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Abstract: The effects of low frequency electromagnetic (LFEC) field and ultrasonic (US) field on the microstructures, 
macrosegregation of alloying elements and the mechanical properties of DC cast AZ80 alloy were studied. The results show that both 
LFEC and US fields can refine the grains of the billets, which results in the increase in mechanical properties and uniformity of 
alloying element distribution. The effective refinement takes place on the edge of ingots when LFEC field is applied, while in the 
center of billets when field US is adopted. Combined the characteristics of LFEC and US fields, a new process for direct-chilling 
(DC) casting of Mg-electromagnetic-ultrasonic (ECUS) casting is developed, by which the grains are refined significantly and are 
more uniform in the whole ingots, and the mechanical properties of the ingots are improved. 
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1 Introduction 
 

Grain refinement is an effective way to improve the 
workability and strengthening of Mg alloys because of 
structural characteristics of the Mg alloys[1]. Most work 
of grain refinement is focused on the addition of refiners, 
such as some compounds containing C[2] and rare earth 
elements[3]. Applications of physical fields are effective 
and economic methods, of which the electromagnetic 
field[4] and the ultrasonic field[5] are very important for 
grain refinement of Mg alloys. GUO et al[6] studied the 
effects of low frequency electromagnetic (LFEC) field 
on the microstructures and distribution of alloying 
elements and developed a new process for billets casting 
of Mg alloys[7], which was used in some Mg alloys 
manufacturers. ZHANG et al[8] studied the effects of 
ultrasonic (US) field on the microstructures of some Mg 
alloys and found that the application of US field can 
refine the grains and the β phase (Mg17Al12) in binary 
Mg-Al alloy. We studied the effects of the low frequency 
electromagnetic field and the ultrasonic field on 
microstructures and properties of the AZ80 alloy ingots, 
respectively, then examined the effects of application of 
combined the low frequency electromagnetic field and 
the ultrasonic field on the microstructures and the 

mechanical properties of the direct-chilling (DC) cast 
AZ80 Mg alloy ingots to develop a new DC casting 
process for Mg alloys[9]. 
 
2 Experimental 
 

AZ80 alloy was melt in a resistance furnace, then 
DC cast in a mold with a diameter of 250 mm with oil 
lubrication and under the protection of CO2 and a little 
SF6. The cast speed is 100 mm/min, the cooling water is 
0.08 m3 and the casting temperature is 680 ˚C. The low 
frequency electromagnetic current is supplied by a 
YC-60 power supplier, its frequency is 25 Hz and the 
magnetic flux density near the mold wall is 30 mT. The 
ultrasonic field was supplied by a BP-30 generator, its 
frequency is (20±2) kHz and the power is 1 200 W. The 
microstructures and the mechanical properties were 
examined respectively in 3 positions of the ingots as 
illustrated in Fig.1. 
 
3 Results and discussion 
 
3.1 Effects of low frequency electromagnetic field on 

microstructure of cast AZ80 alloy 
The microstructures in the edge, R/2 and center of 
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Fig.1 Positions of samples in cross-section of ingots 
 
the DC and LFEC cast ingots of AZ80 alloy are shown in 
Fig.2. The average grain sizes in the three positions are 
shown in Fig.3. It is found that the grain sizes in the edge 
and the center of the ingots are 347 and 439 µm, 
respectively, in DC casting; the grain sizes are 297 and 
343 µm, respectively, in LFEC casting; the grain size in 

the edge is smaller than that in other parts both in DC and 
LFEC casting because the thermal conductivity of Mg 
alloys and the cooling rate in the edge zone are low. 
However, the grain sizes of the LFEC ingots in the three 
positions are smaller than those in DC casting because 
the low frequency electromagnetic field results in intense 
convection from the center to the mold wall through the 
surface of the liquid, which makes an increase in 
nucleation and inhibits the grain growth[10]. LFEC field 
refines the grains and makes a small difference of the 
grain size in the edge and center of the ingots. However, 
the grain size in the center of the ingots is still larger than 
that in the edge of LFEC casting, which shows that the 
application of low frequency electromagnetic field 
cannot improve the microstructure in the center of the 
ingots effectively. 
 
3.2 Effects of low frequency electromagnetic field on 

macrosegregation of alloying elements 
The content distribution of Al, Zn in DC and LFEC 

ingots are shown in Fig.4. It is can be seen that the 
 

 
Fig.2 Polarized light macrostructures of AZ80 billets: (a) By normal DC casting, edge; (b) By normal DC coasting, R/2; (c) By 
normal DC casting, center; (d) By ultrasonic field casting, edge; (e) By ultrasonic field casting, on R/2; (f) By ultrasonic field casting, 
center 
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Fig.3 Grain sizes of DC and LFEC cast AZ80 ingots 
 

 
Fig.4 Content distributions of Al and Zn in DC and LFEC cast 
AZ80 ingots: (a) Al; (b) Zn 
 
contents of the alloying elements Al and Zn in the edge 
are higher than those in the center of the ingots because 
of reversed segregation. However, the content difference 
of the alloying elements in the LFEC ingots becomes 
smaller, which indicates that the application of low 
frequency electromagnetic field makes the element 
distribution more uniform. 

3.3 Effects of low frequency electromagnetic field on 
mechanical properties of cast AZ80 alloy 
The tensile strength and elongation of the DC and 

LFEC cast ingots of AZ80 alloy are shown in Fig.5. It is 
obvious that the strength and the elongation in the edge 
of the ingots is higher than that in the center, and LFEC 
field increases the strength and the elongation in all the 
edge, R/2 and center of ingots because the grain size is 
smaller in the edge and LFEC field makes the grain size 
smaller in the entire ingots. 
 

 
Fig.5 Mechanical properties of DC and LFEC cast ingots of 
AZ80 alloy: (a) Tensile strength; (b) Elongation 
 
3.4 Effects of ultrasonic field on microstructures of 

cast AZ80 alloy 
The microstructures of AZ80 alloy DC and US cast 

ingots are shown in Fig.6. Average grain sizes of the 
ingots are shown in Fig.7. In both the US and LFEC 
casting, the grain sizes of the ingots are smaller than 
those in DC casting. However, the refinement of grains 
of the LFEC cast alloy in the edge of the ingots is more 
effective than that in other positions because the 
characteristics of electromagnetic field result in a intense 
Lorenz force and a fast flow on the edge of the mold. 
The grain size in the edge is 345 µm in DC cast ingots, 
284 µm in LFEC cast ingots and 320 µm in US cast 
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Fig.6 Microstructures of AZ80 alloy billets: (a) DC, edge; (b) DC, R/2; (c) DC, center; (d) US, edge; (e) US, R/2; (f) US, center 
 

 
Fig.7 Grain sizes of DC, LFEC and US AZ80 billets 
 
ingots. The grain size in the edge decreased by 18% in 
LFEC and 8% in US compared with that in traditional 

DC. The refinement of grains in the US cast alloy in the 
center of the ingots is more effective than that in other 
parts because the vibration and the cavitation is attenuate 
from the ultrasonic bar which is located in the center of 
the mold to other parts[11−12]. The grain size in the 
center decreased by 26% in LFEC and 35% in US 
compared with that in traditional DC. These results show 
that the effective refining region is different when 
different field was applied. LFEC field is effective in the 
edge of the ingots in grain refining, and US field is 
effective in the center. It is possible to produce more 
significant impact on refining by combining the LFEC 
field with US field. 
 
3.5 Effects of ultrasonic field on macrosegregation 

and mechanical properties of cast AZ80 alloy 
The content distributions of alloying elements, Al 
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and Zn in the DC, LFEC and US cast ingots of AZ80 
alloy are shown in Fig.8. The reversed segregation still 
exits in US casting. The content differences of the 
alloying elements in edge are improved a little compared 
with DC casting because of a small change of flow near 
the mold wall in US casting. However, the content 
differences of the alloying elements in the center are 
improved much by comparing US casting with DC 
casting, which shows that the effective area of ultrasonic 
field is in the center of the ingots[13−14]. 
 

 
Fig.8 Content distributions of Al and Zn alloying elements 
ingots in DC, LFEC and US billets: (a) Al; (b) Zn 
 

The mechanical properties of the DC, LFEC and US 
cast ingots of AZ80 alloy are shown in Fig.9. Compared 
with DC casting, US field improves strength and 
elongation of the ingots in the center significantly and 
has a small effect on the strength and elongation of the 
ingots on the edge, which is in accordance with the effect 
of ultrasonic field on grain size. 
 
3.6 Effects of ECUS casting on macrostructures and 

microstructures of AZ80 alloy 
Macrostructures and microstructures of the LFEC, 

US and ECUS cast ingots of AZ80 alloy are shown in 

 

 
Fig.9 Mechanical properties DC, LFEC and US billets:      
(a) Tensile strength; (b) Elongation 
 
Fig.10 and Fig.11, respectively. The average grain sizes 
are shown in Fig.12. The grain size is refined much when 
both low frequency electromagnetic field and ultrasonic 
field are applied. The grain size decreases from 345 µm 
in DC casting to 285 µm in ECUS casting in the edge of 
the ingots, from 440 µm in DC casting to 280 µm in 
ECUS casting in the center of the ingots. The differences 
of the grain size between the edge and the center of the 
ingots decrease from 21% in DC casting to 12% in LFEC 
casting, to 9% in US casting and to 1% in ECUS casting, 
which shows the structures of the ECUS cast alloy 
become more uniform[15]. 
 
3.7 Effects of ECUS casting on macrosegregation of 

alloying elements and mechanical properties of 
AZ80 alloy ingots 
The alloying elements distribution in AZ80 alloy is 

show in Fig.13. When both low frequency magnetic field 
and ultrasonic field are applied in DC casting of AZ80 
alloy, the differences of the alloying elements between 
the edge and the center of the ingots become smaller than 
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Fig.10 Macrostructures of LFEC, US and 
ECUS cast ingots of AZ80 alloy: (a) LFEC, 
edge; (b) LFEC, R/2; (c) LFEC, center; 
(d) US, edge; (e) US, R/2;  (f) US, center; 
(g) ECUS, edge; (h) ECUS, R/2; (i) ECUS, 
center 
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Fig.11 Microstructures of LFEC, US and 
ECUS cast AZ80 alloy: (a) LFEC, edge; 
(b) LFEC, R/2; (c) LFEC, center; (d) US, 
edge; (e) US, R/2; (f) US, center; (g) 
ECUS, edge; (h) ECUS, R/2; (i) ECUS, 
center 
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Fig.12 Grain size of DC, US, LFEC and ECUS cast ingots 
 

 

Fig.13 Content distribution of Al and Zn in ingots cast: (a) Al; 
(b) Zn 
 
those in DC, LFEC and US castings. The mechanical 
properties of ECUS AZ80 alloy ingots are higher than 
those cast with DC, LFEC and US field, as shown in 
Fig.14. The differences of the properties of the alloy 
ingots become smaller in EMUS, which indicates that by 
ECUS, ingots can obtain fine and even microstructures, 
more uniform distribution of alloying elements, higher 
and more homogeneous mechanical properties. This kind 

 

 
Fig.14 Mechanical properties of DC, US, LFEC and ECUS cast 
ingots: (a) Tensile strength; (b) Elongation 
 
of ingots is the base for wrought products with high 
properties. 
 
4 Conclusions 
 

1) LFEC field makes grain finer and difference of 
the grain size between the edge and center of the ingots 
smaller, but the grain size in the center of the ingots is 
still larger than that in edge. 

2) Application of LFEC field makes the element 
distribution more uniform and increases the mechanical 
properties of the cast alloy. 

3) US field refines the grains in the center of the 
ingots effectively and increases the mechanical 
properties in the center of the ingots. 

4) Combining LFEC and US field refines the grains 
effectively in both edge and center of the ingots and 
improves the mechanical properties in all positions of the 
ingots. 
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