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Abstract Electromagnetic superposed forming (EMSF) is a
newly proposed method for forming large-scale aluminum
alloy sheets with small curvature. The forming principle is
based on superposition of local shallow deformations gener-
ated by the coaction of a flat spiral coil and a punch matrix.
This paper emphasizes the deformation controllability, which
is a basic research for developing the EMSF into a mature
process of forming aircraft skins. The study is conducted via
forming experiments in which the sheet blanks with different
length-width ratio are entirely or partially subjected to the
pulsed electromagnetic force. Finally, two pieces of S-
shaped specimens are trail-produced. Waviness and surface
finish of the specimens are analyzed. The results show that
obtaining spherical specimen by EMSF is feasible. When a
square blank is uniformly loaded, the specimen shape is ap-
proximately spherical. It is also feasible to obtain the major
deformation perpendicular to loading paths in EMSF. The
controllability of deformation during the EMSF process can
be ensured. The S-shaped specimens show potential applica-
tion of the EMSF in forming parts with complex shape.
Besides, the specimen waviness is suitable for aircraft skins.
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1 Introduction

Electromagnetic forming (EMF) utilizes the so-called Lorentz
force to form high-conductivity materials such as aluminum
alloys. It is one of the high energy rate forming technologies
[1]. During the forming procedure, the maximum deformation
velocity of the workpiece can reach up to 50~250 m/s [2] and
the high strain rate is in the range of 102~104/s [3]. Analyses of
the EMF are complicated due to the highly coupled
electromagnetic-mechanical-thermal fields [4–7]. When com-
pared with traditional quasi-static forming processes, EMF
will enhance the formability of metallic materials [8–12] and
eliminate spring-back of workpieces [13–17]. So far, a lot of
researches based on the EMF have been derived, including
electromagnetic joining [18–21], cutting [22], and assisted
stamping [23, 24].

Most of the successful applications are focused on com-
pressions and expansions of tube parts. According to the pub-
lished literatures, the first industrial application of EMF is the
electromagnetic compression at General Motors [25]. The
neoprene boots were banded onto the automotive ball joints
by the electromagnetic band compression. The electromagnet-
ically crimped form-fit joining is another application of the
EMF to automotive space frame [20, 26, 27]. The outer tube
is compressed into the undercut of the inner part by radial
electromagnetic force. Weddeling et al. [20] claimed that the
electromagnetic crimping is more energy-saving than the
magnetic pulse welding and thus should be preferred in case
no gas-tightness is required. Park et al. [28] have tested the
connection strength. The results show that the joint failure
appears in the base part but not in the joining region. Yu
et al. [29] proposed the magnetic pulse cladding (MPC) in
which an aluminum alloy tube is compressed onto a mild steel
tube. The corrosion resistance of aluminum alloy and the me-
chanical strength of mild steel are gathered in the bi-metal
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tube. Yu et al. [29] concluded that it is feasible to generate
composite tubes with long axial length by MPC. The electro-
magnetic expansion is usually used to investigate the material
ductility at high strain rate [30–33].

Compared with the EMF of tubular parts, the EMF of sheet
metals lacks successful applications. It is thus thenmeaningful
to take the EMF of sheet metals into further investigation.
Non-uniform distribution of electromagnetic force of flat spi-
ral coil is a limitation for EMF of sheets. In order to enhance
the spatial distribution of magnetic pressure, Kamal et al. [34]
introduced a uniform pressure coil. The coil was then used to
trail-produce shell of cellphone [35] and bipolar plate of fuel
cell [36]. Usually, the electromagnetic free bulging is used to
test formability of sheet metals at high strain rate. The tradi-
tional rigid punch is substituted by pulsed electromagnetic
force. It is a single-die process which eliminates the effect of
fraction on testing formability of materials.

Aircraft skins which are made of aluminum alloys are typ-
ical sheet metals. Recently, a novel forming method aimed at
manufacturing large-scale and small-curvature aircraft skins
has been proposed [37, 38]. It is named electromagnetic su-
perposed forming (EMSF). As is shown in Fig. 1, local shal-
low deformations are generated by coaction of electromagnet-
ic driving and punch matrix restraining. After spring-back,
superposition of these local deformations leads to macroscop-
ic shape of specimen. The experiments conducted by Long
et al. [37] have shown the feasibility of the EMSF. The spec-
imens will bend towards opposite directions by different com-
binations of discharge voltage and rubber thickness. Based on
the EMSFmethod, a large-scale AA2524-T3 blank with a size
of 1840 mm × 810 mm × 2.5 mm has been formed to be a 1D
curved sheet specimen [38]. The average radius of that spec-
imen was approximately 6200 mm. The authors concluded
that the new EMSF process might be suited for forming air-
craft skins.

Because local deformations are approximately spherical,
the specimen may get 2D curved. When a square blank is
uniformly loaded, the specimen shapemight be approximately
spherical. It is similar to the deformation law observed in the
free shot peen forming. However, the desired shape of parts is
not always spherical or even two-dimensional curved. For
example, a lot of S-shaped aircraft skins are needed to meet
the requirements of blended wing body configuration and
twin-engine design of aircraft. The so-called S-shape is

defined from the geometric point of view. When a line or a
curve is moved along a given path, a new 3D surface with
certain shape will be created. The line or curve is called the
generatrix, and the path is called the directrix. The S-shape
geometry means that the directrix of the surface is S-shaped,
which looks like a cubic curve. The principal curvature in the
directrix is much larger than the other one in the generatrix.
For an S-shaped specimen, the major deformation is formed
along the directrix.

The EMSF process is expected to be a new approach for
producing aircraft skins. It is necessary to take an insight into
the controllability of final macroscopic shape of specimen in
the EMSF process. Because the electromagnetic forces are
incrementally applied on the sheet surface during EMSF pro-
cedure, effect of loading path on final deformation of speci-
men should be taken into consideration. Referring to the well-
known shot peening, it is expected that the maximum princi-
pal curvature appears in the direction perpendicular to the
loading path. The sphere effect in EMSF could be inhibited,
which makes it easy to control the final shape of parts.

This work starts with a verification of the feasibility of
EMSF in forming dome-shaped specimens. Next, the experi-
ments inhibiting the sphere effect of macroscopic specimen
deformation are carried out. As an application of the deforma-
tion controllability, the S-shaped sheet specimens with large
scale are then trial-produced by EMSF. All of the sheet blanks
are made of 2524-T3 aluminum alloys. Analyses of the spec-
imens are assisted by a three-dimensional laser scanner and
the commercial software CATIA.

2 Experiments

2.1 Experimental tools

A flat spiral coil that can be lifted by a hydraulic cylinder is
utilized to generate the pulsed electromagnetic force. It con-
sists of 15 turns and has a cross section of 16 mm × 2.5 mm.
The insulation gaps between every two adjacent turns is
0.5 mm. The punch matrix consists of 162 (27 × 6) punches
(see Fig. 2). Discharging energy of the coil is supplied by a
capacitor bank with 250 μF capacitance. The maximum
charge voltage of the capacitor bank is 20 kV.

Fig. 1 Schematic diagram of the electromagnetic superposed forming
(EMSF) procedure. a The sheet is placed above a punch matrix which
consists of regularly arranged punches with spherical end. b Applying

electromagnetic force on that sheet results in uniformly distributed local
shallow spherical deformations. c Superposition of these local
deformations leads to macroscopic deformation of the specimen
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2.2 Forming dome-shaped specimen

According to spherical punch end, local deformations gener-
ated in EMSF are also approximately spherical. A square
blank might get macroscopic spherical deformation in case
that the local deformations are uniformly distributed. This
experiment is aimed at experimentally verifying the feasibility
of obtaining a dome-shaped specimen by the EMSF. Figure 3a
shows the experimental setup. The rubber sheets are used to
prevent the specimen surface from mechanical fraction. A
polyurethane sheet is placed between the coil and the driver
sheet. Both the driver sheet and specimen sheet are in size of
550 mm × 330 mm × 1.6 mm. Figure 3b shows the loading
procedures. The specimen is firstly loaded along its length
direction. For every two adjacent work stations in one loading
path, the feeding distance is set to 30 mm. The distance be-
tween every two adjacent paths is 30 mm too. A total of 36
discharging has been carried out, and the middle zone of the
specimen which is in the range of 300 mm× 300mm has been
loaded. The discharging voltage for the coil at every work
station is set to 4 kV.

2.3 Inhibiting sphere effect

As the desired shape of parts is not always spherical, the fol-
lowing experiments are aimed at inhibiting the spherical de-
formation of specimens during EMSF. Figure 4a shows the
experimental setup. The rubber and polyurethane sheets are
similar to the above experiment (see Sect. 2.2). The size of the

driver sheet is in the range of 810 mm × 200 mm × 1.6 mm.
Figure 4b presents a more detailed illustration of the loading
procedure. The length and thickness of the specimens are 810
and 1.6 mm, respectively. The width of the specimens, B,

Fig. 3 a Experimental setup and b loading procedures in the forming of
dome-shaped specimens

Fig. 2 Demonstration of the experimental tools

Fig. 4 a Experimental setup and b loading procedure for inhibiting
sphere effect
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varies from 150 to 350 mm with a 50-mm increment. The
minimum width equals to the effective outer diameter of the
coil (see Fig. 2). A total of five specimens are formed by the
EMSF process. The feeding distance of the coil between every
two adjacent work stations is set to 25 mm, and the total
displacement of the coil center is 450 mm. The discharging
voltage of the capacitor bank is 4 kV. Referring to Fig. 4b, it
should be noticed that the specimens are partially loaded and
the undeformed region at both ends of the specimens will be
trimmed off in the following analysis (see Sect. 3.2).

2.4 Forming S-shaped specimens

The S-shaped aircraft skin is a representative of aircraft
skins with complex geometry. It is meaningful to carry
out the forming experiments of the S-shaped specimens
by the EMSF process. A brief introduction of the ex-
perimental setup is shown in Fig. 5a. Thickness of the
AA2524-T3 blank is 2.5 mm. It is closer to the thick-
ness of general aircraft skins. The rubber and polyure-
thane sheets are in 2 and 10 mm thickness, respectively.
In order to obtain an S-shaped deformation, the left half
of the specimen is loaded from the upper side while the
other half is loaded from the lower side (see Fig. 5b).
For the S-shaped specimen 1 and specimen 2,
discharging voltages at every work station are 4.5 and
5 kV, respectively.

3 Results and discussions

3.1 Dome-shaped specimen

According to the forming procedure (see Fig. 3), local
deformation appears in the middle part of the sheet
blank. It is in the range of 330 mm × 330 mm.
Therefore, the undeformed clamping allowances were
trimmed off and the dome-shaped specimen is shown
in Fig. 6a. In order to get more detailed geometric in-
formation, the specimens were scanned by a three-
dimensional laser scanner, which outputs cloud-point da-
ta. The data was then analyzed by the commercial soft-
ware CATIA using the Deviation Analysis Function.
The deflection contour of the dome-shaped specimen is
plotted in Fig. 6b. The maximum deflection is 5.05 mm.
For curvature radius analysis, two quadratic curves are
fitted (see Fig. 6c, d). The curvature radii in both direc-
tions are approximately equal to each other, and the
average spherical radius is approximately 5669 mm.
Both the deflection contour and the curvature radius
show that the formed specimen is approximately spher-
ical. Therefore, it could be concluded that making a
square blank, which is uniformly loaded by the EMSF
process, into a dome-shaped specimen is feasible.

Fig. 5 a Experimental setup and b loading procedures in the forming of
S-shaped specimen

Fig. 6 a Photograph, b deflection contour, and c, d curvature radii of the
dome-shaped specimen

Fig. 7 a Top and b axonometric views of the specimens obtained in
sphere effect inhibition experiments
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3.2 Sphere effect inhibition

Because the aircraft skins are not always spherical or even
two-dimensional curved, the sphere effect of specimen defor-
mation should be inhibited. Obtaining the major deformation
in the direction perpendicular to the loading path is conducive
to controlling the macroscopic shape of the specimen during
the EMSF process. Figure 7 shows the photographs of the
specimens formed in the sphere effect inhibition experiments
(see Sect. 2.3). Clamping allowances of the specimens at both
ends were trimmed off. Only the deformed middle parts in
480 mm length are taken into consideration in the following
analyses.

Deformation of the specimens is characterized by geomet-
ric parameters, as is shown in Fig. 8. The deflection contour
line is elliptical due to the sphere effect of specimen. Lengths
of the major and minor axes of the ellipse are presented byDa

and Db, respectively. The distance between contour plane and
surface peak is H. Therefore, the principal curvature radii Rx
and Ry at that peak are expressed as

Rx ¼ D2
b þ 4H2

8H

Ry ¼ D2
a þ 4H2

8H

8
><

>:
ð1Þ

Deformation analysis of the specimens is based on the rel-
ative relationship between Rx and Ry. The major deformation
of specimen is in accordance with the minimum principal
curvature radius.

Importing the point-cloud data of the specimens scanned
by a three-dimensional laser scanner into commercial software
CATIA, deflection contours are obtained by the Deviation
Analysis Function. The deflection contours as well as length
of the major and minor ellipse axes are shown in Fig. 9.

According to the above deflection contours, the ratio of Db

to Da and the principal curvature radius of each specimen are
plotted in Figs. 10 and 11. The ratio decreases with increment
of specimen width while the maximum principal curvature
radius Ry increases with increment of specimen width.
Variation of the minimum principal curvature radius is not
obvious when compared with the maximum one. It should
be noticed that Rx and Ry are approximately equal to the

curvature radius of the specimen in width and length direc-
tions, respectively. Therefore, the results show that increasing

Fig. 9 a–eDeflection contours of the specimens obtained in sphere effect
inhibition experiments

Fig. 8 Illustration of the specimen deformation analysis
Fig. 10 Ratio of Db to Da versus width of specimens obtained in sphere
effect inhibition experiments
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the specimen width will inhibit the sphere effect. The major
deformation is obtained in the direction perpendicular to the
loading path (refer to Fig. 4).

A qualitative illustration of the inhibiting principle is pre-
sented by a specimen which is partially loaded in the length
direction, as is shown in Fig. 12a. If the specimen is imagi-
narily cut open (Fig. 12b), the loaded region will get vaulted.
The principal curvature radii, Rx and Ry, are close to each
other. In fact, bending of the loaded region in length direction
is restrained by the unloaded region via the internal shear
forces along the imaginary boundaries. It enlarges the princi-
pal curvature radius Ry and results in major deformation in the
direction perpendicular to the loading path.

3.3 S-shaped specimens

3.3.1 Deflection

Two S-shaped specimens were obtained in this work, and
photographs of these specimens are presented in Fig. 13.
Restrained by the spherical ends of punches, local shallow

deformations can be observed in case of careful observation
(see Fig. 13c). Again scanned by the 3D laser scanner, defor-
mation contours of the S-shaped specimens are shown in
Fig. 14. Obviously, under the combined action of the restric-
tion of unloaded regions and the mutual restriction of each
other’s side, the major curling appears in the direction perpen-
dicular to loading paths (see Fig. 5). The specimens are ap-
proximately rotationally symmetric. The curved contour lines
mean that these S-shaped specimens are also slightly two-
dimensional curved. When compared with specimen scale,
the magnitude of the S-shaped deformation is much smaller.

Fig. 13 a Side and b, c top views of the S-shaped specimens

Fig. 12 a–c Schematic diagram of the principle for obtaining the major
deformation in the direction perpendicular to the loading path

Fig. 11 Variations of the principal curvature radius of specimens
obtained in sphere effect inhibition experiments

Fig. 14 Deflection contours of the S-shaped (a) specimen 1 and (b)
specimen 2
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Therefore, six paths are defined in Fig. 14 for a clear observa-
tion of the specimen deflection, as is shown in Fig. 15.
Comparison of the specimen maximum deflection shows that
the deflection of specimen increases with the increasing of
capacitor discharging voltage.

3.3.2 Curvature

Based on the extracted paths, six curves are fitted by polyno-
mial functions for analysis of specimen curvature. Figure 16
shows the variation of the curve curvature. These curves are in
accordance with the paths defined in Fig. 14. The curvatures
are carried out using the Porcupine Curvature Analysis func-
tion of the commercial software CATIA. Length of the comb
represents the relative magnitude of curvature at that point.
Some extremum values are also presented. The figures show
that the specimen curvature in the direction perpendicular to
loading paths (see Fig. 5) is much bigger than the transverse
curvature along loading paths. It is verified that the S-shaped
specimens are two-dimensional curved. In electromagnetic
superposed forming using the punch matrix with flat envelope
(see Fig. 2), the sphere effect of specimen can be inhibited but
not eliminated. The average maximum curvature for S-shaped

specimen 1 and specimen 2 are respectively 1.969 × 10−4 and
2.561 × 10−4/mm, namely, the average minimum radii are
approximately 5079 and 3905 mm. According to length of
the combs, the curvature increases with the increasing of
discharging voltage.

3.3.3 Waviness

Waviness of the specimen, δ, is defined as

δ ¼ d
l

ð2Þ

where d is the amplitude of wave and l is the wavelength, as is
shown in Fig. 17a. It is a dimensionless quantity. Because
distribution of local deformations is in accordance with punch
matrix, the wavelength equals to the distance between every
two adjacent punch axes, i.e., 30 mm. Amplitude measure-
ment is conducted using a curvature device of which the res-
olution is 0.005 mm (see Fig. 17b).

Measuring the wave amplitude and calculating waviness at
every local deformation, waviness contours of the S-shaped
specimens are shown in Fig. 18. The maximum waviness of
specimen 1 and specimen 2 are 0.00384 and 0.008, respec-
tively. Correspondingly, the maximum wave amplitudes are
0.115 and 0.24 mm. The average waviness of the loaded re-
gion of S-shaped specimen 1 and specimen 2 is 0.00184 and
0.00252, respectively. According to the Aviation Industry
Standard of People’s Republic of China (HB 7086-94, in
Chinese), both waviness and amplitude of the local residual
deformations of the S-shaped specimens meet the require-
ments of fuselage skins of aircraft whose cruising speed is in
the range of 300 to 600 km/h.

For practical industrial applications, it is expected that the
waviness should be as small as possible and the superposed
macroscopic deformation should be as large as possible.
Comparing the average waviness of each specimen, it is indi-
cated that specimen waviness decreases with decreasing

Fig. 15 Variation of the deflection of the S-shaped specimens along
different paths

Fig. 16 Demonstration of the
curvature of the S-shaped (a)
specimen 1 and (b) specimen 2
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discharging voltage. The above Sects. 3.3.1 and 3.3.2 show
that the macroscopic deformation of specimen increases with
increment of discharging voltage. Therefore, in case that the
other process parameters remain unchanged, this contradic-
tion can only be moderated but not solved by changing the
discharging voltage. For future researches, effects of rubber
sheet thickness, local deformation distribution, and specimen
thickness on this contradiction should be taken into consider-
ation. It may result in good comprehensive performance of
this newly proposed EMSF process.

3.3.4 Surface finish

Although the specimens are separated from the punch matrix
by rubber sheet, the imprints appear on the specimen surface
adjacent to punches (Fig. 13b). Besides, the collision between
the large-scale blank and experimental tools is unavoidable
during the forming procedure, which makes the specimen sur-
face scratched. Given importance of the surface finish, one
surface of each specimen has been painted with army green,
as is shown in Fig. 19. The target points attached to the un-
painted surface are used for the above-mentioned surface scan
(refer to Sect. 3.3.1). Comparisons of surface finish between
the unpainted and painted surfaces of each specimen show that the imprints and/or the scratches can be eliminated by

painting. Therefore, the surface finish of the specimens
formed by the EMSF process could be ensured, which makes
the EMSF process meet the basic requirement of an industrial
application.

4 Conclusions

This paper emphasizes the controllability of final macroscopic
specimen shape in EMSF. It is aimed at developing a new
forming technology for manufacturing large-scale specimens
with small curvature and deformation. Based on the experi-
mental results and discussions, the following conclusions can
be drawn:

1. Local deformations are approximately spherical due to the
spherical punch end in EMSF, which results in macro-
scopically two-dimensional curved specimen after
spring-back. Obtaining spherical dome-shaped specimens
by the EMSF process is feasible if a square blank is

Fig. 18 Waviness contours of the S-shaped (a) specimen 1 and (b)
specimen 2

Fig. 17 a Illustration of specimen waviness. b Measurement of the
amplitude

Fig. 19 Comparisons of the surface finish of the S-shaped (a) specimen 1
and (b) specimen 2
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uniformly loaded. The average spherical radius of the
formed specimen in this work is approximately 5669 mm.

2. When the specimen is partially loaded, the undeformed
regionwill inhibit the superposition of local deformations.
Therefore, inhibiting the sphere effect and obtaining the
major deformation in the direction perpendicular to load-
ing paths are feasible. The controllability of the deforma-
tion during the EMSF process can be ensured. However,
the sphere effect can be inhibited but not completely
eliminated.

3. Deformation controllability of the EMSF process is ap-
plied to forming the S-shaped specimens. The ability of
the EMSF process in manufacturing specimen with com-
plex geometric shape is verified. The average minimum
radius of the obtained S-shaped specimens varies from
3905 to 5079 mm. Waviness and amplitude of the local
residual deformations meet the requirements of fuselage
skins of aircraft.

For future researches, effect of residual stress on industrial
application of the EMSF process should be taken into consid-
eration. Reducing the specimen waviness and enlarging the
specimen deflection by optimizing process parameters should
also be investigated.
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