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High-Frequency Induction Heating of Al-Si-Cu-Mg aluminum alloy in Thixoforming
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Thixoforming is the process of shaping near net shape metal components in a semisolid state. The 
process consists of preparing feedstock, reheating and shaping. Reheating the billet is the most critical step 
in thixoforming. Induction heating requires precise temperature control to obtain globular microstructure 
and prevent process defects, such as insufficient heating, overheating, and electromagnetic end effect 
and elephant foot phenomena. Moreover, inductive heating parameters are investigated to improve 
the quality of thixoforming. This study investigates applied coil current and optimal coil geometry 
and design (i.e. height, diameter and coil turn) in high-frequency induction heating numerically and 
experimentally. Simulation results combined with an approximation approach method are verified via 
a reheating experiment. The proposed method validated via an experiment can be a practical tool for 
predicting temperature distribution and reheating time required for thixoforming.
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1. Introduction

Thixoforming is a semisolid process for producing net 
shape products whereas the initial feedstock is in a solid 
state. The process involves two stages, namely, reheating 
and forming1. Reheating the billet in a semisolid state is 
a particularly crucial stage in thixoforming and is mainly 
achieved by induction heating to obtain a uniform nondendritic 
microstructure2-9. This inductive heating system is non-contact, 
clean, precise and rapid in heating7,8.

The reheating process in inductive heating system starts 
when an alternating electric current induces electromagnetic 
fields which consequently generates an eddy currents to 
release energy and distributes heat throughout the workpiece9. 
Although the process has been successfully applied in many 
industrial processes, reheating in thixoforming need to 
emphasize on certain system operation, parameter and coil 
design. An induction heating system has several restriction 
in achieving uniform temperature distribution; that attributed 
to defects from the result of insufficient heating, overheating 
and electromagnetic end effect over the entire cross-sectional 
billet area10-12.

Research has investigated the effect of inductive heating 
in thixoforming via a numerical simulation or experimental 
method13-15. Kapranos et al. demonstrated a favourable 
agreement of experimental and calculated data concerning 
insulation top and bottom of the slug16. Jung et al. presented 
a numerical approach in ANSYS to solve an induction 
heating problem with an optimal coil design variation for 

a specific billet at a constant frequency17. These authors 
observed a consistent uniform temperature with a globular 
microstructure. Kang et al. proposed an objective function 
on the basis of computational techniques and a numerical 
simulation model18. Such efforts focused on enhancing 
computational time and contributions and producing favourable 
mechanical properties during the reheating process. Jiang et 
al. suggested a numerical simulation via conjugate gradient 
method19. These researchers found that investigations with 
different frequencies do not significantly affect temperature 
uniformity. Song et al. presented another optimisation process 
parameter in A319 aluminium alloy with the effect of different 
coil turns on the reheating process20.

The present study determines the reheating condition 
of thixoforming with the magnitude of coil current using 
the approximation approach method and variation in coil 
geometry. The process of inductive heating is described and 
investigated numerically and experimentally. The results of 
the simulation are compared with the experimental test to 
verify the validity of the proposed method.

2. Experimental Procedure

The alloy used in this study was fabricated via a 
conventional casting process. X-ray fluorescence (XRF) was 
used to determine the chemical composition of the alloy, as 
presented in Table 1. The alloy was subjected to a cooling 
slope (CS) casting processing route to prepare the suitable 
non dendritic feedstock for thixoforming21-23.
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Table 1. Chemical composition aluminium casting alloys, (wt%)

Alloys Si Cu Mg Fe Mn Al

Al-Si-Cu 5.67 1.92 0.32 0.32 0.12 Remainder

The reheating experiments were performed using an 
induction heating system with a high-frequency induction 
heating coil system (30-80 kHz, 35 kW) at semisolid 
temperatures (569 °C to 600 ℃). A thermocouple hole to 
measure the temperature was machined at a position 15 mm 
from the surface (marked in S) of the billet and 10 mm at 
the core of the slug of the billet (marked as C), as depicted 
in Figure 1. K-type thermocouples were inserted into the 
billet for monitoring and measuring the temperature. The 
heating time to reach the semisolid temperature was recorded 
to validate the simulation results.

Figure 1. Model used for simulation study

3. Numerical Analysis

3.1 Calculation of coil current using 
approximation approach

The reheating process of the billet works on the influence 
of induction machine setups, such as induction coil geometry, 
applied power and coil currents. The operating condition 
for induction heating simulation and experimental work 
requires applied coil currents as an input parameter for 
analysing the reheating process. The following methods 
are used in identifying the coil current of induction heating: 
approximation approach and equivalent circuit model24. Baker 
used an equivalent circuit model to design an induction coil25. 
The basis of an equivalent circuit model is the reduction of 
the induction heating coil and workpiece to their equivalent 
resistance and inductance. Song and Moon et al. used this 
approach to evaluate the effect of induction heating variable 
and reported favourable results in practice26. However, several 
difficulties include solving many equations and undergoing 
a lengthy iteration process.

By contrast, an approximation approach claim that this 
method is fast and accurate in determining coil currents. 
The basis of this method is using the design curve for coil 

efficiency, power factor and reflected impedance of turned 
square. Although the curves are primarily theoretical, 
correction factors were based on reference data on the 
equivalent circuit model24.

Coil efficiency, η, works of the part of energy delivered and 
transferred to the coil can be defined as the ratio expressed as
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From this definition, the efficiency, coil factor and coil 
impedance per turn squared can be obtained directly from 
the design curved24. Consequently, from the relationship 
of the coil impedance per turn squared, coil current, Ic [A], 
can be obtained as
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Given that the efficiency and coil current of induction 
heating can be calculated for the different variables directly, 
the effect of induction heating variable on the efficiency 
and coil current can be evaluated via this coil design 
approximation approach.

3.2 Simulation Studies

The induction coil is essential to the inductive heating 
system to provide the homogenous heating pattern distribution 
to the workpieces. Previous researcher17 thoroughly discussed 
the details on coil design in determining coil length. Here, 
an analysis of a couple of electromagnetic-thermal with 
induction heating coil of a given alloy in the reheating 
process were solved using commercial finite element software 
package COMSOL Multiphysics. The simulation model 
2D axisymmetric and 3D geometry model of the induction 
heating used in the analysis are illustrated in Figure 1. The 
coil dimension for reheating is presented in Table 2 with 
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various coil lengths of 90, 110 and 130 mm. The coil was 
modelled with 6 multiturn coil copper wires of 50 mm inner 
diameter. Initial suitability of an optimal coil design from the 
simulation works was analysed and verified via experimental 
works of the heating process.

4. Results and Discussion

4.1 Electromagnetic field and eddy current 
distribution

Figure 2 plots the distribution of magnetic field intensity 
(A/m) and the contour of magnetic flux density (T) for the 
25 mm-diameter heated billet workpiece with a coil length 
of 110 mm. A 2D axisymmetric model demonstrates an 
electromagnetic field near the coil. The maximum magnetic 
field intensity occurs and concentrates along the surface 
region area. The concentration finally causes the skin effect 
given an alternating magnetic field that generated the eddy 
current. For the magnetic flux density, the contour flows 
near the billet. This effect represents the magnetic vector 
potential between the induction coil and workpiece, whereby 
the high strength of the magnetic field occurs in the middle 
of a coil and workpiece. The appropriate gap between billet 
and coil creates an increasingly magnetic line via the coil.

Figure 3 displays the distribution of eddy current in 
the workpiece for the cases of coil lengths 90mm, 110mm 
and 130 mm. The effective eddy current is located from the 
side wall of the surface, and no current is found in the core 
position. A positive value represents the current density of the 
coil, whereas a negative value exhibits the induced current 

Table 2. Dimension of various coil length used in the simulation

Billet 
diameter, (d)

Coil inner 
diameter (Di)

Heating 
length, lw

Coil length, 
H

25mm 50mm 90
90mm
110mm
130mm

The cylindrical billet workpiece of Al-Si-Cu-Mg alloy was 
placed in the middle of the asymmetric induction coil cooled 
by water flow in an internal cooling channel. The coil and 
specimen were placed in the air domain. Table 3 summarises 
the material property values from the required data based on 
JmatPro software and constantly used for simulation studies. 
The boundary conditions used for the electromagnetic and 
heat transfer are listed in Table 4. Reheating was performed 
until 1500 s at a semisolid temperature of approximately 30% 
to 50% liquid fraction (569 °C to 600 ℃) and monitored 
at two points marked with C and S as core and surfaces, 
respectively, as depicted in Figure 1.

Table 3. Material Properties and constant used for the simulation

Material Property Air Aluminium Copper

Relative permeability, µ,r 1 1 1

Electrical Conductivity, σ (S/m) 0 2.44 X 10-7 5.998 x 107

Thermal conductivity, κ (W/mK) 0.026 160 400

Density, ρ (kg/m3) 1.23 2717 8700

Specific Heat, Cp(J/kgK) 1005 879 385

Constants

Convective Cooeficient, h (W/m2K) 5

Emissivity, ε 0.3

Ambient temperature (K) 300

Cooling water mass flow rate, kg/s 0.001

Table 4. Boundary condition for electromagnetic and heat transfer 

Electromagnetic Heat transfer

i. Axial symmetry at r = 0
ii. Magnetic insulation condition applied at air 
boundaries (Aφ= 0)
iii. Magnetic fields on the interior boundaries n x A = 0

i. Axial symmetry at r = 0
ii. Temperature Boundary condition at the air boundaries, 
T = T0= 293K
iii. Heat Flux at other boundaries

k n
T q qradiative heat flux convective heat flux1 22

2 = +S X

k n
T T T h T T0

4 4

2
2

fv= - + -3S Q QX VV
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Figure 2. Electromagnetic analysis of magnetic field intensity 
(units:A/m), a contour of magnetic flux density (units: Tesla,T) in 
Aluminium alloy billet

Figure 3. Electromagnetic analysis result of induced current density (unit: A/m2) for coil length of (a) 90mm (b) 110mm (c) 130mm

in the billet workpiece. The eddy current flows in a thin 
skin and concentrates on the outside surface. The induced 
current decreases in the internal area and is attributed to 
a skin-depth effect. The increased current density at the 
surface increases with the temperature. The inside of the 
billet is heated via thermal conduction from the surface. 
However, in all cases, the minimum eddy current is located 
at the workpiece corner, thereby representing the end and 
edge heating defect

4.2 Heating pattern

Figure 4 illustrates the temperature distribution of 
workpiece for the 25 mm-diameter billet with a coil length 
of 110 mm during reheating at the beginning of 50s, middle 
of 100s, 250s and end of the heating at 450 s. The workpiece 
heated by an eddy current and the surface billet show an 
elevated temperature via the heat transfer. However, the 
difference between the surface to the core is insignificant 
considering that the billet diameter is relatively small. 

The electromagnetic end effect is highly pronounced in these 
cases with the temperature difference surface top/bottom to 
surface centre at 2 °C-5 °C.

Figure 5 depicts the volumetric heat generation rate (q, W/
m3) profile in the workpiece for all cases. The rate is mainly 
the energy for the heating process, and the distribution seems 
similar to the eddy current distribution. The power intensity 
is at the maximum value at the middle portion of the outer 
surface of the workpiece wall. The appearance of varying 
heating patterns is caused directly by the difference in eddy 
current distribution with an increase in coil length height. 
The total heat generation decreases directly, thus resulting in 
edge effect and distortion of the electromagnetic end effect.

Figure 6 demonstrates the comparison confirmation 
between the simulation result and the experimental data for 
the induction coil with a length of 90mm,110mm and 130 
mm. The temperature measurement variation at a different 
position (core and surface) along the workpiece is plotted. 
The reheating process stops when the temperature reaches 
the semisolid temperature (approximately 30%-50% liquid 
fraction). The temperature variation at the core and surfaces 
of the billet are shown as a function of time for all coil 
length cases. In the experiment, the temperature difference 
is very high (approximately 50 ℃) during the reheating 
process given the uncontrolled atmosphere environment. 
This phenomenon (called electromagnetic end effect) is a 
direct result of the distortion in the electromagnetic field 
in the area. The heating duration of the simulation and 
experiment are consistent for all cases at an average 385s, 
450s and 525s for coil length 90mm,110mm and 13mm, 
respectively. The reheating time to achieved the semisolid 
temperature increased at long coil length.

Table 4 lists the R2 values obtained for different coil 
lengths between simulation and experimental temperature 
difference. Considering that the magnetic field depends on 
the current that flows to the workpiece, certain temperature 
differences can be generated in producing heat by Joule 
effect. The other possible cause of the difference between the 
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Figure 4. Temperature distribution of workpiece for the 25mm 
diameter billet with a coil length of 110mm coil length during 
reheating at 50s,100s, 250s and 400s

Figure 5. Volumetric heat generation rate (q, W/m3) profile for coil 
length of 90mm, 110 mm and 130mm

Figure 6. Comparison between simulation result (predicted) and experimental data (measured) of reheating for coil length of (a) 90mm 
(b) 110mm (c) 130mm

measured and the predicted temperatures is the thermocouple 
measurement. This thermocouple has the ability for high 
precision spot measurement and fast response. However, the 
predicted results at Points C and S of the electromagnetic 
and thermal analyses combined with an approximation 
method agree well with the measured values because most 
of the R2 values summarised in Table 5 are higher than 0.9.

4.3 Evaluation of the effects of induction heating 
variables

In induction heating, a coil is used to establish a magnetic 
field that depends on the ampere turns of the coil, geometry 
and its electrical circuit27. Previous works have shown that in 
selecting various induction heating variable, independent and 
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Figure 7. Correlation between different coil length geometry to 
coil efficiency and applied current

Table 5. R2-values obtained for different coil length between 
simulation and experimental to achieved semisolid temperature

Coil length 90mm 110mm 130mm

Point S 
(Measured-experiment) 0.951 0.964 0.946

Point C 
(Measured-experiment) 0.981 0.989 0.995

Point S and C 
Predicted (simulation) 0.998 0.998 0.998

dependent variables will affect the efficiency of the induction 
heating performance in thixoforming26.The independent 
variable before the thixoforming process is coil geometry 
(length and diameter), billet workpiece diameter, workpiece 
temperature, frequency and coil current. The dependent 
variables are electrical material relative permeability and 
electrical resistivity properties. These properties of the 
billet workpiece depend on the temperature produced by 
the independent variables.

Efficiency η is defined as the ratio of the induced output 
power in the heated part to the input power of the coil, as 
expressed in Equation 1. This ratio is considered an index 
parameter of induction heating. The efficiency parameters and 
temperature of the heated workpiece are evaluated without the 
requirement for couple electromagnetic and thermal analysis 
at any frequency, power and air gap between coil and billet 
in the inductive heating process. Through the approximation 
method in coil design, the critical parameter is the coil current 
and a strong relationship with coil efficiency, as exhibited in 
Figure 7. Therefore, coil efficiency is inversely proportional 
to coil current. This value then can be used in electromagnetic 
and thermal analyses as an input parameter to determine the 
temperature of the workpiece and the reheating duration for 
thixoforming.

5. Conclusion

An electromagnetic and thermal analysis combined 
with an approximation approach method was evaluated to 
analyse reheating in thixoforming. The following conclusions 
were obtained:

1.	 An approximation approach method is useful in 
evaluating induction heating variables on the basis 
of the efficiency and input coil currents.

2.	 The results of the electromagnetic and thermal 
analysis model are consistent with the measured 
values of the temperature and heating time required 
for various coil length geometry. The validity of the 
analysis method is confirmed well by experimental 
measurements.

3.	 The optimal reheating coil geometry and applied 
current are proposed to obtain a homogenous 
temperature distribution in thixoforming process.
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