
Introduction
     Magnetic pulse welding (MPW) is a
solid-state impact welding process
that enables the joining of tubular or
flat partners. Through the fast dis-
charge of capacitor banks, a magnetic
field is generated in a coil, which leads
to eddy currents in the electrically
conductive outer (flyer) piece posi-
tioned in close vicinity. Repelling
Lorentz forces between the coil and
flyer cause the flyer to accelerate to-
ward the inner (parent) workpiece.
Under adequate conditions, a metal-
lurgical joint between flyer and parent
part is formed. The process enables
joint creation of dissimilar materials,
such as steel/aluminum and copper/
aluminum, which are not easily welded
by standard techniques due to their

differences in melting points, thermal
conductivity, and specific heat (Ref. 1).
     During MPW, the only heat gener-
ated is due to the deformation of the
parts during collision and the eddy
currents in the flyer part. There is no
input of external heat, thus the forma-
tion of brittle intermetallic phases
that weaken the joint is largely avoid-
ed. The ability to join similar and dis-
similar metals and alloys, as well as its
large repeatability and production ca-
pability, has fostered the application of
MPW in various commercial sectors;
this includes automobile, aerospace,
nuclear, packaging, consumer prod-
ucts, and electrical industries in recent
years. Comprehensive reviews of the
process principles and current re-
search activities in the field of MPW
are given in Refs. 1, 2, and 3.

     The properties of the welding
front, which are influenced greatly by
the evolution of the flyer deforma-
tion and the collision process, are ul-
timately the determining factors in
welding success. Under the correct
conditions, a mass flux containing ox-
ides and debris (the “jet”) is formed,
which cleans the surfaces and allows
for metallurgical bonding (Ref. 4).
The three main factors typically con-
sidered in joint formation are the col-
lision angle , the collision velocity vc,
and the radial impact velocity vim.
These parameters are geometrically
interrelated. This criterion is based
on the similarity of MPW with the ex-
plosion welding process, which has
been under investigation for several
decades (Ref. 2). Limiting conditions
for weld formation need to be investi-
gated for every specific combination
of machines, tools, and workpieces,
but, in general, radial impact veloci-
ties slower than 250 m/s and impact
angles lower than 5 deg are regarded
as unfavorable for MPW (Ref. 2).
     Figure 1 shows a schematic of the
welding front as well as a micrograph
of a welding interface. Stern et al. pro-
vide a more in-depth analysis of the jet
material for Al-Al and Al-Mg samples.
Here it was reported that the composi-
tion and mechanical behavior of the
jet was primarily dependent on the
density and melting point of the re-
spective materials (Ref. 5).
     The welding front contour is deter-
mined by many factors, including the
radial coil/flyer and flyer/parent
spacings, as well as the axial arrange-
ment of the coil and flyer (the “work-
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ing length,” lw — Fig. 2). It has been
reported by sources such as Zhang
(Ref. 7) that the determination of a
one- or two-front welding process can
be done using the axial positioning of
the workpiece in a coil of maximum
working length lcoil. If lw < lcoil, the
process will occur along a single front
where the front edge of the flyer
makes impact with the parent and
proceeds via a single front onto the
parent — Fig. 2A. If lw ≥ lcoil, a two-

front process occurs where the flyer
impacts the parent in the center of
the field shaper/coil width and con-
tinues outwardly along two fronts —
Fig. 2B.
     Experiments based on two-front
processes have been performed by Ko-
jima et al. (Ref. 8). The purpose of this
work was an evaluation of the tapering
angle of the base part on the length of
resulting welds. Two-front welding
processes between aluminum alloys

and SPCC steel sheet joints were per-
formed by Aizawa et al. (Ref. 9) using a
flat coil with a maximum working
length lcoil = 5 mm (0.2 in.). Faes et al.
(Ref. 10) reported that the overlap of
the field shaper edge and outer work-
piece had a significant effect on (tube)
welding conditions for copper/brass
joints. Working distances of up to 5.5
mm (0.22 in.) were evaluated on a field
shaper with a maximum working zone
lcoil of 15 mm (0.59 in.). No experi-
ments were performed with two-sided
fronts, and results beyond the forma-
tion of a weld were not evaluated.
     There are distinctive reasons that a
one- or two-front welding process may
be more beneficial for a given applica-
tion. However, these have remained
largely neglected in literature pertain-
ing to MPW. Zhang (Ref. 7) noted that
for a one-sided front, less charging en-
ergy was required for a given incre-
ment of axial tube deformation.
     A transition zone between one- and
two-fronted processes may exist, for
instance with working lengths close to
but not exceeding the coil length; how-
ever, evaluation of this has not been
found in literature. There is also a lack
of publications discussing an experi-
mental comparison of one- vs. two-
front welding, and no works with in-
depth analysis and comparison of the
front regimes.
     The purpose of this work is to eval-
uate the effect of the working length
on the features of MPW joints and is
an expansion of first results presented
in Ref. 11. Here, the general phenome-
non of the influence of the axial work-
piece positioning on front formation
was revealed. This was done by basic
experiments and numerical analysis.

Experimental and
Numerical Methods

Joining Materials and Tools

     Flyer materials consisted of EN
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Fig. 1 — Magnetic pulse welding of tubular workpieces. A — Setup; B — process princi
ple; and C — image of the weld seam (Ref. 6).

Fig. 3 — A — Schematic showing working lengths; B — marks for visioplastic analysis of
the flyer deformation; and C — picture of the experimental setup.

Fig. 2 — A — Onesided welding; and B — twosided welding. Adapted from Ref. 7.

Table 1 — Aluminum EN AW6060 Alloy Composition (by wt%) (Ref. 12)

                                         Mg                    Mn                   Fe                     Si                      Cu                Zn                    Cr                  Ti       Other Elements

  EN                              0.35–0.6             0.1              0.1–0.3           0.3–0.6               0.1           0.15              0.05            0.1              ≤0.05
AW6060
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AW-6060 tubes in the T66 condition
with an outer diameter of 40 mm
(1.574 in.) and a thickness of 1 mm
(0.039 in.) and 1.5 mm (0.06 in.). The
static yield stress of the material was
222 MPa (32.2 ksi), determined by
tube tensile tests. The base material
was a cylinder of C45-grade steel with
a diameter of 33 mm (1.3 in.). The
chemical compositions of the alu-
minum and steel alloys are given in Ta-
bles 1 and 2. Both the flyer and base
material were used in an uncoated, un-
polished state; the measured rough-
ness average Ra of the parent parts was
approximately 2 m (7.9e–5 in.). An
abrasive cleaning followed by ethanol
wash were used to remove oxides and
debris from the workpiece surfaces.
     Single-turn coils made of a CuCrZr
alloy with maximum working zones
lcoil of 10 mm (0.39 in.) and 15 mm
(0.59 in.), and an inner diameter of
42 mm (1.65 in.) were used for form-
ing. The coils have an asymmetric 45-
deg tapered cross section to facilitate
the positioning of the parts to be
joined — Fig. 3.
     The coils were designed to be able
to conduct photon doppler velocime-
try (PDV) measurements of flyer de-
formation by integrated PDV collima-
tors. Holes bored radially in the coil
and at a 90-deg offset allow the
small-sized collimator probes (outer
diameter 2.5 mm/0.1 in.) direct ac-
cess to the flyer’s outer surface, which
is a requirement for the application of
PDV measurements during MPW. The
basics of this heterodyne method
were described by Strand et al. (Ref.
14). This reference contains an in-
depth description of the PDV meas-
urement principle and system proper-
ties. A 1000-mW RIO GrandeTM fiber
laser module (Redfern Integrated Op-
tics, Inc.) was used to generate the re-
quired laser beam with a wavelength
of 1550 nm.

In Ref. 15, a detailed report on the
features of the applied PDV system
used within this analysis is presented.
The maximum velocity that can be
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Fig. 4 — A — Flow stress of the used flyer material depending on the strain rate; 
B — free tube compression, comparison of final necking.

Table 2 — Steel C45 (1.0503) Alloy Composition (by wt%) (Ref. 13)

                                          C                      Mn                    P                      S                           Si                    Ni                    Cr                Mo          Cr + Mo + Ni

C45                             0.42–0.5           0.5–0.8            0.045            0.045                    ≤0.4                 0.4                 ≤0.4             ≤0.1               ≤0.63

Fig. 5 — Overview of welding results with images of samples pulsed at constant en
ergy for various working lengths. A — 15mm coil; and B — 10mm coil. Impact
areas are marked by dashed lines.
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measured with the system is approxi-
mately 1200 m/s, limited by the de-
ployed detectors, which is at least two
times the radial impact velocity ex-
pected for MPW in the given configu-
ration. The analysis of the PDV meas-
urements is performed in the commer-
cial software MATLAB. A short-time
Fourier transform allows the determi-
nation of a spectrogram for every data
point and thus the correlation of the
flyer velocity at every time increment.
     Experiments were conducted on a
32-kJ (0.009-kWh) Bmax pulsed-
power generator and workstation. This
system has a maximum charging volt-
age of 20 kV, a capacitance of 160 F,
and a discharge frequency of 25 kHz.
     For the 15-mm coil, working dis-
tances lw of 4, 7, 8, 9, 10, 11, 12, 15,
and 17 mm were evaluated. A conver-
sion of SI units to U.S. customary
units is given in Table 3. For each
working length, the initial charging
energy was set at 11.5 kJ (0.003 kWh)
and increased or decreased for select
working lengths depending on initial
results. For the 10-mm coil, working
distances lw of 4, 5, 6, 7, 8, 9, 10, and
12 mm were evaluated. For each work-
ing length, the charging energy was
set at 7.7 kJ (0.002 kWh).

Experiments

     Figure 3A and C presents a
schematic showing the working
lengths and a picture of the experi-
mental setup. Current measurements
were conducted for each trial using a
Rogowski current probe, CWT 3000 B,
from Power Electronic Measurements,
Ltd. The current signal triggered the
recording of the PDV signal.
     Two different types of joining ex-
periments were performed. First, the
charging energies were chosen to en-
sure incomplete metallurgical bonding
between flyer and parent. That way,
after cutting the flyer away, a detailed
analysis of the impact surfaces could
be performed, allowing for an inter-
pretation of the impact process. After
joining, flyers were cut and peeled
from the parent to expose the inter-
face. Experiments were conducted un-
der fixed flyer-coil and flyer-parent ra-
dial gaps while varying the axial posi-
tion of the flyer and charging energy.
     Afterward, experiments with high-
er charging energies sufficient for

welding were performed, and the ob-
tained welds were examined by metal-
lographic analyses and mechanically
tested in an instrumented 90-deg
peel testing device. Selected speci-
mens were prepared for visioplastic
analysis of the axial elongation or
compression by introducing scratch
marks in defined intervals of 1 mm
onto the original outer flyer surface
— Fig. 3B. After the process, the dis-
tances between the marks were meas-
ured under a microscope.

Numerical Simulation

     Due to the high speed and restric-
tive conditions of MPW on cylindrical
parts, the angles of the welding front
are extremely difficult if not impossi-
ble to measure directly. For this, cou-
pled mechanical-thermal-electromag-
netic numerical calculations mirroring
the conditions of the experimental
part were conducted.
     LS-DYNA (version R 7.0) was used;
the electromagnetic fields are comput-
ed by implicit time integration using a
finite element method (FEM) coupled
with a boundary element method
(BEM) for the surrounding air and in-
sulators (Ref. 16). The mechanical and

thermal problems are solved by explic-
it time integration based on the calcu-
lated electromagnetic fields. The rigid
coil and parent part as well as the flyer
tube (elastic-plastic material model)
were modelled in 3D with solid quad
elements. At the inner surface of the
coil and outer surface of the flyer tube,
the element edge length was 0.1 mm
to account for the current density dis-
tribution, gradually decreasing toward
the outside of the coil and inside of
the tube, respectively. Recorded cur-
rent curves from the experiments
served as input data.
     The simulations were calibrated
based on PDV data obtained by the au-
thors during welding experiments at
Bmax, Toulouse, France. An inverse
material characterization approach
was used for the identification of the
required material parameters. This is a
common approach for electromagnetic
forming processes, where a direct de-
termination of material parameters
for the prevalent high strain rates is
elaborate (Refs. 17, 18).
     To adapt the impact velocities in
the simulations to the measured data,
the Cowper-Symonds constitutive
equation (Equation 1) was used. Here,
'0 stands for the dynamic flow stress
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Fig. 7 — Overview and detailed images of samples with working lengths containing the
following: A — 4 mm; and B — 7 mm from the 15mm coil.

Fig. 6 — A — Samples with 10mm working length (15mm coil) at various energies, im
pact areas are marked; B — successful welding at short working length; and C — unsuc
cessful welding at increased working length.
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at a uniaxial plastic strain rate ε ̇, 0 is
the associated static flow stress, and
D and q are material constants (Ref.
19).

     The quasi-static flow curve was de-
termined by tube tensile testing in
combination with the extrapolation
approach of Voce (Ref. 20). D and q
were chosen in a manner so that the
simulated and measured velocity
curves of characteristic areas in the
flyer tube were comparable. A valida-
tion was done by comparing the ex-
periments and simulations of the
electromagnetic compression of tubes
without parent parts using the same
Cowper-Symonds parameters. Beside
the radial velocities, the final dis-
placements at the measuring points
were also compared — Fig. 4B.
     The maximum deviation between
measured and simulated final necking
was approximately 10%. This devia-
tion originates in a slight time shift of
the velocity curves. The absolute val-
ues of the velocity amplitudes are cov-
ered much better, and this is the most
important value for the simulation of
an MPW process with fixed standoff.
Figure 4B also visualizes the reason for
the 3D models; the influence of the ax-
ial slot in the coil results in an inho-
mogeneous deformation over the cir-
cumference of the tube. This cannot
be covered by 2D simulations.
     Figure 4A shows the obtained
strain rate dependency of the alu-
minum Alloy EN AW-6060, which is
used as flyer material. In good accor-
dance with literature (see the overview
in Ref. 18), it can be seen for strain
rates between 1000 1/s and 10,000
1/s, which are typical for electromag-
netic forming, the dynamic flow stress
rises significantly.
     The collision angles  were calcu-
lated for selected nodes with the co-
ordinates of the nodes in axial and ra-

dial directions. The LS-DYNA simula-
tion was used to analyze the process
regarding the development of the col-
lision angle and prevalent strains and
stresses. A bonding between the ele-
ments of flyer and parent was not
modelled. Beside the kinematic analy-
sis of the process, the thermal compo-
nent of the process consisting of
Joule heating and deformation heat-
ing was investigated numerically.
     For the time-saving simplified,
time harmonic calculation of the
magnetic field intensity between the
coil edge and flyer, the program
FEMM 4.2 (Ref. 21) was used. The
peak current (500 kA) and dominant
frequency (20 kHz) of an exemplary
recorded current curve for a charging
voltage of 9.7 kJ (0.0027 kWh) was
used as input.

Results
Experimental Results –
Varied Working Length

     For the experiments with incom-
plete bonding, after performing a
peel test to remove the flyer after
pulsing, the impact surface was ob-
served. The strength of welds that
broke was less than the strength of
the aluminum base material (i.e., 222
MPa). The results of experiments are
shown in Fig. 5A and B, and the im-
pact surfaces are marked with dashed
lines. Both coils exhibit clean welding
fronts up to a working length of 7
mm, while at higher working lengths,
gray matter begins to appear in the
intended welding zone. An increase in
working length also increases the in-
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Fig. 8 — Measured axial flyer deformation for different working lengths.

Fig. 9 — Comparison of experiments and numerical simulation of samples with working
lengths of the following: A — 4 mm; and B — 7 mm from the 15mm coil.

Table 3 — Conversion of Working Lengths from Metric to U.S. Customary Units

   mm            4                        5                     6                  7                       8                       9                    10                  11                12            15              17
    in.           0.16                  0.20               0.24             0.28                 0.31                 0.35                0.39               0.43            0.47        0.59           0.67

A B
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teraction area between parent and
flyer, and as the working length ex-
ceeds the coil width, the area of no-
ticeable interaction segments into
two bands, split by a zone of appar-
ently less-disturbed, metallic bright
material.

Experimental Results –
Varied Energy

     To ensure the results presented
above could be applied to other charg-
ing energies, several working distances

were selected for further analysis at
higher and lower pulsing energies us-
ing the 15-mm coil. As the energy was
changed for a given working length,
the width of the interaction areas
tended to increase or decrease in ac-
cordance with the charging voltage;
however, the general interface charac-
teristics seen in Fig. 5A and B (areas of
debris, undisturbed areas, etc.) re-
mained constant — Fig. 6A.
     At higher energies of 15.7 and 16.8
kJ (0.004 and 0.005 kWh), welding oc-
curred for working lengths of 4 and 7
mm, respectively. Figure 7 shows met-

allographic analyses of these samples.
The increase in welding length in ac-
cordance with the working length is
apparent.
     For the 10-mm coil, a good weld
could be obtained with a discharge en-
ergy of 11.5 kJ (0.003 kWh) and work-
ing length of 4 mm — Fig. 6B. At four
positions around the part (45, 135,
225, and 315 deg), the peel test result-
ed in a failure in the aluminum base
material. Welding experiments with an
increased working length of 12 mm at
the same energy failed. The specimen
showed material failure in the form of
cracks and spalling — Fig. 6C.

Experimental Results –
Deformation of the Flyer Part

     The visioplastic analysis showed
that independent of the working
length, the deformation behavior of
the flyer tube is quite nonuniform —
Fig. 8. The experiments were per-
formed with the 15-mm coil at 11.5
kJ. The aluminum flyer tubes had a
wall thickness s = 1.5 mm, and the ini-
tial standoff was 2.5 mm. For all work-
ing lengths, the highest elongation can
be found close to the free edge of the
flyer tube. A decrease of the elonga-
tion along the tube axis can be seen for
all working lengths. Only for the ex-
periments with an intermediate work-
ing length between 7 and 13 mm, a
characteristic increase in elongation 
at 7 mm from the flyer edge can be 
observed.

Results of Numerical Simulation

     In addition to using PDV measure-
ments, numerical simulation results
were validated by comparing the final
flyer-parent interface given by numer-
ical simulation with metallographic ex-
aminations — Fig. 9.
     The presented specimens are the
same as shown in Fig. 7. The final col-
lision angle, the length of the area in
contact from the undeformed free
edge to the position of the bend, and
the flyer part wall thickness at the po-
sition of the bend were compared. All
simulated parameters show acceptable
accordance with the experimental re-
sults so that the numerical simula-
tions were valid for the assessment of
flyer deformation. As the purpose of
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Fig. 10 — LSDYNA simulations of the setup. A — lw < lcoil; B — lw = lcoil; C — lw > lcoil; and 
D — determination of the collision angle .

Fig. 11 — Simulation results showing the radial impact velocity and angle for samples
with various orientations, simulated using a peak current of 500 kA at 20 kHz, working
lengths of 10 and 7 mm, and coil widths of 10 and 15 mm. Each point represents a dis
tance of 1 mm.
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the simulation is the analysis of the
mechanical processes in the vicinity of
the collision point, the apparent devia-
tion related to the welding process it-
self (elongation of the flyer part at the
free edge) can be neglected.
     Figure 10 presents images of the
simulations of the aluminum flyer
tubes in a 15-mm coil at the time of
initial impact with the parent part for
lw < lcoil, lw = lcoil, and lw > lcoil, respective-
ly. The areas of initial contact between
the parent and flyer parts are visible in
the numerical simulations. The angles
at the contact point for each image
were calculated.
     Figure 10A and C presents clear in-
dications of a one- or two-sided front,
respectively, and correlate well with
the experimental results presented in

Fig. 5. At working lengths ≤ 7 mm,
the front is one sided. This is an indi-
cation that the relationship between
magnetic pressure at the flyer inter-
face and material deformation is such
that the flyer contracts first at the
edge, and then continues along a sin-
gle, continuous collision front. The
simulation in Fig. 10C shows that the
deformation of samples placed over
the coil length (lw = 17 mm) occurs in
a bowed manner, and the point of im-
pact moves to both directions. The
development of the collision angle,
however, differs between these two
directions. In the direction of the fly-
er tube (to the right in Fig. 10), the
collision angles  rise quickly to a
range regarded favorable for welding.
To the other side, the collision angles

remain small, probably too small for a
weld formation. The simulation re-
sults shown in Fig. 10B exhibit very
small impact angles with an essential-
ly flat tube deformation.
     A comparison of the impact angles
and radial impact velocities for work-
ing lengths of 10 and 7 mm are shown
in Fig. 11. This exemplifies the notion
that by using a smaller working length
both the impact velocity and impact
angle are increased.
     Also assessed in this simulation
was the orientation of the flyer part
in the asymmetric coil (from which
side the working length was refer-
enced). Although the impact angles
for the two orientations are similar,
orientation 1 (working length refer-
enced from the 90-deg edge) used in
the current experiments results in
systematically higher initial impact
velocities compared to configuration
2 (working length referenced from
45-deg edge).
     Figure 12A, the simulated effect of
the working distance on the magnetic
field Htangential, provides insight into this
phenomenon, showing a comparison
between the magnetic field experi-
enced on the inner and outer surface of
the deformed tube, as well as the mag-
netic pressure pmagnetic. The magnetic
pressure is a mathematical conversion
of the volume Lorentz forces (Ref. 18).
It depends on the magnetic fields on
the inner and outer surfaces and the
permeability  (see Equation 2).

     Here it is apparent that the mag-
netic field at the inner surface of the
tube is independent of the flyer-coil
configuration; however, the tangential
magnetic field in configuration 1
shows a higher external magnetic
field, and therefore a higher magnetic
pressure. Because the general form of
the magnetic field distribution across
the flyer surface is mirrored for orien-
tations 1 and 2, the flyer impact veloc-
ities differ with only minimal changes
in the impact angle.
     Through simulations as well as
viewing the interfaces of samples
joined under nonwelding conditions, it
can be seen that positioning the edge

pmagnetic(t)=
1
2
μ

� Htangential,outer
2 (t) – Htangential,inner

2 (t)( ) (2)
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Fig. 12 — Axissymmetric simulation (with FEMM) of the tangential magnetic field Htan

gential at flyer surfaces for various configurations. A — 10mm coils; and B — working
lengths in a 15mm coil.

Fig. 13 — Simulated maximum interface shear stress for various working lengths, nor
malized to the maximum interface shear stress for lw = 4 mm.
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of the flyer piece inside the coil/field
shaper width does not guarantee a
clean one-sided front process. Figure
12B presents the simulated effect of
the working length lw on the magnetic
field Htangential for a 15-mm coil width.
Immediately apparent is a decrease in
magnetic field at the outer flyer sur-
face with an increase in working
length, leading to lower initial impact
velocities — Fig. 11. This shows that
the magnetic intensity on the work-
piece is inversely related to the work-
ing distance, and for working dis-
tances lw ≤ lcoil, the field intensity has a
peak at the flyer edge. A higher mag-
netic field intensity also leads to high-
er Joule heating. This heating is con-
centrated on a smaller portion of the
flyer, but due to the very short process
time of a few microseconds, thermal
conduction between the heated and
cold areas of the workpiece can be 
neglected.
     Figure 13 shows that the deforma-
tion behavior of the flyer, which was
analyzed by visioplastic investigations
(Fig. 8), can directly be related to the
interface shear stresses. For the exper-
iments with an intermediate working
length between 7 and 13 mm, the ob-
served increase in elongation at 7 mm
from the flyer edge is represented in
the simulations by an increase of the
shear stresses.

Discussion
     Important details about the impact
process during MPW can be extracted
by pulse forming flyer tubes onto par-
ent parts at energies slightly lower
than those required for welding, then
cutting away the flyer part. This has
advantages over other analysis tech-
niques. For example, a push or tension
test of welded samples reveals the
joint area, but can smear the part in-
terface during removal, and metallo-
graphic images of the interfaces show
only a very linear view of the interface
as well as being very time consuming.
     As can be seen in Fig. 5, three dif-
ferent regimes exist:
     1) A one-sided front, starting at the
flyer edge and propagating away from
it. Jet material is able to be cleanly
ejected from the propagation front.
     2) A transition regime, in which the
flyer impacts the parent under the cor-
rect conditions to potentially weld at

the onset and end of the flyer impact
zone, but the contact area contains a
gray residue.
     3) A two-front process, in which a
bowed impact at the center of the coil
occurs and two fronts run in opposite
directions from this region.
     Each of the presented regimes ex-
hibits distinct interface characteris-
tics. Regime A (one front) leads to a
short region of interaction at the flyer
edge, which is clearly seen in Fig. 5A
and B for samples with working
lengths of 4 to 7 mm. The analyzed
orientation 1 is also thought to be ca-
pable of creating more efficient weld-
ing conditions, as less current is need-
ed to reach a given velocity compared
to orientation 2 — Fig. 11. The in-
crease in magnetic intensity at the coil
edge seen in Fig. 12B in tandem with
the decrease in rigidity at the flyer
edge aid in ensuring a clean, single-
front process for deformations in
regime A. On the other hand, a higher
current density in the workpiece leads
to stronger Joule heating.
     Regime B is present for samples
pulsed at working lengths from about
8 mm to a working length correspon-
ding to the coil width lcoil and displays
gray matter deposited in the intended
welding zone. For this “transition”
regime, the case is such that the flyer
edge impacts the sample first, but the
deformation occurs in a chiefly flat
manner, leading to low impact angles,
which hinder the jetting and “self-
cleaning” nature of the MPW process
while the flyer impact perturbs the
parents’ surface.
     Entrapment of the jet is possible at
these low angles, as projectile particles
may impact the flyer or parent sur-
faces before escaping the joining pair,
becoming trapped between the flyer
and parent. This would hinder further
jetting and welding processes and also
heat up the joining partners. Alu-
minum has a density of 2700 kg/m3

and a melting point of 660°C. Steel has
a density of 7870 kg/m3 and a melting
point of 1497°C. Because of the large
difference in density and melting
point between aluminum and steel,
the majority of the jetted material is
believed to originate from the alu-
minum flyer. The brittle characteris-
tics of the deposited material match
well with the described jet material for
Al-Al welds investigated by Stern et al.

(Ref. 5).
     In regime C, it would be expected
that the uniform magnetic field along
the workpiece would also result in a
flat impact; however, it is known that
deformation occurs in a bowed man-
ner and welding is generally possible
under this configuration. Impact an-
gles are thought to be higher for coils
with a smaller maximum working zone
lcoil, as seen by the reduction in “undis-
turbed” area in the center of the two
sided front when deforming with the
10-mm coil. Here, the initial impact
occurred perpendicular to the surface,
and the initial pressure of the running
fronts was not sufficient to deform the
material interface. The sample surface
indicates the flyer only propagates at
high enough impact angles and veloci-
ties to deform the parent surface as it
reaches the coil edge, which is away
from the flyer edge.
     If the bow-shape of the flyer is too
flat (as witnessed in the 15-mm coil),
it may be that the correct conditions
to cause visible damage to the parent
are only reached near the coil edge
where sufficient impact angles are
formed in agreement with Fig. 5A. To
the direction toward the flyer edge,
the collision angles remain small,
probably too small for a weld forma-
tion — Fig. 10C. This indicates that
the applied coils with a width of 10
and 15 mm might be inappropriate for
two-front welding processes. The ob-
servation that specimens joined using
a regime C configuration showed indi-
cations of material failure can be at-
tributed to the deformation mecha-
nism. This mechanism is characterized
by increased shearing and elongation
(see Figs. 8 and 13), probably exceed-
ing the formability of the flyer materi-
al. Excessive heating due to the con-
tact of jetting particles might also con-
tribute.
     Experimental and simulated trial
results show that a longer working
length is not necessarily beneficial for
increased welding probability/efficien-
cy. Although a higher portion of the
charging energy may be harnessed for
deformation, said deformation may
occur in a manner that is unfavorable
to welding. Smaller maximum coil
working lengths, to an extent, are
more effective in creating favorable
welding conditions for one- and two-
sided fronts. Results presented here
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may be used as a basis for understand-
ing the impact of the working length,
as well as determining conditions un-
der which parent will weld in MPW.

Conclusions
     The presented research has shown
three basic regimes for flyer deforma-
tion based on its absolute axial posi-
tion within a MPW coil. If the flyer is
placed entirely through the coil, a two-
front process ensues, in which the fly-
er contacts the parent first at the coil
center, then propagates outwardly. In
the current experiments, coils with
widths of 10 and 15 mm displayed
similar properties with regard to the
impact on front characteristics. At
working distances smaller than 7 mm,
impact between the flyer and parent
occurs first at the flyer edge, and prop-
agates along a single front. At working
distances between 8 mm and the coil
width, a transition regime was seen in
which the front propagated in a flat
manner, hindering jet creation or es-
cape, and thus obstructing welding
processes. The transition regime is
thought to provide suboptimal condi-
tions for MPW processes.
     Additionally, information pertain-
ing to coil optimization could be gath-
ered. Coils with shorter maximum
working zone lcoil and configurations
where lw was positioned relative to the
90-deg coil edge produced higher im-
pact velocities. Coils with smaller lcoil

also increased the impact angle for a
given energy.
     Additionally, the orientation of the
workpiece and coil width in the uti-
lized experiments influenced the mag-
netic field experienced by the flyer
and, accordingly, the impact velocity
and tendency toward producing a
sound weld.

     This work is based on the results of
subproject A1 of the priority program

1640 (“joining by plastic deforma-
tion”); the authors would like to thank
the German Research Foundation
(DFG) for its financial support. The au-
thors would also like to thank Bmax for
allowing us to perform experiments at
its facilities in Toulouse, France.
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