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Abstract: During magnetic pulsed welding (MPW), a wavy interface pattern can be observed.
However, this depends on the specific material combination being joined. Some combinations, e.g.,
steel to aluminum, simply provide undulating waves, while others, e.g., titanium to copper, provide
elegant vortices. These physical features can affect the strength of the joint produced, and thus a
more comprehensive understanding of the material combination effects during MPW is required.
To investigate the interfacial morphology and parent material properties dependency during MPW,
tubular Al1100 and various copper alloy joints were fabricated. The influence of two material
properties, i.e., yield strength and density, were studied, and the interface morphology features were
visually investigated. Results showed that both material properties affected the interface morphology.
Explicitly, decreasing yield strength (Cu101 and Cu110) led to a wavy interface, and decreasing
density (Cu110 and CP-Ti) resulted in a wave interface with a larger wavelength. Numerical analyses
were also conducted in LS-DYNA and validated the interface morphologies observed experimentally.
These simulations show that the effect on shear stresses in the material is the cause of the interface
morphology variations obtained. The results from this research provide a better fundamental
understanding of MPW phenomena with respect to the effect of material properties and thus how to
design an effective MPW application.
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1. Introduction

Electromagnetic forming (EMF) process has been known and applied for several
decades [1]. In the EMF process, a large amount of energy on the order of tens of kilojoules
is charged to a capacitor bank and then dissipates to a designed coil in the form of sinusoid
damped current trace. A magnetic field is generated around the coil, and eddy currents
are induced in the nearby conductive workpiece. Thus, the repulsive Lorentz forces are
generated between the coil and workpiece, which is driven away and reaches a velocity of
hundred meters per second in less than 1 ms. Due to the dynamic nature of this process,
the workpiece formability can be improved. The other benefits of EMF include reduced
material wrinkling and springback, high repeatability, improved dimensional accuracy, etc.

One of the main applications of EMF is magnetic pulse welding (MPW), a solid-
state welding technology, which has rapidly developed in recent four decades. The most
outstanding feature of solid-state welding is that there is no significant heat-affected zone
(HAZ) generated after welding. Hence, a stronger weld seam than the parent materials is
obtained, unlike the fusion welding processes, which usually degrades the joint strength
and causes residual stress with consequent cracking and corrosion issues. MPW can also
be used to weld dissimilar materials regardless of their differences in the melting point,
thermal expansion, and thermal conductivity.
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Interface morphology has been seen as one of the significant expressions of welding
quality in impact welding processes. Previous researchers have published many works on
the influences of process parameters on interface morphologies. Vivek et al. [2] studied in-
terface wavelengths dependency on impact velocities and impact angles during vaporized
foil actuator welding (VFAW) for the titanium and copper material system. The authors
investigated the impact angle effects by pre-setting angled grooves on the target metals,
and used various charging energies to drive the flyer, which impacts the target, at different
impact velocities. Lee et al. [3] used a similar method to investigate process parameters for
another material combination, aluminum, and steel, and conducted numerical analyses
to support their experimental findings. In addition, Nassiri et al. [4] reported a robust
numerical method to predict the interface morphology by investigating impact welding
processes between titanium and copper alloys.

For tubular MPW processes, the effect of flyer kinetics was proposed for an Al6060 and
C45 material combination in [5]. Raoelison et al. [6] used the same material for both flyer
and target to investigate the welding conditions and predicted the interface morphology
using the Eulerian method in ABAQUS. For the material combination of Aluminum and
steel, Cui et al. [7] reported the dependence of high-quality welding of MPW on the wall
thickness of the targets. A theoretical model based on Tresca yield criterion was also
provided to verify the experimental findings. The quality of welding was also examined
by peeling tests. The fatigue resistance and weld area of Al-Fe parts were investigated
in [8]. The results indicated that the fracture occurred in the transition zone of the weld
seam under a cyclic loading condition due to the relatively weaker strength and ductility
of the materials in this area. Lueg-Althoff et al. [9] studied the relationship between the
materials wall thicknesses and impact pressure for multiple material combinations during
MPW. Dependency of the tension and torsion strengths of welded parts between Al3003
and steel for various discharge voltages during MPW was investigated by Yu et al. [10].
The metallurgical joint was only obtained within a specific voltage range, and the element
content of the joint was analyzed. Ben-Artzy et al. [11] attributed the wave formation at
the interface to the elastic stress waves caused by the impact during MPW process. The
stress waves travelled through both metals away from the interface and reflected back off
of the outer surfaces.

Although researchers experimentally and numerally investigated various process
parameters’ effects on interface morphology and welding quality, the effects of material
properties have drawn less attention. Thus, a more comprehensive understanding of
the material combination effects during MPW is required. To investigate the interfacial
morphology and parent material properties dependency during MPW, tubular Al1100, and
two copper alloys, Cu101 and Cu110, as well as commercially pure Titanium (CP-Ti grade
2) joints were fabricated. The influence of two material properties, i.e., yield strength and
density, was studied, and the interface morphology features were visually investigated.
Results showed that both material properties affected the interface morphology. Numerical
analyses were also conducted in LS-DYNA and validated the interface morphologies
observed experimentally. These simulations show that the effect on the shear stresses in
the material is the cause of the interface morphology variations we obtained.

2. Material Property Data

The material properties for the copper alloys and CP-Ti were tested on an MTS
landmark servo-hydraulic test machine with a force capacity of 250kN. The specimens
for the tensile tests were manufactured according to ASTM E-8 standards [12]. Figure 1
shows the dimensions of the specimens, and Figure 2 shows the tensile test setup on the
MTS machine with a 3D Digital Image Correlation (DIC) system. DIC is an image analysis
method that measures deformations of the specimen under load in three dimensions by
using a speckle pattern and stereoscopic camera setup. The position of the speckle points
on the specimen is used to calculate strain on the surface of the specimen based on the
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imaging parameters and orientation of the cameras [13]. For our tests, the DIC parameters
used were a subset size of 19 pixels, a step size of 5 pixels, and a filter size of 5 pixels.
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Figure 2. Tensile tests on MTS machine with DIC system.

Figure 3 shows the flow curves of Cu101, Cu110, and CP-Ti that were used in the
MPW experiments. All three materials were heat-treated before being used in tensile tests
and MPW. Table 1 shows the heat treatment information for the copper alloys and CP-Ti.
As shown in Figure 3, the yield strengths of Cu101, Cu110, and CP-Ti, determined by
the 0.2% offset method, were clearly different, and better material formability was also
shown for copper alloys compared to CP-Ti that had a lower material density. The chemical
composition of copper alloys and CP-Ti are given in Tables 2 and 3, respectively.
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Table 1. Heat treatment information of each material.

Material Temperature (F) Duration (h) Cooling

Cu110 650 2 Water
Cu101 650 2 Water
CP-Ti 1200 2 Air

Table 2. Chemical composition of copper alloys, % by weight.

Material Copper Oxygen

Cu110 99.9 0.04
Cu101 99.9 0.0005

Table 3. Chemical composition of CP-Ti, % by weight.

Material Titanium Oxygen Carbon Nitrogen Iron Hydrogen

CP-Ti 99.31 0.25 0.1 0.03 0.3 0.015

Three uniaxial tension specimens for each material were tested to verify the repeata-
bility of the material properties. These results were plotted on top of each other in the
same color but different line types in Figure 3. The dashed line with a different color on
each material flow curve represented the fitted Johnson–Cook material model. Finally, the
magenta dotted line was fictitious CP-Ti with the yield strength of Cu110, which was used
in the simulations to investigate the yield strength effect for CP-Ti. The Johnson–Cook [14]
material model parameters are given in Table 4.

Table 4. Johnson–Cook material model parameters, Al1100 [15], Copper alloys [16], CP-Ti [17].

Material A (MPa) B (MPa) n C m Tm (K)

Al1100 17 324 0.25 0.2 0.7 933
Cu110 117 389 0.43 0.025 1.09 1356
Cu101 211 448 0.43 0.025 1.09 1356
CP-Ti 491 507 0.45 0.0194 0.58 1941
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2.1. Yield Strength

The first material property investigated was yield strength of target materials. Two
heat-treated copper alloys, Cu101 and Cu110, were selected as the targets in this portion of
the study, as they shared similar properties after heat treatment except for yield strength
(see Figure 3). In addition, CP-Ti was also used as the target. To compare the interface of
Al1100 & CP-Ti, a fictitious CP-Ti with low yield strength was used in numerical analyses.

2.2. Density

The effect of target material density on the interface morphology was also investigated.
In this case, Cu110 was used as the target. A fictitious material with the same material
properties of Cu110 except density was also used as a comparison in simulations.

3. Experimental Setup and Results

The experimental tests were conducted on a Maxwell Magneform JA7000 machine
with a maximum energy capacity of 12 kJ. Other characteristics of the machine are given
in Table 5. A four-turn spiral coil was used in this study, along with a field shaper to
concentrate the magnetic field generated (see Figure 4). Since the inner surface of the field
shaper was much smaller than the outer surface, the magnetic pressure was concentrated
in the radial direction and uniformly distributed along the circumferential direction [18].
The axial length of the pressure concentration zone of the field shaper was 10 mm and the
inner diameter was 25.4 mm. The primary currents were measured by a Powertek CWT
3000B Rogowski coil, and impact velocities were measured by a PDV system. The PDV
laser signal was focused on the outer surface of the flyer. A Doppler-shifted light was
produced by the moving surface of the flyer during MPW, then combined with the incident
light signal to produce a beat frequency, which is proportional to the velocity of the moving
surface [19]. A small hole was drilled into the field shaper to provide a line of sight for the
PDV laser probe (see Figure 4b). The outputs of the laser detector and Rogowski coil were
recorded by a LeCroy WaveSurfer WS64MXS-B oscilloscope. A workpiece holder was used
to keep both the flyer and target in position and concentric to each other.

Table 5. Characteristics of the pulse generator.

Machine Maximal Charging
Energy (kJ)

Maximal Charging
Voltage (kV) Capacitance (µF) Internal Inductance

(nH)
Internal Resistance

(mΩ)

Maxwell Magneform
JA7000 12 8.165 360 72 4.38

To investigate the effect of a single material property on the interface morphology,
process parameters were kept unchanged. The targets were impacted by the same flyer
material Al1100, at the same impact velocity of 315 m/s (see Figure 5). The error bars in
Figure 5 represent the highest and lowest values measured for the nine tests conducted. The
gap distance was 3.4 mm, the outer diameter of the flyer was 25.4 mm, the wall thickness
was 1.4 mm. The targets were solid shafts with a 15.9 mm diameter.

Figure 6 shows the interface morphologies after MPW at an energy level of 4.2 kJ.
A flat interface was obtained between Al1100 and Cu101, while a regular wave occurred
between Al1100 and Cu110 (see Figure 6a,b). As shown in Figure 3, the yield strengths
of these two annealed copper alloys were clearly different, i.e., 220 MPa versus 135 MPa
for Cu101 and Cu110, respectively. At the same time, the other material properties such
as Young’s modulus, density, and work hardening behavior, were comparable. For this
material combination, the target with a lower yield strength resulted in a joint with a wavy
interface, while the target with a higher yield strength led to a flat interface.
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Figure 6c shows the interface between Al1100 and CP-Ti. According to the data in
Figure 3, CP-Ti has the highest yield strength; however, an irregular wave interface with a
small wavelength was obtained due to the differences in material ductility (see Figure 3)
and density, as CP-Ti had a lower density of 4510 kg/m3 compared to 8910 kg/m3 for the
copper alloys. Figure 6d–f are numerical results, which are in good agreement with each
experimental observation, respectively. The next section will provide details related to
these numerical simulations.

4. Numerical Simulations
4.1. Electromagnetic Forming

Finite element analyses of EMF and MPW processes were conducted using LS-DYNA,
as their electromagnetism (EM) model is capable of capturing the effects of tube deforma-
tion on the magnetic fields in proximity to the coil. Process parameters in the numerical
simulations were the same as in experimental tests, i.e., the dimensions and geometries
of the coil, field shaper, and workpieces were defined as those in the experimental tests.
Figure 7 shows the EMF model set up in LS-PREPOST. The material properties of the tube
were described by the Johnson–Cook material model:

σ =
(

A + Bεn
p

)
(1 + Cln

.
εp
.

ε0
)(1 − (

T − Tr

Tm − Tr
)m) (1)

where σ is the flow stress, εp is the plastic strain, and
.

εp the effective plastic strain rate,
.

εp0 is the reference plastic strain rate, m, n, A, B, and C are the material constants, and Tm
and Tr are the melting and room temperature, respectively. The coil and field shaper were
modeled as rigid bodies. The current traces used in the simulations were measured by the
Rogowski coil. The model contained 70,000 elements in total. A finer mesh was defined
in regions close to surfaces to capture the skin depth effects. Table 6 gives the material
properties used in these simulations. Electrical conductivities were only defined for the
field shaper and flyer, which were Al1100 and copper, respectively.
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Table 6. Selected material properties used in the simulations.

Materials Young’s Modulus (GPa) Density (kg/m3)
Electrical

Conductivity (S/m)

Al1100 75 2700 3.77 × 107

Copper 120 8910 5.96 × 107

CP-Ti 116 4510 -

First, EMF simulations were conducted to determine the desired gap between the
flyer and target to achieve the peak velocity at impact during MPW and the corresponding
charging energy level. Figure 8 shows the comparisons of experimental and numerical
velocities and displacements of the flyer. The blue lines represent the peak velocities
corresponding to the left Y-axis. The right Y-axis shows the displacements at peak velocities
and corresponds to the red lines in the figure. To investigate the effect of yield strength on
the interface, a 4.2 kJ charging energy was chosen, where the flyer travelled approximately
3.4 mm and reached a peak velocity of 315 m/s. While the velocity is still increasing in
Figure 8, the displacement is leveling off at 4.2 kJ. In addition, wrinkling was occurring in
the tube at higher charge energies. Therefore, higher charge energies were not investigated.
The current trace for a 4.2 kJ energy discharge is shown in Figure 9, with only the first cycle
included. Based on the displacement data in Figure 5, the deformation is clearly finished
by 90 µs.
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4.2. Impact Welding

To accurately capture the wavy morphology at the interface, numerical simulations
for impact welding were also conducted in LS-DYNA using the smoothed particle hydro-
dynamics (SPH) method, which is able to analyze the problem of large local deformations,
which occur at the interface during MPW. A 2D, axisymmetric SPH analysis in LS-DYNA
was used to reduce the computational time. A simplified model was set up in LS-PREPOST
for this study (see Figure 10). A flat interface is created in the very center of the flyer and
base material interface, where the initially parallel materials first collide during impact
welding. As the process progresses, an impact angle is created away from the center of
the process, and the wavy interface occurred. In the numerical model, only the portion of
the process where the wavy interface occurred was simulated. Thus, the angle between
the flyer and target was fixed at 14◦ in the model based on [20]. The length for both target
and flyer was 10 mm. The thicknesses were 1.4 mm and 2 mm for the flyer and target,
respectively. The impact velocity used in the model was obtained from experimental tests
by PDV system, i.e., 315 m/s. The SPH particle size was defined as 5 µm to capture the
interface morphology.
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Numerical results of the effect of target yield strengths are shown in Figure 6d,e.
Comparable interface morphologies were observed both in experimental and numerical
results. A relatively flat interface occurred when using Cu101 as the target, while the wavy
interface was obtained in the case of using Cu110, which has a lower yield strength.

To investigate the density effect for Cu110 and yield strength effect for CP-Ti, two
fictitious materials were created in the numerical simulations. The first material shared
the material properties of Cu110, but the density was defined as 4510 kg/m3, i.e., that
of CP-Ti, and the second shared the material properties of CP-Ti except for the yield
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strength, which was set to be the same as Cu110 (see Figure 3). Figure 11a,b shows the
interface morphology comparison of Al1100 & Cu110 and the fictitious Cu110 with the
CP-Ti density. Figure 11c,d shows the interface morphology comparison of Al1100 & CP-Ti
and the fictitious CP-Ti with the Cu110 yield strength. A similar trend occurred for both of
these results, i.e., the target with lower density (Figure 11b) and the target with a lower
yield strength (Figure 11d) led to an interface with a larger wavelength. Figure 11b,d is the
interfaces for the two fictitious target materials with the same density (4510 kg/m3) and
yield strength (Cu110 yield strength), but the interfaces with different wavelengths were
obtained. This was caused by the dissimilarity in material hardening behavior, various
equations of state (e.g., speed of sound) for the Johnson–Cook material model, and slight
differences in the Young’s moduli of these two materials.
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5. Discussion

Process parameters such as shear velocity, shear stress, and contact pressure were
investigated in the numerical simulations to understand why lower yield strength and
lower density resulted in differences in the wavy interface for these material combinations
during MPW. Figure 12 shows the shear stresses at the same time increment for the material
combinations of Al1100 & Cu110, Al1100 & Cu101, Al1100 & CP-Ti, Al1100 & CP-Ti with
Cu110 yield strength, and Al1100 & Cu110 with CP-Ti density. Past research has shown that
the shear stress is one of the reasons for the intense local deformation in proximity to the
collision point, which leads to a wavy interface [21]. As shown in Figure 12, the shear stress
concentrated more on the target side in proximity of the collision point when the target yield
strength was lower, i.e., Figure 12a,b,d. Thus, a wavy interface was easier to create as the
local deformation near the collision point occurred due to the larger shear stress difference
between the region near the collision point and the other areas of the target. Despite
having the largest shear stress in the target material, a wavy interface was also observed
in CP-Ti, e.g., compared to Cu101, due to the other material properties that affect this
behavior. Furthermore, based on the theory of Kelvin-Helmholtz instability, the interfacial
wavelength is proportional to the depth of the plastically deformed layer. Specifically, the
target with lower yield strength was more easily deformed at the interface under the same
impact velocity. Thus, in this study, the change in the interfacial morphology was clearly
associated with the target yield strength.
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Figure 13 shows the shear velocities at the interfaces. For each case, there is not a clear
difference in shear velocity, which is a parameter that is mainly affected by the impact
velocity. Note that the impact velocity was the same in each experiment and numerical
simulation in this study. Therefore, there is no effect of shear velocity on the wavy interface
observed. In Figure 14, the contact pressure is shown for the various cases investigated. The
images for the copper alloys with the corresponding appropriate densities, i.e., Figure 14a
for Cu110 and Figure 14e for Cu101, show higher contact pressure values due to their higher
densities compared to the plots with CP-Ti densities, i.e., Figure 14b–d. The contact pressure
is known to be affected by the speed of sound in the material (with CP-Ti being 15% larger
than that of copper alloys, i.e., 4140 m/s versus 3570 m/s, respectively) and density [4].
Thus, the variations in the wavy interface do not correlate to the contact pressure. The fact
that shear velocity and contact pressure, i.e., Figures 13 and 14 respectively, do not show
an effect on the wavy interface morphology is a noteworthy finding.
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6. Conclusions

In this research, results show the effect of material properties on interface morpholo-
gies during MPW. Numerical analyses were in good agreement with the experimental
observations, i.e., interface morphologies, thus allowing for process parameters that cannot
be physically measured to be investigated. Both experimental measurements and numeri-
cal predictions for velocity and displacement determined the gap distance and energy level
to use for each case. For the material combination of Al1100 and annealed copper alloys, a
lower yield strength of the target led to a joint with a wavy interface, while a flat interface
was obtained for the target with a higher yield point. Using CP-Ti, i.e., a target with lower
density and higher yield strength, an interface with smaller waves was obtained in the
experiments and numerical simulations. Two fictitious materials were also modeled in
simulations to further assess the effects of varying process parameters. Numerical results
using CP-Ti material parameters, except for the yield strength of Cu110, as the target and
Cu110 material parameters, except for the density of CP-Ti, were compared to that of the
actual CP-Ti and Cu110 materials, respectively. Using both the fictitious materials (CP-Ti
with Cu110 yield strength, and Cu110 with CP-Ti density) resulted in a wavy interface with
larger wavelengths than their comparison partners. These results provide insight into the
material properties that affect the wavy interface during MPW.
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