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Abstract

The research of the electromagnetic forming (EMF) technology at the Wuhan National High Magnetic
Field Center (WHMFC) has focused on designing electromagnetic system for generating a more flex-
ible and strong Lorentz forces acting on workpieces, and then expanding the applications of EMF
technology to solve current problems in forming large-scale and complex components. In this paper,
we will sum up the latest progress of EMF technology at the WHMFC in detail according to recently
reported works.
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1. Introduction

Electromagnetic forming (EMF) is a high-rate forming technology that reshapes metal workpiec-
es by means of electromagnetic forces (Lorentz forces), which has been demonstrated to be effective
in improving formability, reducing springback and wrinkling!. Therefore, this technique has been
widely applied for forming of both sheet and tube metal parts®?®. A common feature of these existing
studies is that only a single coil and a single power are typically used, in which the transient magnetic
field generated by the coil and induced eddy current in the workpieces are highly coupled. This may
result in a poor controllability of electromagnetic force distribution and then could have adverse ef-
fects on the forming quality in same cases.

To produce more flexible electromagnetic forces and broaden the applications of EMF, the
Space-Time-Controlled Multi-Stage Pulsed Magnetic Field (Stic-Must-PMF) forming technology has
been proposed in our previous work®. Strong electromagnetic forces can be generated by introduc-
ing the nondestructive pulsed high field magnet technology to fabricate tool coils with high strength
and long life performance. Meanwhile, the distribution of these forces acting on the workpiece can be
well adjusted by using multiple tool coils and several sets of pulsed power systems, in which each
coil is energized individually by different power supplies with a precise timing control. To validate the
effectiveness of the improved EMF technology, a three-stage forming system with three types of
pulsed power supply and a timing control system has been developed at WHMFC, and several stud-
ies are carried out that will be introduced in the following sections in detail.



2. Applications of Stic-Must-PMF
2.1 Deep drawing of sheet metal

How to realize deep drawing of sheet metal with a high drawing ratio by use of EMF is interest-
ing and challenging. For conventional single-coil EMF system, the axial Lorentz force is dominant in
the forming process and the radial Lorentz force is quite small. In this case, the deformation behavior
of a sheet with a drawing ratio of 3.25 almost completely lies on the stretching, which will easily lead
to tearing with the increase of the axial Lorentz force and then the maximum drawing depth of sheet
metal is limited. To solve this problem, a dual-coil EMF system has been developed in our group, as
shown in Fig. 1, in which a radial inward force in the flange region of sheet metal is introduced to en-
hance the material flow and inhibit the tearing. To realize the magnitude control of axial and radial
Lorentz forces, two independent pulsed power systems with capacitor banks are used to energize the
two coils. By controlling the discharging voltages of the two power systems, the axial and radial Lo-
rentz forces can be well controlled. Meanwhile, the timing control of the two Lorentz forces can also
be realized by using light-activated thyristors in each power system with the aid of independent opti-
cal pulse signals. On this basis, experiments for deep drawing of AA1060-H24 with a drawing ratio of
3.25 have been carried out. Results show that the material flow of the flange can be significantly en-
hanced by increasing the radial Lorentz force and the maximum forming depth without failure has
greatly increased from 8.44 mm to 20.28 mml, and this value can be further increased to 45 mm
through multiple discharges, as shown in Fig. 2. Further, the underlying mechanism of the enhanced
deep drawing have been analyzed through both numerical and experimental studies, which can refer
to our previous work for detailst®l.
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Fig. 1. Schematic diagram of the dual-coil EMF system for deep drawing®

Fig. 2. Photographs of the Original and formed sheets



2.2 Large sheet metal forming

Up to now, most existing studies of EMF technology have focused on the forming of small sheet
metal parts (typically less than 800 mm diameter). The main reasons for this issue are: 1) the perfor-
mance of the conventional EMF system is limited by the strength of the pulsed driving coil. Therefore,
the magnetic field strength generated by conventional EMF system cannot be strong enough to im-
prove the forming range and depth which has restricted its extensive application in the large sheet
metal forming. 2) the cost of EMF could greatly increase with the increasing of workpiece size. To
solve these problems, we have recently developed a new EMF system that can shape large sheet
metal parts with a light-weight equipment®®.. As shown in Fig. 3, the system mainly consists of four
major sub-systems including die, forming coil, blank holding system and Inertia confinement system.
Compared with conventional EMF system, the proposed system has special advantages: 1) all the
coils in the system are designed and fabricated based on the theory of high-field pulsed magnets, in
which high strength glass fiber has been used to reinforce these coils to ensure their performance life.
2) a pulsed electromagnetic blank holding system has been proposed to replace conventional me-
chanical ways, in which a high attractive Lorentz force can be generated between the upper and low-
er coils for blank holding. An obvious advantage of the system is that the generated blank holding
force (BHF) can be self-restrained, and therefore no heavy framework is required to constrain the
counter force. The design principle of the new blank holding system can refer to our previous work%,
3) an inertia confinement (IC) system with the aid of a counter weight has been proposed to confine
the upward motion due to the counter force acting on the coil in the forming process, which can effec-
tively simplify the forming equipment that generally complicated and heavy as well as the total cost.
The new EMF system has been implemented, and its feasibility on manufacturing ellipsoid-shaped
AA5083/AA2219 parts with 1378 mm diameter has been validated in the experiments. As an example,
the photograph of the formed workpieces made of AA5083 is shown in Fig. 4, which has a maximum
depth of 225 mm and a maximum thinning of 9.48%!1°.,
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Fig. 3. Schematic diagram of an EMF system for large sheet forming. PS1, PSz2and TCS respectively represent
1stpower supply, 2" power supply and timing control system.
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Fig. 4. Photograph of the formed workpiece with an initial diameter of 1378mm[®

2.4 Electromagnetic attractive forming

As mentioned in the introduction, the electromagnetic force distribution in the workpiece is hard
to alter in the conventional EMF systems with a single coil and a single power supply system.
Therefore, most research efforts focused on the development of EMF with repulsive forces between
the EMF coil and conductive workpiece. Actually, in addition to the conventional repulsive forces,
EMF process can be realized by use of attractive forces and this could contribute to more wide
applications such as external dent repair, dis-assembly of press-fit joints and forming of small tubes.
Nevertheless, compared with the conventional repulsive process, it's a challenging issue to generate
efficient attractive magnetic forces between the coil and workpiece. To realize the attractive forming
process, an electromagnetic discharge system with two sets of power supply and a timing control
system in Fig. 5(a) was designed, implemented and tested in our previous work™. The two capacitor
banks in the discharge system are electrically connected to a single tool coil with opposite electrical
charges, and light-activated thyristors are applied to sequentially trigger the two discharge systems
with the aid of a timing control system. By use of the discharge system, the dual-frequency coil
current in Fig. 5(b) can be obtained, which has been demonstrated to be effective for realizing the
attractive deformation of an AA1060-O aluminum alloy sheet with a thickness of 1 mm. The
presented results could be helpful in widening the applications of EMF technology.
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Fig. 5. (a) Schematic diagram of the electrical circuit of the EMF system for attractive forming process, (b) the
proposed EMCE process; (b) experimentally measured discharge currents*!l,



2.4 Electromagnetic Cold Expansion Process of Holes

Mechanical cold-expansion process has been widely used to improve the fatigue life of work-
piece holes in aircrafts. However, there are some inherent and unavoidable features of this process
such as contact way and non-uniform residual stress distribution, which restrict further improvement
of the fatigue life of holes. To overcome these limitations, a novel electromagnetic cold expansion
(EMCE) process with a dual-stage coil system is proposed in our previous work?, which expands
holes by a radial pulsed electromagnetic force. Figure 6(a) schematically shows the proposed EMCE
system, in which the inner coils are responsible for producing toroidal currents in the workpiece and
the the outer coils are used to produce an axial magnetic field in the region of workpiece. According
to the Lorentz force equation, a toroidal current and an axial magnetic field can produce a radial elec-
tromagnetic force. The schematic diagram of the configurations and discharge timing of the two types
of coils is shown in Fig. 6(b). Note that, the axial magnetic field generated by outer coils should have
a long pulse width to avoid inducing eddy currents in the workpiece, and the directions of the axial
magnetic field produced by the two types of coils should be opposite to generate an outward radial
electromagnetic force acting on the workpiece. Meanwhile, the inner coils should discharge at the
peak time of magnetic field generated by the outer coils to obtain a maximum radial electromagnetic
force, as shown in Fig. 6(b). The effectiveness of the new EMCE process in improving fatigue life and
fatigue limit of specimens has been verified by experimental tests for cold expansion of holes in
sheets made of 2A12-T4 aluminum alloy. More details about the design principle, parameters of
power supplies and coils as well as the expansion experiments can refer to our previous work™2.,
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Fig. 6. (a) Schematic diagram of the proposed EMCE process; (b) schematic diagram of discharge timing of the
inner and outer coils*2,
3. Conclusion

This paper summarizes the recent development of EMF process at WHMFC. Different with con-
ventional EMF process with a single coil and a single power supply, the newly developed EMF pro-
cesses at WHMFC can be seen as the category of Stic-Must-PMF forming technology that more than
one coil or power supply are used. It has been clearly shown that, in comparison to conventional EMF,
these Stic-Must-PMF forming processes have greater advantages and potential in forming large-
scale and complex sheets. More studies for optimal control of multiple coils and power supplies ac-
cording to different forming components will be carried out in the future to establish the rules of
space-time control of multi-stage pulsed magnetic field and flexible electromagnetic force distribution
in the forming process.



References

(1]
(2]
(3]
[4]
(5]
6]
[7]
(8]
(9]

Psyk V, Risch D, Kinsey B L, et al. Electromagnetic forming—a review. Journal of Materials Processing Technology,
2011, 211(5): 787-829.

Oliveira D A, Worswick M J, Finn M, et al. Electromagnetic forming of aluminum alloy sheet: free-form and cavity
fill experiments and model. Journal of Materials Processing Technology, 2005, 170(1): 350-362.

Kamal M, Daehn G S. A uniform pressure electromagnetic actuator for forming flat sheets. Journal of Manufacturing
Science and Engineering, 2007, 129(2): 369-379.

Thomas J D, Seth M, Daehn G S, et al. Forming limits for electromagnetically expanded aluminum alloy tubes:
Theory and experiment. Acta Materialia, 2007, 55(8): 2863-2873.

Yu H, Fan Z, Li C. Magnetic pulse cladding of aluminum alloy on mild steel tube. J Mater Process Technol 2014,
214(2): 141-50.

Li L, Han X, Peng T, et al. Space-time-controlled multi-stage pulsed magnetic field forming and manufacturing
technology. The 5th International Conference on High Speed Forming. Dortmund, Germany. 2012: 53-58.

Lai Z, Cao Q, Zhang B, et al. Radial Lorentz force augmented deep drawing for large drawing ratio using a novel
dual-coil electromagnetic forming system. Journal of Materials Processing Technology, 2015, 222: 13-20.

Lai Z, Cao Q, Han X, et al. Investigation on plastic deformation behavior of sheet workpiece during radial Lorentz
force augmented deep drawing process. Journal of Materials Processing Technology, 2017, 245: 193-206.

Lai Z, Cao Q, Han X, et al. A comprehensive electromagnetic forming approach for large sheet metal forming.
Procedia Engineering, 2017, 207: 54-59.

[10] Lai Z, Cao Q, Han X, et al. Design, Implementation, and Testing of a Pulsed Electromagnetic Blank Holder System.

IEEE Transactions on Applied Superconductivity, 2016, 26(4): 1-5.

[11] Cao Q, Lai Z, Xiong Q, et al. Electromagnetic attractive forming of sheet metals by means of a dual-frequency

discharge current: design and implementation. The International Journal of Advanced Manufacturing Technology,
2017, 90(1-4): 309-316.

[12] Zhou Z, Fu J, Cao Q, et al. Electromagnetic cold-expansion process for circular holes in aluminum alloy sheets.

Journal of Materials Processing Technology, 2017, 248: 49-55.



