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[ Abstract] Based on the analyses of electromagnetic pressure on melt and heat induced in melt, the ratio of heat to pres-

sure Q o/ p ., was defined. It was given that the relationship between Qo/ p,, and thickness a, electromagnetic parameter

Y of melt and electric current frequency f under electromagnetic confinement and shaping process. If the value of Qo/

P m is big, any adjustment on melt shape will easily cause a variation of temperature in melt. In this situation, there ap-

pears a more sensitive interaction between shape and temperature field and a more narrow adjustment range for this pro-

cess. Experiments on some thin plate samples with a cross section of 6mm X 18 mm have been done in two kinds of induc

tion coils respectively. The results show that as the coil with a trumpet inside wall is used and the positions of melt top and

S/ L interface are properly selected, the melt periphery is nearly vertical and the temperature gradient ahead of S/ L inr

terface is high. On this condition, a more stable and wider coupling between shape and temperature field has been continu-

ously maintained and samples with smooth surface and unidirectional crystals have been successfully obtained.
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1 INTRODUCTION

The electromagnetic casting technique was ap-
plied to obtaining aluminum ingots with large cross
section in 1980, in which low electric current fre-

quency was usually selected! '™ !

In our laboratory,
the research is focused on the electromagnetic shaping
of blade-like and thin plate casting recently. It is
known that in order to hold a given shape of melt the
magnetic field should be adjusted instantly at all time.
For ingot with large crosssection, the variation of
magnetic flux density just has a little effect on tem-

perature field ® ®I.

But for those with thin cross
section, the variation of magnetic flux density will
cause an obvious change of temperature in melt,
which leads the move of position of S/ L interface.
The displacement of S/ L interface changes the rela-
tionship between the static pressure of melt and the
electromagnetic pressure and makes the melt shape
vary unexpectedly. Similar unexpected variation of
melt shape also happens while the temperature is ad-
justed by changing the magnetic field. This is because
of a significant effect of magnetic field on both elec
tromagnetic pressure and temperature. Therefore, it
is not considered to be possible to adjust the melt
shape or temperature field without influencing each
other. By comparison, the process of electromagnetic

confinement and shaping for thin plate has two new
characteristics: 1) the magnetic flux density plays the
same important roles in heating and shaping; 2) the
melting and shaping can be completed simultaneously
by a single induction coil. In this study, the ratio of
heat to pressure is defined and discussed. The inter
action between shape and temperature field of melt is
also investigated with experiments.

2 THEORETICAL ANALYSES

9,10
In former research works! '

, we have brought
forward the equations about induced current density
in melt and electromagnetic pressure on melt in elec
tromagnetic confinement and shaping of plate. Equa
tion (1) and equation (2) in the following are for in-
duced current density J, in plate melt and for electro-

magnetic pressure p ., on plate melt respectively:

PRI v(ch 2Kx — cos 2Kx) (1)
H(ch Ka+ cos Ka)

2 K a
B 1 L J ch?t — cos’tdt

Pm= oUchKa+ cosKa
(2)

K = JTf By . As shown in Fig. 1, B is the

magnetic flux density on the periphery of melt, a is

J,= B

where

the thickness of melt, f is the current frequency, and
B and V are the magnetic conductivity and electric
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Fig. 1 Scheme of distributions of magnetic flux
density B. and current density J,

conductivity of melt respectively.

As shown in Fig. 1(b), the power produced by
induced current in d V with a bottom area A = 1 and
a thickness dx is

)
40="5(1dx) 3
Substituting equation ( 1) into equation (3), the
result is
— 2 2T[f .
9= B BichKa+ cosKa)
(ch2Kx — cos2Kx )dx (4)

The heat energy produced in volume V with
bottom area A = 1 and thickness a is

a/ 2
Q=2 L dQ (3)
Substituting equation (4) into equation (5) the
whole power produced in volume V is

_ 225 shKa- sinKa
=5 K chKa+ cosKa (6)
The average power produced in unit volume is
_Q
0= ¢ (7)

Substitute V= 1*a and equation (6) into equa
tion (7), then
1 4% shKa- sinKa,,»
Qo= a NW¥ychKa+ cosKaB (8)
For comparing the contributions of magnetic flux

density to heating and to shaping, the Q¢/ p ., ratio
of average power absorbed by melt in unit volume to
electromagnetic pressure on unit area, is defined as
This ratio reflects the
heating ability on melts in different confinements and

“ratio of heat to pressure”.

shaping systems while the electromagnetic pressures
on melt is the same. From equations ( 8) and (2),
we can obtain

Qo sh Ka - sinKa _A,_Jg_ﬁ 9
pm_ 'K a a l-lY ( )

, (ch?t - cos®t)"*d1

The results of numerical integration of equation
(9) is shown in Fig. 2 and Fig. 3, which give the re-
lationships between ratio of heat to pressure Qo/ pn
and thickness @, and electromagnetic parameter HY
of melt and current frequency f. These curves pre-
sent that the ratio decreases with the decrease of cur-
rent frequency and with the increases of thickness and
electromagnetic parameter of melt. When the melt
thickness is big or the frequency is low or the electro-
magnetic parameter is large, the ratio is small and the
melt absorbs less heat while there exerts the same
electromagnetic pressure on it, so an adjustment on
magnetic field has a negligible effect on the tempera-
ture of melt. This conclusion is in good agreement
with the results in the electromagnetic casting of big
aluminum ingot. Inversely, if the melt thickness is
thin or the frequency is high or the electromagnetic
parameter is small, the ratio is big and the melt will
absorb a lot of heat while there exerts the same elec
tromagnetic pressure on it. The magnetic field can
not only confine and shape the melt but also melt and
heat the alloy simultaneously. It is obvious that

in order to hold the electromagnetic confinement and
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shaping process of thin plate-like parts, a stable and
wide coupling between melt shape and temperature
field is necessary.

3 EXPERIMENTAL AND DISCUSSION

The factors which affect the coupling between
shape and temperature field of thin plate melt have
been investigated by the following experiments.

AF2.5% Cu plate samples with a crosssection of
6mm X 18 mm are selected in experiments. The fre-
quency of electric current through the coil was 300
kHz. Experimental apparatus is illustrated in Fig. 4.
Experiments were proceeded in two kinds of induc
tion coils with a trumpet inside wall (H = 24 mm, «a
= 10°) and a vertical inside wall (H = 24 mm, a=
0), respectively. The position of solid/ liquid inter
face was controlled by adjusting the coolant volume of
flow. The melt shapes and positions of S/ L interface
and melt top were quenched and fixed by abruptly
augmenting the coolant volume of flow and then mea
sured. The distributions of magnetic flux density in
space were measured with a detection coil made by
us. The temperature profiles in melt along axis were
measured with some thermal couples of 0. 3mm in dir
ameter.

Curve No. 1 and curve No.2 in Fig. 5 are the
profiles of magnetic flux density measured along pe
riphery of samples before melting in the coils with a
trumpet inside wall and a vertical inside wall, respec
tively. The solid curves in Fig. 6 and Fig. 7 present
the electromagnetic pressure profiles along sample pe

i

Fig. 4 Schematic diagram of experimental apparatus
for electromagnetic confinement and shaping process
1 —Solid material; 2 —Melt; 3 —Induction coil;

4 —Solidified part; 5 —Coolant; 6 —Cooler; 7 —Drawing bar

riphery, which are respectively calculated from curve
No. 2 and curve No. 1 in Fig. 5 with equation (2).
The dashed curves in Fig. 6 are the electromagnetic
pressure profiles along sample periphery in coil with
vertical inside wall while the electric current through
the coil is decreased. The straight lines in two figures
are the static pressure distributions of melts with dif-

ferent top positions. From the curves in Fig. 6, it can
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Fig. 5 Profiles of magnetic flux density measured

along periphery of samples in different coils
1—a= 10°; 2—a= 0
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Fig. 6 Distributions of electromagnetic pressure p
and static pressure p, along sample periphery in

coil with vertical inside wall
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Fig. 7 Distributions of electromagnetic pressure p
and static pressure p ; along sample periphery in

coil with trumpet inside wall ( a= 10°)
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be seen that for coil with a vertical inside wall, wher
ever the position of S/ L interface and the position of
melt top are, and whatever the value of current densi-
ty in the coil is, the electromagnetic pressure and
static pressure always do not coincide well. The im-
balance between static pressure and electromagnetic
pressure will cause a deformation of melt, therefore
the melt periphery is not vertical. Fig. 8(a) shows
the melt shape of quenched sample obtained in this
kind of induction coil. Usually, the melt with this
periphery is not stable and the movement of S/ L in-
terface caused by a fluctuation of temperature results
in a norruniform cross section or even process failure.
But for induction coil with a 10° trumpet inside wall,
if the positions of S/L interface and melt top are
properly selected (in present experiment, h, = 11
mm, hg,;= 18 mm) the electromagnetic pressure co-
incides with static pressure at every point on periph-
ery quite well, so the melt has an ideal vertical pe
riphery. On this condition, even if a quite big fluctu-
ation of temperature has caused S/ L interface to
move in a wide range (as shown in Fig. 7, from posr-
tion 1 to position 4, S/ L interface moves about 17
mm), the good coincidence between electromagnetic
pressure and static pressure always exists, thus the
periphery of melt keeps vertical. Fig. 8(b) shows the
photographs of melt shapes fixed by quenching while
S/ L interface reaches different positions. They ex-
plain that the melt shape and temperature field keep a
good and stable coupling in a quite wide range, so the
solidified samples have uniform cross-sections and
smooth surfaces. Fig. 9 shows a series of samples ob-
tained under this condition, which are well shaped
and have smooth surfaces, elliptic crosssections and
unidirectional crystals.

The temperature profile in Fig. 10, where T, is
the temperature of liquidus, shows that the tempera
ture gradient ( G1) in the front of S/ L interface in-
creases with the decrease of position of S/ L inter
face. and wherever the position of S/ L interface is,

Fig. 8 Photographs of melt shapes
(a) —Best melt shape quenched in coil with a= 07;
(b) —Melt shape quenched at different S/ L
interfaces in coil with a= 10°

e}

Fig. 9 Samples shaped in coil with
trumpet inside wall ( a= 10°)
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Fig. 10 Temperature profiles in melt for
different positions of solid/ liquid interface
1—Gi= 284 C/em; 2—G = 140 C/ cm;
3—G= 77 C/cm

the melt periphery is always vertical as shown in Fig.
8(b). That is, there is a stable and wide coupling be-
tween melt shape and temperature gradient. The
wide variation range of temperature gradient makes
the solidified structures of alloy have different forms
and fineness. Especially as the high temperature gra-
dient ahead of S/ L interface is selected the solidified
structures of alloy will have superfine unidirectional
crystals which have excellent mechanical proper

ties' 11,

4 CONCLUSIONS

The theoretical analyses and experimental results
show that if a low current frequency or a big electro-
magnetic parameter or a large thickness of melt is se-
lected, the ratio of heat to pressure becomes small and
the adjustment for melt shape or for temperature field
has no obvious effect on another. Thus the control for
the confinement and shaping process is relatively
easy. But if the frequency is high or the melt thick-
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ness is thin or the electromagnetic parameter is small,
the ratio of heat to pressure is big. On this condition,
the melting and shaping of melt can be completed si-
multaneously by a single induction coil. This is an ad-
vantage in the case of high ratio of heat to pressure.
On the other hand, the big ratio asks the design on
induction coil and the selection on the values of pa
rameters which affect this process to produce a good
and wide coincidence between static pressure and elec
tromagnetic pressure. The wider the coincidence
range is, the more stable and better the melt shape
is. In this situation, the coupling range between tem-
perature and melt shape can be wide and the tempera-
ture gradient in the front of S/ L interface can be ad-
justed in a large range, which is the guarantee for
confining and shaping a thin plate-like parts with a
single induction coil successfully.

TABLE OF SYMBOLS
p m —Electromagnetic pressure;
p s —Static pressure by melt;
B —Value of magnetic flux density on melt sur
face;
B. —Value of magnetic flux density in melt;
B.o —Value of magnetic flux density at the cen-
ter (x= 0) of melt;
J, —Electric current density in melt;
j—Imaginary operator of complex number;
B —Magnetic conductivity of melt;
¥ —Electric conductivity of melt;
By —Flectromagnetic parameter;
a —Melt thickness;
J —Electric current frequency;
Qo —Average power produced in unit volume;
Qo/ pm —Ratio of heat to pressure;
G1. —T emperature gradient in the front of S/ L

interface;

[ 10]

[ 11]

T ., —Temperature of liquidus;

K = .} T[‘f By
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