhibit positive segregation when gravity forces

predominate.

In this experimental study, the Al-Cu ingots showed negative
segregation while the Sn-Pb ingots showed positive segregation at the
centerline. This is because the Al-Cu ingots were made at much greater
vertical solidification rate (10 times) and with a smaller value of
permeability in the mushy zone than were the Sn~-Pb ingots - both

factors which reduce the influence of gravity on interdendritic flow.

This effect of vertical solidification rate and depth of
mushy zone in macrosegregation is illustrated in Figure 14. Here,
macrosegregation has been calculated in Al-4.47 Cu ESR ingots of
geometry studied in this work, for different solidification conditions.
Calculated flow lines and macrosegregation are shown for two different
vertical solidification rates and for mushy zones of three different

degrees of concavity (i.c., three different "depths" where depth refers
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to distance from the highest to the lowest point in the mushy zone).

Note that macrosegregation increases with increasing depth of mushy

zone. At the higher solidification rate (smaller local solidification
time) it is negative at the centerline and at the slower solidification
rate it is positive at the centerline. At these slower solidification
rates, gravity causes the interdendritic flow lines to curve inwards and

upwards near the center (Figures lé4e and f}.

(4,5)

According to macrosegregation theory » the important

¢

dimensionless parameter affecting macrosegregation is v VI/e. When
this is equal to B/1 - B no macrosegregation results; when it is greater,
segregation is negative and when it is less, segregation is positive.
Figu;e 15a shows a plot, for Ingot 1, of V + VI/e at the centerline

during solidification (i.e., as C. increases from C_. to CE)' ; - VI/e

L 0
is greater than B/1 - B8 throughout solidification, resulting in a lower

composition of solid forming at any time during solidification than
would form in the absence of segregation (Figure 15b). Hence

segregation is negative here.

Figure 16 1s a plot similar to that of Fiéure 15 in all
respects except that here v - VT/e 1s less than B/1 - B and so segrega~ .

tion 1s positive. This plot applies to the centerline of Ingot 4.

Note in Ingot 4 that v VT/e is never less than -1. At the

critical point where this occurs, flow velocity in the direction of
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isotherm movement is greater than velocity of isotherms and "remelting"

occurs. This is the criterion for formation of freckles(S). ; « VT/e
was calculated to be less than -1 in Ingots 5 and 6, and here, as

expected and shown in Figure 12, "freckles" (channel type segregates)

were observed.
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CONCLUSIONS

Calculations whiéh predict macrosegregation in ESR ingots compare
well with experimental results. The calculated interdendritic
fluid flow patterns clearly demonstrate the influence of
aolidification.shrinkage and gravity on the observed macrosegre-
gation across experimental ESR ingots.

The effects on macrosegr;gation of the important solidification
parameters such as the depth of the mushy zone, the vertical
solidification rate, and the width of the mushy zone on

macrosegregation in ESR ingots can be quantitatively evaluated.

The computer model developed predicts the conditions which cause

the formation of "freckles".
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Figure 2-1: Macroscgregation in an Al-4.4ZCu ESR ingot. (a) Mushy
zone; (b) flow lines for interdendritic liquid;

(c) macroscgregation,
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Figure 2-4: The experimental set-up used to study macrosegregation
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Chapter III

MACROSEGREGATION IN ROTATED ELECTROSLAG REMELTED INGOTS

This chapter will be published in Metallurgical Transactions B,

1978.

Abstract

A computer model is presented for predicting macrosegregation in

rotated electroslag ingots. Sample calculations of segregation are carried

out for ingots of the model alloy Sn-12% Pb in which the liquid density
increases during solidification and for two hypothetical alloys; in one,
the liquid density decreases during solidification, and in the other,

liquid density first increases and then decreases during solidification.

In alloys such as Sn-Pb in which liquid density increases during
solidification, segregation is positive at the ingot centerline and if
solidification is sufficiently slow, "freckles'" form near the centerline.
Positive segregation and freckles are found at the outer periphery of
the ingot when liquid density decreases during solidification. Positive
segregation and freckles are found at midradius when liquid density first
increases and then decreases during solidification, and when the solidus
isotherm changes shape abruptly at midradius (with density increasing

during solidification).




Ingot rotation, by introducing a radial component to the force

field, alters interdendritic flow behavior and therefore macrosegregation.
Modest rotation speeds eliminate "freckles" and reduce macrosegregation in
all modeling studies conducted. Greater rotational speeds can accentuate

the segregation.

Experiments were conducted on simulated electroslag ingots of Sn-Pb
alloy. The ingots were 8 cm dia., rotated at speeds up to 119 rpm and
solidified at rates from 5.3 x 10™> cm/sec to 1.36 x 1072 cm/sec.
Segregation behavior obtained agrees qualitatively and quantitatively with

theory.

Introduction

In previous work by the authors(l), small-scale experimental ingots
of Sn-15% Pb were solidified at low rates (approx. 5 x 10_3 cm/sec) in
order to study the type of macrosegregation found in large commercial
electroslag ingots. In the experimental ingots, severe segregation was
produced, as measured by a large variation of composition across the
ingots, and by severe-localized segregates, often called "freckles'.

Both types of macrosegregation are caused by the gravity-induced flow of
interdendritic liquid within the mushy zone during solidification. 1In

this study, we present a method of reducing the segregation by use of
centrifugal force. For example, Fig. 1 shows experimental results obtained

in a simulated electroslag ingot which solidified to a height of about




12 cm without rotation. Then the ingot was rotated at 45 rpm as

solidification proceeded upwards; finally, the rotational speed was
increased to 76 rpm. Fig. lb shows the form of the very severe segregation
when no rotation is employed; the composition at the center is eutectic
composition for the Sn-Pb system. This indicates that during freezing,
there was remelting of the dendrites which, in effect, leaves a "freckle"
along the centerline of the ingot. This was verified by examination of

the ingot structure. Fig. 2a shows that without rotation the ingot |
center is essentially one large freckle (entirely eutectic solid). When
rotated at 45 rpm (Fig. 2b) freckles are still evident, but when the

ingot is rotated at 76 rpm, there are no freckles. By rotating at 45 rpm,
the center to surface segregation is reduced slightly. The greater
rotational speed (76 rpm) reduced the segregation significantly in
addition to eliminating the freckles.

(2)

Stewart et al studied macrosegregation in rotated Al-3%Z Ag

conventional type ingots. However, no significant effect of mold rotation
on macrosegregation was found. This might be attributed to the fact that
the test castings were solidified rapidly in small chill molds so that the
effect of gravity on centrifugal force on interdendritic convection could

3)

not be observed. More recently, Keane studied the effect of centrifugal
force on macrosegregation in Al-4.,5% Cu alloy. His work was on uni-
directional solidification in the radial direction, thereby simulating

a slice out of an ingot. However, only theoretical calculations were

done; no experimental work was carried out.
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In this paper, the equations describing the fluid flow and macro-
segregation in rotated electroslag ingots are given. Results of calcula-
tions, based upon these equations, are presented to show the convection
within the mushy zone during freezing and the macrosegregation resulting

from the flow.

Finally, the macrosegregation obtained in several experimental
ingots is shown to compare remarkably well with the macrosegregation

predicted by the calculations.

MACROSEGREGATION THEORY

The equations which describe the convection of the interdendritic
liquid and the macrosegregation across rotated electroslag ingots are
similar to those employed for stationary electroslag ingots and given
before(l). The major difference is that Darcy's Law, which gives the

liquid velocity inside the mushy zone, now contains a term for the

centrifugal force so that

> K w 2 e
v = - EEZ (VP + P8z - P r r) (1)

where ; is the interdendritic liquid velocity, K is the specific permea- ’
bility, P is pressure, u is the viscosity of the interdendritic liquid,
8, is the fraction liquid, PL is the density of the interdendritic liquid,

g is acceleration due to gravity, w is the rotation speed, r and z are
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coordinates, and Z and T are the axial and the radial unit vectors in
cylindrical coordinates, respectively, When equation (1) is combined
with the local solute redistribution equation and the equation of

(1)

continuity in the mushy zone , we get the following equation which

describes the pressure distribution inside the mushy zone;

2 2
9°p 9P 9P P b
= 7+t Ao + B+ C 0 (2)
d3r 9z
1)

where A and B are defined as before while C is now defined as follows:

dg ap ac ac 2
2 L 2 L L L, w'r
C = gpy [EI ~5= * 3: e T Sl gl = al—w=) = ]
dp a9p p.r dg
€M -1 L oy % L L 3
= nyg, [DL ac, tadsas [pL *E or 8L 8r] 3

In equation (3),a= B/cL(l-k), k is the partition ratio, CL is
the composition of the interdendritic liquid, € is the cooling rate,
m is the slope of the liquidus on the phase diagram, and Y is a constant

defined as K/gi.

fquation (2) is solved for the boundary conditions previously
(1)

glven

except that the pressure at the liquidus isotherm is now given by:




2 2
P(liquidus) = Po + pLogh + PLo® T /2 (4)

where Po is the pressure at the top of the liquid pool is the

’OLO
density of the bulk liquid pool, and h is the height of the liquid pool.

Calculation of Macrosegregation

Macrosegregation in nonrotated ingots is demonstrated in Figure 3
which shows the effect of vertical solidification rate on the convection
of interdendritic liquid within the mushy zone and the resulting macro-
segregation profiles for ingots with three different isotherm shapes.
Calculations are for Sn-12.2% Pb alloy withy = 1.2 x 106cm2 in an ingot

with a diameter of 8 cm.

When the isotherms are both horizontal, as in unidirectional
solidification (Figs. 3a and 3d), the flow of interdendritic liquid is
purely vertical only to feed solidification shrinkage and so there is
no macrosegregation. When the isotherms are concave with respect to
the liquid pool, then gravity causes the solute-rich and more dense
liquid to flow downwards towards the center and then upwards at the center.
Because there is flow of solute-rich liquid towards the center, segrega-
tion is positive at the center and negative at the ingot surface. The
effect of increasing the concavity of the isotherms as in Figs. 3c and
3f, at both solidification rates, is to increase the degree of segregation,

but the effect of decreasing the vertical solidification rate (hence
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increasing local solidification time) is more pronounced. In fact, when
R is reduced to 3.5 x 10-3cm/sec, as in Fig. 3f, the upward flow of
interdendritic liquid is sufficiently strong, that liquid remelts
dendrites and produces channels for increased flow. This remelting
phenomenon produces what is commonly called "freckles" in remelted ingots
and is predicted by macrosegregation theory when v . VT/e < -1(1’7).

When v ° VT/e < -1, our calculations are not truly valid and only approx-
imate, and so the calculated macrosegregation curve in Fig. 3f is

indicated by a broken line. Likewise, subsequent curves drawn with

broken lines indicate that v - VT/€ < -1 in some portion of the ingot.

Although not demonstrated in Fig. 3, at a greater vertical
solidification rate, the segregation would be negative at the center
and increase to a positive value at the surface. In such instances,
the solidification time is so short that gravity induced flow is minorj
flow only satisfies continuity requirements to feed solidification

1)

shrinkage and so flow of solute-rich liquid diverges from the center .

The effect of rotating the mold during solidification is shown
in Fig. 4. Here, the ingot depicted in Fig. 3f is repeated in Fig. 4a
as a reference case of an ingot which, when solidified with no rotation
(w=0), has severe segregation including freckles centrally located. When

the mold is rotated at a modest rate (w= 8.7 rad/s, Fig. 4h), freckles do

not result and the macrosegregation is reduced. At a greater speed, Fig. 4c,




-59-

macrosegregation is significantly reduced and the macrosegregation profile
approximates aw-shape. However, with excessive rotational speed (W= 15
rad/s, Fig. 4d), the centrifugal force predominates over the gravity force

and causes outward flow resulting in freckles at the ingot surface.

The calculations shown in Figs. 3 and 4 are based upon the data
for density given in Fig. 5a for the Sn-Pb system. The solid line is
for the density of the interdendritic liquid as a function of the com-
position of Pb up to the eutectic composition where the density of

eutectic liquid and solid are shown as P__ and pSE’ respectively., The

LE
broken line in Fig. 5a was used in the calculations. Calculations were
also done for two hypothetical alloys which have the properties of Sn-Pb
except that the liquid density is assumed to vary differently during
solidification, as shown in Fig. 5b. 1In one case, density of the inter-
dendritic liquid decreases continuously during solidification, whereas

in the second, density first increases and then decreases. These curves
are used for further calculations to show the role of the manner in which

liquid density varies during solidification on convection and macro-

segregation in remelted ingots with mushy zones similar to Figs. 3 and 4.

In Fig. 6, the alloy of decreasing density is selected as the
model. As expected, no macrosegregation results when solidification is
unidirectional as in Figs. 6a and 6d. In the nonunidirectional ingots,
flow diverges from the center and moves upwards towards the mold surface.

Now macrosegregation is positive near the mold surface in nonrotated ingots
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as contrasted to Fig. 3. Again the effect of increasing the concavity of
the mushy zone is to increase the degree of macrosegregation, but the

effect of increasing the local solidiiication time (e.g., by decreasing

i the vertical solidification rate from 1.68 x 10—2cm/sec to 5.6 x 10-3cm/sec)
I is more pronounced. Indeed, in Fig. 6f upward flow is so great near the

ingot surface that freckles form.

Now in this case, the effect of rotating the mold is to shift
the positive segregation at the ingot surface to the ingot center, and 4

at a particular speed, the severity of the segregation is minimized.

This is shown in Fig. 7 where the nonrotated mold of Fig. 7a is the same
as that of Fig. 6f to serve as a basis. When the rotational speed is
excessive (Fig. 7d, w= 21 rad/s), segregation is strongly positive at
the center and freckles form. Of the speeds shown segregation is

minimum for @ = 13 rad/s.

The case of liquid density increasing to a maximum and then

decreasing is particularly interesting; calculations for this case are
given in Figs. 8 and 9. In nonrotated ingots, Fig. 8, positive segrega-
tion appears neither at the center nor at the surface but rather at an
intermediate radial position. Since the overall density change is not

as great in previous two calculations, the degree of segregation is not

as severe and the vertical solidification rate is reduced to 1 x 10—3cm/sec

before freckles are predicted (Fig. 8d). Note that the convection in the
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lower segment of the mushy zone, where density increases, is down and
towards the center whereas in the upper segment, where density decreases,
flow is upwards. These calculations indicate that the convection of
interdendritic liquid depends strongly on the manner in which the density
of liquid varies during solidification and when convection is sufficiently
strong, freckles form at the ingot center (Fig. 3f), ingot surface

(Fig. 6f), or at an intermediate radial position (Fig. 8d).

The effect of rotation in the ingot of Fig. 8d is shown in Fig. 9.
The segregation at the location of the peak is reduced by rotation,
Figs. 9b - d, but when the ingot is rotated at an excessive speed (Fig. 9d,
w = 13 rad/s), the greater centrifugal force at the ingot surface prevails

and causes the formation of freckles at the ingot surface.

The quantitative effect of the centrifugal force on the macro-
segregation is more clearly shown in Fig. 10 for the case of the ingot in
Fig. 4. 1In Fig. 10, AC/C° is plotted vs. wz where AC is the composition
of Pb at the ingot center minus the composition at the surface, and C° is

the overall ingot composition.

The effect of centrifugal force is to decrease AC/C° at all solidifi-
cation rates, but the effect of rotation decreases as the solidification
rate increases. For example, at a solidification rate as high as 5.6 x
lo_zcm/sec, macrosegregation across the ingot is very slight, and rotation

has hardly any effect on the macrosegregation.
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It is most important to note that, although the solidification rate
strongly affects macrosegregation, the optimum rotational speed for mini-
mizing macrosegregation is independent of the solidification rate;y = 12

rad/sec to achieve AC = O in this ingot at all solidification rates.

In the foregoing, macrosegregation theory is applied in order to
show results of calculations given for ingots solidified with no rotaiion
and for ingots solidified with rotation. In our previous paper(l), we
showed that calculations compared well with two nonrotated ingots of Al-47%

Cu and three of Sn-15% Pb alloy. Here, we compare calculations for

rotated ingots of tin-rich Sa-Pb alloys.

APPARATUS AND EXPERIMENTAL PROCEDURE

The apparatus is shown in Fig. 11; this apparatus is a modified
version of the simulated electroslag system previously used by the authors
to study macrosegregation in stationary ingots(l). The major changes are
(1) the mold is attached to a turntable which can be rotated at desired

speeds; (2) the resistance heaters inside the mold rotate with it, and

(3) the output from thermocouples, which also rotate, is obtained with

the help of a slip ring and brushes.




As shown in Fig. 11, the thermocouples were located inside three <

vertical stainless steel tubes. One thermocouple was located inside the
central stainless steel tube; this thermocouple was slid up and down in
order to trace the positions of the solidus and the liquidus isotherms

at the ingot center., However, due to the mold rotation, the thermocouples
inside the other two stainless steel tubes could not be slid up and down.
Therefore, inside each of these tubes, three thermocouples were located
and fixed at different heights. These six thermocouples were connected

to the slip ring for thermal measurement. The experimental procedure was
the same as employed in the case of no mold rotation(l), except that the

mold was rotated during solidification.

EXPERIMENTAL RESULTS

In addition to the ingot described in Fig. 1, five ingots (No.'s 8 -
12) were rotated during solidification. Experimental results obtained
from these ingots are summarized in Fig. 12. Ingots 8 - 10 solidified at

similar rates (approx. 6 x 10-3 cm/sec) and with mushy zones of similar

5 geometry., Without rotation, an ingot solidified at this speed would have
severe macrosegregation with freckles at the centerline (e.g., Fig. 1b
with @ = 0 and Fig. 2a). With rotation at 83 rpm (Ingot 8), the positive
centerline segregation is reduced and freckles are eliminated. With

‘ increasing rotational speeds (Ingots 9 and 10),the centerline segregation

decreases even more, and the overall macrosegregation profile becomes
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w-shaped to the extent that at a sufficiently high rotational speed,
freckles form along the outer surface of the ingot. These results,

of course, are in agreement with Fig. 4.

Ingots 11 and 12 are examples of mushy zones with isotherms that
rise rapidly near the mold wall, In Ingot 11, notice that freckles formed
between midradius and the full radius of the ingot corresponding to the
approximate location where the isotherms rise rapidly. In Ingot 12, the
effect is less severe because the rotational speed is less and the
solidification rate about 60 percent greater. Results from these five
ingots, indicate that rotation can be employed to decrease segregation,
but since excess rotational speed acts to increase segregation, rotation
should be done at a controlled rate, as also demonstrated in Figs. 4, 7,

9, and 10.

Results of calculations of the flow lines and comparison between
calculated and experimental macrosegregation patterns are given in Fig.'s
13 - 17 for ingots 8 - 12, respectively. From thermal measurements, the
liquidus and solidus isotherms at 30 minutes are shown in Fig. 13a for Ingot
8. With the moderate rotational speed (83 rpm) employed for this ingot,
calculations of the flow lines show that interdendritic liquid is still
significantly affected by the gravity force. This can be seen in Fig. 13b
which shows that the liquid flows downwards from the ingot surface towards
the center where it is diverted upwards. However, since this velocity of

the upward moving liquid does not exceed the upward velocity of the isotherms,




there is no remelting of the dendritic structure and so freckles do not

form. Rotation at this speed also significantly reduces the center to ‘i
surface variation of composition. Fig. 13c shows that calculations agree
well with experiment when the value of y used in calculations is 1.2 x |
106 cmz. i
|

Ingots 9 and 10 were solidified at similar casting speeds and
isotherms as Ingot 8 but with greater rotational speeds. By increasing
rotational speed to 97 rpm (Ingot 9) versus 83 rpm (Ingot 8), flow in
the outer region of the ingot is no longer towards the center of the
ingot and the upward flow of 1liquid in the central region is reduced;
this is shown in Fig. 14b. Because of these changes in the flow lines,
the composition at the surface in Ingot 9 (Fig. l4c) is greater than
that in Ingot 8 (Fig. 13c), even though the positive segregation at the
centerline is reduced somewhat. In short, the segregation curve takes
on the W-shape evident in Fig. 13c. Calculations of macrosegregation
agree remarkably well with experimental results with Y equal to

0.98 x 10-'6 cm2.

When the rotational speed is increased to 119 rpm, the flow of
liquid towards the outer portion of the ingot is sufficiently strong that
remelting (i.e., freckling) takes place at the surface of the ingot. This

phenomenon is demonstrated in the results for Ingot 10 which are given in

Fig. 15.
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The calculations also show that v * VT/e<-1 near the ingot surface,
thereby predicting formation of freckles. To obtain the excellent agreement
between calculations and experiment shown in Fig. 15c, a value of 1.3 x 10-6cm
was chosen for y. Microstructures showed no freckles across the entire ingot

except at the ingot surface (Fig. 16) in agreement with calculations of Fig.

15c.

In Ingot 11, the ghape of the mushy zone, shown in Fig. 1l7a, is
different from those of Ingots 8 - 10. In particular, there is an abhrupt
change of the isotherm slopes beyond the midradius in this ingot. Macro-
segregation is given in Fig. 17c where it is seen that the composition rises
rapidly to about 25% Pb at a radial position of about 0.8 cm from the wall,
where the isotherm slopes also increase rapidl?. A value for Y of 3.3 x 10“6
cm2 was used to caléulate the flow pattern and macrosegregation shown in
Fig. 17b and 17c¢, respectively. Although the agreement between the calculated
and the measured macrosegregation is not as good as in Ingots 8 - 10, the
calculations do predict the peaks in the segregation profile and predict

freckle formation at the peaks, Microstructures showed clear evidence of

freckling at about 0.8 cm from the ingot edge.

Ingot 12 was cast with a faster solidification rate than Ingot 11,
i.e., 1.36 x 10_2 cm/sec, and even though the rotational speed, 54 rpm, is
somewhat lower than that of Ingot 11. The resulting macrosegregation is

much less with no evidence of freckles, The calculated flow pattern and
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macrosegregation are shown in Figs, 18b and 18c, respectively, using a value
-6 2
of y equal to 1.0 x 10 ~ cm . The reduced segregation is due to an increase

of about 60% in casting speed of Ingot 12 over that of Ingot 11 (see Fig. 12).

In the foregoing calculations, values of y were chosen to obtain good
agreement of theory with experiment, but the values chosen were self con-
sistent as described below. First, for all ingots, permeability is assumed
to vary with volume fraction liquid according to

2
K= Y8, (5)

The applicability of equation (5) is based upun measurements of permeability

(5,6)

in aluminum alloys » and it has been used previously to calculate inter-

dendritic flow during solidification(]). More recently, Weinberg and Streat(s)
measured the permeability in partially solid lead-rich Pb-Sn alloy and showed,

for a constant value of By, that

K = ad (6)

in which d is secondary dendrite arm spacing and a is a constant, Their
results are consistent with values of d up to about 65 microns. Equations
(5) and (6) predict that Y should be proportional to d2 and Fig. 19 shows
that the values of y selected for Ingots 8 - 10, 12 and for another ingot

(1,4)

previously reported are consistent with this estimation. Since

calculations are not valid when (v ¢ VT/g) <= 1, only ingots with no freckles

-
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are shown with the exception of Ingot 10 where freckles formed only at

the surface layer of the ingot (Fig. 16).

CONCLUSIONS

1.

Calculations which predict macrosegregation in rotated electroslag

ingots compare well with experimental results.

Severe positive centerline macrosegregation can be significantly reduced
and freckling in electroslag ingots can be eliminated if a suitable

speed of mold rotation is applied during solidification. The optimum
rotational speed for minimizing macrosegregation and eliminating freckles
can be predicted by the calculations presented herein, and that optimum
rotational speed for minimizing macrosegregation is independent of

solidification rate,

The effect of centrifugal force on macrosegregation across electroslag
ingots is affected by the solidification rate. At a high solidification
rate (e.g., 10“2 cm/sec), the macrosegregation is slight and the centri-
fugal force has little effect on the macrosegregation. However, when
macrosegregation is severe due to a very slow solidification rate

(eeges 10-3 cm/sec), rotation can be applied to minimize macrosegregation.
However, if an excessive rotational speed (e.g., 150 rpm) is selected,

the concentration profile is reversed.

e o e o
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For example, in alloys with an interdendritic 1liquid of increasing
density during solidification, segregation is positive at the center
and if the local solidification time is great enough, there will be
freckles at the center. Excessive rotation of the mold during solidi-
fication reverses the concentration profile from positive center
segregation to negative center segregation, and the location of the

freckles moves from the central region of the ingot to the surface.

On the other hand, in alloys with decreasing density, excessive rotation
reverses the center segregation from negative to positive, and moves
the location of freckles from the surface of the ingot to the central

region,

Freckles can form at intermediate radial positions in remelted ingots,
in those alloys with a density variation of interdendritic liquid which
increases to a maximum and then decreases. The same holds true when
there is an abrupt increase in slope of the solidus isotherm as in

Fig. 17. In both cases, a decrease in local solidification and/or

mold rotation (if not excessive) eliminates the freckles.,

.
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Figure 3-3.

=

Calculation of macrosegregation in nonrotated
Sn-12.2% Pb ingots. Proceeding across illustrates
the effect of increasing the concavity of the
liquidus and solidus isotherms; proceeding from

top to bottom shows the role of decreasing solidifi-
cation rate. In (f), the macrosegregation profile
is drawn with a broken curve to indicate that cal-
culations predict the remelting of dendrites at the
center, i.e., the formation of "freckles".
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Figure 3-8,
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Calculation of macrosegregation in nonrotated Sn-12.27% Pb
ingots assuming a liquid density which increases and then
decreases during solidification. As in Figures 3 and 6,
proceeding across shows effect of increasing concavity of
mushy zone and proceeding down, the role of decreasing
solidification rate. Remelting is predicted at the radial
position of the peak inm (d).
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Figure 3-10.
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F: Freckling at center
[ f: Freckling at edge
R : Vertical solid rate, cm/sec
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