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Abstract

During induction heating, the relationship between time and temperature must be controlled exactly to obtain a homogeneous

temperature distribution over the entire cross-sectional area. Because the initial solid fraction in the semi-solid die casting (SDC) process is

the main parameter to achieve a homogeneous flow behavior of the liquid and solid phases and to prevent macro-segregation effects in the

SDC process, an accurately controllable induction heating method must be selected for the reheating process. The purpose of this work is

not just to obtain the desire solid fraction, generally about 50%, but also to ensure the optimal induction heating conditions of A356 alloy to

reduce the temperature gradient of a 76 mm diameter � 90 mm length billet and to obtain a fine globular microstructure without grain

coarsening (resulting microstructure). This work shows that, in the case of a three-step reheating process for the SDC process, the final

holding time is the most important factor to maintain a fine globular microstructure without grain coarsening. # 2002 Elsevier Science B.V.

All rights reserved.
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1. Introduction

Semi-solid die casting (SDC) process of lightweight

materials such as aluminum alloys, besides co-existing

solid–liquid phases, is of increasing interest for manufactur-

ing engineers and materials scientists [1–7]. This process

clearly shows that semi-solid materials (SSMs) can be both

thixotropic and pseudoplastic. A thixotropic material is one

whose flow properties are time-dependent. This fact must be

addressed, since many experimental investigations of SSM

have been carried out under conditions different from those

found in other metal forming processes.

Forming of materials in the semi-solid state includes both

casting and deformation processes. The basic principle of

this process is deformation at temperatures between solidus

and liquidus points. However, the reheated billet has to be

prepared before SDC, so that it has a very fine globular

microstructure. To obtain the globular microstructure in a

cross-section of the billet, optimal design of the induction

coil is necessary [1–5].

In a study on the induction heating process of SSM,

Kapranos et al. [3] compared numerical results with the

temperature of five points in experiments with heating,

soaking, and power-off stages. Sebus and Henneberger [6]

proposed a new acoustic sensor system for determining the

solid fraction of the reheated billet. Prikhodovsky et al. [7]

simulated the microstructure evolution of aluminum alloys

during isothermal holding at temperatures in the semi-solid

range. Jung and Kang [1,5] proposed through the grain

growth mechanism of Al–6%Si–3%Cu–0.3%Mg (ALTHIX

86S, this alloy is similar to ASM A319) alloy, solutions for

avoiding coarsening phenomena during induction heating

process and a new finite element numerical simulation

model for the reheating process with an optimal coil design.

Most of relevant research that have been performed are

about the properties of SSM, and none has been published on

the overall effects of reheating parameters such as reheating

time, billet size, and holding temperature on the resulting

microstructure.

In this work, the optimal coil design to reduce the

temperature gradient of the billet and to obtain the globular

microstructure was theoretically proposed and tested by

induction heating experiments. The effects of reheating

time, holding temperature, holding time, adiabatic material
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size, and capacity of the induction heating system on the

resulting microstructure were considered.

2. Inductive coil design for uniform induction heating

For the SDC process, the reheating of the billet in the

semi-solid state as quickly and homogeneously as possible is

one of the most important parts of the process. From this

point of view, the design of the induction coil is very

important. For a real system consisting of coil and billet,

the induced heat over the length of the billet is normally not

equally distributed and consequently, there is a non-uniform

temperature distribution. Therefore, an important point for

optimization of coil design is to verify the correct relation-

ship between coil length and billet length [1,5,8–10].

In this work, the optimal induction coil of a commercial

60 Hz induction heating system to obtain globular micro-

structure for variations of SSM and billet dimensions (dia-

meter and length) was designed.

The optimal coil length H and coil inner diameter Di of an

induction heating system were designed for uniform reheat-

ing as shown in Fig. 1.

To consider the main surface power loss in induction

heating, the idealized power density (Ps) must be repre-

sented as the actual power density (Pa), which is modified to

allow for the ratio (d/2dF) of the finite current depth of

penetration (dF) of material and billet radius ðd
2
Þ.

dF ¼
ffiffiffiffiffiffiffi
2ra

mw

s
(1)

Pa ¼
Psðys � ycÞidealized

ys � yc

¼ 6:46kðys � ycÞ
d

(2)

In Eq. (2), ðys � ycÞ=ðys � ycÞidealized ¼ k can be obtained

from the ratio (d/2dF) of a finite current depth of penetration

(dF) of material and billet radius ðd
2
Þ [11].

Here ra, m, o, k, and ys � yc are the resistivity of A356,

the magnetic constant, the angular frequency, the thermal

conductivity, and the maximum surface–center temperature

difference, respectively.

If the production rate is assumed to be 10 billets heated

per hour each 90 mm height, the temperature rises to 584 8C,

because, by Stansel’s data [12] (in the case of a temperature

rise up to 510 8C, thermal capacity q ¼ 145 kW h=t, and

production rate, Pr ¼ 0:01 t=h) and linear interpolation, the

thermal capacity q and the production rate Pr are calculated.

The minimum heated surface area As and the minimum

heated length lw can then be determined as follows:

As ¼
Pt

Pa

¼ Prq

Pa

(3)

lw ¼ As

pd
(4)

To determine the coil inner diameter Di and optimal coil

length H, recommended air gaps ½1
2
ðDi � dÞ� for through-

heating coils and property values to calculate the optimal

coil length are shown in Tables 1 and 2, respectively.

By using linear interpolation with Table 1, the coil inner

diameter Di is calculated, and from the result of Eq. (4), the

optimal coil length H can be calculated by the following

equation:

H ¼ lw þ ð25�75Þmm (5)

Therefore, from the above considerations, the proposed coil

dimensions for the SSM with d � l ¼ 76 � 90 ðmm2Þ are

given in Table 3, and the experiments of induction heating

were carried out by using those dimensions. The suitability

of an optimal coil design was verified through the numerical

simulation of the induction heating process by using

ANSYSTM [2,14]. From the results of the finite element

numerical simulation, a coil length of 120 mm was most

suitable to minimize the electro-magnetic end effect (under-

heating or overheating of the billet).

3. Induction heating experiments for SDC

For the SDC process, the billet must be reheated to a semi-

solid state. The reheating process is very important in the
Fig. 1. Schematic diagram of induction heating system consisting of

inductive coil and cylindrical billet.

Table 1

Recommended air gaps ½1
2
ðDi � dÞ� for through-heating coils [11]

Frequency

(Hz)

Billet

temperature (8C)

Billet diameter, d (mm)

0–60 60–125 125–250

50/60 550 12 12 12

850 12 20 40
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forming process of an SSM billet, it is necessary to achieve

the required SSM billet state, and to control the microstruc-

ture of the billet.

The SSM used in this study was A356 alloys fabricated by

electro-magnetic stirring, made by PECHINEY, France.

This SSM is a casting alloy used in the manufacture of

automotive parts. Its chemical composition is shown in

Table 4, and the microstructure of the raw material is shown

in Fig. 2. The primary crystal at as-cast microstructure

fabricated by electro-magnetic stirring is not globular but

similar to the equiaxed crystal. However, the primary crystal

becomes globular when the raw material is remelted in the

semi-solid condition.

Billets of 76 mm � 90 mm were machined from the

received A356 alloy. The induction heating experiments

were performed by using an induction heating system with

a capacity of 50 kW. As shown in Fig. 1, to achieve uniform

heating, the heating coil of the induction heating system was

made by machining to Do � H ¼ 120 � 120 ðmm2Þ
[2,10,14]. Thermocouple holes to measure the temperature

accurately are machined. To accurately control the tempera-

ture of the SSM, K-type CA thermocouples of f1.6 mm are

inserted into the billet. The thermocouples were calibrated

against the boiling point of water. The accuracy of the

thermocouples is approximately 0.2%. A data logger

TDS-302 (Tokyo Sokki Kenkyuio) was used to receive

the data, and the heating temperature was set to the datum

as a thermocouple position b in Fig. 1.

To determine the optimal reheating conditions for the

globularization of the microstructure and a small tempera-

ture gradient, the following parameters were considered: the

capacity of the induction heating system (Q), reheating time

(ta), holding temperature (Th), holding time (th), reheating

steps, and adiabatic material size. The reheating experiments

were performed for the conditions in Table 5. The meanings

of the symbols used in Table 5 are the same as those shown in

Fig. 3.

4. Results and discussion of induction heating
experiments

The microstructure of SSM after reheating must be glob-

ular. Moreover, when the SSM is fed from the induction

heating system to the die, the shape of the SSM must be

maintained. Therefore, the capacity of the induction heating

system (Q), reheating time (ta), holding temperature (Th),

Table 2

Property values used for the calculation of the optimal coil length (f ¼ 60 Hz, l ¼ 90 mm, k ¼ 0:62)

Parameters Symbol Unit Values Ref.

Maximum surface–center temperature difference ys � yc K 4

Current depth of penetration d mm 10.7 [4]

Thermal conductivity k W/m K 159 [13]

Idealized power density Ps kW/m2 41.85

Resistivity of A356 ra mO m 0.0421 [13]

Magnetic constant m H/m 4p� 10�7 [11]

Angular frequency o rad/s 120p
Finite current depth of penetration dF m 1:3 � 10�2

Actual power density Pa kW/m2 67.5

Thermal power Pt kW 1.5

Production rate Pr t/h 0.01 [12]

Thermal capacity q kW h/t 150

Minimum heated surface area As m2 22:2 � 10�3

Billet diameter d mm 76

Minimum heated length lw mm 93

Table 3

Designed dimensions of induction coil (f ¼ 60 Hz, d ¼ 10:7 mm [4],

l ¼ 90 mm)

Billet

diameter, d

Coil inner

diameter, Di

Minimum heating

length, lw

Optimal coil

length, H

76 mm 100 mm 93 mm 118–168 mm

Table 4

Chemical composition of A356 alloy (wt.%)

Si Fe Cu Mn Mg Cr Zn Ti Pb

Minimum (%) 6.5 – – – 0.30 – – – –

Maximum (%) 7.5 0.15 0.03 0.03 0.40 – 0.05 0.20 0.03

Fig. 2. Optical microstructure of as-cast raw A356 billet fabricated by

electro-magnetic stirring in PECHINEY.
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holding time (th), reheating steps, and adiabatic material size

were considered as parameters of the experiment to observe

the globularization of the microstructure and the tempera-

ture gradient.

The relationship between temperature and the solid

fraction is given in Fig. 4. It can be seen that the solid

fraction of ALTHIX changes rapidly at about 565 8C which

is lower (up to 10 8C) than the eutectic remelting tempera-

ture of 575 8C [2,10,14,16]. According to the literature [15],

the temperatures corresponding to the solid fraction of 50

and 55% are 584 and 576 8C, respectively.

For Exp. Nos. 1–21, the reheating experiments were per-

formed for fS ¼ 50%. For Exp. Nos. 1–9, the experiments

were carried out at the reheating conditions ta1 ¼ 4 min,

ta2 ¼ 4 min, ta3 ¼ 2 min, th1 ¼ 1 min, th2 ¼ 3 min, th3 ¼
2 min, Th1 ¼ 350 	C, Th2 ¼ 575 	C, and Th3 ¼ 584 	C, but

with a changing capacity of the induction heating system to

determine the optimal capacity, by varying the heating time.

In the case of the capacity (Q) of 7.796 and 8.398 kW, the

billets reach the set temperature with a small temperature

difference.

Therefore, Exp. Nos. 10 and 11 were performed under the

conditions ta1 ¼ 10 min, th1 ¼ 2 min, and Th1 ¼ 584 	C,

with the capacities (Q) of 7.796 and 8.398 kW. For Exp.

Nos. 10 and 11, the sizes of adiabatic materials are

D � W � L ¼ 75 � 70 � 19 ðmm3Þ and D � W � L ¼
53 � 53 � 19 ðmm3Þ, respectively. Figs. 5 and 6 show the

Table 5

Induction heating conditions for the SDC using A356, test billet dimensions: d � l ¼ 76 � 90 ðmm2Þ

Number Relating time, ta (min) Holding temperature, Th (8C) Holding time, th (min) Total

time (min)

Capacity,

Q (kW)

Adiabatic material size,

D � W � L (mm3)
ta1 ta2 ta3 Th1 Th2 Th3 th1 th2 th3

1 4 4 2 350 575 584 1 3 2 16 3.00 Without

2 4 4 2 350 575 584 1 3 2 16 3.30 Without

3 4 4 2 350 575 584 1 3 2 16 4.94 Without

4 4 4 2 350 575 584 1 3 2 16 6.30 Without

5 4 4 2 350 575 584 1 3 2 16 7.00 Without

6 4 4 2 350 575 584 1 3 2 16 7.50 Without

7 4 4 2 350 575 584 1 3 2 16 7.796 Without

8 4 4 2 350 575 584 1 3 2 16 8.398 Without

9 4 4 2 350 575 584 1 3 2 16 8.398 75 � 70 � 19

10 10 584 2 12 7.796 75 � 70 � 19

11 10 584 2 12 8.398 53 � 53 � 19

12 8 1 575 584 3 2 14 8.398 53 � 53 � 19

13 4 3 1 350 575 584 1 3 2 14 8.398 53 � 53 � 19

14 4 3 1 350 575 584 1 3 1 13 8.398 53 � 53 � 19

15 4 3 2 350 575 584 1 2 1 13 8.398 53 � 53 � 19

16 4 3 2 350 560 584 1 3 1 14 8.398 53 � 53 � 19

17 4 3 2 350 560 584 1 2 2 14 8.398 53 � 53 � 19

18 3 3 2 350 565 584 1 3 2 14 8.398 53 � 53 � 19

19 4 4 2 350 565 584 1 3 2 16 8.398 53 � 53 � 19

20 4 3 1 350 575 584 1 3 3 15 8.398 53 � 53 � 19

21 4 4 2 350 575 584 1 3 2 16 8.398 53 � 53 � 19

Fig. 3. Input data diagram of induction heating conditions to obtain the

globular microstructure suitable for the SDC process.

Fig. 4. Relationship between temperature and solid fraction for A356

(ALTHIX).
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Fig. 5. Temperature distributions for different capacities of the induction heating system in one-step reheating process for SDC (fS ¼ 50%, ta1 ¼ 10 min,

Th1 ¼ 584 	C, th1 ¼ 2 min): (a) Exp. No. 10, Q ¼ 7:796 kW; (b) Exp. No. 11, Q ¼ 8:398 kW.

Fig. 6. Microstructure obtained in one-step reheating process for SDC with A356 (fS ¼ 50%, ta1 ¼ 10 min, Th1 ¼ 584 	C, th1 ¼ 2 min): (A) Exp. No. 10,

Q ¼ 7:796 kW; (B) Exp. No. 11, Q ¼ 8:398 kW.
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temperature distributions and microstructures of reheated

SSM for Exp. Nos. 10 and 11. The temperature difference of

the reheated SSM at the measured positions is small, the

particle size is also generally small, but the globular micro-

structure is not obtained. Due to the lack of sufficient

holding time for the separation between solid and liquid

before and after the phase change, and for globularization of

the solid particle, one-step reheating is unsuitable for the

billet size of d � l ¼ 76 � 90 ðmm2Þ.
Exp.No.12wasperformedunder theconditions ta1¼8 min,

ta2¼1 min, ta3¼2 min, th1¼3 min, th2¼2 min, Th1¼575 	C,

Th2 ¼ 584 	C, and Q ¼ 8:398 kW. Moreover, the size of the

adiabatic material was D � W � L ¼ 53 � 53 � 19 ðmm3Þ.
Figs. 7 and 8 show the temperature distribution and micro-

structure of the reheated SSM for Exp. No. 12. The tem-

perature difference of the reheated SSM at the measured

positions is small, and a good globular microstructure is

obtained at positions a–c (Fig. 1). The degree of globular-

ization is similar in positions a and b, but the microstructure

of position c is coarse.

Exp. No. 13 was performed under the conditions ta1 ¼
4 min, ta2 ¼ 3 min, ta3 ¼ 1 min, th1 ¼ 1 min, th2 ¼ 3 min,

th3 ¼ 2 min, Th1 ¼ 350 	C, Th2 ¼ 575 	C, Th3 ¼ 584 	C,

and Q ¼ 8:398 kW. The size of the adiabatic material is

D � W � L ¼ 53 � 53 � 19 ðmm3Þ. Figs. 9 and 10 show the

temperature distribution and microstructure of reheated

SSM for Exp. No. 13. The temperature difference of

reheated SSM at the measured positions is small, and a fine

globular microstructure is obtained at positions a–c (Fig. 1).

Comparing Exp. Nos. 12 and 13, the temperature differ-

ence of reheated SSM at the measured positions is small.

The microstructure of Exp. No. 13 (three-step reheating) is

finer and more globular than that of Exp. No. 12 (two-step

reheating).

Exp. Nos. 14 and 20 were performed under the same

conditions as Exp. No. 13, th3 ¼ 1 min and th3 ¼ 3 min,

respectively. Figs. 9 and 10 show the temperature distribu-

tions and microstructures of the reheated SSM for Exp. Nos.

14, 13, and 20. The temperature difference of reheated SSM

at the measured positions is small. For Exp. No. 14, the

microstructure is not globular at positions a and b (Fig. 1),

and the globularization is in progress at position c. Exp. No.

20 shows good globularization, but the size of the globular-

ization is large at positions a–c (Fig. 1).

Fig. 7. Temperature distributions in two-step reheating process for SDC (fS ¼ 50%, ta1 ¼ 8 min, ta2 ¼ 1 min, Th1 ¼ 575 	C, Th2 ¼ 584 	C, th1 ¼ 3 min,

th2 ¼ 2 min, Q ¼ 8:398 kW).

Fig. 8. Microstructure obtained in two-step reheating process for SDC

with A356 (Exp. No. 12, fS ¼ 50%, ta1 ¼ 8 min, ta2 ¼ 1 min, Th1 ¼
575 	C, Th2 ¼ 584 	C, th1 ¼ 3 min, th2 ¼ 2 min, Q ¼ 8:398 kW).
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Exp. Nos. 19 and 21 were performed at Th2 ¼ 565 	C and

Th2 ¼ 575 	C. Figs. 11 and 12 show the temperature dis-

tributions and microstructures of reheated SSM for Exp.

Nos. 19 and 21. In the case of Exp. No. 19, a globular

microstructure was not obtained at position a (Fig. 1),

globularization was in progress at position b, and a fine

globular microstructure was observed at position c. In the

case of Exp. No. 21, the temperature difference of the

reheated SSM at the measured positions is larger than that

of Exp. No. 19. Exp. No. 21 shows good globularization, but

Fig. 9. Temperature distributions for the variation of th3 in three-step reheating process for SDC (fS ¼ 50%, ta1 ¼ 4 min, ta2 ¼ 3 min, ta3 ¼ 1 min,

Th1 ¼ 350 	C, Th2 ¼ 575 	C, Th3 ¼ 584 	C, th1 ¼ 1 min, th2 ¼ 3 min, Q ¼ 8:398 kW): (A) Exp. No. 14, th3 ¼ 1 min; (B) Exp. No. 13, th3 ¼ 2 min; (C) Exp.

No. 20, th3 ¼ 3 min.
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shows cohesion between solid regions at positions a–c

(Fig. 1).

Fig. 13 shows the details of the eutectic microstructure of

Exp. No. 13, which achieved the finest globular microstruc-

ture for fS ¼ 50%. Fig. 13 shows that the eutectic is melted

completely. Therefore, the A356 (ALTHIX) alloy is held

without a change of temperature at around 575 8C, which is

the eutectic temperature for 120–130 s. The solid fraction is

then rapidly changed, because of the melting of the eutectic in

this temperature range. It was found that the eutectic is melted

completely at over 575 8C, and complete eutectic melting is

necessary to obtain a fine globular microstructure. The

temperature rise does not occur until sufficient thermal

energy is provided to melt the eutectic, because much thermal

energy and time are necessary to melt the eutectic [2,5,10,14].

Before and after the melting of the eutectic, the solid fraction

is rapidly changed, and a rapid temperature rise occurs when

the eutectic is melted. Due to this temperature rise, the

temperature difference becomes large, and controlling the

reheating temperature is difficult. Therefore, to homoge-

neously control the temperature distribution and the solid

fraction of the SSM, the billet must be reheated in three-steps.

It was found that in the case of d � l ¼ 76 � 90 ðmm2Þ
(shown in Fig. 10), one-step reheating is not a good process,

because the size of the solid particles is small, and the

globular microstructure is not obtained. As shown in Figs. 8,

10 and 12, three-step reheating is better than two-step

reheating with respect to small solid particles and the

accuracy of globularization.

The holding time of the final step is very important in the

three-step reheating process [1,2,5,9,10,16,17]. As shown in

Fig. 10(A), in the case of the three-step reheating process, if

the holding time of the final step is short, the globular

microstructure cannot be obtained, due to the lack of suffi-

cient holding time for the separation between a solid and a

liquid, before and after the phase change, and for globular-

ization of the solid particles. On the other hand, if the

holding time of the final step is too long, the risks of grain

coarsening may be increased, due to the cohesion of the solid

regions and the decrease in the liquid regions, as shown in

Fig. 10(C). Therefore, the optimal holding time in the final

step to obtain a fine globular microstructure without agglom-

eration is 2 min.

The proposed induction heating conditions with coil

design enables the control of microstructure that affects

the mechanical and rheological behavior [18–21] of alloys

in the semi-solid state. In order to reduce the lead time for

manufacturing, a study on the correlation between inductive

Fig. 10. Microstructure obtained in three-step reheating process for SDC with A356 (fS ¼ 50%, ta1 ¼ 4 min, ta2 ¼ 3 min, ta3 ¼ 1 min, Th1 ¼ 350 	C,

Th2 ¼ 575 	C, Th3 ¼ 584 	C, th1 ¼ 1 min, th2 ¼ 3 min, Q ¼ 8:398 kW): (A) Exp. No. 14, th3 ¼ 1 min; (B) Exp. No. 13, th3 ¼ 2 min; (C) Exp. No. 20,

th3 ¼ 3 min.
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Fig. 11. Temperature distributions for the variation of Th2 in three-step reheating process for SDC (fS ¼ 50%, ta1 ¼ 4 min, ta2 ¼ 4 min, ta3 ¼ 2 min,

Th1 ¼ 350 	C, Th3 ¼ 584 	C, th1 ¼ 1 min, th2 ¼ 3 min, th3 ¼ 2 min, Q ¼ 8:398 kW): (a) Exp. No. 19, Th2 ¼ 565 	C; (b) Exp. No. 21, Th2 ¼ 575 	C.

Fig. 12. Microstructure obtained in three-step reheating process for SDC with A356 (fS ¼ 50%, ta1 ¼ 4 min, ta2 ¼ 4 min, ta3 ¼ 2 min, Th1 ¼ 350 	C,

Th3 ¼ 584 	C, th1 ¼ 1 min, th2 ¼ 3 min, Q ¼ 8:398 kW): (A) Exp. No. 19, Th2 ¼ 565 	C; (B) Exp. No. 21, Th2 ¼ 575 	C.
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heating modeling and final microstructures has been cur-

rently conducted.

5. Conclusions

To apply the SDC processes, the optimal coil design of

A356 (ALTHIX) alloy with d � l ¼ 76 � 90 ðmm2Þ was

theoretically proposed and tested by induction-heating

experiments. In the reheating process of the A356 alloy

with d � l ¼ 76 � 90 ðmm2Þ, because the three-step reheat-

ing produces the best globular fine microstructure, it is more

suitable than two-step reheating. The optimal holding time

in the final step to obtain a fine globular microstructure

without agglomeration is 2 min at the three-step reheating

process.
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