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Electromagnetic Field Simulation 
and Crack Analysis of 
Electromagnetic Forming of 
Magnesium Alloy Tube 
The AZ31 magnesium alloy tube was used for electromagnetic forming experiment of 
three kinds of input voltages. The stress-strain state of tube forming was analyzed. It 
was shown that the cause of oblique crack of tube was σr of axial inhomogeneous 
distribution and σz, and the cause of longitudinal crack was σr and σθ of 
inhomogeneous distribution in circumferential direction. Moreover, the 
electromagnetic field and force field during electromagnetic forming was simulated by 
ANSYS software. The experiment proved the simulation result. 
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Introduction1 

Lightweight structure is very useful in aviation, aerospace, 
automotive, transportation and other fields. Magnesium alloy has an 
obvious advantage in these fields because of its low density and 
high specific strength (Le, 2002; Chen, 2008). However, the 
application and development of magnesium alloy is constrained by 
forming methods. Electromagnetic forming technology is a high-
energy rate forming technology that can effectively improve 
material formability (Svendsen, 2005). Forming magnesium alloy in 
this way has the advantage of high speed and good controllability. P. 
Jimbert (2007), A. Revuelta (2007) and Liu P. (2008) carried out 
electromagnetic forming experiment study for the AZ31 magnesium 
alloy plate. Jimbert and Revuelta simulated electromagnetic forming 
process of magnesium alloy plate. At present, aluminum alloy and 
copper alloy are main materials as to electromagnetic forming of 
tube (Karch, 2005). In this paper, electromagnetic forming 
experiment for AZ31 magnesium alloy tube, and the distribution of 
electromagnetic field and force field during electromagnetic forming 
were presented. 

Nomenclature 

A  = Magnetic vector potential  
B  = Magnetic flux density, T 
E  = Electrical field intensity, V/m 
F  = Electromagnetic force, N 
H = Magnetic field intensity, A/m  
J  = Induced current, A/m2 
Js = Known source currents in induction coil, A/m2 

n = Unit normal vector 
t  = Time, s 
V  = Electric scalar potential  
( )1ν μ= = Magnetic reluctivity, A2/N 

μ  = Magnetic permeability, N/A2 

σ  = Electrical conductivity, (1/Ωm) 

Experiment and Numerical simulation 

Experiment 

The experimental device consists of capping, chassis, supporting 
wall, insulation and inductor, shown in Fig. 1. The inductor is of 16  
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turns solenoid, its inner diameter is 32 mm, its outer diameter 52 
mm, its length 75 mm, and its resistivity 1.67 × 10-8Ωm. The 
experimental material is φ31 mm × 1 mm AZ31B magnesium alloy 
tube. Its length is 100 mm, its resistivity is 9.2 × 10-8Ωm, and its 
compositions (mass fraction wt, %) are Al(2.5－3.5), Mn(0.2－
0.35), Zn(0.7－1.3), Cu(0.05), Fe(0.005), Ni(0.005), Si(0.1) and 
Mg(the rest). Relative permeability of the experimental device and 
material is 1. The experimental procedure is as following: adjusting 
the electromagnetic forming machine (20 kJ, 400μF), connecting 
the electromagnetic forming machine and the experimental device, 
putting in AZ31B magnesium alloy tube, and conducting the 
experiment according to the plan. 
 

 
Figure 1. Schematic of electromagnetic forming experimental device. 

Numerical Simulation 

A typical eddy current problem is depicted in Fig. 2. Where Ω1 
is eddy current region full of the conducting media, and it contains 
magnesium alloy tube. Where Ω2 is a surrounding region free of 
eddy current, and it contains the given source currents, air dielectric, 
induction coil. The union of Ω1 and Ω2 consists of the entire 
problem region. Electromagnetic field is depicted by the magnetic 
vector potential A as well as the electric scalar potential V, the field 
vectors are obtained from the potentials as the following (Biro, 1988  
Oszkár, 1989): 
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inΩ2: 
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Figure 2. Regions and boundary conditions in typical eddy current problem. 

 
 
The boundary of Ω2 and, hence, of Ω is divided into two parts in 

accordance with the two types of boundary conditions of practical 
importance: on BΓ , the normal component of flux density is 

prescribed, whereas on HΓ , the tangential component of magnetic 
field intensity is given (Biro,1988). 
On boundary BΓ : 

 
0× =n A  ， 0ν∇⋅ =A                                   (4) 

 
On boundary HΓ : 

 
0ν∇× × =A n  ， 0⋅ =n A                          (5) 

 
The boundary conditions on 12Γ  between Ω 1 and Ω 2 are as 

follows: 
 

21 AA =  ，     1 1 1 2 2 2 0ν ν∇× × + ∇× × =A n A n  

1 1 2 2 0ν ν∇⋅ − ∇⋅ =A A  ， 0V
t

σ σ∂⎛ ⎞⋅ − − ∇ =⎜ ⎟∂⎝ ⎠
An             (6) 

 
where n  is outer normal on the corresponding surface, and the 
subscripts 1 and 2 refer to quantities in the regions Ω1 and Ω2 
respectively; 1ν  and 2ν are the magnetic reluctivity of Ω1 and Ω2 
respectively; σ  is electrical conductivity, 1/Ωm; Js is the given 
source currents in induction coil, A/m2; and t is time, s. Equations 
and boundary conditions satisfy Coulomb's gauge. 

The model region and the mesh division of electromagnetic 
forming are given in Fig. 3. The PLANE53 elements are applied to 
magnesium alloy tube, air and induction coil. In order to reduce 
computational load and to ensure accuracy, INFIN110 element is 
applied to the outside of air element. The computational region is 
1/4 of experimental region with symmetry. The parallel and vertical 
boundary conditions of magnetic lines of force satisfy Eq. (4) and 
Eq. (5) on computational region boundary. Electromagnetic force 
acting on magnesium alloy tube is obtained from Eq. (7). 
 

( ) 21 1= =
2

B B
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× ∇ − ∇iF J B B                      (7) 

 

 
   Figure 3. Model region and mesh division of electromagnetic forming. 

Results and Discussions 

The electromagnetic forming process of magnesium alloy tube 
is essentially the instantaneous discharge forming process of the 
pulse capacitor. When 2 4R L C� ， the frequency of current 

through the induction coil is 1 LCω = and the current reaches the 
maximum at 

max 2t LCπ=  (He, 1990). L = 0.0075 mH is a 
measured value, and max 0.08t ms=  is a calculated value. Transient 
analysis is applied to numerical simulation. The simulated result is 
given in Fig. 4. Strong induced magnetic field and electromagnetic 
force are generated between magnesium alloy tube and induction 
coil at the moment of electromagnetic forming in Fig. 4.  
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Figure 4. Magnetic flux density and electromagnetic force during 
electromagnetic forming. 

 
The interaction between the magnesium alloy tube and induction 

coil is strengthened with the input voltage increase. However, the 
distribution of induced magnetic field and electromagnetic force are 
basically unchanged. The stress acting on the wall of magnesium 
alloy tube exceeds the fracture strength of magnesium alloy at input 
voltage of 5.2 kV and 4.8 kV by computing. The stress exceeds 
yield strength of magnesium alloy, and do not reach the fracture 
strength at input voltage of 4.4 kV. 
 
 

 
Figure 5. Magnesium alloy tube of electromagnetic forming. 

 

 
Figure 6. Stress-strain state of magnesium alloy tube. 

 

The results of electromagnetic forming at input voltage of 5.2 kV, 
4.8 kV and 4.4 kV are shown in Fig. 5. Test tube at input voltage of 
5.2 kV produced a larger deformation. The crack in the middle of the 
deformation zone is mainly longitudinal and the crack at two ends of 
the deformation zone is oblique, shown in Fig. 5(a).The crack of test 
tube at input voltage of 4.8 kV is oblique at one end of the 
deformation zone, which is comparatively small, and longitudinal at 
the other end of the deformation zone, shown in Fig. 5(b). The 
following results are obtained by the analysis of the above two sets of 
experiments: 1) Diameter shrinkage of tube is large. It is shown that 
strong radial pressure and the circumferential stress σθ act on the test 
tube. 2) The crack is mainly longitudinal. It is shown that the 
distributions of σr and σθ are inhomogeneous along circumferential 
direction. The test tube showed longitudinal crack with brittleness of 
magnesium alloy at room temperature. 3) The test tube presents 
oblique crack at the end of deformation zone. It is shown that the test 
tube presented a longitudinal crack, and, at the same time, σr of 
inhomogeneous axial distribution and σz act on the end of deformation 
zone. 

The qualified tube is obtained with electromagnetic forming at 
input voltage of 4.4 kV, shown in Fig. 5(c). The deformation of tube 
is homogeneous, with no cracks. The maximal diameter shrinkage is 
10%. Deformation is inhomogeneous at two ends of the deformation 
zone. The stress state at the wall of tube is three-dimensional. Its 
stress-strain state is shown in Fig. 6(a,b). The deformation in the 
middle of the deformation zone is homogeneous. Its stress state is 
the plane stress with σθ and σr , and its stress-strain state is shown in 
Fig. 6(c,d). Under the condition of homogeneous deformation, the 
relationship between σθ and σr is given by the equation: 

 
2r D t θσ σ=                                     (8)  

 
where, D is the outer diameter of tube and t is the wall thickness of 
tube. According to the corresponding rules of the stress and strain, 
the sequence of strain increment is consistent with the sequence of 
stress increment. During electromagnetic forming of tube, axial 
strain increment 

zdε  is expressed: 
      

                          ( )
2z r
dd θ
εε σ σ
σ

= − +                               (9) 

 
where, σ  is the equivalent stress, dε  is the equivalent strain 
increment. Both σθ and σr in electromagnetic forming of tube are 
less than zero, i.e. 0 , 0 , 0 ,r z zdθσ σ ε ε+ < > > and 

rθσ σ� . We have 0, 0rθε ε< > , namely, tube length increases, 

tube diameter reduces, and tube wall thickness increases (Lu, 2006).  
 
 

 
Figure 7. Coordinate system of strain measurement. 
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Figure 8. Strain distribution of tube. 

Conclusions 

1) The electromagnetic field and force field during 
electromagnetic forming were simulated by ANSYS software. The 
simulation result is consistent with the electromagnetic forming 
experiment of the AZ31 magnesium alloy tube. The distributions of 
electromagnetic field and force field are very similar on the 
condition of three kinds of input voltages. 

2) Stress-strain state of tube forming was analyzed. It is shown 
that the cause of oblique crack of tube is σr of axial inhomogeneous 

distribution and σz, and the cause of longitudinal crack is σr and σθ 
of inhomogeneous distribution in circumferential direction. 
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