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1 Introduction
As one of the typical precipitation-strengthening 
nickel-based superalloys, GH4742 alloy has excellent 
combination of mechanical properties and high corrosion 
resistance at high temperatures [1]. It has been commonly 
used in aerospace engines and gas turbines [2]. With 
aero-engines become larger and the development of 
advanced equipment manufacturing industry, the demand 
for large size master superalloy ingots becomes more 
urgent. Currently, the most common melting process for 
superalloys is combination of vacuum induction melting 
(VIM), electroslag remelting (ESR), and vacuum arc 
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Effects of low frequency electromagnetic casting 
on solidification macrostructure of GH4742 
superalloy

remelting (VAR). VIM is the first melting process to 
produce superalloy ingots, and it has several advantages 
such as precise control of the alloy composition, high 
alloy purity and prevention of oxidation. However, it 
also shows some shortcomings, such as coarse grains 
and serious element segregation, which can often lead 
to hot cracking in large size VIM superalloy ingots [3]. 
If the VIM ingot contains cracks, metallurgical defects 
such as freckle or white spot are usually induced in 
the VAR or ESR ingots. It will seriously reduce the 
quality and yield of superalloy products. Therefore, 
manufacturing crack-free VIM superalloy ingots is the 
key foundation for high quality of superalloy products.

There are several factors influencing the hot cracking 
behavior of ingots, especially grain size and the fraction 
of equiaxed grains in the microstructure. It is widely 
acknowledged that hot cracking tendency decreases 
with grain refinement [4,5]. For example, Li et al. [6] found 
that hot cracking of the Al-Cu alloy can be decreased 
through grain refinement. Lin et al. [7] found that hot 
tearing susceptibility decreased with grain refinement 
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Fig. 1: Schematic diagram of the LFEC facility

in the aluminum alloy. Fine equiaxed grains not only 
increase the strength of alloy, but also improve the ability 
of liquid feeding during solidification. Therefore, grain 
refinement is an effective method for reducing the hot 
cracking tendency of ingots. In order to obtain fine grains 
during solidification, various methods have been used, 
such as adding grain refiner, chemical refinement, rapid 
solidification, and applying an external physical field.

At present, adding grain refiner is widely used 
to produce a fine and uniform microstructure for 
aluminum alloy [8,9]. However, it is not applicable for 
superalloys due to pollution of the melt. Moreover, rapid 
solidification is not suitable for manufacturing large size 
superalloy ingots. While, applying an external physical 
field is a green, easy to control and efficient method 
to achieve grain refinement for superalloy ingots, and 
most importantly, it does not pollute the melt. The 
effects of external physical fields such as mechanical 
vibration [10,11], ultrasonic processing [12,13], permanent 
magnet stirring [14,15], electromagnetic stirring [16,17], low 
frequency electromagnetic casting [18,19] on microstructure 
have been studied. Forced convection can be induced 
through the application of external physical fields, which 
in turn can promote the fragmentation of dendrites, 
facilitating the columnar to equiaxed transition (CET) 
and results in grain refinement. In this way, fine and 
uniform grains and good surface quality can be obtained.

Compared with other external physical fields, low 
frequency electromagnetic field is easy to be controlled and 
has a high instantaneous energy. Grain refinement can 
be achieved by using a low frequency electromagnetic 
field through adjusting current density and frequency. 
More recently, the low frequency electromagnetic 
casting (LFEC) has been applied to aluminum and 
magnesium alloys [20,21]. However, the effect of LFEC on 
the solidification microstructure of superalloys has not 
been reported yet. Therefore, it is essential to investigate 
the grain refinement and CET mechanism of LFEC for 
the GH4742 superalloy.

In the present study, the effects of LFEC on 
solidification macrostructure of GH4742 superalloy 
ingots were investigated through both experiment 
and numerical simulation. Under the electromagnetic 
field, the solidification is a transient and complex 
process. Moreover, the melt is opaque and at a very 
high temperature. Therefore, it is impossible to obtain 
the real Lorentz force field, temperature field, and the 
melt flow field during the solidification directly through 
experimental measurements. Thus, numerical simulation 
using COMSOL Multiphysics software was performed. 
The mechanism of grain refinement and CET in GH4742 
ingots through applying LFEC was also revealed. This 
study will provide an important reference and theoretical 
basis for reducing hot cracking tendency of superalloy 
ingots by grain refinement of LFEC.

2 Experimental procedure and numerical 
simulation

2.1 Experimental facility
Figure 1 shows the schematic diagram of the LFEC facility used for 
the present study, which consists of a low frequency electromagnetic 
(LFE) control system and a casting unit including an induction 
coil, a water-cooling system, a refractory mold and a firebrick. The 
electromagnetic field is generated by 360 turns induction coil wound 
around the mold.

2.2 Solidification experiment
The nominal chemical compositions (wt.%) of GH4742 superalloy 
used in the present study were 0.065 C, 14 Cr, 10 Co, 5 Mo, 2.6 Al, 
2.6 Ti, 2.6 Nb, and balance Ni. The alloy was melted with a VIM 
furnace (ZG 0.025). Then, the alloy melt was heated to 1,823 K, 
held for 5 min, and then poured into a cylindrical mold with an inner 
diameter of 60 mm and a height of 195 mm. The LFEC equipment 
was set up with a mold in side, which switched on before pouring the 
molten melt, and kept until the solidification process finished. The 
current density was set at 100 A, with current frequencies of 5 Hz, 
10 Hz, and 20 Hz, respectively. For comparison, an ingot was also 
cast using the same process without the electromagnetic field.

2.3 Macrostructure observation
The ingots were cut along the longitudinal section, and then 
ground, polished and etched using a solution of 150 g CuSO4+
35 mL H2SO4+500 mL HCl to observe the as-cast macrostructure. The 
average grain size and the fraction of equiaxed grains were measured 
using Nano Measurer software and ImageJ software, respectively.

2.4 Numerical simulation
Numerical simulation was preformed using COMSOL Multiphysics 
software to investigate effects of LFEC on the macrostructure of 
GH4742 superalloy ingots. The Lorentz force field, melt flow field, 
and temperature field were calculated. In the present study, since both 
the mold and the induction coil were two-dimensional axisymmetric 
structures, the numerical simulation model was simplified to a 
two-dimensional axisymmetric geometry model.
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The numerical simulation process employed a series of 
governing equations with the application of the low frequency 
electromagnetic field [22,23]. During the LFEC process, the 
distribution of the electromagnetic field can be solved by using 
Maxwell’s equations. These equations can be simplified as:

where E is the electric field intensity, B is the magnetic flux 
density, t is the time and σ is the electric conductivity.

The induced current J can be solved with Ohm’s law, which 
written as:

The Lorentz force in the melt can be given as:

Then, the governing equations for flow field and temperature 
field are as follows:

Conservation equation of mass:

where ρ is the density; U is the flow velocity; μeff is the 
effective viscosity, expressed as μeff=μt+μl, (μt is the turbulent 
viscosity, and μl is the laminar viscosity); P is the pressure;  
Amush is the mushy zone constant, χ is a very small constant 
used to prevent division by zero [24]; Us is the velocity of 
the solid phase; g is the gravity; β is the volume expansion 
coefficient; T is the temperature, T ref is the reference 
temperature; Cp is the specific heat of the alloy, and k is the 
thermal conductivity.

The liquid fraction (fl) and solid fraction (fs) can be written 
as:

where T s is the solidus temperature, T l is the l iquids 
temperature, Tm is melting point temperature of the pure nickel 
metal, and kp is the solute partition coefficient.

Table 1 lists the physical properties of GH4742 superalloy. 
The initial melt temperature was set at 1,750 K.

For simplifying the mathematical model, some assumptions 
were required as follows [26]:

(1) The GH4742 superalloy molten melt was treated as the 
incompressible fluid.

(2) The filling process of the molten melt was not taken into 
account.

(3) Because the Joule heat was much smaller than the heat 
of the melt, it was not considered in this model.

(4) The displacement current was not considered.
(5) Because the magnetic Reynolds number was significantly 

smaller than 1, the effect of the melt flow field on the magnetic 
field distribution was neglected.

(10)

(11)fs = 1 - f1

Table 1: Physical properties of GH4742 superalloy [25]

Parameter Value

Electric conductivity, σ 7.4×105 S·m-1

Density, ρ 8,230 kg·m-3

Solidus temperature, Ts 1,405 K

Liquids temperature, Tl 1,622 K

Melting point temperature, Tm 1,728 K

Specific heat, Cp As shown in Fig. 2

Latent heat, L 2.3×105 J·kg-1

Volume expansion coefficient, β 3.1×10-5 K-1

Thermal conductivity, k 29.5 W·(m·K)-1

Conservation equation of momentum:

Conservation equation of energy:

Fig. 2: Specific heat of GH4742 superalloy

3 Results
3.1 Solidification macrostructure
The so l id i f ica t ion macros t ruc tures o f the GH4742 
superalloy ingots without and with the LFEC of different 
current frequencies are shown in Fig. 3. It is clear that the 
macrostructure consists of columnar grains at the edge and 
equiaxed grains at the center of ingots under both conditions. 
The macrostructure without LFEC is shown in Fig. 3(a). In 
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Fig. 3: Solidification macrostructure of GH4742 superalloy ingots: (a) without LFEC; (b) 5 Hz; (c) 10 Hz; (d) 20 Hz

Fig. 4: Average equiaxed grain size (a) and fraction of equiaxed grains (b)

the upper part of the ingot, there are mainly larger columnar 
grains grown perpendicular to the mold surface, which is the 
heat transfer direction. In the lower part of the ingot, there 
are only a few coarse equiaxed grains. It is clearly observed 
from Figs. 3(b-d) that the grain size becomes smaller with 
the LFEC applied, and the equiaxed grains become smaller 
with increasing the current frequency. When the current 
frequency is increased to 20 Hz, the macrostructure exhibits 
completely fine equiaxed grains in the ingot center, and only 
a few columnar grains at the edge. It is noted that significant 
CET occurs when the low frequency electromagnetic field is 
applied, and it becomes more pronounced with increasing the 
current frequency.

The statistical results of the average equiaxed grain size and 
the fraction of equiaxed grains are shown in Figs. 4(a) and (b), 
respectively. The average equiaxed grain size reduces and 
the fraction of equiaxed grains increases after application of 
LFEC. Additionally, the average equiaxed grain size gradually 
decreases and the fraction of equiaxed grains increases with 
increasing the current frequency. As shown in Fig. 4(a), the 
average equiaxed grain size decreases from 5.39 mm (at 
the current frequency of 5 Hz) to 4.74 mm (at the current 
frequency of 20 Hz). Figure 4(b) illustrates that the fraction of 
equiaxed grains increases from 41.21% (at the current frequency 
of 5 Hz) to 55.24% (at the current frequency of 20 Hz).

3.2 Lorentz force field
The distributions of Lorentz force in the melt with different 
current frequencies are shown in Fig. 5. It is evident that the 
Lorentz force mainly concentrates near the melt surface and 
increases significantly with increasing the current frequency. 
While, Lorentz force decreases from the edge to the center of 
the ingot due to skin effect.

3.3 Melt flow field
The Lorentz force generated by LFEC is the driving force for 
the melt flow. Figure 6 shows the melt flow field with different 
current frequencies at 15 s. The variation trend of the melt 
velocity is consistent with that of the Lorentz force, i.e., the 
melt velocity increases with increasing the current frequency. 
In addition, the melt velocity is higher at the melt center than 
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Fig. 5: Lorentz force field with different current frequencies: (a) 5 Hz; (b) 10 Hz; (c) 13 Hz; (d) 16 Hz; (e) 20 Hz

Fig. 6: Melt flow field with different current frequencies at 15 s: (a) without LFEC; (b) 5 Hz; (c) 10 Hz; 
(d) 13 Hz; (e) 16 Hz; (f) 20 Hz

that at the edge of the melt, and the melt velocity is higher in the 
upper part of the melt than that in the bottom part of the melt.

3.4 Temperature field
Figure 7 shows the temperature field of the melt with different 
current frequencies at 15 s. The temperature at the center is 
higher than that at the edge of the melt. With the application 
of LFEC, temperature field of the melt becomes more uniform 
with increasing the current frequency, thus the temperature 
gradient of the melt decreases, resulting in a lower superheat 
in the melt.

4 Discussion
4.1 Grain refinement mechanism
The above experimental results demonstrate that the grains 
can be refined and the CET can be promoted with the 
application of the low frequency electromagnetic field. During 
solidification, the grain size depends on the competition 
between the nucleation rate and grain growth rate. If the 
nucleation rate is higher than the growth rate, the grain will be 
refined.
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It is well known that heterogeneous nucleation is an 
effective method for grain refinement of alloys [27]. Under 
the low frequency electromagnetic field, a magnetic field is 
generated in the melt by the low frequency current, which 
creates an induced current in the melt. In this way, the melt is 
subjected to the Lorentz force generated from the interaction 
between the magnetic field and the induced current. During 
the solidification process, both the nucleation and growth of 
the grains are influenced by the Lorentz force. In the initial 
stage of the solidification, a multiplication of dendrites forms 
on the mold wall because of the high degree of undercooling 
between the melt and the mold wall. For the same material, 
the electrical resistivity in the solid is lower than that in the 
liquid [28]. The induced current generated by the low frequency 
electromagnetic field is higher in dendrites than that in the 
residual liquid. Thus, the dendrites are subjected to a larger 
Lorentz force. In this case, the initial solidified dendrites are 
favorable to be separated from the mold wall, which can act as 
the nucleation site for grains. 

In addition, the average grain size decreases with increasing 
the current frequency. Although the depth of the Lorentz force 
decreases with increasing the current frequency because of 
the skin effect, the magnitude of the Lorentz force increases. 
The Lorentz force is mainly concentrated in the melt region 
near the mold wall, which is an important region for grain 
nucleation. Dendrites firstly form on the mold wall, and when 
the Lorentz force is greater than the strength of the dendrite 
root, dendrites detach from the mold wall, resulting in an 
increased heterogeneous nucleation in the melt. As more 
fragments form, the nucleation rate increases. The grain 
growth is confined by neighboring grains, leading to a grain 
refinement.

Furthermore, forced convection occurs, since the Lorentz 

force accelerates melt flow and heat transfer in the melt. 
Moreover, the melt flow plays an important role for grain 
refinement [29]. The melt flow is caused by both natural and 
forced convection. Without the low frequency electromagnetic 
field, there is only natural convection, so the melt flow velocity 
is slow [Fig. 6(a)]. As a result, only a small amount of dendrites 
detach from the mold wall, the grains are coarse. While, with 
the application of the low frequency electromagnetic field, 
forced convection is induced, which accelerates the melt flow 
velocity, as can be seen in Figs. 6(b-f). The interaction between 
forced melt flow and dendrites reduces the stability of dendrites 
growth [30], and breaks the dendrites, which promotes dendrite 
fragmentation.

Because of the forced melt f low generated by the 
electromagnetic field, the detachment of the dendrites from 
the mold wall can be transported to the undercooling region. 
New nuclei continue to form near the mold wall, thus more 
heterogeneous nucleation sites in the melt are effectively 
promoted. At the same time, the top free surface of the melt 
is fluctuated by the melt flow, and new nuclei are constantly 
formed and dispersed into the melt because of the low 
temperature of air, resulting in a larger number of nuclei in the 
melt. The forced melt flow increases with increasing current 
frequency, and the number of fragments at the solidification 
front increases, and thus more nucleation sites for equiaxed 
grains are promoted. If the number of nucleation sites for new 
grains is sufficiently large, the growth of grains is mutually 
limited, resulting in the refinement of equiaxed grains.

In fact, the temperature field is also influenced by the forced 
melt flow. The temperature distribution is more uniform 
under the electromagnetic field. It is well known that the 
grain size and morphology are influenced by the solidification 
conditions such as temperature gradient and cooling rate. The 

Fig. 7: Temperature field with different current frequencies at 15 s: (a) without LFEC; (b) 5 Hz; (c) 10 Hz; 
(d) 13 Hz; (e) 16 Hz; (f) 20 Hz
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fine equiaxed grains easily form under the high cooling rates. 
On the one hand, with increasing the current frequency, the 
cooling rate increases, therefore, the undercooling in the melt 
also increases. More nuclei are promoted by a high cooling 
rate and results in grain refinement [31].

On the other hand, the superheat of the melt can affect the 
survival probability of the nuclei. When the current frequency 
is low, the forced convection is weak and the superheat in 
the melt center is high. If the fragments are transferred from 
mold wall (low temperature region) to the melt center (high 
temperature region), they may be remelted and cannot survive 
as nucleation sites for new grains. Therefore, nuclei survival is 
more favorable at the low superheat conditions. As a result, the 
probability of remelting of dendrite fragments is reduced with 
a lower temperature gradient [32]. The high undercooling and 
low temperature gradient are favorable for the formation of 
fine grains [33].

In addition, applied electromagnetic field can change the 
Gibbs free energy ΔG, which can be expressed as [34,35]:

4.2 CET mechanism
The transition process of macrostructure from columnar grains 
to equiaxed grains during solidification is called CET [36]. The 
CET occurs when the growth of columnar grains is hindered by 
the formation of new equiaxed grains [37]. In fact, an equiaxed 
zone forms when the nucleation rate for equiaxed grains is 
sufficiently large to obstruct the growth of columnar grains. 
Therefore, the CET depends on the competitive growth of 
the columnar grains and equiaxed grains. Another fact is that 
the columnar and equiaxed grains on both sides of the CET 
boundary are interdependent in scale. Nucleation sites for 
equiaxed grains can be provided by the fragmented dendrites [38]. 
Under magnetic field, fragmentation is caused by the action of 
force field and the CET is promoted [39]. The high nucleation rate 
in the solidification front resulting in the formation of equiaxed 
grains [40]. More nuclei can be generated by the melt flow from 
the mold wall and melt top surface. They are transported to 
the undercooled region in the front of the columnar grains, 
and eventually equiaxed grains form. In the present study, 
both the temperature field (Fig. 7) and melt flow field (Fig. 6) 
are changed with the application of the electromagnetic 
field during the solidification process of the alloy. The 
fragmentation or remelting of the dendrites is intensified and 
the solidification nucleation rate is increased, resulting in grain 
refinement [Fig. 4(a)] and the promotion of CET [Fig. 4(b)].

4.3 Simulation for the large size VIM ingot
Large size GH4742 superalloy VIM ingot is prone to form 
hot cracking, but the cost of full-size experiment is too high. 
Therefore, based on the results of the present study, the way 
for inhibiting the hot cracking tendency of the large size 
GH4742 superalloy VIM ingot is explored with numerical 
simulation.

According to the above experimental and numerical 
simulation results, it can be seen that the grains can be 
effectively refined and the CET is promoted through applying 
a low frequency electromagnetic field during the solidification 
process of GH4742 superalloy. Based on the statistical data 
of large size electrodes cracking in the industrial production 
and the results of previous studies [41], it has been found that 
the coarse dendrites in the coarse columnar grains of tens of 
millimetres and more than half of the coarse dendrites in the 
columnar grains, while the columnar grains and equiaxed 
grains on both sides of CET are interdependent in scale. The 
excessive segregation of alloying elements in dendrites is the 
root cause of electrode cracking [3]. Then, for large size VIM 
electrodes, the same numerical simulation method as above 
was used for prediction. The numerical simulation of ingots 
with the diameter of 60 mm to 430 mm, was based on the 
following conditions:

(1) CET ratio of VIM electrode must be higher than 50%;
(2) The electrode cracking sensitive temperature (solid 

fraction is 0.9 [42]) must be in the equiaxed grain zone near the 
CET;

(12)
where the ΔGv is the difference between the free energy of the 
solid phase and the liquid phase per unit volume. The ΔGm is 
the change in magnetic free energy formed per unit volume of 
the solid phase, which can be written as:

where the χ ls is the change of volume susceptibility between 
the solid phase and the liquid phase, and µ0 is the magnetic 
permeability.

The total free energy change ΔGT can be described as:

where the σαl is the interfacial tension between the solid phase 
and liquid phase.

Therefore, the critical nucleation energy  is obtained as 
follows:

The critical nucleation radius r* can be obtained as follows:

It can be concluded that with the application of the low 
frequency electromagnetic field, the energy barrier and critical 
radius of nucleation can be reduced. Therefore, the nucleation 
rate is increased by the low frequency electromagnetic field 
and the grain size is reduced through changing of both the melt 
flow field (as shown in Fig. 6) and temperature field (as shown 
in Fig. 7).
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Fig. 8: Temperature field of 60 mm diameter ingot with different current frequencies: 
(a) without LFEC; (b) 5 Hz; (c) 10 Hz; (d) 13 Hz; (e) 16 Hz; (f) 20 Hz

Fig. 9: Temperature field of 430 mm diameter electrode with different current densities: 
(a) without LFEC; (b) 100 A; (c) 200 A; (d) 300 A; (e) 400 A

(3) The current frequency was set to 5 Hz (considering the 
depth of action), with current densities of 100 A, 200 A, 300 A, 
and 400 A, respectively.

According to the above conditions, the numerical simulation 
results are shown in Figs. 8 and 9. Figure 8 shows the 
temperature field of the 60 mm diameter ingot melt with 

different current frequencies when the solid fraction of Point A 
(22, 100) is 0.9. It can be seen that the temperature gradient is 
the largest in the melt without LFEC. With the application of 
LFEC, temperature field of the melt becomes more uniform. In 
addition, with increasing the current frequency, the temperature 
gradient decreases. When the current frequency reaches 20 Hz, 
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the temperature field is the most uniform. Figure 9 shows the 
temperature field of 430 mm diameter electrode melt with 
different current densities when the solid fraction of Point B 
(153, 1100) is 0.9. Due to the increase in the melt size, the 
temperature field of the melt without LFEC is extreme uneven. 
The temperature in the melt center is very high, and the 
temperature near the melt edge is very low. Therefore, a large 
temperature gradient forms in the melt. With the application 
of LFEC, the temperature becomes uniform. In addition, with 
increasing the current density, the temperature field becomes 
more uniform. When the current density reaches 400 A, the 
temperature field is the most uniform, and the temperature 
gradient is the lowest. Comparing the results shown in Fig. 8 
with that in Fig. 9, it is clear that with the application of the 
low frequency electromagnetic field of 400 A and 5 Hz, no less 
than 50% CET can be obtained for the VIM electrode with a 
diameter of 430 mm, since the temperature field cloud image 
is similar to the result of the 60 mm diameter ingot, as shown 
in Fig. 8. It is suggested that when the LFEC parameters can 
be effectively controlled during the preparation of GH4742 
superalloy with a diameter of 430 mm VIM electrode, coarse 
dendrites with a high degree of segregation would not form, 
and the cracking of VIM electrode can also be inhibited.

5 Conclusions
(1) With the application of the low frequency electromagnetic 

fields, the average grain size is reduced and CET is promoted 
for the GH4742 superalloy ingot. In addition, the average 
equiaxed grain size decreases and the fraction of equiaxed 
grains increases with increasing the current frequency.

(2) With the application of the low frequency electromagnetic 
fields, the forced convection occurs due to the Lorentz force, 
and the melt flow velocity increases. In this way, more nuclei 
are generated in the melt, resulting in finer grains.

(3) The temperature field becomes more uniform and the 
superheat is lower with low frequency electromagnetic fields, 
which is a favorable condition for the survival of nuclei.

(4) Based on the results of experiments and numerical 
simulation, it is found that the forced melt flow generated by 
Lorentz force can effectively refine grains and promote CET. 
It indicates that the hot cracking of the large size GH4742 
superalloy VIM electrodes can be prevented through applying 
a low frequency electromagnetic field with proper parameters.
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