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Resume 

The paper aims to clarify the effects of electromagnetic frequency on magnesium 

alloy AZ80 billets during low frequency electromagnetic casting. It proposes 

a mathematic model, verified against the temperature measurements obtained 

from AZ80 alloy billet of 160 mm in diameter, to predict the interaction 

of electromagnetic field, fluid flow, and temperature distribution. The sump 

depth becomes deeper and the maximum sustained speed of melt flow increases 

with the increase of electromagnetic frequency. By the analysis of the effects 

of fluid flow and temperature field on the solidification in the presence 

of electromagnetic field, the best electromagnetic parameters are given. 
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1. Introduction 

Compared with steel and aluminum, 

magnesium (Mg) is used commonly as the lightest 

structural metal for the low specific gravity. 

Additionally, there are many other advantages 

of magnesium, such as high specific strength 

and specific stiffness, excellent damping 

capacity and recyclability, relatively good 

conductivity and shielding capacity, and  

etc. The magnesium alloy has a great potential 

to be used in automobile, electronic products, 

aerospace and defense. And the application 

of magnesium alloys grows at the fastest rate 

every year in the world [1 - 4]. The research 

of magnesium alloys has been more extensive 

since 2000. AZ80 alloy is one of the most 

typical cast Mg alloys with low price and good 

mechanical properties [5 - 8]. There have been 

several studies to investigate AZ80 magnesium 

alloy. Hilpert et al. [9] studied corrosion fatigue 

behavior of the high-strength magnesium alloy 

AZ80 and showed that roller burnishing led 

to outstanding fatigue performance. In another 

study, effect of heat treatment on microstructure 

and tensile deformation of Mg AZ80 alloy 

at room temperature has been investigated. 

It has been shown that the dissolution of γ-phase 

in materials homogenized for 5 h significantly 

improves the casting‘s ductility [10]. Moreover, 

it has also been reported that continuous 

networks of β-Mg17Al12 formed along grain 

boundaries acted as effective crack propagation 

paths, which had negative effects on the weld 

strength [11].  

Up to now, most of the magnesium alloy 

products are fabricated by direct chill (DC) 

casting. It is very easy to process foundry 

defects, especially hot cracking appearing in DC 

casting when filling of the mould cavity, 

because heat transfer, which takes place 
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between the metal surface and the walls  

of the mould, will directly affect the subsequent 

processing as genetic effect. Therefore,  

it is important to eliminate the casting defects 

in order to improve microstructure and 

properties of the alloy. Low-frequency 

electromagnetic casting (LFEC) is developed 

by Cui and his colleagues [12 - 15], which can 

improve properties of the alloy by precisely 

controlling the fluid flow and temperature field. 

Their research suggests the application of low-

frequency electromagnetic field can refine 

microstructure of aluminum alloys remarkably, 

decrease the macro segregation, increase 

the mechanical properties of casting alloys, and 

improve the surface quality of ingot and hinder 

crack efficiently.  

In addition, with the development 

of finite element calculation, numerical 

simulation has become the effective and 

convenient technology tools of engineering 

analysis science research besides experiment 

and theory. A large number of experiments were 

performed to obtain best process parameters, 

but this resulted in costly and time consuming 

and sometimes it was impossible in the past. 

Thus, the process was modeled and analyzed 

by the finite element method at first, and then 

the result was verified by experiments. Many 

mathematical models for a continuous casting 

process have been developed. There are also 

some studies about semi-continuous casting 

process simulation when the low-frequency 

electromagnetic exists. Zhang et al. [16, 17] 

presented a numerical simulation model 

for 7XXX aluminum alloys which could predict 

electromagnetic field, fluid flow, heat transfer 

and solidification during low frequency 

electromagnetic casting. Yoshioka et al. [18] 

studied the heat transfer and solidification 

processes of alloy melt with undercooling. 

In this investigation, an analytical model was 

proposed to predict the temperature change, 

interface movement, and solute concentration 

distribution during the solidification  

of an undercooled Bi–Sn melt. Faraji et al. [19] 

investigated the finite element method (FEM) 

and an experiment of the accumulative back 

extrusion (ABE) processing of an AZ91 

magnesium alloy. Le et al. [20] studied 

the effect of electromagnetic field on the hot-top 

casting by numerical simulation. Kageyama 

et al. [21] developed a three dimensional 

numerical model and predicted the behavior 

of steel in the field of an electromagnetic caster. 

Bermudez et al.[22]studied the ingot 

temperature in DC and EMC metal castings, and 

they solved the free boundary problem using 

a fixed domain method. Shao et al. [23] 

investigated the influence of low frequency 

electromagnetic field and power ultrasonic field 

on DC casting. However, there are few reports 

that discuss the effects of low-frequency 

electromagnetic field on AZ80 magnesium alloy 

systematically during DC casting with the mold 

of forged aluminum by numerical calculation. 

In this paper, the FEM and 

an experimental investigation were performed 

to investigate the effects of the electromagnetic 

field on the semi continuous casting of AZ80 

magnesium alloy. This developed model 

includes non-linear material properties 

of specific heat and thermal conductivity as well 

as phase changes during solidification. 

 

2. Numerical simulations 

Many facts influenced the flow and heat 

transfer of melt, in order to solve the problem, 

the model were simplified and some necessary 

assumptions were given: 

(1) The meniscus shape and calculation 

of the solute field were not comprised  

in the study.  

(2) The molten magnesium alloys deemed 

as an incompressible fluid, so the density  

of the melt was set down as constant. 

(3) The effect of displacement current was 

ignored. Because the molten metal is good 

conductor of electricity in which the charge 

relaxation time is much lower than the transit 

time of electromagnetic waves. 
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(4) The distribution of the magnetic field 

was not influenced by the variety of the fluid 

field. As for LFEC process of magnesium 

alloys, the magnetic Reynolds number Rm  

is less than 1 (where μ is permeability,  

σ the electric conductivity, U0 the characteristic 

velocity and L0 is characteristic length), which 

will result the second term of right hand side  

of the Ohm’s Law (J=σ(E+U×B)) is ignored.  

(5) Joule heating was not considered in this 

model because it was so tiny compared with 

the total quantity of heat in the system. 

Compared to the entropy inflow with  

the liquid magnesium, the Joule heat produced 

during LFEC process is so small that can  

be ignored.   

The governing equations in calculation 

of LFEC process are expressed as follows [17]: 

Ampere’s law: 

 

            (1) 

 

Faraday’s law: 

 

            (2) 

 

Gauss’s law of electric field: 

 

            (3) 

 

Gauss’s law of magnetic field: 

 

            (4) 

 

where E is the electric field intensity vector, B is 

the magnetic flux density vector;  

t is the time and s the electric conductivity. 

It is essential to give a constitutive 

equation about electromagnetic volume density 

, which can be given as: 

 

            (5) 

On the basis of hypothesis (4), 

the conduction current J can be expressed as: 

     (6) 

 

The time average electromagnetic volume 

force density F which is introduced to link 

electromagnetic field and other physics fields 

can be obtained as: 

 

           (7) 

 

where, Re is the real part of a complex quantity. 

Computer simulations of the effects 

of various casting conditions on the steady-state 

temperature distribution and sump profile and 

flow patterns during LEFC process of AZ80 

alloy are performed with ANSYS software. 

To analyze the problem, 2-Dimensional models 

are constructed in ANSYS finite element 

software. Considering the symmetry, only one 

half of the billet is modeled. The calculation 

domain 1600 mm high and 80 mm in radius 

is divided into rectangular blocks. 

Thermophysical parameters used in these 

simulations are described in Fig. 1. 

The boundary conditions at the inlet and outlet 

are a constant temperature and a constant 

velocity. All free surfaces are treated  

as the static adiabatic wall. Symmetry axis 

boundary condition is applied to axisymmetric 

boundary condition. Mold cooling refers  

to the region where the billet is within the mold 

at a given time. Equation (8) and (9) expresses 

these boundary conditions: 

 

          (8) 

          (9) 

 

where h is the heat transfer coefficient  

at the boundary; Ten is the environment 

temperature and it is set to 323 K; hcontact  

is the heat transfer coefficient at the mold and 

is given as 1000 W m-2K-1; hair is the heat 
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Fig. 1. The values of specific heat and thermal conductivity. 

(full colour version available online) 

 

 

Fig. 2. Schematic diagram of LFEC process  

of AZ80 Mg alloy billets 

 

 

is comprised of two regions: the impingement 

zone and the free falling zone, which refer  

to the areas below the mold that are in contact 

with water. The idealized boiling water curves 

describe the relationships to the heat transfer 

coefficient during secondary cooling [24]. 

This boundary condition is treated  

as the moving wall, and its velocity  

is 0.00133 m.s-1. In addition, the environment 

temperature is given as 300 K. Calculations 

are stopped as soon as the steady state  

is achieved. 

 

3. Experimental procedures 

The material used in this study was  

an as-cast AZ80 magnesium alloy with a main 

composition of Al 7.9 – 9.2, Zn 0.7 – 0.8, 

Mn 0.12 – 0.15, and Mg balance. High purity 

Mg, Al, and Zn were used to prepare the alloys, 

Mn was added in the form of Al-9 wt. % Mn 
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master alloy, respectively. The melting 

experiment of alloy was conducted by a self-

developed resistance furnace under the No. 2 

covering flux and CO2 + 0.5 vol. % SF6 

atmosphere, which was to protect molten 

magnesium from oxidation (Fig. 2).  

Since the liquidus temperature  

of the alloy was 880 K, the melt was overheated 

to 930 ± 5 K; this temperature had been verified 

to maintain the alloy composition as its initial 

ingredient. The metal was held for 20 min 

to ensure the alloying elements were completely 

dissolved and a homogenous composition was 

obtained. The melt was poured to a water-

cooled mold with a diameter of 160 mm, 

a height of 120 mm and a wall-thickness  

of 10 mm at 930 K and cast into billets with 

a diameter of 160 mm at a velocity 

of 0.00133 m.s-1. The cooling water flow rate 

was 70 L.min-1 during the casting. 

The electromagnetic field was applied by a 100 

turns water-cooling copper coil surrounding 

the mold made of forged aluminum. 

The experiment of LFEC results was compared 

with the simulation results. The cooling curves 

of different positions of the LFEC ingots were 

measured by means of five K-type chromel-

alumel thermocouple, which were even 

distribution of radial direction of billet.  

 

4. Results and discussions 

4.1 Comparison between calculated results and 

experimental results 

Fig. 3 shows the comparison of between 

the calculated results and the measured results 

for cooling curves at distance of 0, 0.04 and 

0.08 m from the center of the billets during 

the LFEC process. It is found that numerical 

simulation results are basically consistent with 

the experiment results and the model is effective 

and feasible. First, the temperature of melt slow 

descends to liquidus due to the conduction 

of the mould and cooling water, and then  

the temperature continues to decrease  

at a higher rate but the cooling rate of measured 

positions are totally different. Additionally,  

the cooling rate in the edge position of billet  

is significant higher than other position because 

there is a larger thermal conductivity rate  

at the region closed to the mould.  
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Fig. 3. Comparison between the calculated and measured results: the cooling curves in LFEC processing. 

(full colour version available online) 
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In order to investigate the effects 

of electromagnetic parameters on distribution 

of temperature field, fluid flow and heat 

transfer, all parameters except 

electromagnetic frequency and intensity are 

fixed. In the first place the effect of frequency 

is mainly analyzed, therefore, the 

electromagnetic intensity keeps being 6000At, 

and electromagnetic frequency is set as 10 Hz, 

20 Hz, 30 Hz, 50 Hz and 100 Hz, 

respectively. In the second place, 

the electromagnetic frequency keeps being 

30 Hz, and electromagnetic intensity is set 

as 6000 At, 9000 At, 12000 At, respectively. 
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Fig.4. Magnetic flux density contours and vectors under different electromagnetic frequency. 

(full colour version available online) 
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Fig.5. Magnetic flux density from the surface to the center of the billets on the given path (y = -0.035 in Fig.4) 

under different electromagnetic frequency. 

(full colour version available online) 

 

 

4.2 Magnetic flux density  

The magnetic flux density contours and 

vectors in the billets cast during the LFEC 

process at various electromagnetic frequency 

are shown in Fig. 4. It is found that 

the maximum of magnetic flux density decrease 

slowly with the increase of electromagnetic 

frequency. Due to the skin effect of alternative 

electromagnetic field, the magnetic flux density 

declines from the surface to the center of billet, 

when the frequency is lower level (10 Hz and 

20 Hz). Additionally, there is a vortex 

ofmagnetic flux density in the billets when the 

frequency is over 30 Hz. Fig. 5 shows variation 

of magnetic flux density on given path  

(y = -0.035 in Fig. 4) from the center of billets 

to the outer surface of the mold under different 

electromagnetic frequency. The distribution 

of electromagnetic wave in conductor can be 

expressed as equation (10): 

 

0

r f
B B e

 


   (10) 

where r is the distance from the surface  

to the center of billets along the given path,  

f the frequency and B0 is the magnetic flux 

density at the surface of billets along the given 

path. From this we could know the magnetic 

flux density decreases exponentially 

from surface to the center of billet, and  

the attenuation rate increases with increasing 

frequency. Nevertheless, the magnetic flux 

density decreases first and then increases when 

the frequency exceed 30 Hz, and there is a trend 

to the surface of billet on the location  

of the minimum of the magnetic flux density as 

seen in Fig. 5. The main reason is that the eddy 

current introduced by the source current  

in the coil, which is opposite to the source 

current. The electromagnetic field of same 

frequency generated by the eddy current also 

is opposite to the electromagnetic field 

generated by the source current. The magnetic 

flux density showed in Fig. 4  

is the superimposed result of the two 

electromagnetic fields mentioned above.  

The penetrating depth of electromagnetic field 
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produced by the source current is larger than the 

eddy current when the frequency is low. 

Therefore, the magnetic flux density attenuates 

exponentially from surface to the center of billet 

under frequency of 10 Hz, 20 Hz and 30 Hz. 

However, the penetrating depth electromagnetic 

field produced by the source current 

is shallower than that by the eddy current  

in the center zone of billets when the frequency 

is greater than 30 Hz, which results  

in the varying of magnetic flux density  

in the center of billets. 
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Fig.6. Time average electromagnetic volume force density contours and vectors under different electromagnetic 

frequency. 

(full colour version available online) 
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4.3 Time average electromagnetic volume 

force density 

Fig. 6 shows the time average 

electromagnetic volume force density contours 

and vectors when electromagnetic frequency 

is in the range of 10 – 5 0Hz. It is found that 

the time average electromagnetic volume force 

density in the area of skin effect increases when 

electromagnetic frequency increase. In addition, 

the increase of frequency has no effect  

on the direction of the electromagnetic volume 

force density. The time average electromagnetic 

volume force from the surface to the center 

of the billets on the given path (y = -0.035 

in Fig. 4) under different electromagnetic 

frequency are shown in Fig. 7. The direction 

of the electromagnetic volume force density 

on the path is perpendicular to the surface and 

pointing to the center of billets. According 

to reference [16], 

 

2

0

r f
F F e

 


   (11) 

 

where F0 is the electromagnetic volume force 

density at the surface of billets along the given path. 

In the light of Eq. (11), like the magnetic flux 

density, the electromagnetic volume force density 

decreases exponentially from surface to the center 

of billet, and the attenuation rate increases with 

increasing frequency, as seen in Fig. 7.  

 

4.4 Fluid flow field 

Figs. 8 - 10 show velocity vectors, 

velocity profiles and streamline patterns under 

different electromagnetic frequency. The melt 

flow is similar for all four different cases. 

The direction of melt flow is not changed with 

electromagnetic frequency as seen in Fig. 8.  

It is, however, clearly seen that the maximum 

velocity of melt flow increases with increasing 

electromagnetic frequency in Fig. 9,  

which is same with the change trend 

of electromagnetic volume force. In addition,  

it is observed that there is a lager eddy current 

in molten pool and a small circulation near  

the solidification front at the surface region 

of the billet from Fig. 9. Moreover the location 

of maximum velocity is near the surface 

of billet, and the location of minimum velocity
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Fig.7. Time average electromagnetic volume force from the surface to the center of the billets on the given 

path(y=-0.035in Fig.4) under different electromagnetic frequency. 
(full colour version available online) 
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is the inlet. The location of maximum velocity 

moves to the center of billet with the increase 

of electromagnetic frequency. The velocity 

distribution is non-uniform in the given path 

when the electromagnetic frequency is 10 Hz. 

As shown in Fig. 11, the velocity is quite 

well-distributed when electromagnetic 

frequency is in the range of 20 – 50 Hz.  

It is reason that zone of electromagnetic 

volume force reduces when  

electromagnetic frequency increases, caused  

by the electromagnetic penetration depth 

decreases with the increase of electromagnetic 

frequency. It means that the non-evenness 

of flow due to the skin effect of alternative 

electromagnetic field. 
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Fig.8. Velocity vectors with temperature profiles under different electromagnetic frequency. 

(full colour version available online) 
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Fig.9. Velocity profiles under different electromagnetic frequency. 

(full colour version available online) 
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Fig.10. Streamline patterns with temperature profiles under different electromagnetic frequency. 

(full colour version available online) 
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Fig.11.Velocity on the given path(y=-0.02 in Fig.4) under different electromagnetic frequency. 

(full colour version available online) 

 

 

 

4.5 Temperature field 

The temperature profiles under different 

electromagnetic frequency are shown in Fig. 12. 

It is found that the uniform temperature 

distribution is obtained under the function 

 of electromagnetic field. However,  

the temperature field is influenced little  

by the electromagnetic frequency. Fig. 13 shows 

the sump shape and sump depth under different 

electromagnetic frequency. It is observed that 

electromagnetic frequency has no effect  

on the sump shape, and the sump depth 

becomes deeper with the increase 

of electromagnetic frequency, but it shows 

a little drop as the frequency is 30 Hz.  

This is because the increase of intensity 

determined by the electromagnetic volume 

force.  

 

5. Conclusions 

In this study, the effects 

of electromagnetic frequency on AZ80 alloys 

during DC casting process are investigated. 

The study has focused on the influence 

of electromagnetic field on the magnetic flux 

density, time average electromagnetic volume 

force density, flow field and temperature field. 

The model could be used to predict the optimum 

process parameters on electromagnetic 

frequency and electromagnetic intensity.  

Increasing the electromagnetic frequency 

leads to a decrease in magnetic flux density, 

an increase in electromagnetic force, first rise 

and then descending in relative velocity, and 

tiny changes in temperature field. The uniform 

temperature field can be obtained 

by electromagnetic frequency more than 30 Hz. 
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Fig.12. Temperature profiles under different electromagnetic frequency. 

 (full colour version available online) 
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Fig. 13. The effect of electromagnetic frequency. 

(full collour version available online) 
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