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1 Introduction
Magnesium alloy, as the lightest metallic structural 
material at present, is widely used in areas such 
as aerospace engineering, transport, and computer 
production. Magnesium alloy is also known as the 
21st century's green engineering material because of 
its low density, high specific strength, high specific 
rigidity, good cuttability, excellent damping/vibration-
reduction properties, good formability, easy casting, and 
suitability for hot processing [1-3]. However, due to its 
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wide temperature range for solidification and its great 
solidification shrinkage, magnesium alloys are generally 
prone to hot tearing during the casting process [4]. 
Magnesium alloy products are becoming increasingly 
thin-walled and complicated, the occurrence of hot 
tearing has become one of the bottlenecks that restrict 
broader commercial application [5].

Addition of proper rare earth elements can refine the 
grain and reduce the hot tearing susceptibility (HTS) of 
the cast magnesium alloy. However, when the content 
of rare earth elements in the alloy is too high, the 
solidification temperature range of the alloy becomes 
larger and the HTS of the alloy increases [6]. In recent 
years, the alloy EV31 has drawn increasing attention 
in aerospace and biomedical R&D due to its strong 
solution strengthening and precipitation strengthening 
characteristics as well as its good creep resistance and 
corrosion resistance [7, 8]. However, EV31 contains more 
rare earth elements, leading to a large solidification 
temperature range and high HTS. In addition, there are 
few studies that focus on the HTS of EV31.

Refining the alloy structure can effectively reduce 
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Fig. 1: Hot tearing measurement setup with an optional magnetic field (a) [12] and hot tearing sample (b)

the HTS of the alloy. The methods of refining the alloy 
structure mainly include alloying, refining, mechanical 
stirring, electromagnetic stirring and so on. Compared 
with other refinement processes, the greatest features and 
advantages of electromagnetic stirring are that it does not 
cause environmental pollution, and it is possible to avoid 
direct contact with the molten metal. During the melting 
process, an electromagnetic-field treatment can purify the 
alloy melt, improve the alloy structure, and reduce the HTS 
of alloy [9]. El-Kaddah et al. [10] verified experimentally that 
electromagnetic force could effectively separate inclusions by 
using the difference of conductivity between inclusions and 
melts. Research by Li et al. [11] on the purification effect of an 
electromagnetic field on magnesium-alloy melt showed that 
most impurity atoms in the melt accumulated near the edge 
of melt under the action of magnetic field. Currently, research 
concerning the effect of the magnetic field on the HTS of 
magnesium alloy has become a hot spot. Du et al. [12] found 
that, under a low-frequency alternating magnetic field, with 
increasing magnetic field frequency, the HTS of AXJ530 alloy 
decreased firstly and then increased. The HTS of AXJ530 alloy 
at different magnetic field frequency was ranked as follows: 
10 A, 10 Hz<10 A, 15 Hz<10 A, 5 Hz<0 A, 0 Hz. Zhou et al. [13] 
indicated that, under the effect of 0.03 T magnetic field, forced 
convection increased the number of free particles, promoted 
the formation of crystal nuclei, inhibited the formation and 
growth of dendrites, formed a uniform and fine-grained 
structure, and reduced the HTS of Mg-7Zn-xCu-0.6Zr alloy. 
Furthermore, research by Zhang et al. [14] showed that, with 
low-frequency electromagnetic casting, the microstructure 
of the billets was significantly refined, and the HTS of ZK60 
magnesium alloy billets could be reduced significantly.

This experiment explored the influence of magnetic field on 
the HTS of EV31 alloy by combining numerical simulation 
with experiments. By changing the magnetic field strength 
(0 A 0 Hz, 5 A 10 Hz, 10 A 10 Hz, 15 A 10 Hz), the HTS of 
EV3 was studied. This study aims to offer a theoretical basis to 
develop related alloy-based applications in engineering.

2 Experimental procedure
2.1 Experimental materials and process
Commercial magnesium alloy EV31 was used, and the 
chemical composition is shown in Table 1. The hot tearing 
experiment was performed on a "T-shaped" hot tearing mold 
with a solidification shrinkage force acquisition system, as 
shown in Fig. 1 [12]. The device mainly consists of a hot tearing 
testing system, a load sensor, a magnetic field system, and a 
data-acquisition system. In this experiment, the effect of a low-
frequency alternating magnetic field of 10 Hz on the HTS of 
the EV31 magnesium alloy was studied, and the currents used 
were 5 A, 10 A, and 15 A, respectively. During the experiment, 
550 g of EV31 alloy per casting was used. Protective gas 
(volume fractions: 99.8% N2+0.2% SF6) was used during the 
whole experiment. Before the start of the experiment, a BN 
coating on the inner wall of the carbon-steel crucible and the 
casting mold was applied to prevent the adhesion of the molten 
metal, which facilitates the removal of the sample. The EV31 
alloy was placed into a crucible, and the temperature was 
raised to 710 °C. After the alloy was completely melted, the 
dross on the surface of the melt was removed and the melt was 
kept at 710 °C for 30 min. The molten alloy was then poured 
into a "T-shaped" mold preheated to 270 °C. At the same time, 
the alternating magnetic field was turned on until the molten 
metal in the mold was completely solidified and then the 
magnetic field was turned off. Each experiment was repeated at 
least three times to ensure both accuracy and repeatability. The 
temperature during the solidification of the alloy was recorded 
using a thermocouple, which was inserted at the hot spot of the 
"T"-shaped rod-casting connection area. The shrinkage force, 
which was generated during solidification, was measured with 
the sensor via a connecting rod at the end of the mold. The 
recorded analog signal was then transmitted to the analog-to-
digital converter (A/D), and the analog signal was converted 
into a digital signal using a signal-conversion module. The 
signal was then sent to the computer and displayed in the form 
of data and graphs.

Table 1: Chemical composition of alloys used in experiment (wt.%)

Element Nd Gd Zn Zr Mg

EV31 2.76 1.54 0.44 0.44 Bal.

(a) (b)
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Fig. 2: Differential thermal analysis setup with a magnetic 
field [12]

2.2 Differential thermal analysis system
The solidification curve of the alloy was recorded and 
analyzed using the double galvanic thermal-analysis method, 
which made it possible to determine the dendrite coherency 
temperature (Tcoh). As shown in Fig. 2 [12], two thermocouples 
were placed at the center and edge of the crucible to measure 
the temperature at the center (Tc) and the temperature at the 
edge (Te) of the alloy. To ensure the heat transfers in the 
crucible along the radial direction of the crucible, the top of the 
crucible was covered with a thicker asbestos net. The bottom 
was insulated with both thermal sand and asbestos.

2.3 Microscopic analysis
The samples used for both microstructure and phase analysis 
were ground, polished and etched in a 4vol.% nitric acid 
alcohol solution for 2-5 s, and subsequently wiped with 
alcohol and dried. A Hitachi S-3400N scanning electron 
microscope (SEM) was used to observe the microstructure, 
fracture morphology and analyze the main hot crack-formation 
mechanism. In addition, combined with the AXIO-HAL-100 
optical microscope (OM), the crack microstructure at the hot 
spot was observed and analyzed.

2.4 Hot tearing susceptibility
The prediction/calculation of the HTS of the alloy is based on 
the Clyne-Davies model [15, 16]. According to the assumptions of 
the Clyne-Davies model, when the solid fraction (fs) is between 
0.4 and 0.9, this period is called the force relaxation stage and 
expressed by tR. As the solidification process continues, when 
the solid fraction (fs) is between 0.9 and 0.99, this period is 
referred to as the fragile stage and denoted as tV.

The ratio of tV to tR is defined as the crack susceptibility 
coefficient (CSC), which is expressed by [17]:

where, t0.99 is the time corresponding to the solid fraction 0.99, 
t0.9 denotes the time corresponding to the solid fraction 0.9, and 
t0.4 is the time corresponding to the solid fraction 0.4.

2.5 Numerical simulation parameters
In this study, COMSOL was used to calculate both the velocity-

field changes of the EV31 alloy during the solidification and 
the residual liquid-phase fraction under different alternating 
magnetic fields. In this experiment, the simulation conditions 
were as follows: the ambient temperature was 20 °C, the mold 
temperature was 270 °C, the pouring temperature was 710 °C, 
and the gravity acceleration during casting was 9.8 m·s-2. In 
the model, the magnetic field frequency was set to 10 Hz, and 
the magnetic field currents were set to 0 A, 5 A, 10 A, and 15 A.

3 Results and discussion
3.1 Numerical simulation results of liquid 

phase fraction of EV31 alloy
Figures 3 and 4 show the magnetic flux density and the flow 
velocity, respectively. It can be seen from Fig. 3 that the 
magnetic flux is very large at the hot spot, and that forced 
convection occurs in metal melt under the action of magnetic 
field. Figure 4 confirms that convection occurs in different 
parts of the castings after the magnetic field is applied. Under 
the action of electromagnetic force, the alloy liquid forms an 
eddy current, the velocity field changes, and the alloy liquid is 
forced to convection. In other words, forced convection occurs 
in the molten metallic-pool, which facilitates the liquid flow 
of molten alloy during the solidification. A better filling ability 
helps reduce the HTS of the alloy.

The corresponding changes in liquid fraction at 10 s, 20 s, 
and 40 s were measured. It can be seen from Fig. 5 that after 
the magnetic field is applied, the liquid fraction is higher than 
without applying the magnetic field at the same solidification 
time. Comparing Fig. 5(i-1), it can be found that when the 
solidification time is 40 s, the corresponding liquid fractions 
at the hot spot of the castings under different alternating 
magnetic field strengths are 0.3, 0.5, 0.6, and 0.7, respectively. 
Clyne [15] believed that when the liquid fraction was below 0.6, 
feeding started. The high liquid fraction at the late stage of 
the solidification process facilitates the healing of hot cracks, 
which reduces the HTS of the alloy [13]. Therefore, according to 
the simulation results and literature, it can be seen that with the 
increase of magnetic field strength, the liquid fraction at the 
hot spot of the castings in the late solidification stage increases 
significantly, which is helpful to improve the feeding ability 
and reduce the HTS of the alloy. 

Fig. 3: Numerical simulation results of magnetic flux 
density contours

(1)CSC



232

CHINA  FOUNDRY Vol.18 No.3 May 2021
Research & Development

Fig. 4: Numerical simulation results for streamline profiles of velocity field: (a) 0 A, 0 Hz (b) 5 A, 10 Hz

Fig. 5: Numerical simulation results for liquid fraction distribution under different solidification times: 
(a-d) EV31 alloy at 10 s; (e-h) EV31 alloy at 20 s; (i-l) EV31 alloy at 40 s

3.2 Analysis of solidification behavior
Figure 6 shows the cooling curve and its first derivative for 
EV31 with different magnetic field parameters. The baseline 
was determined using the Newton baseline method [6]. When 
the cooling curve has an inflection point and the temperature 
gradient shows a convex peak, latent crystallization heat is 
released, and a new phase precipitates within the liquid phase. 
The first derivative for Peak A marks the transition L→α-Mg, 
while Peak B signifies the L→α-Mg+Mg12Nd eutectic 
reaction [7]. After combining the cooling data of the alloy with 
the Clyne-Davies model [Eq. (1)], the CSC of the EV31 alloy 
for different magnetic field strengths can be calculated, as 
shown in Table 2. The alloy shows the highest HTS when no 
magnetic field is applied. When the magnetic field parameters 
are 10 Hz 15 A, the alloy shows the lowest HTS, and the HTS 
of the alloy decreases with increasing magnetic field strength.

3.3 Dendrite coherency temperature
Several research groups [18-20] defined the area where the solid-
phase volume fraction is between 0.9 and 0.99 as the "fragile 

interval" of the alloy, and the corresponding temperature 
interval is denoted as ΔTc. During this interval, there are many 
solid phases and less of the residual liquid phase. This means 
the degree of solidification shrinkage is high but the amount 
of residual liquid phase, which can be used for feeding, is 
small. Furthermore, the greater the temperature interval ΔTc 
in the fragile zone, the greater the hot cracking tendency. 
Table 3 shows both the solidification temperature interval 
(ΔTl-s) for each magnetic field parameter set and the measured 
temperature interval ΔTc of the fragile area. The minimum ΔTc 

of EV31 is 30.7 °C and occurs when the magnetic field current 
is 15 A. The maximum ΔTc of EV31 is 68.6 °C without a 
magnetic field. This indicates that the hot cracking tendency of 
the EV31 alloy gradually decreases with increasing magnetic 
field strength, which is consistent with the trend of the CSC 
results (shown in Table 2).

During the solidification process, the solidification fraction 
in the crucible increases as the temperature decreases, due 
to the heat conductivity of the solid phase being greater than 
that of the liquid phase. When dendritic coherence occurs 

(a) (b)

(a) (b) (c) (d)

(e)

(i)

(f)

(j)

(g)

(k)

(h)

 (l)
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Fig. 6: Thermal analysis curves of EV31 alloy with different magnetic field parameters: (a) 0 A, 0 Hz; (b) 5 A, 10 Hz; 
(c) 10 A, 10 Hz; (d) 15 A, 10 Hz

Table 2: CSC of EV31 alloy with different magnetic field parameters

Magnetic field t0.4 (s) t0.9 (s) t0.99 (s) CSC

0 Hz, 0 A 192.2 504.2 629.0 0.400

10 Hz, 5 A 160.5 510.5 639.2 0.368

10 Hz, 10 A 135.8 543.8 663.9 0.294

10 Hz, 15 A 142.5 534.6 646.5 0.285

during solidification, the heat transfer accelerates, and the 
temperature difference between the edge and center of crucible 
(ΔT, ΔT= Te -Tc) will have a minimum value. The temperature 
at this point is defined as the dendritic coherence temperature 
(Tcoh), and the corresponding solid fraction is defined as the 
dendritic coherence solid fraction [21-24]. Figure 7(a) illustrates 
the calculation method for the dendrite coherency temperature. 
Figure 7(b) shows the dendrite coherency temperature of the 
EV31 alloy, which is summed in Table 3. The highest Tcoh is 

642.5 °C when there is no magnetic field, while the Tcoh of the 
alloy is the lowest (618.4 °C) when the magnetic field parameters 
are 10 Hz and 15 A. The higher the dendrite coherence 
temperature of the alloy, the earlier the α-Mg phase is formed, 
and the dendrites start to overlap at a higher temperature. This 
makes it difficult to feed the residual liquid phase and therefore, 
increase the HTS of the alloy. Overall, with the increase of 
magnetic field strength, the dendrite coherency temperature of 
the alloy decreases, and the HTS of the alloy also decreases.

Table 3: ΔTc, ΔTl-s and Tcoh values with different magnetic field parameters

Magnetic field ΔTc (°C) ΔTl-s (°C) Tcoh (°C)

0 Hz, 0 A 68.6 126.1 642.5

10 Hz, 5 A 40.8 118.5 631.3

10 Hz, 10 A 38.0 116.0 625.6

10 Hz, 15 A 30.7 115.5 618.4

(a)

(c)

(b)

(d)
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Fig. 7: Calculation method for dendrite coherency temperature (a), and dendrite coherency temperature (b) of EV31 
alloy with different magnetic field parameters

Fig. 8:  Microstructure of EV31 alloy with different magnetic-field parameters: (a) 0 A, 0 Hz; (b) 5 A, 10 Hz; 
(c) 10 A, 10 Hz; (d) 15 A, 10 Hz

3.4 Microstructure analysis
Figure 8 shows the microstructure images of EV31 alloy 
with different alternating magnetic field parameters. The 
EV31 magnesium alloy mainly consists of the Mg12Nd 
eutectic phase and α-Mg matrix. The solidified structure of 
the EV31 magnesium alloy, when treated by the alternating 

magnetic field, is more refined than the untreated solidified 
structure. Electromagnetic force produced by the alternating 
magnetic field will break coarse dendrites during metal 
solidification, prevent dendrites from growing, and reduce 
alloy grain size [25, 26].

3.5 Hot tearing behavior
Figure 9 shows the shrinkage force and temperature changes 
of the EV31 alloy as a function of solidification time with 
different magnetic field strengths. During the early stage of 
solidification, the solid fraction is low, the dendrites do not 
overlap. Therefore, shrinkage force value at this time range 
is 0. As the alloy continues to solidify, the alloy's shrinkage 
force begins to increase significantly. When the force at the hot 

node of the "T" shaped sample exceeds the fracture strength 
of the alloy, the hot cracks can start to develop and expand. 
Moreover, force relaxation is visible in the time/force curve 
(i.e., force suddenly drops). It can be seen from Fig. 9 that, 
under the influence of an alternating magnetic field, as the 
magnetic field strength increases gradually, the load curve 
gradually becomes smoother. As shown in Fig. 9(a), there is a 
sharp fluctuation in the load curve (near the two dashed lines 
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in Fig. 9). This indicates that large cracks occurred. Combined 
with the SEM images (Fig. 8), it can be concluded that coarse 
grains are the main reason for the high HTS of EV31 alloy. 
Figure 9(b) reveals a slight drop, which shows that hot tearing 
occurred during this process. However, due to the weaker 
magnetic field, the refinement effect is insufficient, and fracture 
occurs eventually. With the increase of the magnetic field 
intensity, the grain refinement effect becomes more obvious, 
and the load curve does not appear to drop significantly. This 
indicates that there is no obvious hot cracking in the casting, 
and the alloy shows the low HTS [as shown in Fig. 9(c-d)]. 
On the one hand, grain refinement can increase the surface 
area of a liquid film, better resist tearing by solidification-
shrinkage force, and reduce the HTS of the alloy. Furthermore, 
alloys with fine grains can more easily adapt to local strains in 

small areas and are less prone to hot cracks.
Figure 10 shows macroscopic crack photographs at the 

spots of the EV31 magnesium alloy under different magnetic 
field conditions. The crack volume clearly decreases with 
increasing magnetic field strength. The increase in magnetic 
field strength promotes the flow of residual liquid between 
dendrites, improves the feeding efficiency of residual liquid, 
and thereby reduces the HTS of the alloy. Herein, under the 
influence of a 10 Hz 15 A alternating magnetic field, the alloy 
shows the highest hot tearing resistance. With the increase 
of the magnetic field intensity, the microstructure of the 
alloy is continuously refined and the feeding ability of the 
alloy is enhanced, which makes it show the low HTS. This is 
consistent with the simulation results.

Fig. 9: Hot tearing curves of EV31 alloy with different magnetic field parameters: (a) 0 A, 0 Hz; (b) 5 A, 10 Hz;
           (c) 10 A, 10 Hz; (d) 15 A, 10 Hz

(a) (b)

(c) (d)

0.5 cm 0.5 cm

(a) (b)
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Fig. 10: Macroscopic crack photographs of EV31 alloy with different magnetic fields parameters: (a) 0 A, 0 Hz; 
(b) 5 A, 10 Hz; (c) 10 A, 10 Hz; (d) 15 A, 10 Hz

Fig. 11:  Morphology of fracture surface of EV31 alloy with different magnetic field parameters: (a) 0 A, 0 Hz; 
(b) 5 A, 10 Hz; (c) 10 A, 10 Hz; (d) 15 A, 10 Hz

3.6 Fracture morphology
Due to the chemically active nature of Mg, it is easy to produce 
oxidized slag during the melting process, which affects both the 
fluidity of the alloy and the quality of the castings. The main 
reason for the effect of oxides on the HTS of the alloy is the 
fluidity of the liquid alloy. An important factor that determines 
the fluidity of a liquid alloy is the number of inclusions in the 
alloy as well as the physical properties of these inclusions. 
Because magnesium alloy is easily oxidized, there are many 
non-metallic inclusions in the alloy liquid prior to purification. 
These inclusions reduce the fluidity of the alloy substantially, 
which affects the alloy's HTS [27, 28]. With the addition of the 
magnetic field, the inclusions are controlled effectively. It can 

be seen from Fig. 11(c) that few inclusions are located near 
the crack. When the magnetic field condition is 15A 10Hz, no 
inclusions appear near the cracks of the casting, as shown in 
Fig. 11(d). As shown in Fig. 12, based on the EDS analysis, 
the inclusions may consist of a mix of MgO and Mg12Nd. This 
oxide can cause the matrix to tear and prevent the residual liquid 
phase from feeding at the end of the solidification, which can 
lead to hot tearing of the alloy [29-31]. At the same time, when the 
magnetic field continues to increase, the crystal grains continue 
to be refined (Fig. 8). Using both Fig. 11(d) and Fig. 12(b), it 
can be found that the melt is purified after the magnetic field 
treatment, and the second phase precipitated. Furthermore, the 
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Fig. 12: EDS analysis of EV31 alloy with different magnetic field parameters: (a) 10 A, 10 Hz; (b) 15 A, 10 Hz

oxygen content is reduced, the MgO impurities disappear, and 
the feeding effect of Mg12Nd is strengthened. This can also 
greatly reduce the HTS of the alloy. Based on the test results for 
this alloy, it can be concluded that increasing the magnetic field 
strength can purify the melt and improve feeding ability, which 
reduce the alloy's HTS.

4 Conclusions
(1) The predicted (simulated) value of EV31 alloy's hot 

tearing susceptibility (HTS) is consistent with the experimental 
results. The HTS of EV31 is found to decrease gradually with 
increasing the magnetic field strength. Furthermore, EV31 has 
the lowest HTS when the alternating magnetic field parameters 
are 10 Hz, 15 A.

(2) With increasing magnetic field strength, the melt becomes 
more purified, and the number of slag inclusions in the melt 
decreases. This increases the alloy's resistance to hot tearing 
significantly.

(3) The alternating magnetic field can increase the forced 
convection of the melt, break the dendrites, refine the grains, 
and reduce the alloy's dendrite coherency temperature. This 
enhances the flow of residual liquid during the later stage of 
solidification, improves the feeding ability, and reduces the 
HTS of the alloy.
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